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Diese kumulativ verfasste Doktorarbeit behandelt die Verwendung mehrerer Polymere 

für unterschiedliche Anwendungen der Nanotechnologie. Diesbezüglich ist die 

Synthese und Charakterisierung verschiedener Nano- sowie Mikrostrukturen 

beschrieben, welche mit Hilfe der Polymere oberflächenmodifiziert werden. Als 

Polymerisation wird der Vorgang bezeichnet wenn mehrere, gleiche molekulare 

Bausteine (Monomere) sich über chemische Bindungen zu einem großen Polymer 

zusammenfügen. Die Monomereinheiten sind nach einem spezifischen Muster 

aneinander gereiht, welches neben den molekularen Eigenschaften die Funktion des 

Polymers vorgibt. Man findet Polymere in einer Vielzahl von Anwendungen wie der 

Entwicklung neuer Materialien in Bereichen der Luftfahrtindustrie, Biotechnologie und 

Medizin. 

Die vorliegende Arbeit beschreibt erweiternde Anwendungen für den generellen 

Gebrauch von Polymeren in der Nanotechnologie, sowie die Einführung von amphiphil, 

zwitterionischen Polymeren und deren Charakterisierung über ihre Stabilität innerhalb 

biomedizinischer Anwendungen. Der Fokus dieser Arbeit liegt auf der Untersuchung 

verschiedener Polymere im Bezug auf drei Anwendungsgebiete der Nanotechnologie. 

Auf diesem Gebiet stellt die Auftragung (eng. coating) von amphiphilen Polymeren auf 

anorganische Nanopartikel (NPs), welche ursprünglich in organischem Lösungsmittel 

synthetisiert werden, eine der wichtigsten Anwendungen dar. Die mit Polymer 

ummantelten NPs können im Anschluss über funktionelle Gruppen an ihrer Oberfläche 

weiter modifiziert und somit funktionalisiert werden. Dieses Verfahren wird für NPs 

unterschiedlicher Größe (4 bis 29 nm) und Material (Gold und Eisenoxid) verwendet. 

Die Polymere können außerdem zur Stabilisierung von Wasser- und 

Sauerstoffsensitiven Metallcluster verwendet werden und diese somit vor 

Agglomeration in wässriger Lösung bewahren. Hierfür wurden 4 nm große Gold-

Nanopartikel (Au NPs) als Trägermaterial verwendet und die Cluster zwischen der 

Oberfläche der Au NPs und der amphiphilen Polymerhülle angeordnet. Die kinetische 

Aktivität wurde in wässriger Lösung untersucht und innerhalb der ersten 24 h nach 

dem coating ermittelt. 

Zusätzlich wurden verschiedene amphiphil, zwitterionische Polymere synthetisiert und 

deren stabilisierende Wirkung auf Nanopartikel in wässriger Lösung optimiert. Der 

Einfluss von Parametern wie pH, Proteinkonzentration und der Stabilität gegen 

erhöhte Ionenkonzentration wurden untersucht, um so ein genaues Bild über die 

Stabilität dieser Partikel, ummantelt mit zwitterionischen Polymeren, zu bekommen 

und sie so mit NPs mit einfacher Oberflächenladung zu vergleichen (z.B. komplett 

positive oder negative Oberflächenladung). 
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Eine dritte Anwendung beschreibt die Eigenassemblierung von abwechselnd positiv 

und negativ geladenen Polyelektrolyt-Schichten auf Kalziumkarbonat Kerne, was zu 

hohlen Mikrosphären aus Polymer mit physikalisch, biologischen Eigenschaften führt. 

Diese Eigenschaften werden zum einen über Einbettung von Eisenoxid NPs innerhalb 

der Polyelektrolyt-Schichten (Magnetisierung), sowie dem Anheften von spezifischen 

Antikörpern an die äußerste Lage der Sphären (biologische Molekülerkennung) 

gewehrleistet. Die Kapseln wurden als magnetischer Immunosensor benutzt, der in der 

Lage ist spezifisch Meerrettichperoxidase (Beispielprotein) in Lösung zu erkennen und 

zu extrahieren. 
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This cumulative doctoral dissertation deals with the use of diverse polymers in 

different applications within nanoscience. The synthesis and characterization of 

several nano and microstructures is also explained, focusing on the later surface 

modification via the use of different polymers. Polymers are chemical compounds 

formed by the combination of several repeating structural units (monomers) in a 

process called polymerization. These structures are assembled following a specific 

pattern and their subsequent properties are given by the monomers added in the 

polymerization process. Several uses of polymers have been reported, being their use 

in the process of engineering novel composite materials for applications within fields 

like aerospace industry, biotechnology or medicine. 

The work shown in this thesis aimed to implement novel applications for some of the 

general polymer uses found in literature and the employment of amphiphilic 

zwitterionic polymers to test their stability for different biological applications. The 

dissertation is first focused on the study of three different applications of polymers 

inside nanotechnology. One of the most common applications of the use of 

amphiphilic polymers is the coating of inorganic NPs initially synthesized in organic 

solutions, transferring them into aqueous solutions. The resulting polymer coated NPs 

count on functional groups on their surface allowing further modifications for new 

functionalities. This procedure is applied to NPs with different size (ranging from 4 to 

29 nm core size) and material (gold and iron oxide). 

A second application of the polymers is the protection of highly unstable, water and 

oxygen-sensitive clusters from degradation in aqueous environments. For that purpose 

gold NPs (Au NPs) of 4 nm were used as template and the clusters were collected 

between the surface of the NP and the amphiphilic polymer shell. The kinetic activity 

of the clusters was studied in aqueous environment, obtaining signal in at least the 

first 24 hours after the coating. 

As a complementary study inside this dissertation, different amphiphilic zwitterionic 

polymers were synthesized and optimized for a correct stabilization of NPs in water. 

The influence of parameters like pH, protein concentration and ionic strength was 

studied to obtain a complete description of the stability of the different zwitterionic 

polymer-coated NPs, comparing them to the single charge polymer coated NPs (e.g. 

fully positive or fully negative). 

A third application involves the self-assembly of alternating-charge polyelectrolyte 

layers deposited via adsorption on sacrificial calcium carbonate cores, yielding 

polymeric hollow microstructures able to be provided with physical and biological 

properties. Both properties are obtained via the accumulation of iron oxide 

nanoparticles between the polymer layers and the attachment of specific antibodies 
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on the outermost polymer layer, giving physical (magnetic) and biological (specific 

recognition) properties to the whole structure. These microcapsules were utilized to 

obtain a magnetic immunosensor able to specifically recognize and extract horseradish 

peroxidase (used as protein model) from a solution. 
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This thesis is written in a cumulative way. For a better understanding of the reader, the 

different contributions in terms of publications have been summarized at the end of 

the thesis. A general introduction comprising the role of nanoparticles in biological 

applications is initially described in the first chapter. Since different inorganic NPs are 

used during the discussion, a brief description of the synthesis and preparation 

methods is shown in the second chapter. Chapters 3, 4 and 5 focus on the different 

main topics regarding the experimental work of the author. A final chapter shows a 

discussion about possible perspectives and ideas concerning the different results 

obtained. All publications and the contained contributions by the author are briefly 

summarized in section 7.[1-12] Selected articles can be found in the appendix. Please be 

aware, that some of the references are not yet in their final shape. 

 

The term nano comes from the Greek word nanos, as an equivalent to tiny or dwarf. It 

describes any material or process taking place within the nanometric scale, going from 

1 to 100 nm. The term “nanotechnology” compresses several branches of science and 

has already reached society daily life due to its several applications.[13] The impact of 

this discipline on society is already significant: the possibility of engineering the 

materials at molecular scale/nanometric scale generates a broad number of 

possibilities not only inside biomedicine, but also in other fields, such as 

nanoelectronics, consumer goods or energy production. 

The quest of active nanostructures and their assembly in more complex nanosystems 

for different emerging applications comprehends the challenges of bionanotechnology 

up to date. These functional nanosystems own specific properties due to the fact that 

materials possess physico-chemical properties when downscaling their size to the 

nanometric scale that makes them differ from those of the same material in bulk form. 

Size-dependent effects become active at nanometric scale, since the number of atoms 

in the surface is a significant fraction of the whole number of atoms. This fact can 

influence the chemical properties due to the high surface to volume ratio, being able 

to use them in fields like catalysis; but also the physical properties like 

superparamagnetism in magnetic nanoparticles or the existence of surface plasmons in 

some metallic nanoparticles. Physical properties can be applied in techniques like 

magnetic resonance imaging (MRI) in the case of superparamagnetic NPs or 

hyperthermia in the case of metallic NPs. These moieties at nanometric scale can be 

surface engineered with biologically active molecules, enabling their use in several 

fields inside biomedicine. 
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Generally, reported procedures for the fabrication of nanosystems are divided in two 

different strategies: “top-down” and “bottom-up” approaches. “Top down” 

approaches denote physical procedures that utilize a metal in its bulk form to 

decompose it into nanoscale devices. This approach is mainly used in fields as 

electronics, photolithography or optics. On the other hand, “bottom up” approaches 

consist of physical methods which start from the metal compound that is decomposed 

generating metallic atoms in the presence of surfactants. After the decomposition, 

processes of nucleation and size growth take place, leading to nanoparticles formation 

via self-assembly. Self-assembly involves generating conditions such that the metallic 

atoms can arrange themselves in an energetically favorable way to construct the final 

nanomaterial. Although in “top down” approaches a higher amount of product is 

obtained, “bottom up” strategies normally enable a higher control of size and shape of 

the nanomaterials. 

Acording to a report published by the Research and Innovation section of the 

European Commission, applications of these nanosystems are focused on fields of 

medicine, environment and food technology, energy and communication 

technologies.[14] Focusing on applications of biomedicine, these are classified in 

diagnosis (biosensing), [15-17] imaging,[18] therapy (drug delivery, photothermal 

therapy)[19-21] and regenerative medicine (tissue engineering[22]).[14] New approaches 

are being also established regarding commercialization of nanomaterials, where safety 

is paramount. Proper regulations are essential prior to the final testing in the 

market.[23] 

Positive perspectives of applications in nanotechnology are reported within different 

fields inside biotechnology such as biomedicine,[24] agriculture or food technology.[11, 

23] The UNESCO Science Report: towards 2030 highlights nanotechnology as a priority 

field for countries which are now innovation research leaders.[25] Due to their 

promising applications, a growing number of countries are getting involved in this 

interest in nanotechnology, leading to an increase number of research articles, patents 

and investment in their use in advance manufacturing in recent years.  

 

Colloidal nanoparticles (NPs) made of a wide variety of materials and synthesized 

under different conditions have been described in the literature.[2, 16, 26]} Despite no 

common definition is set, they are normally defined as entities with at least one 

dimension measuring up to 100 nm. 

Depending on their nature, NPs can be synthesized and eventually dispersed in either 

organic or aqueous solvents, requiring as well the use of surfactants. Surfactants are 

molecules that bind on the NP surface, controlling their growth (shape and size) while 

ensuring a correct stability against aggregation.[27] These surfactants can also act as 

solvents or reducing agents, depending on the material and synthesis procedure. For 

http://en.wikipedia.org/wiki/Photolithography
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metallic NPs, the use of metal precursors is also needed, being normally in form of salt 

that undergoes reduction in presence of a reducing agent to form the final NPs. 

One of the most common materials is gold, due to its unique optoelectronic 

properties. Although they have been used for centuries in fields as wide as art or 

ancient medicine, their use has increased in the past decades, extending their use 

within biomedical applications.[28, 29] Unlike bulk-scale gold, nanometric scale gold 

show high electron density and strong optical absorption dependent on its localized 

surface plasmon resonance (LSPR). Stimulated by an incident light, delocalized surface 

electrons (from the conduction or valence band) from gold NPs (Au NPs) can couple to 

it obtaining a collective oscillation called surface plasmon. These plasmons are 

triggered by light wavelengths ranging between 400-1200 nm. Once the electric field 

of the incident light matches the frequency of the delocalized surface electrons, this 

light is absorbed generating the distinctive colours of plasmonic NPs dispersions, 

directly linked to the position of the LSPR band. It is not only the material of the 

plasmonic NPs that contributes on the final colour, but also other parameters like size, 

shape or the solvent in which they are dispersed. Hence, Au NPs are able to absorb 

and scatter light at specific wavelengths, having an absorption peak that can be 

broadened or shifted depending on environmental changes (e.g., pH level, NaCl 

concentration, protein concentration, etc). These changes can create a loss of charge 

on Au NPs surface due to the presence of ions or the adsorption of biological 

molecules, leading to a possible agglomeration of Au NPs that produces a red shift of 

the LSPR. Different sensing applications are based in this phenomenon.[11, 30] 

Several chemical methods have been developed to control the size of Au NPs just by 

modifying the preparative conditions such as the amount and type of surfactants. The 

NP production yield remains low with the classical procedures, since they require a low 

initial metal concentration.[16] Figure 1 shows the formation of Au NPs synthesized 

with sodium citrate as reductant and four subsequent growing steps via the addition of 

extra Au precursor until Au NPs of the desired size are obtained. Other strategies rely 

on a two-phase reaction which involves a phase transfer catalyst yielding alkanethiol-

protected Au nanoparticles, reported by Brust et al.[31] These NPs are commonly used 

for biomedical applications due to their low toxicity, high stability and correct size 

distribution. Nevertheless there are still studies to be performed regarding the 

implementation of NPs in different products and their long term impact on human 

health and environment. Inside biomedicine, they have been applied with several 

purposes such as biosensors,[32] as therapeutic agents in photothermal therapy, for 

imaging (e.g., optoacoustic agents, computed tomography, etc.) and as drug 

carriers.[33, 34] 
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Figure 1: Histogram of the core diameter (dc) of the Au NPs after the different growing steps (upper 
left). Au seeds average size corresponds to 10.11 ± 1.37 nm, increasing to an average dc of 12.74 ± 1.53 
nm after the first growing step, 14.25 ± 1.46 nm after the second, 15.82 ± 1.56 nm after the third one 
and a final average dc of 17.99 ± 1.85 nm. UV/Vis normalized absorption spectra of Au NPs cores at 
different stages of the synthesis process (upper right). The growth of the cores is followed via the red 
shift of the maximum absorption peak. The final phase transfer can be clearly observed due to the 
notorious shift of the maximum absorption peak. Lower images correspond to the TEM images of the 
corresponding growing steps of the synthesis from seeds (navy blue), first (red), second (green), third 
(light blue) and fourth and final growth (grey). 

 

A good stability of NPs in the aqueous media is required to ensure their correct 

functioning in biomedical applications. In any other way their functionality would be 

compromised and/or altered due to aggregation processes generated by the exposure 

of regions of NPs to these biological media. As explained in the previous subsection, 

most common methods for NPs synthesis are taken place in organic solvents, where 

shape-controlled highly monodisperse NPs are obtained. When preparing NPs 

intended for biological media, the phase transfer of initially organic-solvent 

synthesized NPs is presented as a crucial procedure to maintain the stabilization of the 

NPs against aggregation in aqueous solvents. Several procedures to transfer organic-

media synthesized NP into aqueous environment are reported.[6, 35] Being synthesized 

as a core wrapped with a layer of surfactants, this layer must be completely exchanged 

(via the use of other surfactants with more affinity to the NPs’ surface that provide NPs 

with new functionalities) or modified with the addition of further functional groups to 

leave the NPs stable in aqueous media. These surfactants (ligands) are essential to 
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control the growth of NPs during synthesis, but they also prevent NPs from 

aggregation.[27] They are linked to the inorganic NP surface by different ways, being an 

electron donor end group like thiol or phosphine the most used ones. They can be 

strongly (creating a dense layer stabilizing the NPs) or weakly bound depending on the 

affinity with the NPs surface material. This affinity will influence the NPs stability in 

further processes. 

During the ligand exchange procedures, ligand molecules initially bound on the NPs 

surface are exchanged by others with more affinity to the NPs surface material. This 

leads to a stronger binding and new properties to the NPs. NPs initially capped with 

hydrophobic surfactants can be transferred to aqueous solutions by the exchange with 

hydrophilic ligands allowing colloidal stability of NPs in the aqueous media. The higher 

the affinity with the new ligand, the more effective it is to replace the former ligand. 

Molecules with thiol groups are commonly used due to their high affinity to noble 

metals like Au and Ag. Molecules like lipoic acid, thiol-end PEG chains, sulphonated 

phosphines or mercaptocarboxylic acids like 1-mercaptoundecanoic acid (MUA) are 

widely used.[27] An example of inorganic NPs made of different materials and 

transferred from organic to an aqueous solution via ligand exchange is illustrated in 

the Figure 2. 

Amphiphilic polymers allow hydrophobic inorganic NPs to be embedded inside a 

polymer micelle where the hydrophobic backbone points towards the NPs, 

hydrophobically interacting with the surfactants on the surface. Meanwhile the 

hydrophilic domain points towards the aqueous media. Up to date, both positive and 

negative charged NPs have been obtained by using this approach.[36] 

Regarding hydrophilic NPs, electrostatic repulsion is the key factor for their 

stabilization. The electric field is screened under the presence of high salt content 

media, where NPs may agglomerate due to attractive forces resulting from hydrogen 

bonds and dipole interactions. 



1.Introduction 

 

-6- 

 
Figure 2: Example of comparison study of initially organic solvent synthesized NPs transferred to 
aqueous solution via ligand exchange, compared to samples transferred to aqueous solutions via an 
amphiphilic polymer coating technique using poly(isobutylene-alt-maleic anhydride conjugated with 
dodecylamine (PMA). Samples are divided in three different materials (gold, silver and iron oxide) and 
they all have identical core diameter (dc=3.9 nm, determined by TEM). (A) Structure of the ligands 
used for phase transfer: 1-mercaptoundecanoic acid (MUA, in dark red) on Au NPs and Ag NPs and 
dimercaptosuccinic acid (DMSA, in orange) on IONPs surface. (B) UV absorption spectra of the studied 
samples, where no absorption difference between samples with the same core material is seen. 
Absorption values are normalized at the maximum wavelength (fixed as 517 nm for Au NPs and 
430 nm for Ag NP due to their surface plasmon band). (C) During the purification of Au NPs via gel 
electrophoresis Au NPs-PMA (1), Au NPs-MUA(2), Ag NPs-PMA (3), Ag NPs-MUA(4). IONPs-PMA (5) 
and, IONPs-DMSA (6) showed similar gel mobility. Samples were injected in 2% agarose gel and 
process taken place under an electric field of 15 V/cm for 60 minutes. The yellow-orange band 
corresponds to the dye Orange G, added as loading buffer. (D) Extinction coefficient (εNP) values of the 
studied NPs, determined by measuring different dilutions of the same sample with inductively 
coupled plasma mass spectrometry (ICP-MS) and plotting these CNP values versus the absorption 
values obtained by UV-Vis at the maximum wavelength (fixed as 517 nm for Au NP and 430 nm for 
Ag NP due to their surface plasmon band). For IONP, since they do not show this behaviour, a specific 
wavelength of 450 nm was chosen. No relevant differences in εNP are shown for NPs of the same 
material with different coating. Figure modified from reference 

[2]
. 

 

As a parallel phase transfer strategy, taking advantage of the hydrophobic surfactants 

attached on NPs surface during the synthesis process it is possible to perform a phase 

transfer procedure via the use of amphiphilic copolymers.[37] A copolymer is defined as 

a structure which contains two or more types of monomers. When they are formed of 

hydrophobic (water repulsion) and hydrophilic (water affinity), these so-called 
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amphiphilic copolymers can self-assemble in aqueous solutions, forming micelles. 

Herein, the hydrophobic regions attract each other to avoid any interaction with 

water, leaving the hydrophilic regions in the outer part of the structure.[14] The 

resulting morphology of these structures depends on the distribution and the volume 

ratio between insoluble and soluble monomers.[38] 

For a correctly wrapping of NPs by the polymer, it is advisable that the hydrophobic 

backbone chains have similar length and conformation than the initial NP hydrophobic 

ligands, so they can be accessible and bind together. Furthermore, the polymer 

hydrophilic site must confer surface charge to the final polymer coated NPs so they are 

stable in aqueous solutions due to electrostatic repulsions. 

The amphiphilic polymer employed in most of the experiments is poly(isobutylene–

alt–maleic anhydride)–graft–dodecyl (PMA), in which dodecylamine chains are 

covalently bound to a poly(maleic anhydride) polymer in a way that 75% of the total 

maleimide rings are linked to the amino side group of dodecylamine, leaving the rest 

of the rings unaltered. The resulting carboxylic polymer can be modified with 

additional functional molecules via amide bonds post attachment to the hydrophobic 

NP surface.[6] 

At the start, the polymer coating procedure takes place in an organic solvent, generally 

chloroform, in which both NPs and amphiphilic polymer are mixed and slowly dried 

under vacuum. In case the polymer is not soluble in chloroform an addition of 10% in 

volume of EtOH is added to a solution 1:1 (v:v) of organic and final aqueous solvent. At 

this moment, alkyl chains in the hydrophobic backbone of the polymer intercalate with 

the hydrophobic ligands on the NP cores via hydrophobic interactions of hydrocarbon 

chains and van der Waals forces between the molecules. Therefore, the charged 

monomers point outwards to be in contact with the solution.[39] This procedure has 

been reported to provide great colloidal stability of different size,[40] shape[35] and 

material[2, 40] in aqueous environments.[41] 

 

Figure 3: Structure of the amphiphilic poly(isobutylene–alt–maleic anhydride)–graft–dodecyl (PMA,c) 
synthesis with the brown polyisobutylene-alt-maleic anhydride hydrophilic backbone (b) and green 
hydrophobic dodecylamine chains (a). Final assembly of the PMA coating the NP (red) via 
hydrophobic interactions between the ligands on the surface of the NP (black) and the dodecylamine 
chains (d). 
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Knowing how much polymer is needed to effectively coat a specific batch of NPs needs 

a calculation to obtain the ratio of polymer per NP. The number of monomers per 

surface area of NPs, Rp, depends on the size and shape of the NPs, and for its correct 

calculation the effective diameter deff is taken for calculations (being an addition of the 

ligand thickness, lthick, to the core diameter dc determined in the TEM, deff= dc +2 · lthick). 

The required volume of polymer solution, Vp, depends on:[42] 
 

   
  

  
 

      

     
 

       
             

  
 

 

where nP refers to the total molar amount of hydrophobic monomers needed for the 

coating and cp the molar concentration of hydrophobic monomer in the initial polymer 

sample. ANP represents the total surface area of NP sample and it is calculated as the 

product of molar NP concentration, the desired volume of NPs VNP and the effective 

surface of a single NP, given by π·deff
2.NA refers to the Avogadro constant (for spherical 

NPs). It is important to adjust the Rp to obtain an efficient polymer coating procedure, 

since an amount lower than the optimal would result in an agglomeration of NPs, 

having a heterogeneous NPs dispersion; while a higher Rp would result in a high excess 

of empty polymer micelles, obtaining a sample difficult to purify. 

There are several advantages for this coating strategy. First, since it depends on the 

hydrophobic backbone of the polymer and on the surface conformation of the NP 

(type and density of ligands) to achieve a suitable coating, the composition of the NP 

material does not affect it directly. Secondly, due to the fact that different core NPs 

can be coated with the same polymer, the effects of the core can be studied under the 

same conditions regardless the surface composition.[43] Therefore, further 

functionalities can be easily attached on polymer coated NPs regardless the core 

material, since their physico-chemical surface properties are determined by the 

hydrophilic backbone. Besides this, low toxicity of NPs coated with PMA has been 

reported, making them a suitable vehicle for different applications in biomedicine like 

drug delivery or thermal therapy. As an example, polymer coated Au NPs show a low 

toxicity, the same as Au NPs transferred to aqueous solvent via the ligand exchange 

procedure, in a commonly used mammalian cell line: the human cervical cancer cell 

line (HeLa). This is shown on the Figure 4.  
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Figure 4: Cell viability Vres of Au NPs (dc = 4nm) transferred to water via the polymer coating method 
(Au NPs-PMA, left) and ligand exchange method using 1-mercaptoundecanoic acid (Au NPs-MUA, 
right), as determined with the resazurin test in HeLa cells, in dependence of the Au NP concentration 
cNP. Cells were seeded in 96-well plates at a density of 5000 cells per well. After a 24 h incubation in 
cell growth medium, the cells were washed with PBS and supplemented cell growth medium at 
different cNP (100 µL medium per well). After an extra 24 h incubation, cells were washed with PBS 
and a solution of 90 % medium and 10 % resazurin. The cells were incubated for 3 h at 37 °C and 5 % 
CO2. Herein, resazurin (non-fluorescent) is oxidized by living cells to fluorescent resorufin. Hence, the 

intensity depends on the viability of the cells. The wells were excited at ex = 560 nm, and emission 
was recorded from 572 to 650 nm. The results are presented as mean value ± standard deviation (SD). 
This figure is modified from Ma et. al

[3]
. 

 

Due to their physico-chemical properties NPs are used with different purposes in 

nanomedicine like drug delivery, diagnostics or imaging. Thus NPs require a good 

colloidal stability in biological media, being usually complex mixtures of proteins and 

electrolytes. The stability of NPs must be fully understood by focusing on the 

interactions between the biological media and the NPs via different characterization 

techniques. 

It is essential to identify the different driving forces influencing the stability of the NPs. 

Some of them may lead to aggregation of the NPs, altering processes taking place in 

vitro, like cytotoxicity or uptake of NPs in cells, and in sub cellular level in vivo.[44] 

Colloidal interactions have been already described and classified in literature.[45] 

Repulsive surface interactions can mainly occur due to spatial (steric) or charge 

(electrostatic) effects, as well as due to hydration affinity (hydrophobic/hydrophilic 

interactions).[27] When NPs are bound with specific biomolecules, covalent forces must 

be also taken into account. Other types are those interactions formed due to structural 

forces (depletion attraction), via permanent or induced dipoles (Van der Waals) and 

those ones due to the formation of the electric double layer (EDL), composed of 

oppositely charged ions surrounding the NP surface (stern layer) and the ions forming 

the outer diffuse layer, with opposite charge from the ones forming the stern layer.[44] 

The colloidal stability is determined by the balance of all these forces. 

When exposed to biological media, NPs are covered by a dynamic layer of adsorbed 

proteins referred as protein corona.[46,47] This layer of adsorbed proteins may influence 

parameters like cellular uptake, accumulation in vital organs, degradation and 
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clearance of the NPs. Moreover, the NP surface can induce conformational changes in 

adsorbed protein molecules which may mask the functional surface (bio-reactivity) of 

the NP.[48] The protein corona is a dynamic entity that is permanently modified 

depending on different factors, such as the composition of the physiological media, the 

physicochemical properties of the nanostructure and the exposition time of the 

nanostructure to the media.[46, 49] The composition of the physiological environment 

gives the strength of this bonding that is constantly changed over time. The structure is 

formed due to protein-nanoparticle interactions, divided in protein-protein 

interactions and protein-nanoparticle binding affinities. The protein corona must be 

taken into account in every biorecognition process, since it may mask the biological 

activity of the molecules attached on the nanostructure. Thus, conditions that 

minimize the formation of this structure and the protein-protein interactions should 

be pursued for an optimal process.[49] 

To minimize the formation of protein corona, the surface of the nanostructure must 

interact as little as possible with the complex media. Surface modification is generally 

required to produce low protein binding.[50] Since the 1970s, different polyethylene 

glycol (PEG) chains (different size and modified with different reactive terminal groups) 

have been used to modify different surfaces and particles, in a covalent process 

referred as PEGylation.[51] PEGylation of NPs has become a standard modification 

procedure since it can enhance colloidal stability and water solubility, decrease 

interactions with blood[51] and because of their properties repelling the proteins.  

When bound to the surface of the NPs, the resulting PEGylated surface forms a 

hydration layer surrounding the NP that avoids protein deposition.[49] Factors as the 

molecular weight of the PEG and the density of the PEGylation on the surface of the 

NPs are key factors in a subsequent possible protein adsorption.[47] In general, longer 

PEG molecules show a random arrangement limited by the chain entropy, yielding into 

a better behavior against protein adsorption. 

Surfaces modified with zwitterionic polymers have emerged as an alternative to 

PEGylation. Due to their positive and negative mix-charged nature, they show a low 

protein-NP binding since they are able to electrostatically bind water in a stronger way 

compared to the polyhydrophillic polymers (PEG). Furthermore, the fact that proteins 

have a heterogeneous charge distribution makes them bind more effectively on single-

charge surfaces. This behaviour is not followed when in contact with zwitterionic 

surfaces. In this situation, proteins cannot accommodate their quaternary structure 

accordingly to the charge distribution of the polymer, leading to repulsion between 

protein and surface.[52] 
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This work aims to evaluate the different uses of polymers inside nanobiotechnology. In 

addition to the mentioned application of coating and transferring to aqueous solutions 

initially organic-solvent dispersed nanoparticles (NPs) and giving them colloidal 

stability via electrostatic and steric repulsion, this work suggests three extra 

functionalities. 

Alternative uses proposed in this thesis are (i) the stabilization of initially unstable 

moieties like organometallic nanoclusters by their incorporation in polymer-coated 

NPs; (ii) minimizing the protein adsorption on the metallic NPs surface, in the case of 

zwitterionic polymers; and (iii) taking part of micrometric structures like microcapsules 

capable of detecting and extracting relevant biological moieties. 
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Several compounds utilized for anticancer therapy are composed of an organometallic 

structure, holding many of them a hydrophobic behaviour and a poor stability under 

aerobic environments. Like different common drugs as placlitaxel [53] or doxorubicin,[54] 

metal-based drugs also have poor water solubility. Thus, enabling the stability of these 

compounds is highly required for an adequate use of their catalytic properties in living 

systems. The possibility of trapping these metal-base compounds in between inorganic 

NPs and the polymer matrix coating makes of this system a suitable platform for 

enhancing both stability and solubility of organotin sulphide clusters, used as model 

drug.[55, 56] 

Organotin compounds are known in biomedicine due to their anticancer, antiviral and 

antihypertensive applications.[57] The anticancer activity of organotin compounds is 

linked with their capability to inhibit ATP synthase inducing apoptosis. Some organotin 

compounds have shown a higher activity against HeLa cells than the one from other 

metal-composed drugs like cisplatin. [58] 

As well as some other nanostructures, Au NPs have been reported as excellent drug 

carriers, due to their reproducible synthesis procedures and their resulting 

physicochemical (optical) properties and high stability and compatibility in 

physiological environments. [59]  

 

Herein, the use of polymer coated Au NPs as platform for the stabilization of organotin 

sulphide clusters in aqueous solutions is presented. The orientation of the hydrophobic 

clusters to the inner part of the polymer shell is stimulated by the nature of the 

interactions during the coating process of the initially hydrophobic Au NPs with the 

amphiphilic polymer PMA (Figure 5 B). This would protect the organotin sulphide 

clusters from degradation, keeping their catalytic properties unaltered. 

 
Figure 5: Structure of the organotin sulfide cluster-linked polymer coated Au NP (A), showing the 
linkage of the cluster (brown) with the PMA (blue). Au drawn in dark red color with surfactant 
attached to their surface drawn in black. When linked in the inner shell of  the polymer coated Au NP 
(B), the catalytic activity of the clusters enables the methylene blue reduction (C) that can be tracked 
via UV-Vis spectroscopy measuring at 664 nm every 10 seconds to describe the dye degradation over 
time. This figure is modified from Valdeperez et al.

[1]
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After the polymer coating of the Au NPs with the polymer (modified and not-modified 

with the organotin clusters) and the sample purification by ultracentrifugation, 

negative staining was performed to confirm that obtained Au NPs samples were free of 

empty polymer micelles. Samples can be seen in Figure 6A and 6B, respectively. Thus, 

the orientation of the hydrophobic backbone of the polymer inwards the structure, 

interacting with the ligands surface of Au NPs, protects the stability of the clusters. 

Although no experimental evidence about the special location of the clusters in the 

structure is obtained, previous research using 4´-N,N-diethylamino-3-hydroflavone (a 

local polarity-sensitive dye that was proven to be located in the innermost sector of 

the PMA shell),[60] suggests that the cluster location should be in this same region. 

 

Figure 6: Negative staining TEM images of (A) Au NPs-Sn and (B) Au NPs. Histograms with the 
distribution N(d) of the following NP sizes d: core diameter dc (red), shell thickness lp (black), and 
total size dtot (blue) of (C) Au NPs-Sn and (D) Au NPs. Normalized absorption values of Au NPs-Sn and 

Au NPs (E). Hydrodynamic diameter number distribution N(dh) (F) and zeta potential distribution N() 
(G) of Au NPs-Sn and Au NPs as control. This figure is modified from Valdeperez et al.

[1]
 

 

Sample dc [nm] lp [nm] dtot [nm] N(dh)  [nm] N()  [mV] 

Au NP-Sn 6.8 ± 1.22 4.15 ± 0.87 15.20 ± 1.93 13.09 ± 0.66 -34.8 ± 3.52 

Au NP 6.09 ± 1.21 3.65 ± 1.25 13.41 ± 2.97 12.06 ± 0.83 -34.2 ± 0.95 

Table 1: Summary of the parameters obtained from the different characterization techniques. This 
table is modified from Valdeperez et al.

[1]
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For cluster content verification and quantification, inductively coupled plasma mass 

spectrometry (ICP-MS) measurements were performed. The results are summarized in 

Table 2. 

Sample 
m(Au) 

[ppb] 

m(Sn) 

[ppb] 

Sn:Au ratio 

(mass) 

n(Sn) 

[μmol] 

n(Au) 

[μmol] 

Sn:Au ratio 

(molar) 

Au NP-Sn  127448.1 2798.88 0.02196 23.719 646.94 0.03667 

Table 2. Elemental analysis of Au and Sn for the cluster-modified Au NPs, taken from ICP-MS results. 
m and n refer to the mass and molar content, respectively. This table is taken from Valdeperez et al.

[1]
 

To determine the number of cluster per AuNP, AuNPs concentration was obtained 

from the total Au concentration. First, the mass of one Au NP core (mAu NP) was 

calculated applying the following equation: 

                  

being ρAu the density of gold (19.3 g/cm3) and VAu NP the volume of a single Au NP core, 

calculated using the average diameter of the Au core as calculated with TEM: 

       
 

 
    

  

 
 
 

 

Au NPs molar concentration can be calculated by dividing the Au metal molar 

concentration measured with ICP-MS (cAu_ICP) by the number of Au atoms present in 

each Au NP (the product of the Avogadro constant NA = 6.02210-23 molAu NP
-1 and the 

mass of one NP mAu NP, divided by the molar mass of Au MAu = 196.97 g/mol).  

         
       

               
  

The clusters concentration (ccluster) can be calculated in parallel as Sn metal atom 

concentration measured with ICP-MS (cSn_ICP) divided by 4 (4 tin atoms per cluster). 

Finally, the cluster per Au NP ratio (R) can be expressed as: 

    
        

     
 

The cluster per Au NP ratio of 85 was finally obtained. The presence of clusters in the 

sample does not confirm the integrity of them, since a part of them might have 

undergone oxidation. 

 

After the confirmation of the presence of the clusters on the NP surface via inductively 

coupled plasma mass spectrometry (ICP-MS), their catalytic properties were confirmed 

using a colorimetric reaction based on the reduction of methylene blue (MB) to its 

colorless reduced product leucomethylene blue. This reaction was performed in 

presence of NaBH4 and tracked via UV/vis absorption spectroscopy (Figure 7A). The 
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time-dependent absorption decrease due to the progressive MB reduction was tested 

against different concentration of Au NPs with and without clusters (Figure 7C). The 

catalytic activity rate is set as the slope of the logarithm of the normalized absorption 

versus time representation. 

  
         

  
 

 

 

Figure 7: (A) Time dependent absorption spectra A(t),where the reduction of the absorption of 
methylene blue in the presence of nAu NPs = 2.8 pmol of Au NPs-Sn is observed, spectra are represented 
from dark blue (t=0) to light green (final time). (B) Normalized catalytic absorption curves A/A0 
(λ = 664 nm) obtained by the variation of the molar amount of Au NPs-Sn added to the system. For 
each NPs concentration a catalytic constant value k was calculated. (C) Catalytic constant values k [s

-1
] 

for different kinetic experiments plotted versus Au NPs-Sn and Au NPs molar amount added in the 
kinetic reaction. (D) Assessment of the catalytic activity of Au NPs-Sn after 24 h in water (black 
squares) and after 24 h in water and during a second catalytic cycle (red circles).The values of k after 
first and second kinetics experiments were obtained as -1.47·10

-3
 ± 2.52·10

-4
 s

-1
 and -6.5·10

-4
 ± 1.3·10

-4
 

s
-1

, respectively. This table is taken from Valdeperez et al.
[1]

 

The specificity of the MB reduction kinetics to the presence of clusters was also 

studied. Figure 7B shows a direct link between the amount of Au NPs-Sn (hence the 

amount of clusters) and the decrease of the normalized absorbance at 664 nm over 

time. Besides this, Figure 7C shows the average values of the catalytic activity rate (k) 

at different concentrations of Au NPs with and without clusters in the solution, 

confirming the catalytic activity of the clusters. 
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The catalytic activity of the clusters over time was also studied. For that purpose, the 

catalytic reaction was repeated for the same sample after being in aqueous solution 

and air exposure for 24 hours. By using the same conditions (2.8 pmol of Au NPs-Sn), 

ca. 70% of the initial catalytic activity for the same conditions was obtained. Catalytic 

curves of Au NPs-Sn at the moment and after 24-hour exposure time of clusters to air 

and water are shown on Figure 7 (Figure 7B for time=0; and Figure 7D-sample Au NPs-

1st kinetics for time=24 hours, in both cases sample concentration was 2.8 pmol). 

To study of the catalytic recycling capacity of the clusters, i.e. to know whether they 

are degrade during the experiment or keep their activity, the catalytic activity after 

one catalytic cycle was also studied. The catalytic degradation was studied measuring 

the catalytic activity of the sample after a single catalytic process by recovering the 

sample via ultrafiltration. The catalytic activity of the recovered Au NPs was ca. 37% of 

the catalytic activity observed in the first measurement (Figure 7D). Results prove an 

acceptable cluster stability under the reaction conditions within the first 24 hours and 

considerable clusters degradation after the catalytic reaction. 

 

The possibility of stabilization of organotin clusters in aqueous and/or aerobic media 

due to their attachment in between Au NPs cores and the PMA coating opens a 

possibility for the use of different degradable compounds in biomedicine. The choice 

of Au NPs as platform enhances the targeting possibilities, due to their optical 

properties and low toxicity. This structure can be a possible methodology for low-

stability drugs delivery into cells. Besides this the Au NPs digestion in the cells often 

involves the polymer shell degradation, making the system a cluster stabilization 

structure with the possibility of being used till its internalization inside the cell. 

The system is designed so the clusters will be oriented in between the ligands on the 

surface of the Au NPs and the hydrophobic backbone of the polymer: hypothetically, 

they get wrapped inside the structure in the moment the dodecyl chains from the 

dodecanethiol-stabilized Au NPs and from the docecylamine-linked PMA interact 

during the coating process.  

The strategy is designed so the clusters get wrapped inside the structure in the 

moment the dodecyl chains from the dodecanethiol-stabilized Au NPs and from the 

docecylamine-linked PMA interact during the coating process. Thus, there is a cluster 

deposition via hydrophobic interactions in between the alternating ligands from both 

Au NPs and polymer. This distribution is proven to protect the integrity of the clusters 

keeping their catalytic properties. UV-Vis catalytic experiments and ICP-MS 

measurements guarantee the integrity and presence of the clusters on Au NPs, 

respectively. Gold and tin content values in the sample show that an average number 

of 85 clusters were linked per Au NP. Anyways, it is still not possible to determine what 

percentage of the clusters are still active clusters. The MB reduction in water is a 
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suitable reaction for catalytic activity determination having an adequate linear trend of 

the Au NPs content vs. catalytic activity rate k. A parallel study using Au NPs without 

clusters as control sample shows a clear dependency of the catalytic activity with the 

clusters content. This activity is still partially present (ca. 70%) after more than 24 

hours in water, indicating a proper shelf life of the system, and not significant (ca. 37%) 

after a catalytic cycle. 

The proposed method could be a step forward in the design and implementation of 

different water- and/or oxygen-sensitive metallodrugs carriers to manage degradation 

issues with the aim of enhancing the efficacy to induce catalytic reactions in living 

organisms under unfavourable conditions. Nanotoxicology studies are set as the next 

step prior to this final implementation. 
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Zwitterions are defined as compounds with both positive and negative charges, 

normally separated by more than one bond length, forming an electrically neutral 

structure.[61] The surface modification of NPs with zwitterionic groups (zwitterions) is 

shown as an alternative to the addition of poly(ethylene glycol) (PEG) molecules in 

preventing protein adsorption within biomedical applications.[62] Over the past years, 

the use of zwitterionic polymers has gained attention due to their anti-fouling 

properties against proteins[63] cells[64] and bacteria.[65] The possibility of grafting these 

zwitterionic groups as monomers in amphiphilic copolymers makes a suitable method 

for stabilization of NPs in aqueous solutions, and a promising alternative to other anti-

fouling agents for surface passivation.  

Regarding polymer coated NPs (those embedded in one-charge copolymers), they 

count on a large hydrodynamic volume at low concentration in deionized water due to 

their chain length and the Coulombic repulsions between the charged groups along the 

polymer chain.[66] This effect can be screened by the addition of a low molecular 

weight electrolyte (NaCl) in solution. The polymer shrinks leading to an entropically 

favourable conformation.[66] Furthermore, the screening of these repulsive 

electrostatic forces is unfavourable for NPs stability (leading to aggregation). Different 

behaviour is reported for zwitterionic monomers (betaines). Due to their high polarity 

they interact with water molecules forming a hydration layer via charge-dipole 

interactions. This layer avoids protein binding in biological solutions. The addition of 

electrolytes to the solution is reported to cause an opposite effect: electrolytes screen 

the net attractive electrostatic interactions causing polymer chain expansion and 

higher polymer solubility.[66] When working with zwitterionic polymer coated NPs, this 

may influence in an increase of stability. 

Zwitterionic polymers are presented as an alternative to polyhydrophilic polymers 

(mainly PEG) for surface modification. Most used ones are classified in (1) polymers 

with a positive and negative group in the same monomer; (2) polymers with positive 

and negative groups in different monomers, referred as polyampholytes,[66] and (3) 

surface-assembled monomers forming a final zwitterionic surface.[67] 

Betaines/polybetaines/polyzwitterions form a part of the first group and the most 

commonly studied ones among them are sulfobetaines, phosphorylcholine betaines 

(phosphobetaines) and carboxybetaines.[52, 68] 

Polymerized sulfobetaines are divided in monomer units composed of a sulphate 

group as anion coupled to a quaternary ammonium acting as cationic moiety. They are 
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typically obtained via the reaction of a sultone with a tertiary amine, acting as an 

alkylsulfonating agent.[66] 

Polymerized phosphoryl choline betaines are the polymers with the functional group 

formed by monomers with a negatively charged phosphate linked to a positively 

charged quaternary ammonium salt. The biocompability has also been tested for this 

polymer, obtaining a good ability to reduce protein adsorption and cell adhesion. This 

enables their use in applications as contact lenses production, decreasing the eye 

infection.[69] For applications within tissue regeneration, this property against cell 

adhesion can be tuned to permit cell-surface interactions by introducing a cationic 

charge monomer in the polymer structure.[70] 

The potential of both betaine groups as biocompatible coatings has been tested on 

surfaces against fibroblast cell adhesion, showing surfaces coated with 

phosphobetaines a lower adhesion than those ones coated with sulfobetaine 

groups.[71] The surface chemistry of the NPs shell is a critical factor within the 

interaction between NP and surrounding environment. Therefore, it must be strictly 

studied by means of a characterization process able to fulfil a complete description of 

the physico-chemical surface properties of NPs. 

In this work, we study the stability of different polymer coated Au NPs against diverse 

aqueous media. Different amphiphilic copolymers have been used to test the NPs 

stability at different conditions e.g., at different pH, against different NaCl 

concentration, and at different concentration of bovine serum albumin (BSA) used as 

protein model. These amphiphilic polymers are composed of hydrophilic backbones 

with different charge: zwitterionic, positive and negative. In parallel, two different 

sulfobetaine amphiphilic polymers are studied to describe the stability of polymers 

composed of the same monomers at different hydrophilic : hydrophobic ratio (i.e. 

different charge density) 

 

First, 18 nm Au NPs were synthesized in water following the methodology reported by 

Bastus et al.,[72] and transferred to organic solvent as previously reported (see Section 

6). Au NPs were coated with the different polymers of study (see Table 3 and Section 6 

for more info about the polymer structure and the coating process) and subsequently 

characterised via UV-Vis spectroscopy, showing the typical plasmon peak of Au NPs at 

ca. 525 nm. Figure 8 shows the dispersion of the samples in Milli-Q water. Specific 

values of λmax and the coefficient A(λmax)/A(450) can be found on the Table 4. 
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Sample Polymer Charge x:y:z* Mw [g/mol]** PDI*** 

SB2 PDMAEMASB -stat-PLMA +/- 53.7:46.3 6300 1.67 

SB3 PDMAEMASB -stat-PLMA +/- 62.5:37.5 4700 1.52 

PhC PMPC-stat-PLMA +/- 48.7:51.3 22900 1.6 

Neg PTMAEMA-stat-PLMA - 49:51 11300 1,3 

Pos PMAPHOS(OH)2-stat-PLMA + 48:52 9380 1.9 

PMA 
poly(isobutylene–alt–maleic 

anhydride)–graft–dodecyl 
- Unknown Unknown Unknown 

SB* 
PDMAEMASB -stat-PLMA-

stat-PgMA 

+/- 52.9:44.6:2

.5 
6000 1.57 

Table 3: Composition of the amphiphilic copolymers used in the coating process. Check Section 6 for 
more information. 
*x:y:z refers to the molar distribution (in %) of charged monomer (x) : hydrophobic monomer (y) 
** The molecular weights of the copolymers was determined by gel permeation chromatography 
(GPC) in THF versus polymethylmethacrylate (PMMA) standard after the initial reaction step 
(polymerization of the protected/ neutral monomers). 
***PDI refers to polydispersity index, determined via 

1
H-NMR-spectroscopy 

 

 
Figure 8: Normalized absorption values of the polymer-coated samples dispersed in Milli-Q water. 
Samples are normalized at a wavelength of 450 nm. 

Sample Charge λmax A(λmax)/A(450) 

Au NPs-SB2 +/- 525 1.75 

Au NPs-SB3 +/- 525 1.77 

Au NPs-PhC +/- 526 1.71 

Au NPs-Neg . 524 1.64 

Au NPs-Pos + 529 1.74 

Au NPs-PMA . 527 1.76 

Au NPs-SB* +/- 533 1.65 

Table 4: Values of maximum absorption wavelength at the surface plasmon resonance (SPR) peak 
(λmax) of the polymer-coated Au NPs with their specific values of ratio maximum absorbance at the 
SPR peak versus the absorbance value at 450 nm (A(λmax)/A(450)). Au NPs before the coating process 
(see section 6) had a maximum absorption peak, A(λmax) at a wavelength of 518 nm and a ratio 
A(λmax)/A(450 nm) of 1.693, corresponding to an average dc of 18.15 nm according to results published 
by Haiss et al. 

[73]
 For a better comprehension of the obtained results Au NPs-SB*absorption spectrum 

is represented and explained separately in its own subsection (see Figure 20). 
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The UV-Vis data, summarized in Table 4, show the good initial dispersion in Milli-Q 

water of the Au NPs that were stored after the polymer coating process. 

 

Different environmental parameters (pH and ionic strength) affecting the colloidal 

stability of polymer coated Au NPs were studied to obtain a better understanding of 

the influence of each of them on NPs with different surface charge type and charge 

density. Since these Au NPs are intended to be used in biological systems, the 

interaction with biological molecules was also investigated, using different levels of 

bovine serum albumin (BSA), used as protein model. Due to the different proposed 

polymers, discussion is divided in changes observed due to the different surface charge 

density and the ones observed due to the different surface charge, since copolymers 

consist of hydrophobic and hydrophilic (zwitterionic, positive or negative) monomers. 

Colloidal stability was evaluated using UV-Vis spectroscopy and dynamic light 

scattering (DLS) under different conditions. These techniques allow the detection of 

small Au NP agglomerates (partial aggregation), determined via UV-Vis spectroscopy as 

a broadening of the Au NPs plasmon peak, yielding an increase of the absorption 

values at a wavelength range of λ= [600,650]. Formation of possible aggregates can be 

determined via an increase of the hydrodynamic diameter (dh) or the formation of 

broader distributions values, even additional peaks at high dh values. Stability in Milli-Q 

water adjusted at different values of pH was initially studied, as well as in Milli-Q water 

at different NaCl concentrations (cNaCl, ranging from 0 to 2.5 M) and in phosphate 

buffered saline (PBS) at different bovine serum albumin (BSA) concentrations (cBSA, 

ranging from 0 to 1000 µM). 

Stability of polymer-coated Au NPs at different pH values did not show any big 

difference at the moment of the addition of the sample in the media (t=0). After 24-

hour incubation differences are only observed in the results obtained from DLS. To get 

a better understanding of the variation of the surface charge at different pH, additional 

measurements of zeta potential via laser Doppler anemometry (LDA) were also 

performed. 

Spectroscopic results are shown as the average absorbance value at wavelengths 

between 600 and 650 nm. Herein, only negative polymer coated samples show minor 

aggregation at slight acidic pH values, as previously reported.[74] 
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Figure 9: Representation of the average absorption values between 600 and 650 nm, A(600-650) 
versus pH at the moment of Au NPs addition (0 hours, left graph) and after 24 hours (right). 

DLS values showed a slight agglomeration for Neg samples after the incubation of 24 

hours, where these Au NPs doubled the initial dh (Figure 11). In these conditions the 

surface charge of the Au NPs-Neg was kept at a constant value of -15 mV after 24-hour 

incubation. Regarding zeta potential, although the single-charged Au NPs remained 

constant at the studied pH values, zwitterionic polymer coated samples showed 

variation within these pH values (Figure 13). In some cases, there was a surface charge 

change from negative to positive, as SB samples showed; or the existence of a pH value 

where the Au NPs-PhC showed a net surface charge values close to zero. This value (Z-

potential value = 0, see Figure 13) for some zwitterionic Au NPs (at pH= 6.5-7.5 for 

Au NPs-PhC and at pH= 6-7 for Au NPs-SB2) corresponds to the isoelectric point (pI).[50] 
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Figure 10: Representation of the average distributions of the hydrodynamic diameter expressed in 
number (dh,N) for the Au NPs versus pH. Values were measured at the moment of the addition of Au 
NPs in the media (t = 0). 
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Figure 11: Representation of the average distributions of the hydrodynamic diameter expressed in 
number (dh,N) of the Au NPs versus pH after 24h (t = 24 h).  
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Figure 12: Representation of the zeta potential (ζ) values of the Au NPs versus pH at t=0. 
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Figure 13: Representation of the zeta potential (ζ) values of the Au NPs versus pH at t=24h  

Regarding the NaCl content, negative polymer coated Au NPs (Neg and PMA) showed 

low stability at high NaCl concentrations (Figures 14-16), since ions screen the 

electrostatic interactions produced by the charged groups responsible of the stability. 

This produces large aggregates of Au NPs that can be easily observed by naked eye. 

Both UV-Vis spectrometry and DLS results confirmed this low stability. This behavior 

was shown for zwitterionic Au NPs-PhC, where slight NP agglomeration is shown at 

really high ionic strength environments and Au NPs-SB2 (cNaCl = 2.5 M). For Au NPs 

showing the same surface functional group (sulfobetaine), the presence of the same 

group at a higher density (sample Au NPs-SB3) decreased the influence of the ionic 

strength on colloidal stability at this high NaCl concentration. 

 
Figure 14: Representation of the average absorption values between 600 and 650 nm, A(600-650) 
versus the concentration of NaCl cNaCl at the moment of Au NPs addition (0 hours, left graph) and after 
24 hours (right). 
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Figure 15: Representation of the average distributions of the hydrodynamic diameters expressed in 
number (dh,N) for the Au NPs versus NaCl concentration diluted in Milli-Q water at t=0.  
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Figure 16: Representation of the average distributions of the hydrodynamic diameters expressed in 
number (dh,N) for the Au NPs versus NaCl concentration diluted in Milli-Q water at t=24.  

As previously explained in the beginning of section 3, the protein corona plays a crucial 

role on the stability of NPs. At biological conditions, zwitterionic polymers have been 

reported to own excellent antifouling agents preventing the non-specific protein 

adhesion.[52] The potential of these zwitterionic polymers when coating Au NPs was 

tested and compared with single charge polymer coated Au NPs. 
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Furthermore, it has been reported in the literature that the stability of NPs might be 

improved by the non-specific adsorption of proteins forming the protein corona, 

attributed to steric stabilization.[39, 75] To prove the dependence of the protein corona 

on the stability of Au NPs, bovine serum albumin (BSA) was used as protein model. BSA 

is the most abundant protein in blood serum, being at a concentration around 

800 μμµM.[39] Cases where polymer coated Au NPs are stabilized by the adsorption of 

bovine serum albumin (BSA) have been reported.[35] However, the adsorption of 

proteins can also impair the colloidal stability of the NPs. UV-Vis spectroscopy results 

showed a high aggregation of positive polymer coated Au NPs-Pos at concentration of 

cBSA= 0.1-40 µM. Rest of the samples followed a similar trend, as show in Figure 17.  

 
Figure 17: Representation of the average absorption values between 600 and 650 nm, A(600-650) 
versus the BSA concentration cBSA at the moment of Au NPs addition (0 hours, left graph) and after 24 
hours (right). 

At the biological level of BSA, previously defined as 800 µM, samples showed low 

aggregation regarding the absorption values. Distributions of dh, expressed in intensity, 

showed some differences at this biological level. Samples coated with zwitterionic 

polymers SB2 and PhC showed an increment in hydrodynamic diameter, probably due 

to their low protein adhesion. Surprisingly, Au NPs-SB3 showed the highest 

agglomeration. This effect might be caused by the different monomer ratio x:y 

(hydrophilic : hydrophobic, % mol) between SB2 and SB3, being 53.7:46.3 and 

62.5:37.5, respectively. This optimal ratio of SB2 corresponds with the one reported 

for positive amphiphilic copolymers.[36] The rest of the Au NPs showed a dh within the 

range 100-200 nm, meaning that a significant agglomeration due to the protein corona 

formation took place. 

Focusing on DLS general results, dh distributions are shown to be highly dependent 

with the BSA content. High dh, measured in intensity to avoid any confusion with the 

free BSA in the media, are specially shown for Au NPs coated with single-charge 

Au NPs with positive Pos and negative Neg polymers at medium levels of BSA. 

Negatively charged Au NPs-PMA showed good stability at levels of cBSA inside the range 
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0.1-50 μM, meaning that the presence of BSA stabilizes Au NPs-PMA (not stable in PBS 

after 24 hours) within these conditions. Zwitterionic samples showed great stability at 

medium levels of BSA, with special mention to the Au NPs-SB3, which shows good 

stability at cBSA lower than 200 µM. The other zwitterionic samples Au NPs-SB2 and 

Au NPs-PhC show high dh values at cBSA lower than 0.1 µM, meaning that the protein 

corona on their surface is not enough to stabilize the structure and that, although no 

aggregation is observed in the UV-Vis spectroscopy data, Au NPs are forming clusters 

at these conditions. 
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Figure 18: Representation of the average distributions of the hydrodynamic diameters expressed in 
intensity (dh,I) for the Au NPs values versus bovine serum albumin (BSA) concentration diluted in PBS 
pH=7.4 at t=0.  
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Figure 19: Representation of the average distributions of the hydrodynamic diameters expressed in 
intensity (dh,I) for the Au NPs values versus bovine serum albumin (BSA) concentration diluted in PBS 
pH=7.4 at t=24. 
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Once the stability of the Au NPs coated with the different polymers was tested, the 

possibility of adding fluorescence emission as a new physical property to the 

zwitterionic Au NPs was studied. Taking the SB2 as reference polymer, an addition of a 

third block monomer to the sulfobetaine amphiphilic copolymer was proposed. A 

synthesis of a new amphiphilic polymer SB*, a three- block copolymer referred as 

PDMAEMASB-stat-LMA-stat-PgMa (x:y:z = 52.9:44.6:2.5 mol%), was performed with a 

monomer grafted to the fluorescent dye perylene tetracarboxylic diimide (PTD) (see 

Section 6.3 for the structure). PTD has an emission peak with a maximum value at 

λem = 610 nm, when excited at λex = 570 nm. The coating process was successfully 

performed using SB*: the sample Au NPs-SB* with zwitterionic surface and specific 

emission properties was obtained and compared to its homologous sample without 

emission Au NP-SB2 (coated with SB2, referred as PDMAEMASB-stat-LMA, 

x:y = 53.7:46.3 mol%). New possibilities can emerge with the use of this zwitterionic 

fluorescent Au NPs, but the study of the properties in vitro are beyond the extension 

of this thesis. The correct linkage of the dye is observed via absorption and emission 

measurements, represented in the Figure 20. 

 
Figure 20: Normalized absorption of polymer-coated Au NPs (left) and its emission (right), compared 
to the free polymer SB*. 

 

The synthesis via free radical polymerization of zwitterionic amphiphilic copolymers 

and their use in the coating of Au NPs (dc=17.99 nm) was performed, obtaining 

polymer coated zwitterionic Au NPs with a correct initial colloidal stability in Milli-Q 

water (see Figure 8). The copolymers are composed of different monomers, divided in 

hydrophobic monomers containing 12-carbon length alkyl chains, and blocks of 

monomers containing charge, divided in zwitterionic/mixed-charged, positive and 

negative copolymers. Sulfobetaines (SB) and phosphorylcholine betaines (PhC) are the 

groups containing the zwitterionic monomers, while phosphonate (PO(OH)2) and 

trimethylammonium (N(CH3)3) groups provide negative and positive charge. In addition 

to these polymers, PMA was used as control negative polymer and a three block 

copolymer (SB*), composed of a monomer containing the fluorescent dye 
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perylene tetracarboxylic diimide (PTD), a SB group monomer and the hydrophobic 

monomer, were synthesized. Furthermore, a three-block copolymer composed of 

hydrophobic and balanced-charged positive and negative monomers was synthesized 

(PosNeg). Due to the unstable resulting polymer coated Au NPs using this last 

copolymer, probably as a result of the impossibility of a homogeneous monomer 

distribution during the polymerization process, the sample was discarded. The detailed 

composition of the synthesized amphiphilic copolymers is described in Section 6.5. 

After transferring the initially hydrophobic organic-solvent dispersed Au NPs using 

different amphiphilic copolymers, the stability of the resulting Au NPs in aqueous 

solutions at different conditions was evaluated. In the case of Au NPs-SB*, the process 

stopped with the coating procedure, comparing the resulting NPs (Au NPs-SB*) with 

the ones with the homologous non- fluorescent copolymer (AuNPs-SB2). The addition 

of dye-attached monomer at a molar percentage of 2.5 % in the copolymer resulted in 

a plasmon peak shift from 525 nm (Au NPs-SB) to 533 nm (Au NPs-SB*), influenced by 

the absorption peak of the dye at 539 nm. Au NPs-SB* showed an excellent emission, 

obtaining a structure whose physical and chemical properties can be further 

investigated in future tests. 

Regarding the polymer coating procedure, the embedding of the inorganic cores on 

the copolymers might be also influenced by general factors like the amount of polymer 

monomer units absorbed per surface area of the NP or the interaction time between 

the hydrophobic ligands on the NP with the hydrophobic backbone on the copolymer 

during the embedding process. This interaction time at which the coating process 

takes place can be adjusted by modifying (i) the organic solvent evaporation time, 

dependent on the conditions employed during the low-vacuum solvent evaporation 

(temperature and pressure); and (ii) the number of washing steps (i.e. addition of the 

organic solvent after a total evaporation process and its repetition). These two general 

factors, crucial to achieve a successful coating, were maintained constant.  

As it is shown in the stability study Au NPs were incubated at different conditions and 

absorption and dh were measured at time 0 and 24 hours. To obtain a more simple 

understanding of the stability process, different conclusions have been separated 

regarding two different features of the structure of the polymers: the percentage of 

the zwitterionic monomers and the differences between polymers with similar 

monomer distribution. 

For a better understanding about the different samples studied in this work, the 

following part of the discussion has been focused on (i) samples with the same 

hydrophobic monomer (SB) at different molar percentage, and (ii) on samples coated 

with polymers with a similar monomer distribution and hydrophobic monomer.  

 Percentage of zwitterionic monomers 

Regarding zwitterionic amphiphilic co-polymers with sulfobetaine groups, referred as 

PDMAEMASB-stat-LMA, three different samples were synthesized. The composition 

ranged from x : y = 13.5:86.5–62.5:37.5 mol% (zwitterionic monomer : hydrophobic 
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monomer). The polymer coating process of Au NPs with the polymer sample with the 

lowest ratio (SB1, 13.5:86.5) yielded gold aggregates under the studied conditions, 

meaning that they could not be transferred to aqueous solution via this procedure.  

By varying the ratio of hydrophilic monomer units the charge density on the surface of 

the polymer coated Au NPs can be adjusted. That explains why Au NPs cannot be 

coated with the sample SB1, yielding Au NPs with not enough charge density to be 

stable in aqueous solutions. Three different resuspension solutions were prepared: 

sodium borate buffer (SBB, pH=12), phosphate buffered saline (PBS, pH=7.4) and 0.1 M 

NaCl solution (pH = 3.3, adjusted with HCl). Au NPs could only be resuspended (and 

therefore correctly coated) using the polymers SB2 (x:y = 53.7:46.3 mol%) and SB3 (x:y 

= 62.5:37.5 mol%) under alkaline conditions.  

Regarding stabilization, Au NPs-SB2 show a lower stability at high NaCl concentrations 

compared to the Au NPs-SB3 due to its lower charge density. This can be seen in the 

average absorption values between 600 and 650 nm, A(600-650), registered after 24 

hours. This difference of stability is confirmed in the dh values in intensity obtained 

after 24 hours incubation. Same tendency is shown for these samples at levels of CBSA = 

0.1 – 100 µM, where both samples show no agglomeration and good stability. DLS 

results after 24 hours show high agglomeration behavior of Au NPs-SB2 that is not 

shown for the homologous sample at higher charge density.  

Previous reports about single charge amphiphilic polymer coating states that polymers 

with high molecular weights are slowly redissolved, resulting in possible agglomeration 

when polymer coated Au NPs are redispersed in aqueous solutions.[36] This might be 

another reason of the impossibility of resuspension of Au NPs-SB1 in aqueous media, 

or even of the slight difference in stability of Au NPs-SB2 and Au NPs-SB3. Besides this, 

no change in terms of agglomeration is observed for the polymer with the highest 

molecular weight (PhC, with Mw=22900 g/mol) compared to the other polymers with 

similar monomer distribution. 

 Polymers with similar monomer distribution 

Co-polymers with different charge and similar molar monomer distribution (and 

therefore charge density) were also studied. It is important to mention that 

co-polymer with too low charge density won’t yield stable polymer-coated Au NPs in 

aqueous solution but on the other hand, co-polymers with really high charge densities 

are reported to be also problematic, since they might not be soluble in chloroform.[36] 

Au NPs coated with zwitterionic copolymers divided in sulfobetaine polymers SB2 and 

phosphoryl choline betaines, PhC with x:y of 53:47 mol%, were compared with single 

charge co-polymers, as well divided in positively charged polymers (PTMAEMA– stat –

PLMA, Pos) with x:y of 49:51 mol%, and negatively charged polymer (PMAPHOS– stat –

PLMA, Neg) with x:y of 48:52 mol%. 

For this occasion a zwitterionic polymer formed with single charge monomers (PosNeg, 

PCEA -stat-PTMA-stat-PLMA) with x:y of (25+25):50 mol%, being x the sum of both 

positive and negative monomers in the same molar percentage. This copolymer was 
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not able to stabilize the Au NPs in Milli-Q water: a correct dispersion was obtained in 

SBB12 but aggregates were obtained after changing the solvent to Milli-Q water, being 

performed either via centrifuge filters or desalting columns. Therefore, the use and 

characterization of these polymer coated Au NPs was not continued. 

For the samples within the study, a clear zwitterionic behavior was found in the 

samples coated with SB and PhC groups. They both showed an isoelectric point at 

biological pH values, being the single-charged Au NPs constant net surface charge 

within pH values from 5.5 to 8. Regarding the study at different levels of NaCl, negative 

polymer coated Au NPs showed the highest hydrodynamic values, so the electrostatic 

charge stabilizing these NPs is visibly screened with the addition of the NaCl ions. 

Regarding the study at different protein level, the zwitterionic samples showed a dh 

expressed in intensity at biological conditions (cBSA= 800µM) lower than the single-

charged samples. At such high protein concentrations, a formation of a protein corona 

that create agglomeration on these single-charge Au NPs takes place, being 

zwitterionic polymer coated Au NPs more resistant to the protein adhesion. 

 Conclusions 

The stability of different polymer coated NPs has been studied focusing on the 

influence of three different parameters (pH, BSA and NaCl concentration). No 

significant changes regarding the hydrodynamic diameter are observed for the 

samples at different pH values. Zwitterionic samples are observed to have a low net 

charge at biological pH levels, not affecting their stability registered via absorption. The 

influence of NaCl concentration is really high on the stability of Au NPs, obtaining the 

highest agglomeration values in single charged negative NPs due to the screening of 

the electrostatic forces stabilising them. Mixed-charged zwitterionic NPs show a higher 

resistance to agglomeration at high NaCl concentrations due to the reported hydration 

layer linked to the zwitterionic groups via dipole-charge interactions. Sulfobetaine 

polymers show an excellent stability after 24 hours in biological levels of NaCl 

(150 mM). This hydration layers makes zwitterionic NPs more resistant to the 

formation of the protein corona on them. Regarding BSA content, only two 

zwitterionic samples show a dh expressed in intensity lower than 80 nm after a 24 

hour-incubation at biological conditions. This value is double for the rest of the 

samples, demonstrating the formation of the protein corona. 

The influence of the parameters of study on the stability of the polymer coated NPs 

gives an idea of the surface interactions of the nanostructure with the environment. 

This has a great interest when understanding the influence of environmental 

conditions on complex biological processes like the internalization of nanometric 

structures inside cells. The interaction of cells with different nanostructures has been 

described as dependant on many physicochemical properties of colloids such as size, 

shape, surface charge, stiffness, catalytic reactivity, etc.[12] These properties, many 

times interconnected[76] must be controlled depending on their final use. 
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Polyelectrolyte microcapsules are polymeric hollow structures synthesized via layer-

by-layer (LbL) method, consisting of an alternate-charge polyelectrolyte deposition on 

top of a spherical calcium carbonate template that is eventually dissolved.[41, 77, 78] They 

hold a wide range of potential applications due to their highly tunable surface area, 

tailored size and structure, and their high loading capacity.[79-81] Microcapsules size 

(obtaining diameters between 30 nm and 10 microns)[82] and shape can be tuned 

modifying the template size or shape, whereas stiffness can be modified depending on 

the total number of polyelectrolyte layers.[83] Surface-charged NPs embedded between 

the polymeric layers of the capsules provide magnetic, in the case of iron oxide NPs, or 

optical properties, for gold or silver NPs, to the whole structure.[7, 84, 85] 

The polyelectrolyte structure can also be provided with biological properties in the 

case of the attachment of biomolecules on the outermost polymeric layer, such as 

antibodies,[7, 86] peptides,[87] DNA strands[88] or streptavidin,[89] all of them capable of 

very specifically recognizing target biomolecules. 

Among microcapsules applications figure their use as carriers in delivery, [90, 91] since 

they are suitable nanostructures capable of both enhancing drug targeting and 

bioability.[92] The release of their cargo can be triggered by different stimuli such as 

ultrasound, light, temperature or pH.[93] The modification of shell permeability, shell 

depolymerisation or shell fragmentation, are some of the mechanisms that take place 

under these stimuli during the drug controlled release. Examples like light-addressable 

microcapsules based on the incorporation of light-sensitive NPs between layers, which 

release their cargo when an irradiation of a specific energy and power density is 

applied, are one of the multiple mechanisms these versatile structures can offer. 

 

Besides the possibility of the use of microcapsules for drug delivery, their use as a 

device for detection and extraction of different biomolecules (from proteins to 

bacterial spores) in biological liquid matrixes has been reviewed. With this aim, 

superparamagnetic iron oxide NPs (IONPs).were trapped between polyelectrolyte 

layers and a model antibody (anti horseradish peroxidase, Anti-HRP) was attached 

onto the microcapsule surface. As polyelectrolyte layers holding the assembly 

together, poly(sodium 4- styrenesulfonate) (PSS, Mw = ~70,000 g/mol,) and 

poly(allylamine) hydrochloride (PAH, Mw = ~ 58,000 g/mol,) were used as weak 

polyanion and polycation, respectively. To maintain the HRP affinity of the antibodies 

on the microcapsule surface the attachment was performed by oxidation the cis diols 

from sugar chains, mainly located in the Fc region of the antibody (the region not 
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involved in the specific binding to the antigen) to create reactive aldehydes, which will 

eventually interact with the amino groups from the outer polyelectrolyte layer from 

the microcapsule. As a result magnetic, bioactive hollow spherical microcapsules with 

an average diameter of 4.1 μm were synthesized, capable of being directed to a 

specific position and extracted from a liquid sample under an external magnetic field 

gradient (see Figure 22F). 

This methodology has potential applications in different fields such as cell isolation, 

cancer marker detection, protein purification or water detection. 

 

Figure 21: Proposed structure for magnetic detection and extraction of HRP. Hollow microsphere is 
composed of alternating charge polyelectrolyte layers deposited on a CaCO3 sacrificial core. PSS (blue) 
and PAH (red) play the role of negative and positive polyelectrolytes, respectively. IONPs (black) are 
deposited in between the second and third sets of polyelectrolyte bilayers. The outermost layer is 
coated with anti-HRP antibodies (green) and BSA (pink) for surface passivation. This figure is modified 
from Valdeperez et al.

[7]
 

The synthesis of PCs with the deposition between layers of polymer-coated IONPs of 

ca. 29 nm core size (Figure 21) was obtained via adsorption on the intermediate PAH 

layer, due to the IONPs negatively-charged polymer coating. The addition of layers and 

IONPs on the initial CaCO3 core was monitored via LDA, showing a ζ–potential charge 

changing after every new polyelectrolyte addition. This confirms a correct procedure 

of the LbL assembly. Once the core was removed, PCs were characterized by TEM, 

where NPs can be observed in between the polyelectrolyte layers. The brownish colour 

of the IONPs-attached PCs sample also permits the verification of the correct 

attachment of the IONPs. The quantification of the number of IONPs per PC ICP-MS 

was given by the measurement of the iron content obtained via ICP-MS 

measurements. Knowing the average dc given by the TEM, it was possible to obtain the 

amount of IONPs per capsule, determined as ca. 2800 IONPs per PC. The use of an 

external magnet confirmed the high magnetic behaviour of the PCs, since the PCs were 

directed to the magnet and completely deposited on the wall of the vial after an 

exposition of 3 minutes. 
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Figure 22: TEM image of the polymer coated IONPs (A) and its corresponding histogram of the dc of 
IONPs (B). The dc was obtained as 29.6 ± 0.27 nm. TEM image of the magnetic polyelectrolyte capsules 
(C). Figures on the lower row represent the image of the capsules (D), their size histogram (E) and the 
magnetic behaviour of the PCs (F) under an external magnetic field gradient. The dPC was obtained as 
4.1 ± 0.4 μm. This figure is modified from Valdeperez et al.

[7]
 

PCs were provided with biological activity due to the attachment of Anti-HRP as a 

model antibody (Ab) to the outermost polyelectrolyte layer (PAH) on the PC surface. 

The Abs were linked in an oriented way to the surface of the PCs to ensure the highest 

Ab-HRP interaction. Several protocols regarding a correct surface biofunctionalization 

with Ab have been reported in the literature.[94-96]. Suggested procedures involve the 

use of thiol bonds and binding anchors, the use of EDC (1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide) chemistry controlling the pH during the binding 

process, or the use of carbohydrates residues. An adequate linkage of the Ab implies 

that the binding sites, located in the Fab region remain unaltered and free to react 

with the specific antigen (HRP for this model), while the carbohydrates residues, 

specifically located in Fc region, common to all Ab, are linked to the PAH. These 

carbohydrates must be initially oxidized yielding aldehyde groups that eventually form 

a Schiff base after their linkage with the amino groups of the PAH on the PCs. These 

Schiff base groups are finally reduced to a secondary amide linkage under the presence 

of sodium cyanoborohydride as reducing agent. Since the Fc region of the Abs is 

common to the entire immunoglobulin G (IgG) type of Abs, this procedure can be 

extended to all the IgG regardless the type of antigen involved in the recognition 

process. The application of this methodology ensures a final biological recognition of 

the HRP by the PC structure. 
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The recognition capability of the linked anti-HRP can be tested using an enzymatic 

colorimetric assay, based on the oxidation reaction of 2,20-azino-bis(3- 

ethylbenzthiazoline-6-sulfonic acid) (ABTS) with H2O2 under the presence of HRP. This 

process is regulated by the presence of HRP, where the initially colorless ABTS 

undergoes oxidation, leading to a green color formation given by the oxidized form. 

         
                        
                            

The HRP activity is essential for the process, and therefore for the colour development. 

For that purpose, the specific HRP recognition of the anti-HRP functionalized PCs (Ab-

PCs) and their subsequent magnetic extraction processes were performed after an 

initial incubation with the free HRP at a concentration of CHRP = 5 g/mL and several 

magnetic separations with their respective washing procedures in PBS. Primary Ab 

H4A3 functionalized PCs (Ab Control-PCs) were tested in parallel and a further control 

of non-functionalized PCs (PC) were also incubated with HRP, yielding no colour 

change for these last ones. The HRP linked on the final microcapsules surface was 

finally measured, registering the absorbance at 414 nm versus time in all the samples. 

 

Figure 23: Scheme of the extraction and detection process. Polyelectrolyte multilayer capsules (PC) 
modified with Ab and IONPs in between the polyelectrolyte layers are initially incubated with a 
solution with horseradish peroxidase, HRP (1). During the incubation, Abs on the PC surface 
specifically interact with the HRP, causing a specific binding of HRP to the surface of the capsules (2). 
After this, the HRP-attached capsules are magnetically collected and they are washed with PBS two 
additional times (3). Capsules are added into a solution of 2,20-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid) (ABTS) and H2O2 and the colour development due to the oxidation of the ABTS is 
monitored via UV–vis absorption spectroscopy (4). With this method it is possible to demonstrate 
magnetic extraction of HRP from solution by anti-HRP modified PCs with integrated IONPs, since the 
rate at which the ABTS is oxidized is proportional to the HRP content: HRP acts as the regulation 
enzyme of the reaction of ABTS oxidation.

[97]
 Therefore, the presence of functional active Abs on the 

surface of the capsules and the correct passivation of this surface with BSA has been demonstrated.
[98]

 
This figure is taken from Valdeperez et al.

[7]
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Figure 24: HRP activity assays at different HRP concentrations (CHRP), where (A) kinetics of the 
absorption ΔA414 at 414 nm to determine the activity rates k are represented, and (B) calibration 
curve of the HRP activity rate k as determined with free HRP at different concentrations CHRP. The set 
data was fitted by a lineal function: k [min-1] = 39.34·CHRP [μg/mL]·0.019; with a regression 
coefficient R2 of 0.999. Results of the activity measurements of the purified samples (PC) and the 
supernatants of the last washes (w3) during PC purification (C) and the ones from the first washes 
(w1) where most of the unbound HRP is washed (D). This figure is modified from Valdeperez et al.

[7]
 

Free HRP at a concentration (CHRP) from 0 to 5 g/mL was initially tested and a 

calibration curve was plotted (Figure 24.B) representing the obtained activity rate 

k [min-1] = (A414/t) versus the concentration of HRP in solution CHRP. Identic 

methodology was applied to the PCs, as well as to the supernatants from the three 

washing steps (w1-w3). These supernatants contain the unbound protein in solution 

and the HRP activity was proven to be none for the supernatant of both samples in the 

third and last magnetic extraction step (w3, see Figure 24.C), indicating that the HRP 

measured in the PCs was completely bound on their surface. Note that all PCs are 

incubated with a concentration of CHRP = 5 g/mL, corresponding to an activity rate 

k = 0.125 ± 0.0035 min-1. 
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Sample kPC [min-1] kw1 [min-1] kw3 [min-1] 

HRP/ Ab-PC  4.957·10-2 7.07·10-2 1.063·10-3 

HRP /Ab Control-PC  6.350·10-4 0.134 4·10-4 

Table 5: Slopes values k of the A414(t) absorption kinetics curves of the ABTS oxidation in HRP/Ab-PC 
and HRP/Ab Control-PC samples after three washing steps (kPC), and in the supernatants of the first 
and third washing step as performed by magnetic separation (kw1 and  kw3). This table is taken from 
Valdeperez et al.

[7]
 

Comparing the values of HRP activity obtained in the catalytic assays of both Ab-PC 

and Ab Control-PC after the incubation and washing steps (HRP/Ab-PC and HRP/Ab 

Control-PC, see Figure 24.C), it can be stated that there is a specific HRP recognition 

process from the anti-HRP antibodies attached on the Ab-PCs. A great passivation 

effect on the surface of the PC, due to the addition of BSA on the outermost layer of 

polyelectrolyte, was also observed. The results of the activity rate of w3 in both 

samples showed almost no free HRP activity, proving a purification of the PCs from 

unbound HRP. HRP/Ab Control-PCs has an activity rate which is two orders of 

magnitude less than the one obtained for HRP/Ab-PCs.[7] Supernatants after the first 

magnetic separation washing step (w1) show that practically the whole amount of HRP 

is cleaned after this separation, obtaining a kw1 for the HRP/Ab Control-PC similar to 

the one corresponding to the free HRP at a concentration of 5 g/mL. The activity rate 

of the Ab-PCs after the first magnetic separation process (kw1 = 7.07·10-2 min-1, 

corresponding to the 55% of the whole capacity) suggests that a large excess of HRP 

was added to the Ab-PCs. An amount of 38.4 % of the initial HRP was magnetically 

extracted, since an activity rate value of kPC of 4.9·10-2 min-1 is obtained and this 

corresponds to a HRP concentration of 1.92 µg/mL. 

With the aim of obtaining the specific extraction capacity of the Ab-PCs, the number of 

extracted HRP molecules per mL was initially calculated as: 

  
       

     

 
                                           

                   
                       

Since an amount of 1mL of PCs at a concentration of 6·107 PCs/mL was utilized in the 

incubation processes, a number of 2.63·1013 mL-1/6·107 mL-1  4.38·105 was calculated 

as number of molecules of HRP specifically extracted by each PC. Knowing the 

structure of the Ab, where each molecule is composed of two specific binding sites (i.e. 

it can recognize two different HRP molecules per Ab), there are at least 2.19·105 active 

Ab per PC. Assuming an Ab surface area of 176.7 nm2 (corresponding to the area of a 

circle with a radius of 7.5 nm)[99, 100] and setting the surface are of the PC as 5.28·107 

nm2 (assuming an sphere with the calculated dPC of 4.1 m) the maximum number of 

Abs which can be theoretically present on the surface of a single PC is calculated as 

2.98·105 Ab molecules. Taking this value calculated under these geometrical 

assumptions and the experimentally obtained value of 2.19·105 active Ab per PC, the 

extraction capacity of the synthesized Ab-PCs corresponds to the 73.4% of the 

maximum capacity. Considering that what it is measured is the active HRP molecules 
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on the surface of the Ab-Pc, this number could be even higher. Results obtained verify 

the high extraction capacity of the suggested system for specific identification and 

extraction of proteins. 

 

The synthesis of hollow magnetic microcapsules with biological activity provides a 

structure suitable for specific recognition and a subsequent magnetic separation. A 

high volume extraction makes the system capable of being used not only for spore 

extraction but also in cell isolation, water analysis, protein purification, etc. 

To ensure a correct synthesis of the microcapsules, a correct deposition of each 

polyelectrolyte layer during LbL assembly was tracked using ζ–potential 

measurements. Their magnetic behaviour was tested under a magnetic gradient, plus 

the change of colour (from white to dark brown) after the addition of the IONPs 

indicates a correct deposition between polyelectrolyte walls. Microcapsules were 

characterized by TEM and confocal laser scanning microscopy. ICP-MS measurements 

allowed the determination of the amount of IONPs per microcapsule, obtained as ca. 

2800 IONPs per microcapsule. 

The activity rate values, k, obtained from the slope after plotting the absorbance over 

time and fitting the data to a linear tendency line, show a specific HRP recognition 

process and an efficient BSA passivation of the microcapsules surface. The low slope 

value of the control sample shows an imperceptible HRP unspecific adsorption on the 

control sample. Plus, the activity rate of the control sample is two orders of magnitude 

lower than the one obtained from the sample coated with specific antibodies (anti-

HRP), proving that HRP binding takes place via specific antigen-antibody recognition. 

Kinetic assays performed on the sample washings also show that practically the whole 

amount of the protein remained in the supernatant after the first magnetic separation 

of control microcapsules, since the obtained activity rate of the supernatant after the 

first magnetic separation (kw1 = 0.13 ± 2.4 · 10-4) corresponds to the initial HRP 

concentration in the incubation is 5 μg/mL according to the calibration curve, where k 

at this concentration is 0.13 ± 0.0035 min-1. In parallel, results of kw1 from the capsules 

with specific antibody equals to 7.1 · 10-2 min-1, which corresponds to ca. the 55% of 

the total HRP added in the incubation. 

With the aim of proving that all unbounded protein was removed from the system 

samples were washed and magnetically separated two extra times. Activity rates from 

the last washings (kw3) of both samples show values which correspond to a HRP 

concentration of 0.02 μg /mL for the specific antibody- coated microcapsules (0.4% of 

the initial HRP) and 0.003 μg /mL for the control ones (0.06% of the initial HRP). The 

high extraction performance and specificity of the system, based on magnetic 

separation, is thus confirmed. 

The proposed detection and extraction system could be employed for encapsulation of 

sensors based on pH[101] or on enzymatic reactions[102], due to the hollow nature of the 
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studied microcapsules and the possibility of adding cargo inside their cavity. In parallel, 

the system could also be extended also to the extraction of not only proteins like HRP, 

but also larger structures like bacteria or bacterial spores. The possibilities of 

implementation of different biosensors using this versatile extraction method could be 

broadened to fields like food technology, wastewater treatment or different biological 

fluids inside biomedicine. 

Compared to commonly used iron oxide NPs (IONPs), a platform also suitable of being 

coated with antibody on its surface and counting with similar magnetic properties, 

microcapsules can be loaded with substances inside that could be released in a 

controlled way by light-, pH-, ultrasound-, biological-, or thermal induced stimulation in 

a following process. Besides this, microcapsule layers are made of customizable 

biodegradable polymers that can protect their cargo in a better way than keeping it 

attached on the surface as it is performed for IONPs. Regarding size, bigger and higher 

amount of macromolecules with affinity for different targets can be loaded in the 

microcapsules cavities rather than the ones attached on IONPS surface. This could 

prevent possible cargo decomposition or an inefficient release of a surface-attached 

biological molecule due to unspecific interactions with the surrounding media. 

Compared to solid microparticles, an increase of the surface area of the microcapsules 

(counting on exterior and interior surface areas), enables more reaction sites for 

functional molecule. The possibility of an extra addition of other NPs between the 

polymer layers (i.e. Au NPs) confers new physical properties to the structure, 

incorporating new functionalities (imaging) and enabling it to be used in other 

scenarios. As conclusion, microcapsules are shown as an alternative to the traditionally 

used systems for magnetic separation as IONPs aggregates. 
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This work addresses the description of different uses of polymers inside 

nanobiotechnology, focusing on novel applications in different functional micro and 

nanostructures. With this purpose, different NPs were synthesized and investigated, 

being some of them inserted in hybrid nanometric structures as cluster-NPs complexes 

or micrometric systems as magnetic biologically-active polymer microcapsules. 

The possibility of using hybrid inorganic-polymeric systems to maintain the integrity 

and kinetic activity of oxygen and water sensitive structures or to provide an additional 

biological activity to magnetic polyelectrolyte microcapsules was examined. A 

supplementary study of stability of NPs coated with amphiphilic polymers composed of 

different charge and charge density was also studied at different pH, ionic strength and 

protein content conditions.  

Focusing on the first project of this work, the correct deposition of organotin sulphide 

clusters was achieved. As previously mentioned, this strategy opens a possibility for 

the addition of diverse degradable chemicals between the cores of the Au NPs and the 

amphiphilic polymer coating them. Polymer coated Au NPs have shown low toxicity 

and both their high optical properties and the fact that the polymer shell is digested 

once it is internalized in the cells can be exploited in drug delivery of different unstable 

drugs. Kinetic results show the integrity of the chemical properties of organotin 

clusters employing this method. 

Secondly, the polymer coated method was implemented for amphiphilic zwitterionic 

polymers on NPs for the first time. Throughout this Ph.D period, this procedure was 

performed in a wide variety of NPs using poly(isobutylene–alt–maleic anhydride)–

graft–dodecyl (PMA) as polymer. The challenge comes at the moment the polymer is 

replaced by other amphiphilic structures with different charge type or other monomer 

molar ratio. Once parameters like monomers distribution in the polymer composition 

or the coating conditions were optimized, the physico-chemical surface properties of 

the resulting polymer coated NPs were studied. Different behavior was observed for 

single-charge polymer coated Au NPs compared to the zwitterionic Au NPs, since 

agglomeration was observed as dependent of the influence of the ionic strength of the 

surrounding environment. Net charge of zwitterionic polymer coated Au NPs is also 

observed to be close to zero at some neutral pH values after 24 hours of the addition 

to the media. The presence of protein in the media, normally perceived as an 

stabilization agent due to the formation of the protein corona for polymer coated NPs 

with PMA, stabilizes zwitterionic polymer coated NPs at medium values of protein 

(cBSA= 0.05-50 µM). 
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Finally, the use of polymers in microcapsules, normally used as structures for drug 

delivery or sensing using different drugs as cargo in their cavity, was also studied. The 

addition of magnetic iron oxide NPs between the polymer layers and the covalent 

binding of antibodies on the outermost layer microcapsule surface provides a 

supplementary feature to the whole assembly. The addition of both physical and 

biological properties confers the possibility of additional applications to the whole 

structure. These microcapsules were employed in a successful recognition and 

extraction method using horseradish peroxidase as a protein model. 

In conclusion, the studies presented in this Ph.D. thesis aimed to assess novel 

approaches in the construction of hybrid systems for biological applications using 

inorganic nanostructures and different copolymers. This implies further understanding 

of the behavior of polymers on nano and microstructures in different environments, 

providing new features to these structures so they are able to be evaluated in 

alternative applications. These new features are compatible with the existing ones, so 

they can enhance the possibilities of customization of these hybrid systems in 

applications like sensing or drug delivery. 

The outlook focuses the attention on the described functionalities and the probability 

of assembling them with the existing ones to develop new possibilities regarding 

multifunctional systems inside bionanotechnology. For that purpose the optimization 

and implementation of these applications in biological systems is paramount and must 

be considered as the first step towards a complete understanding of the 

physicochemical processes involved in the studied mechanisms. As an example, the 

linkage of antibodies on the surface of polyelectrolyte capsules opens alternative 

possibilities in targeting. Similar possibilities can be expected for drug delivery in the 

case of the assembly of the organotin clusters between Au NPs and the amphiphilic 

polymer. 
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Material Supplier 
Order 

number 

1-Dodecanethiol Sigma-Aldrich 471364 

Ab H4A3  DSHB  CD107a 

ABTS Sigma Aldrich A1888 

anti-HRP (polyclonal Ab) Sigma Aldrich P7899 

Bovine Serum Albumin (BSA) Sigma-Aldrich A8806 

BSA Sigma-Aldrich A9647 

CaCl2 · 2H2O Sigma-Aldrich 223506 

Chloroform Roth 4432.1 

Citric acid Acros 220345000 

Coomasie reagent plus  Thermofisher 23236 

Dodecylamine Sigma-Aldrich 325163 

Ethanol (99%) Roth K928.5 

Ethylendiaminetetraacetic acid (EDTA)  Sigma-Aldrich  E5134 

FBS Biochrom S 0615 

HCl (37 %) Roth 7476 

Hexane Roth 7339.1 

Hydrogen tetrachloroaurate Alpha Aesar 42803 

MES Sigma Aldrich M3671 

Methylene blue solution Sigma Aldrich 03978 

Na2CO3  Sigma-Aldrich S7795 

Na2HPO4 Sigma Aldrich S3264 

NaCl  Roth  HN00 

NaH2PO4 Sigma Aldrich S5011  

NaIO4 Sigma Aldrich S1878 

NaOH  Roth  6771 

PAH Sigma-Aldrich 283223 

PBS Biochrom L 1825 

PMA Sigma-Aldrich 531278 

PSS Sigma-Aldrich 243051 

Sephadex G-25 Superfine 
GE Healthcare Life 

Sciences 
17-0031-01 

Sodium borohydride Sigma-Aldrich 452882 
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Sodium cyanoborohydride Alfa Aesar 87839 

Tris Borate EDTA (TBE) Sigma-Aldrich T3913 

Tetrahydrofurane Roth AE07.1 

Tetraoctylammonium bromide (TOAB) Sigma-Aldrich 294136 

Trisodium citrate dihydrate Alfa Aesar A12274 

UltraPureTM Agarose Invitrogen 16500500 

Meso-2,3-Dimercaptosuccinic acid (DMSA) Sigma Aldrich D7881 

11-Mercaptoundecanoic acid Sigma Aldrich 450561 

 
All chemicals were used as received. Ultrapure Water used in the experiments was 
purified with Milli-Q water filtration station from Merck Millipore. 
  

https://www.alfa.com/es/catalog/A12274/
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 Au NPs synthesis 

Au NPs (dc≈7 nm) were prepared following the Brust-Schiffrin method, [31] obtaining an 

average core diameter (dc) of 7 nm. In brief, an aqueous solution of 0.9 mmol 

hydrogen tetrachloroaurate (HAuCl4) in 25 mL of Milli-Q water was mixed in presence 

of 3.9 mmol tetraoctylammonium bromide (TOAB) in 80 mL of toluene, allowing the 

formation of tetraoctylammonium tetrachloroaurate ion pairs (N(C8H17)4
+AuCl4

-) in the 

organic phase. 8.8 mmol sodium borohydride (NaBH4) in 25 mL Milli-Q water was 

added dropwise for the reduction of Au3+ to Au0, eventually forming colloidal Au 

crystals. After 1 h of stirring at room temperature, the aqueous phase was discarded 

and the organic phase was washed with 25 mL of 10 mM HCl (aq.), 25 mL of 10 mM 

NaOH (aq.) and 3 times with 25 mL Milli-Q water. Then, the sample was incubated 

overnight, time when the transference of Au(0) atoms from smaller Au NPs to bigger 

Au NPs (Ostwald ripening) took place, generating a sample with a narrow size 

distribution.[103, 104] Since TOAB molecules are weakly adsorbed on the Au NPs, a ligand 

exchange with 1-dodecanethiol (10 mL) was performed. The resulting mixture was 

heated up to 65 °C and stirred for 2 h to facilitate the ligand exchange. During this 

process, 1-dodecanethiol molecules displaced the TOAB due to the strong Au-S affinity. 

Since dodecanethiol-stabilized Au NPs are not soluble in water, the use of and 

amphiphilic polymer as poly(maleic-alt-anhydride) modified with dodecylamine (PMA) 

is required for a correct transfer to aqueous media. 

 Organotin clusters attachment on Au NPs during the polymer coating process 

The stabilization of organotin sulphide clusters comes from the previous linkage to the 

amphiphilic polymer (PMA) prior to the polymer coating process. After trials at 

different conditions, a final sample of PMA with 5.9 % of polymer monomers modified 

with clusters (expressed as the molar percentage of the PMA monomers opened 

through the cluster linkage) was employed. For that purpose, 0.300 g of organotin 

clusters were mixed with 0.700 g of polymer (PMA) in tetrahydrofurane and stirred in 

an Argon atmosphere for 24 hours at room temperature. The mixture was dried via 

low pressure evaporation and the resulting sample was dissolved in 15 mL of water 

and oxygen free chloroform to have a final monomer concentration of 0.3 M PMA-

cluster polymer. 

For the coating process, 1.64 mL of 0.3 M PMA-cluster sample and 1.1 mL of a sample 

of 9.2 μM Au NPs (Rp/area = 200 monomers PMA-cluster per nm2 Au NP surface area) 

were stirred in a glass vial for 5 minutes and slowly heated till a total evaporation of 

chloroform. As control, a sample of Au NPs was also coated with PMA with no 

integrated Sn clusters. After an addition of 20 mL chloroform the evaporation process 

was repeated two extra times, resuspending the final evaporation in 50 mM sodium 

borate pH 12 buffer (SBB12) in deoxygenated distilled water. The sample was left 
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stirring overnight obtaining a good redispersion of Au NPs-Sn at the time the anhydride 

rings from the PMA hydrophobic backbone were opened yielding carboxylic groups.  

Au NPs-Sn were subsequently purified from the empty micelles via 3-step 

ultracentrifugation (3 h, 116000 relative centrifugal force, rcf) resuspending them in 

oxygen-free distilled water. After this purification, AuNPs showed a core diameter (dc) 

distribution of 6.8 ± 1.2 nm as obtained by transmission electron microscopy (TEM). 

 

Briefly, the absorbance of a mixture of 400 µL methylene blue (MB) 9.37·10-4M in Milli-

Q water, 100 μL of freshly prepared 5.28·10-2 M NaBH4 in Milli-Q water and the specific 

volume sample with 69.7 nM AuNPs (from 0 to 70 µL) was measured every 3.6 seconds 

from 500 to 750 nm for a total time of 200 seconds. As a negative control, cluster-free 

polymer coated AuNPs catalytic properties were evaluated at the same conditions. 

The normalized absorption values of the sample at the MB maximum absorbance (max 

= 664 nm) were registered and plotted as ln (A/Ao) versus time, being Ao the maximum 

absorption value at t = 0. The activity rate k was calculated as the slope of the linear 

trend line fitting the values of the first 30 seconds of the kinetics. 

 

 Au NPs synthesis 

The synthesis Au NPs with a core diameter of ca.18 nm was taken from previously 

reported protocols. [72, 105] Herein, and 9.17 mL citric acid 60 mM in Milli-Q water and 

27.5 mL 60 mM trisodium citrate dihydrate (C6H5Na3O7·2H2O) in Milli-Q water were 

mixed with 757 mL boiling Milli-Q water. The sample was left boiling at 400 rpm for 30 

minutes. After this, 1600 μL 30 mM EDTA and 6.4 mL HAuCl4 25 mM were added with 

a difference of 10 seconds. After 20 minutes incubation at 600 rpm the solution color 

turned to red due to the formation of the Au seeds.  

For the growing steps, the temperature was set at 95°C for the whole process. An 

addition of 5 mL 25mM HAuCl4 in Milli-Q water, followed by an incubation at 600 rpm 

for 30 minutes, was taken place. The process was repeated three extra times, adding 

5.5 mL 25 mM HAuCl4 in Milli-Q water in the third and fourth incubation. Figure 1 

shows the increase of the core diameter of the Au NPs. The reaction was stopped 

leaving the sample in an ice bath and Au NPs were characterized, obtaining a 

maximum absorption peak, A(λmax) at a wavelength of 518 nm and the ratio 

A(λmax)/A(450 nm) was 1.693, corresponding to an average core diameter of 18.15 nm 

according to results published by Haiss et al. [73] The concentration of Au NPs was 

obtained by utilizing the experimental extinction coefficient ε450 in this study and the 

absorbance at 450 nm, A(450 nm). 
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 Coating of Au NPs with amphiphilic polymers 

The polymer coating process was performed in a similar way for all the different 

polymers employed in this dissertation. Initially organic solvent-dispersed Au NPs, 

typically dispersed in chloroform, were mixed with the copolymer solutions at a Rp 

ratio of 3000 hydrophobic monomers per nm2 of NP surface.  

Au NPs dispersion and the polymer solution were added in a round-bottom flask. The 

resulting mixture was left stirring for 5 minutes at room temperature and subsequently 

evaporated under low pressure at 40°C for a minimum time of 30 minutes. After the 

sample was completely dried, two intermediate washing steps were performed. 

Herein, ca. 10 mL of chloroform was added to re-disperse the sample, followed by 

sample evaporation. Once the last evaporation process took place, the dried NPs were 

slowly dispersed in buffer and left stirring till dispersion turned clear. The nature of the 

resuspension buffer was modified depending on the nature of the polymers. Au NPs 

were redispersed in 0.1 M NaCl at pH = 3.3 (adjusted with HCl) in the case of cationic 

polymers or in 50 mM sodium borate buffer at pH = 12 (SBB12) in the case of 

zwitterionic and anionic polymers.  

Since empty polymer micelles without NPs inside have been demonstrated to be a side 

product of the polymer coating procedure,[36] a purification procedure of polymer 

coated Au NPs from remaining empty polymer micelles must be performed. Therefore, 

Au NPs were washed 3 times via centrifugation at 1800 rcf for 20 minutes and a 

subsequent resuspension in Milli-Q water. For the removal of bigger Au NPs 

agglomerates the sample was filtered using syringe filters with 0.2 μm molecular 

weight cut-off (MWCO) membrane, and centrifuged at 2500 rcf for 1 minute. Samples 

were stored in Milli-Q water until further use. 

 Stability studies with polymer coated Au NPs 

For the stability studies of different polymer coated Au NPs, the dispersions of Au NPs 

in Milli-Q water were adjusted to a final volume of 400 µL at a concentration 0.22 nM 

and different levels of pH, ionic strength and bovine serum albumin (BSA) 

concentration. Once prepared, dynamic light scattering measurements and UV/Vis 

spectroscopy were performed to obtain the Au NP hydrodynamic diameter (dh) and 

the surface plasmon resonance (SPR) peaks for the Au NPs, respectively. 

For the stability studies at different pH levels, Au NPs were dissolved 1:10 

(vAu NPs : vsolution) in Milli-Q water, previously adjusted at pH from 5 to 8. For these 

samples, also the zeta potential was measured via laser Doppler anemometry (LDA). 

In the case of stability studies at different ionic strength, samples were adjusted with 

Milli-Q water at different NaCl concentrations to obtain a final volume of 400 µL 

0.22 nM Au NPs and final concentrations of 0 - 2.5 M NaCl. 
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Finally, for the stability study at different protein concentration, samples were 

adjusted with PBS at different BSA concentrations to obtain a final volume of 400 µL 

0.22 nM Au NPs and final concentrations of 0 - 1000 µM BSA. 
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Here the different type of the employed amphiphilic co-polymers are shown  

Polymer Structure 
Sample 

Name 
x:y:z* 

Mw 

[g/mol] 
PDI** Charge 

PDMAEMASB -

stat-PLMA 

 

SB1 13.5:86.5 8600 1.70 +/- 

PDMAEMASB -

stat-PLMA 
SB2 53.7:46.3 6300 1.67 +/- 

PDMAEMASB -

stat-PLMA 
SB3 62.5:37.5 4700 1.52 +/- 

PMPC-stat-PLMA 

 

PhC 48.7:51.3 22900 1.6 +/- 
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PTMAEMA-stat-

PLMA 

 

Pos 49:51 11300 1,3 + 

PMAPHOS(OH)2-

stat-PLMA 

 

Neg 48:52 9380 1.9 - 

poly(isobutylene–

alt–maleic 

anhydride)–

graft–dodecyl 

 

PMA  Unknown 
Unknow

n 

Unknow

n 
- 
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PCEA-stat-PTMA-

stat-PLMA 

 

PosNeg 25:25:50 
Unknow

n 

Unknow

n 
+/- 

PDMAEMASB -

stat-PLMA-stat-

PgMA 

*** 

SB* 
52.9:44.6:

2.5 
6000 1.57 +/- 

*x:y:z: Molar ratios of charged monomer : hydrophobyc monomer : dye-functionalized monomer 

**: Polydispersity index/dispersity, referring to the molecular weight distribution of the polymer. 

- PDMAEMA: Poly (N,N-Dimethylaminoethyl Methacrylate) 

- PLMA: Poly(lauryl methacrylate) 

- PMPC: Poly (2-methacryloyloxyethyl phosphorylcholine) 

- PTMAEMA: Poly (N,N,N-trimethylamonium-2-ethyl methacrylate iodide) 



6. Materials and methods 

 

- 52 - 

- PMAPHOS: Poly((2-(methacryloyloxy)ethyl)phosphonic acid) 

- PCEA: Poly (2-carboxyethyl acrylate). 

 

***: Structure of the fluorescent dye, perylene tetracarboxylic diimide (PTD):   
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 Synthesis of Fe3O4 nanoparticles (IONPs) 

The synthesis of IONPs was performed following the protocol from Park et al,[106] 

where the process is divided into two steps.  

In the first stage, an iron-oleate complex was prepared by mixing 36.5 g of sodium 

oleate (CH3(CH2)7CH=CH(CH2)7COONa, 120 mmol), 10.8 g of iron chloride (FeCl3·6H2O, 

40 mmol), 60 mL Milli-Q water, 80 mL ethanol and 140 mL hexane into a round-bottom 

flask. The mixture was stirred for four hours at 70 °C. After this, the organic phase was 

separated, washed five times with Milli-Q water in a separation funnel (discarding the 

aqueous phase in each step) and subsequently evaporated at reduced pressure.  

For the second step of the process, 6 g (40 mmol) of the iron-oleate complex and 

1.07 mL (20 mmol) of oleic acid (CH3(CH2)7CH=CH(CH2)7COOH) were mixed at room 

temperature under inert atmosphere in 42.24 mL of 1-octadecene  (90%, 

CH3(CH2)15CH=CH2, ρ= 0.789 g/mL). The resulting mixture was heated up to 320 °C at a 

low constant rate of 3.3 °C per minute, and left at 320 °C for 30 extra minutes, period 

in which the solution turned dark. The solution was cooled down to room temperature 

and the NPs were precipitated with the addition of ethanol (1:4, vNPs : vEt) and 

centrifuged for 10 minutes at 2500 rcf. The process was repeated three times and the 

final IO NPs were stored in 40 mL chloroform with oleic acid (75 mM) and oleylamine 

(75 mM) to avoid aggregation. Based on transmission electron microscope (TEM) 

analysis, the IO NPs’ average core diameter was dc = 29.6 ± 3.9 nm. 

 Microcapsules synthesis (Layer by Layer assembly) containing iron oxide NPs 

For the polyelectrolyte microcapsules (PC) synthesis, sacrificial CaCO3 cores were 

synthesized by mixing 615 μL of 0.33 M CaCl2 in Milli-Q water, 770 μL Milli Q water and 

615 μL of 0.33 M Na2CO3 at room temperature and vigorous stirring. After 30 seconds, 

the stirrer was removed and the mixture was left for four extra minutes. The CaCO3 

cores were then transferred to vial and centrifuged at 800 rcf for 10 seconds to 

remove the excess of ions in the solution. After two washing steps with Milli-Q water, 

the cores were resuspended in 1 mL of 2 mg/mL poly(styrenesulfonate) (PSS) in 0.5 M 

NaCl solution, sonicated for 1 min and left under vigorous mechanical stirring for extra 

10 minutes. After two washing steps (centrifugation ad resuspension in Milli-Q water), 

a third centrifugation was performed with a subsequent addition of 1 mL of 2 mg/ mL 

polyallylamine hydrochloride (PAH) in a 0.5 M NaCl solution, a 1-minute ultrasound 

exposure and 10-minute stirring incubation. After this bi-layer deposition, an extra 

bilayer was added to the structure. Then, 400 μL of 0.4 µM iron oxide NPs (IONPs) 

(dc≈29 nm) in Milli-Q water were then added and the CaCO3 cores were incubated for 

30 minutes. After 2 washing steps, 2 extra bilayers were deposited on the structure 

having a final distribution of (PSS/PAH) / (PSS/PAH) / IONPs / (PSS/PAH) / (PSS/PAH). 

CaCO3 cores were finally dissolved by complexation with ethyenediaminetetraacetic 
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acid (EDTA) obtaining magnetic microcapsules. For that purpose, 1 mL of 0.2 M EDTA 

solution pH = 5.5 in water was added, followed by an overnight incubation at medium 

stirring. Microcapsules were finally washed three times by centrifugation for 30 min at 

800 rcf, redispersing them in Milli-Q water. 

 Surface coating of microcapsules with antibodies 

For the antibody (Ab) coating on the outer microcapsules layer, anti-HRP and primary 

Ab H4A3 produced in mouse against lysosomal-associated membrane protein 1 (used 

as negative control) were used. After an initial quantification via Coomassie protein 

assay, both antibodies were adjusted at the same concentration and 270 μL of the 

specific antibody (1.8 mg protein/mL) was incubated with 97.6 μL of 0.2 M NaIO4 and 

132.4 μL 100 mM sodium phosphate buffer pH = 7 for 2 hours at room temperature. 

Once the sugar residues of the antibodies were oxidized, the samples were run 

through a PD-10 size exclusion column to remove the excess of NaIO4, mixing the 

resulting eluate with 75 μL of the sample of IONP-functionalized microcapsules 

(4.3·108 PCs/mL) and incubating the sample for 2 h at low stirring and room 

temperature. After the Schiff base formation between the aldehyde groups from the 

antibodies and the amino groups from the microcapsules, these bonds were reduced 

to a secondary amide linkage via the addition of sodium cyanoborohydride in 10 mM 

NaOH to obtain a final sample cyanoborohydride concentration of 0.25 M. After a 30 

min incubation at room temperature and low stirring, samples were centrifuged at 800 

rcf and resuspended in 10 mM 2-(N-morpholino) ethanesulfonic acid (MES) pH 6 

buffer. 3 mL of 1% w/v bovine serum albumin (BSA) solution 10 mM in MES buffer 

pH=6 was added to passivate the antibody-free microcapsules surface. The incubation 

took place at 4°C overnight, followed by three-step washing process (30 min, 800 rcf) 

and 3 extra times via magnetic separation (magnetic field of 3.2·10-4 T), resuspending 

the samples in 100 mM potassium phosphate pH=7. Samples were finally adjusted 

using a hemocytometer chamber, leaving them at a concentration of 2.6·108 

microcapsules/mL. 

For the antibody (Ab) coating on the outer microcapsules layer, specific Ab against 

horseradish peroxidase (anti-HRP) and primary Ab H4A3 produced in mouse against 

lysosomal-associated membrane protein 1 (negative control) were used. After an initial 

quantification via Coomassie protein assay, both antibodies were adjusted at the same 

concentration and 270 μL of the specific antibody (1.8 mg protein/mL) was incubated 

with 97.6 μL of 0.2 M NaIO4 and 132.4 μL 100 mM sodium phosphate buffer pH = 7 for 

2 hours at room temperature. Once the sugar residues of the antibodies were 

oxidized, the samples were run through a PD-10 size exclusion column to remove the 

excess of NaIO4, mixing the resulting eluate with 75 μL of the sample of IONP-

functionalized microcapsules (4.3·108 PCs/mL) and incubating the sample for 2 h at low 

stirring and at room temperature. After the Schiff base formation between the 

aldehyde groups from the antibodies and the amino groups from the microcapsules, 
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these bonds were reduced to a secondary amide linkage via the addition of sodium 

cyanoborohydride in 10 mM NaOH to obtain a final sample cyanoborohydride 

concentration of 0.25 M. After a 30 min incubation at room temperature and low 

stirring, samples were centrifuged at 800 rcf and resuspended in 10 mM 2-(N-

morpholino) ethanesulfonic acid (MES) pH 6 buffer. 3 mL of 1% w/v bovine serum 

albumin (BSA) solution 10 mM in MES buffer pH=6 was added to passivate the 

antibody-free microcapsules surface. The incubation took place at 4°C overnight, 

followed by three-step washing process (30 min, 800 rcf) and 3 extra times via 

magnetic separation (magnetic field of 3.2·10-4 T), resuspending the samples in 100 

mM potassium phosphate pH=7. Samples were finally adjusted using a 

hemocytometer chamber, leaving them at a concentration of 2.6·108 

microcapsules/mL. 

 

HRP catalytic activity was measured in order to quantify the amount of HRP linked to 

each PC. The assay to determine the enzymatic activity of the HRP is based on 

measuring the oxidation rate of 2,2-azino-bis(3- ethylbenzthiazoline-6-sulfonic acid) 

(ABTS) in the presence of H2O2. 

For that purpose, a solution of 1 mM of 2,2'-azino-bis(3-ethylbenzothiazoline-6-

sulphonic acid) (ABTS) in 50 mM sodium phosphate, pH = 6 and of 0.1 M H2O2 in Milli Q 

water was initially prepared. 25 μL of 0.1 M H2O2 in Milli Q water were then added to 

2.5 mL of the ABTS solution and 0.5 mL of the resulting mixture were added to a 

spectrophotometer cuvette. 50 μL of the corresponding microcapsule sample was 

added to the mixture and the absorbance at 414 nm was registered every 3.6 seconds 

for a total time of 10 minutes. The activity rate k was set as the value of the obtained 

slope in the linear trend of the obtained measurement values, k = ΔA414/Δt [min-1]. The 

activity rate, was then represented versus the HRP concentration from 0 to 5 μg/mL.  
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1) D. Valdeperez, T. Wang, J.P. Eußner, B. Weinert, J. Hao, W.J. Parak, S. Dehnen, B. 

Pelaz.“Polymer-Coated Nanoparticles: Carrier Platforms for Hydrophobic Water- and 

Air-Sensitive Metallo-Organic Compounds”, Pharmacol. Res. Comm. 2017,117,261-

266.[1] 

Experimental: Synthesis and phase transfer of Au NPs with an amphiphilic polymer. 

Design and execution of catalytic experiments. Characterization of Au NPs via UV-Vis 

spectrometry, DLS and LDA. Complete experimental work, with the exception of 

cluster synthesis. 

Manuscript: Characterization and kinetic experiments data processing. Description of 

synthesis and characterization of Au NPs. 

Several chemicals used for anticancer therapy are metal-based compounds. Most 

widely used are the platinum-based drugs, although their use is limited due to a 

possible cell-acquired platinum resistance. Therefore, the progress on the 

development of new types of metal-based compounds is required. Their catalytic 

properties can be used inside cells and other biological systems but most of these 

compounds are hydrophobic, which makes impossible their dispersion in biological 

media. Besides this, many of them are also degraded under presence of oxygen and/or 

water. Thus, it is important to develop new customizable platforms to maintain and 

enhance these kinetic properties. Here, surface-engineered nanoparticles are 

proposed as carriers of organotin (IV) clusters, used as water/oxygen sensitive drugs. 

They are linked between the amphiphilic polymeric shell and the inorganic Au core 

during the polymer coating procedure, where initially organic dispersed Au NPs are 

transferred to an aqueous solution. This cluster-nanoparticle system makes an 

improvement on the solubility and stability of the clusters and it is shown as an 

alternative approach in the development of metal-based drugs. After the formation of 

the studied system, the attachment of the clusters to the Au NPs was confirmed via 

inductively coupled plasma mass spectrometry (ICP-MS) and the catalytic activity via 

spectrometry, studying the reduction of methylene blue in presence of the 

cluster-attached nanoparticles. Positive results were obtained regarding the remaining 

catalytic activity of the clusters after the attachment on the Au NPs surface, which was 

studied using cluster-free Au NPs as control. 

2) F. Joris, D. Valdepérez, B. Pelaz, B.B. Manshian, S.J Soenen, W.J. Parak, S.C De 

Smedt, K. Raemdonck. “The impact of species and cell type on the nanosafety profile 

of iron oxide nanoparticles in neural cells”, Journal of Nanobiotechnology. 2016, 

14:69.[2] 
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Experimental: Synthesis, surface modification and physical characterization of the NP 

samples. 

Manuscript: Characterization data processing and NPs synthesis and characterization 

description. 

This paper describes the impact of the cell type on in vitro nanosafety evaluations of 

nanoparticles in a human and murine neuroblastoma cell line, neural progenitor cell 

line and in neural stem cells. Focusing on cell-nanoparticle interactions, toxicity was 

evaluated for gold, silver and iron oxide (IO)NPs, being the last ones analysed to asses 

sublethal effects. Cytotoxicity results show cell type-specific toxicity profiles, proving 

the idea that a single cell line cannot provide enough information regarding in vitro 

nanosafety. Several parameters, such as the level of reactive oxygen species 

production, calcium homeostasis, mitochondrial integrity and cell morphology were 

also evaluated. Conclusions show that a set of cell lines should be initially identified for 

screening purposes and that the selection of the cell type must be connected to the 

intended application of the NPs. 

3) X. Ma, R. Hartmann, D. Jimenez de Aberasturi, F. Yang, S.J. Soenen, B. Manshian, J. 

Franz, D. Valdeperez, B. Pelaz, N. Hampp, C. Riethmüller, H. Vieker, N. Freese, A. 

Gölzhäuser, M. Simonich, R. Tanguay, X. Liang, W J. Parak. “Colloidal nanoparticles 

induce changes in cellular morphology”. Nano Today. In revision.[3] 

Experimental: Synthesis, surface modification and physical characterization of the 

Au NP samples. Resazurin cytotoxicity assays. Actin-tubulin quantification assays. 

Manuscript: NP characterization, resazurin cytotoxicity assays and actin-tubulin 

quantification assays data processing and NPs synthesis and characterization 

description. 

This works describes in detail some of the possible changes in cellular morphology and 

intracellular organelles induced by in vitro uptake of polymer-coated Au NPs of a core 

size of 4 nm and the dependence on the Au NPs surface coating. Two and commonly 

used mammalian cell lines were used for this study: human umbilical vein endothelial 

cells (HUVECs) and the human cervical cancer cell line (HeLa). The interaction of Au 

NPs with cells has been demonstrated to trigger effects in cells, which depend on the 

added dose and type of cell. The toxic effects of Au NPs do not only originate from 

their surface coating, but also due to the Au core, which possesses some catalytic 

activity. After Au NPs are internalized in the cells, several conformational changes like 

lysosomal swelling, alterations in mitochondrial morphology, disturbances in actin and 

tubulin cytoskeleton, reduction of focal adhesion contact area and number of filopodia 

were reported. 

4) F. Joris, D. Valdepérez, B. Pelaz, T. Wang, S.H. Doak, B.B. Manshian, S.J. Soenen, W.J. 

Parak, S.C. De Smedt, K. Raemdonck. “Choose Your Cell Model Wisely: The In Vitro 

Nanosafety Evaluation of Differentially Coated Iron Oxide Nanoparticles for Neural Cell 

Labeling”, Acta Biomaterialia. In revision. [4] 
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Experimental: Synthesis, surface modification and physical characterization of all the 

NP samples. 

Manuscript: Characterization data processing and NPs synthesis and characterization 

description. 

This article is focused on the iron oxide nanoparticles (IONPs) in neural stem cells 

(NSCs) labeling for MRI-guided detection after a transplant inside regenerative 

medicine. IO NPs are evaluated in vitro using different cell lines. Since previous work 

showed clear neurotoxic effects of PMA-coated IONPs in distinct cell types, DMSA-

coated IONPs are studied as a possible safer alternative for this aim. Cytotoxicity, ROS 

production, calcium levels, mitochondrial homeostasis and cell morphology was 

evaluated in six related neural cell types. The cell lines showed similar response to 

different coated IO NPs, being a bit more pronounced the ones with the PMA-coated 

IONPs. Besides this, the multiparametric approach revealed that the DMSA-IONPs got 

better performance in each cell type than the PMA-IONPs in terms of biocompatibility. 

5) G. Tan, K. Kantner, Q. Zhang, M.G. Soliman, P. Del Pino, W.J. Parak, M.A. Onur, 
D. Valdeperez, J. Rejman, B. Pelaz. “Conjugation of Polymer-Coated Gold Nanoparticles 
with Antibodies—Synthesis and Characterization”, Nanomaterials. 2015, 5(3), 1297–
1316.[5] 
Experimental: SDS-PAGE electrophoresis optimization support. 

Manuscript: Minor contribution. 

This article describes a protocol of functionalization of polymer coated gold 

nanoparticles with antibodies against vascular endothelial growth factor (VEGF). The 

conjugation is performed using different attachment techniques and the effects on 

internalization and viability of human adenocarcinoma alveolar basal epithelial cells 

(A549) and human umbilical vein endothelial cells (HUVECs) are also studied. 

6) J. Huehn, C. Carrillo-Carrion, M.G. Soliman, C. Pfeiffer, D. Valdeperez, A. Masood, I. 

Chakraborty, L. Zhu, M. Gallego, Z. Yue, M. Carril, N. Feliu, A. Escudero, A. Alkilany, B. 

Pelaz, P. del Pino, W. Parak. “Selected Standard Protocols for the Synthesis, Phase 

Transfer, and Characterization of Inorganic Colloidal Nanoparticles”. Chem. Mater. 

Accepted.[6] 

Experimental: HPLC measurements and iron oxide NPs synthesis and characterization. 

Manuscript: Data processing and description of HPLC measurements and iron oxide 

NPs synthesis. 

This works assemble in a single article fully described procedures for synthesis, 

characterization of different colloidal nanoparticles, focusing as well on further 

possible applications. Different selected protocols are described in detail for 

preparation, purification, and characterization of various types of colloidal inorganic 

nanoparticles, such as gold nanoparticles, silver nanoparticles, iron oxide 

nanoparticles, and quantum dots. The article is structured in five different sections, 

explaining synthesis methods in both organic and aqueous solutions, phase transfer 
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(from aqueous to organic solvents and vice versa) via surface modification (ligand 

exchange), and purification and characterization techniques of nanoparticles.  

 

7) D. Valdepérez, P. Del Pino, L. Sanchez, W.J. Parak, B. Pelaz., “Highly active antibody-

modified magnetic polyelectrolyte capsules”, J. Colloid Interf. Sci. 2016, 414, 1–8.[7] 

Experimental: Entire experimental work. 

Manuscript: Description of synthesis and characterization of NPs and polylectrolyte 

microcapsules. Complete data processing. 

Polyelectrolyte (PE) capsules are versatile platforms generally used for encapsulation 

of a wide variety of macromolecules inside their cavity. The polymer shell of these 

capsules as composed by alternating layers of oppositely charged polyelectrolytes also 

allows the addition of possible extra functionalities. These properties of the shell can 

be engineered by adding both physical (by trapping different nanoparticles in-between 

the shell layers) and/or biological properties (by attaching bioactive molecules such as 

antibodies to the outermost layer). These capsules act as prototype model system, 

aiming to obtain a microstructure with the potential capability to specifically recognize 

and separate macromolecules. Antibody-attached Magnetic PE capsules are shown an 

alternative option to the commonly used magnetic microbeads, also suitable for 

antibodies functionalization. Iron oxide NPs of ca. 29 nm were added into the shell of 

polyelectrolyte capsules and the outermost layer of the shell was covalently modified 

with anti-peroxidase antibodies. As advantages for this strategy, the drug payload 

inside a capsule is considerably higher than the one attached on a magnetic microbead 

surface. Plus, the controlled release of the capsule cargo due to the capsule opening 

via laser application or an alternating magnetic field provides an extra advantage using 

this structure. 

Here we verified this approach by extracting horseradish peroxidase from a solution 

through by magnetic separation with capsules bearing antibodies against horseradish 

peroxidase. As model for protein detection and extraction the capsules were prepared 

without any cargo with the aim of focusing only on their magnetic and biological 

properties. The bioactivity of the capsules and the high degree of specific antibody 

functionalization were confirmed and quantified through an enzymatic reaction 

mediated by the extracted horseradish peroxidase. 

 

Additional projects which are not thematically related to the scope of this thesis are 

mentioned as follows. 

8) P. Hirschle, T. Preiß, F. Auras, A. Pick, J. Völkner, D. Valdepérez, G. Witte, W.J. Parak, 

J.O. Rädler, S. Wutke. “Exploration of MOF nanoparticles sizes using various physical 
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characterization methods – Is what you measure is what you get?”, Cryst. Eng. Comm. 

2016, 18, 4359–4368.[8] 

Experimental: MOFs physicochemical characterization using techniques such as DLS, 

gel electrophoresis, HPLC or UV-Vis spectrometry. 

Manuscript: Minor contribution 

This article describes the different techniques able to determine and characterize the 

size of metal-organic frameworks (MOFs). While the size of nanoparticles count on 

different standard characterization techniques to be determined, it is important to 

point out that what is obtained ad size can vary on the employed characterization 

technique. MOFs possess different features, such as crystallinity, high porosity and 

customizable inorganic building blocks with organic linkers. These properties make the 

MOFs suitable structures for different applications. Thus, their size, which can strongly 

influence their physicochemical properties, must be accurately determined. Zirconium 

fumarate metal–organic framework nanoparticles (Zr-fum MOF NPs) were synthesized 

and characterized using size determination techniques, divided in solid-state methods 

(X-ray diffraction, PXRD; atomic force microscopy, AFM; scanning electron microscopy, 

SEM; and transmission electron microscopy, TEM) and dispersion-based methods 

(fluorescence correlation spectroscopy, FCS; and dynamic light scattering, DLS). With 

this complete determination of the size of the MOFs, the importance of performing 

complementary size-determination techniques is illustrated, as well as the importance 

of the final application when choosing the specific technique. 

9) H. Han, D. Valdepérez, Q. Jin, B. Yang, Z. Li, Y. Wu, B. Pelaz, W.J. Parak, J. Ji. “Cascade 

dual-enzyme sensitive gemcitabine nanovectors for targeted pancreatic cancer 

therapy”, ACS Nano. DOI: 10.1021/acsnano.6b05541.[9] 

Experimental: PMA synthesis and polymer coating optimization of QDs. 

Manuscript: General contribution. 

In this work a mechanism of the cascade enzymatic reaction-assisted GEM delivery 

system is proposed and studied in vitro and in vivo. Programmed gemcitabine (GEM) 

nanovectors for applications in cancer therapy are synthesized via cascade enzymatic 

reactions. This N-based drug delivery system consists of a conjugation of cathepsin B 

cleavable GEM, matrix metalloproteinase-9 (MMP-9) detachable poly(ethylene glycol) 

(PEG), and targeting peptide CycloRGD used as ligand, to CdSe/ZnS quantum dots 

(QDs). PEG is attached on the surface of these nanovectors to avoid unspecific 

interactions and enhance blood circulation time. Once accumulated in the tumor tissue 

the PEG is detached by overexpressed MMP-9 in tumor tissue, exposing the RGD, 

which enables cellular internalization into pancreatic cancer cells. Once here, the up-

regulated lysosomal cathepsin B can release the GEM, achieving a high circulation time 

and effective cellular internalization and drug release. The concentration of the 
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activated form of GEM was considerably increased in tumor tissue, leading to a higher 

tumor inhibition activity. 

10) B. Pelaz, J. Hühn, C. Carrillo-Carrion, K. Kantner, N. Sabir, P. del Pino, N. Feliu, 

D. Valdeperez, M.G. Soliman, I. Nelissen, A. Jackons, I. Gounko, W.J. Parak. Can doping 

reduce the cytotoxicity of cadmium containing quantum dots? In preparation.[10] 

Experimental: PMA synthesis and polymer coating optimization of QDs. 

Manuscript: Minor contribution 

The influence of doping with Mn on the toxicity of CdSe/ZnS quantum dots when 

exposed to different cell lines was evaluated in this work. Although the doping 

procedures are widely reported in literature, not much is known about the toxicity 

effects this process may make. 

 

11) X. Jiang, D. Valdepérez, M. Nazarenus, Z. Wang, F. Stellacci, W.J. Parak, P. Del Pino. 

“Future Perspectives Towards the Use of Nanomaterials for Smart Food Packaging and 

Quality Control”, Part. Part. Syst. Charact. 2015, 32 (4), 408–416.[11] 

Manuscript: Part of food degradation due to oxygen and moisture. Edition work. 

Figures preparation. 

This work describes some recent trends and future perspectives regarding the use of 

nanomaterials in food packaging and quality control, maintaining organoleptic 

properties and improving shelf life. Since the use of different nanodevices is still at an 

early stage, several potential applications are described, not only to detect direct 

contaminants responsible of food spoilage, such as bacteria, toxins or heavy metal 

ions; but also to track several parameters responsible of food degradation like oxygen 

or moisture. The can also help to reduce food contamination making advantages of 

antibacterial properties or using them as oxygen scavengers. 

12) N. Feliu, J. Hühn, M.V. Zyuzin, S. Ashraf, D. Valdeperez, A. Masood, A. Hassan Said, 

A. Escudero, B. Pelaz, E. Gonzalez, M.A. Correa Duarte, S. Roy, I. Chakraborty, M.L. Lim, 

S. Sjöqvist, P. Jungebluth, W.J.Parak.“Quantitative uptake of colloidal particles by cell 

cultures”,Sci. Total Enviro. 2016, 18, 4359–4368.[12] 

Manuscript: Minor contribution (corrections, edition of some sections) 

Due to the unique characteristics shown by nanoparticles, their use in several fields of 

technology has been widely extended. Nevertheless, the risk on humans and 

environment must be studied before their final use to ensure safety and minimize 

possible potential negative effects. Therefore, the study of nanoparticles in biological 

systems must be exhaustively reported. The interaction of colloidal particles and living 

organisms is still a challenge: parameters like possible effects on cell morphology, their 

uptake or even their degradation in biological media are not fully understood. This 
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situation leads to consider nanosafety research as paramount. In this work different 

ideas to evaluate the research on nanosafety are described to achieve general metrics 

able to be generally implemented. A description of processes to consider when 

evaluating uptake of colloidal particles by cells, such as mechanisms of uptake, its 

interactions with cells and other important factors are also reviewed. 
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Ab Antibody 

ABTS 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) 

BSA Bovine serum albumin 

DLS Dynamic Light Scattering 

DMSA Dimercaptosuccinic acid 

EDTA Ethylenediamintetraacetic acid 

GPC Gel permeation chromatography 

HeLa Human cervical cancer cell line 

HRP Horseraddish peroxidase 

HUVEC Human umbilical vein endothelial cell line 

ICP-MS Inductively coupled plasma mass spectrometry 

IO Iron oxide 

LbL Layer-by-layer 

LDA Laser Doppler Anemometry 

MB Methyelene blue 

MES 2-(N-morpholino)ethanesulfonic acid 

MPC 2-methacryloyloxyethyl phosphorylcholine 

MUA Mercaptoundecanoic acid 

Neg Negative 

NP Nanoparticle 

PAH Poly(allylamine hydrochloride) 

PBS Phosphate buffered saline buffer 

PC Polyelectrolyte capsule 

PCEA Poly (2-carboxyethyl acrylate) 

PDI Polydispersity index 

PDMAEMA N,N-Dimethylaminoethyl Methacrylate 

PE Polyelectrolyte 

PEG Polyethylene glycol 

PgMA Poly(propargyl methacrylate) 

PhC Phosphoryl choline betaine 

PLMA Poly(lauryl methacrylate) 

PMA Poly(isobutylene-alt-maleic anhydride) 
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PMAPHOS Poly((2-(methacryloyloxy)ethyl)phosphonic acid) 

PMPC Poly (2-methacryloyloxyethyl phosphorylcholine) 

Pos Positive 

PSS Poly(sodium 4-styrenesulfonate) 

PTD Perylene tetracarboxylic diimide  

PTMAEMA Poly(N,N,N-trimethylammonium-2-ethyl methacrylate iodide) 

QD Quantum dot 

rcf Relative centrifugal force 

rpm Rounds per minute 

SB Sulfobetaine 

SBB12 Sodium borate buffer pH=12 

TBE Tris/Borate/EDTA 

TEM Transmission electron microscopy 

THF Petrahydrofuran 

UV Ultra violet 

Vis Visible 
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Many  of the  relevant  compounds  for  anticancer  therapy  are  metal-based  compounds  (metallodrugs),
being  platinum-based  drugs  such  as cisplatin,  carboplatin  (Paraplatin® ),  and  oxaliplatin  (Eloxatin® ) the
most  widely  used.  Despite  this,  their  application  is  limited  by  issues  such  as  cell-acquired  platinum
resistance  and  manifold  side  effects  following  systemic  delivery.  Thus,  the  development  of  new  metal-
based  compounds  is highly  needed.  The catalytic  properties  of a variety  of  metal-based  compounds  are
nowadays  very  well  known,  which  opens  new  opportunities  to take  advantage  of  them  inside  living cells
or  organisms.  However,  many  of these  compounds  are  hydrophobic  and  thus  not  soluble  in aqueous
solution,  as  they  lack  stability  against  water  or oxygen  presence.  Thus,  versatile  platforms  capable  of
enhancing  the  features  of  these  compounds  in aqueous  solutions  are  of  importance  in  the  development
of  new  drugs.  Surface  engineered  nanoparticles  may  render  metallodrugs  with  good  colloidal  stability  in
water  and  in  complex  media  containing  high  salt  concentration  and/or  proteins.  Herein,  polymer  coated
nanoparticles  are  proposed  as  a platform  to link insoluble  and  water/oxygen  sensitive  drugs.  The linkage
of  insoluble  and  oxygen  sensitive  tin  clusters  to nanoparticles  is  presented,  aiming  to  enhance  both,  the

solubility  and  the stability  of  these  compounds  in water,  which  may  be an  alternative  approach  in  the
development  of metal-based  drugs.  The  formation  of the  cluster-nanoparticle  system  was  confirmed  via
inductively  coupled  plasma  mass  spectrometry  experiments.  The  catalytic  activity  and  the  stability  of
the  cluster  in  water  were  studied  through  the  reduction  of  methylene  blue.  Results  demonstrate  that  in
fact  the  tin clusters  could  be transferred  into  aqueous  solution  and  retained  their  catalytic  activity.

© 2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Nanomaterials have been extensively used as drug carriers
hrough different approaches such as polymeric nanoparticles
NPs) [1,2], dendrimers [3,4], polymersomes [5], liposomes [6,7],
r capsosomes [8]. The preferred approaches in the design of these
anocarriers are based on organic NPs. Nevertheless, the use of
norganic NPs as drug carriers has been also widely explored [9].
he synthesis of inorganic NPs has greatly evolved in the last
ears due to their great number of applications. Nowadays it is
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eatriz.pelazgarcia@physik.uni-marburg.de, beatriz.pelaz@gmail.com (B. Pelaz).
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- P1 -
possible to produce NPs in a reproducible manner [10], having well-
defined physicochemical properties and a good colloidal stability
in physiological media. Among all the materials used to produce
inorganic NPs, gold has arisen as one of the currently most suit-
able for bioapplications, due to its good properties (e.g., optical
properties) and biocompatibility. Gold NPs (Au NPs) have been
applied in nanomedicine with different purposes such as imaging
(e.g., optoacoustic agents, computed tomography, etc.), therapeu-
tic agents (e.g., photothermal therapy), sensors [11] and as drug
carriers [12,13]. When designing drug carriers based on inorganic
NPs, the surface nature is crucial to determine their features in vitro
and in vivo. As example, Kim et al. demonstrated that the dominant

mechanism for NP uptake in particle delivery in three-dimensional
tumour tissue was  defined by the surface charge [14]. According
to their results, positive NPs will be more effective for drug deliv-
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ry due to their greater uptake, while negative NPs will perform
etter to deliver drugs in deep tissues due to their faster diffu-
ion [14]. The use of amphiphilic polymers to coat inorganic NPs
as been extensively reported as a powerful method to generate a
ontrolled surface on NPs of different materials, sizes and shapes
15,16]. Other polymers, such as block copolymers have been also
sed [17,18].

One  of the major drawbacks of many drugs is their poor water
olubility, which by using nanocarriers can be overcome, leading to
ncreased solubility of several orders of magnitude (e.g., placlitaxel
19]). Several insoluble drugs (e.g., paclitaxel, doxorubicin [14], or
xaliplatin [20]) have been linked to Au NPs by direct linkage on the
P surface or by using hydrophobic interactions to load the drug
n the NPs [21]. The use of hollow Au NPs as drug containers has
een also reported [22]. Min  et al. proved the higher efficiency of
isplatin, when it was combined to gold nanorods as compared to
he free drug [23].

Metal-based drugs are very relevant in both, therapy and
iagnosis, the most notorious example being platinum-based
rugs for cancer treatment. Remarkably, in 2014, 10%–20% of
ll patients suffering from cancer were treated with cisplatin or
ther platinum-based drugs (data from http://www.cancer.gov/
esearch/progress/discovery/cisplatin).  Cisplatin is considered to
e  the best chemotherapeutic to treat testicular cancer (http://
ww.cancer.gov/research/progress/discovery/cisplatin) and it is

roadly applied also to treat other cancers, including bladder, cer-
ical, ovarian, lung, or head and neck cancer. There are several
t-based drugs that have been approved for their use in the clinic
orldwide, such as carboplatin, oxaliplatin or nedaplatin. All of

hese drugs present cis-conformation. Nevertheless, satraplatin has
roken the limiting condition of using the cis-configuration for the
t (II) complexes, proving that other configurations are suitable
24].

Other approved anticancer (semi-)metallodrugs based on other
etals such as ruthenium or arsenic are NAMI-1, RAPTA, KP1019,

nd Darinaparsin [24]. To fight cancer, (semi-)metallodrugs are
pplied also in therapy as radiopharmaceuticals (e.g., technetium,
ndium or gadolinium-based drugs) [24], or as photochemother-
peutic drugs (e.g., arsenic, antimony or bismuth-based drugs)
25]. However, these drugs have found mainly application
s antiparasitics and antimicrobials. For example, melarso-
rol ((2-(4-amino)-(4,6-diamino-1,3,5-triazin-2-yl)-phenyl-1,2,3-
ithiarsolan-4-methanol)) is used as antiparasitics and rantidine
ismuth citrate (RBC, Pylorid, Tritec) is applied to treat ulcers in
he gastrointestinal tract. These compounds have arisen as the “per-
ect” complement or substitutes to treat resistant bacteria [26,27].
ther uses in medicine are their application as antiarthritics, antidi-
betes, antivirals, to treat gastric or cardiovascular disorders [24].
emarkably, most of these drugs contain only a single metal atom.
nly few examples like BBR3464 (triplatin tetranitrate) contains

hree Pt atoms, opening the gate to new drug designs [25].
The  usage of organotin(IV) compounds in industry and agricul-

ure is global. Moreover, their medical application as anticancer,
ntiviral, antimicrobial, antihypertensive agents among others has
een evaluated [28]. Although their activity is good, they present
nwanted toxicity issues and side effects. Generally, the com-
osition of these compounds can be described as RnSnL4−n. R
epresents an organic ligand, and L is an anionic specie [28]. The
nti-cancer activity of organotin(IV) compounds has been related
ith their capability to inhibit ATP synthase inducing apoptosis.
owever, the exact mechanism of apoptosis induction of organ-
tin(IV) compounds is still not completely clear [29]. Examples of

his behaviour are tributyltin (TBT) chloride and dibutyltin (DBT)
ichloride. One of these compounds, the triphenyltin 2-phenyl-1,2-
riazole-4-caboxylate, exhibits higher anticancer activity against
eLa cells than cisplatin [30]. The activity of these tin compounds
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 Research 117 (2017) 261–266

is  intrinsically related with their chemical structure and due to var-
ious toxicity issues, widely described in the literature, the search
for new organotin(IV) compounds for bioapplications is still open.
Several examples based on dinuclear and polynuclear species have
been described, as well as the application of polymers based
on these compounds [31]. Polymers and polynuclear compounds
exhibit better anti-cancer activity than cisplatin or the monomeric
compounds. Recent papers discuss that there is still a long way
to go before the fully understanding of the behaviour of metallo-
drugs in biology is achieved [25,31]. Some common rules have been
described in the literature to help in the design of these kind of
drugs [25]. Nevertheless there are many examples of drugs exhibit-
ing a great anticancer behaviour breaking those rules, including di-
and tri- nuclear cationic Pt(II) compounds [25].

Recently, the potential use of metal complexes as catalysts
for chemical transformations in living organisms has attracted
much attention [32,33]. These characteristics combined with the
acquired resistance of many cancers to cisplatin treatment invites
to explore the behaviour of new compounds. Well-defined metal
chalcogenide clusters can be synthesized in a controlled manner,
ranging from few atoms to several nanometre big architec-
tures [34,35]. Organo-functionalized tin sulfide [(RFSn)4S6] clusters
(RF = CMe2CH2C(O)Me), are interesting compounds. In the presence
of the RF ligand used here, they adopt a so-called “double-decker”
like architecture, in which two Sn2S2 rings are parallel arranged and
bridged by two further bridging S ligands. The RF ligands can be fur-
ther extended by condensation reaction with other molecules, like
for instance ferrocene units [36]. Remarkably, ferrocenes and ferro-
cenyl derivatives present antiproliferation properties [27]. The size
of the inorganic Sn/S core, as well as the substituents can be easily
tuned by according reaction conditions and the choice of RF or its
extension (hydrazone groups in this case), which also affects fur-
ther physical and chemical properties. Thus, considering the above
described review regarding drug design, these compounds may be
a new alternative to the current organotin compounds. However,
one of their major limitations is their poor stability in the pres-
ence of oxygen and water [36]. The presence of oxygen typically
drives these compounds to their degradation to elemental sulfur,
tin oxides, organic tin hydroxides (e.g., RSn(OH)3) or mesityl oxide
[37,38].

In this work, we  propose the use of polymer coated Au NPs
as platform for the stabilization of organotin sulfide clusters in
aqueous solutions. Thus, Au NPs were coated using an amphiphilic
polymer previously modified with the clusters. The presence of the
clusters on the NP surface was  confirmed via inductively coupled
plasma mass spectrometry (ICP-MS). The functionality of the clus-
ters linked to the NPs was  proven using a catalytic colorimetric
reaction based on the reduction of methylene blue, and the stability
over time of the clusters was investigated.

2. Results and discussion

Au  NPs of ca. 7 nm core diameter dc were prepared using
the Brust-Schiffrin method (cf. the supporting information).
These NPs are capped with dodecanethiol and are insoluble in
water. Thus, an amphiphilic polymer was  used to transfer them
to aqueous solutions. Poly(maleic-alt-anhydride) modified with
dodecylamine (PMA) [15] or its modifications [39] are commonly
used amphiphilic polymers for this purpose [16,40]. The synthesis
of this polymer is typically carried out anhydrous tetrahydrofuran
(THF). The organotin clusters are stable in this solvent, and thus can

be linked to the polymer in THF.

Prior to the transfer of the NPs to water, the PMA  was modified
with the previously synthesized organotin clusters (cf. the sup-
porting information). This reaction was  performed in a controlled
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Fig. 1. A. Graphic representation of the system of nanoparticles (Au drawn in brown colour with surfactant attached to their surface drawn in black) coated with an amphiphilic
p n in brown) containing the organotin clusters (drawn in blue colour). B. Transmission
e Ps-Sn appear in black and the organic layer formed by both, the polymer and the clusters,
a , the reader is referred to the web version of this article.)
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Table 1
Summary of the wavelength �max of the maximum of absorption in the UV/vis
absorption  spectra, the hydrodynamic radii dh (as obtained from the number distri-
bution), and the zeta-potentials � in both samples.

Sample �max [nm] dh [nm] � [mV]

Au NPs 522 12.06 ± 0.83 −34.8 ± 3.52
olymer (with the hydrophobic part drawn in green and the hydrophilic part draw
lectron micrograph of the NPs after their negative staining. The Au cores of the Au N
ppear in white. (For interpretation of the references to colour in this figure legend

tmosphere, water and oxygen free, to ensure that the integrity
f the clusters was maintained. Different experimental conditions
ere tested e.g., different solvents (THF, dichloromethane or chlo-

oform), different linkage times, different temperatures (e.g., room
emperature, and 55 ◦C) (see Table SI.1. cf. the Supporting informa-
ion) and different cluster loading. The most critical issues to be
olved were the presence of water and/or oxygen during the link-
ge reaction, and the percentage of clusters used in the polymer
odification. A PMA  chain (Mw ∼ 6000 Da) contains approximately

9 monomer units. The ratio of clusters used for the linkage
s expressed as the molar percentage of the monomers opened
hrough the cluster linkage [41] or the number of monomers mod-
fied per chain. Different ratios (%) of cluster per monomer were
ested: 2%, 2.5%, 5% and 10% which corresponds with ca. 0.8, 1,

 or 4 cluster units per PMA  polymer chain. The amount of clus-
er compound required to introduce ca. 4 clusters per polymer
hain, that is a 10% cluster-to-monomer, resulted in precipita-
ion of a white powder, which we hypothesize that could be due
o non-dissolved clusters or the result of crosslinking. The clus-
er compound is stable up to 55 ◦C, although using percentages of
lusters higher than 2.5% at 55 ◦C resulted in precipitation of the
lusters and the polymer (see Fig. SI.3. cf. the Supporting informa-
ion). Thus, room temperature was preferred. Finally, the selected
umber of cluster molecules linked per polymer chain was 2.3 (5.9
) to ensure the presence of at least 2 cluster units in each polymer
hain. Among all the tested solvents, dry THF was selected because
f the higher solubility of the cluster-modified PMA  on it. The use of
ichloromethane resulted in partial precipitation of the clusters, or
he cluster-modified polymer, respectively. Finally, the conditions
elected for the polymer modification were 5.9 % of clusters, dry
HF as solvent, room temperature, and 24 h as incubation time.

NPs were afterwards coated using the cluster-modified PMA
ccording to standard protocols [41]. As control, a sample of Au NPs
as also coated with plain PMA, i.e. without integrated Sn clusters.
fter the hydrolysis of the maleic groups present in the PMA  chains,

he particles and the clusters were dissolved in oxygen-free water.
t this stage, to perform NP purification, these particles were ultra-
entrifuged in order to remove the empty polymer micelles and
he free clusters from the Au NPs-Sn. A sketch of the resulting Au

Ps-Sn is shown in Fig. 1A. After this purification, NPs presented

 narrow distribution of their core diameter of 6.8 ± 1.2 nm.  Nega-
ive staining of the NP samples was performed in order to confirm
hat no empty micelles were still present in the sample. As shown

- P3 -
Au NPs-Sn 522 13.09 ± 0.66 −34.2 ± 0.95

in Fig. 1B, the sample was  micelle-free after purification. The link-
age strategy and the NPsı́  design promote the orientation of the
hydrophobic molecules to the inner part of the polymer shell [42].
Thus the hydrophobic domain is located inside the polymer shell.
This orientation would help to avoid the degradation of the cluster
as proven with NPs susceptible to degradation (e.g., silver NPs [43]
or hybrid systems of gold and iron oxide [44]). The orientation of
inorganic molecules in the polymer shell upon its hydrolysis was
explored by Amin et al. using 4′-N,N-diethylamino-3-hydroflavone,
a  dye sensitive to the local polarity. Changes in its emission proved
that when this dye was  linked to the PMA, it was  localized in the
inner part of the polymer shell. Due to its nature, we  expect sim-
ilar orientation of the clusters, though no experimental evidence
about the location of the clusters within the polymer shell could be
obtained.

The cluster modified Au NPs (Au NPs-Sn) and the control NPs (Au
NPs) were characterized via UV/visible absorption spectroscopy,
dynamic light scattering (DLS), and laser Doppler anemometry (the
results are shown in Table 1, and the raw data are shown in Figs. SI.
6–9 in the Supporting information). No significant differences were
observed through these techniques between the cluster modified
and the control NPs.

To  confirm the presence of clusters in the polymer shell around
the Au NPs, inductively coupled plasma mass spectrometry (ICP-
MS)  measurements were performed after Au-NPs purification. The
respective results are summarized in Table 2.

To determine the number of cluster per NP, first the Au NP con-
centration was obtained from the total Au metal concentration.
Hereby the mass of one Au NP core (mAuNP) is calculates as follows:
mAuNP = �Au · VAu NP
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Fig. 2. A) Time dependent absorption spectra A(t) observing the reduction of the absorption of methylene blue in the presence of nAuNPs = 2.8 pmol of Au NPs-Sn. For each
of such absorption series a catalytic constant value k was  calculated. B) Catalytic constant values k for different kinetic experiments performed with Au NPs-Sn and Au NPs.
(For  interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
ICP-MS results for the elemental analysis of Au and Sn in Au NPs-Sn. m and n refer to the mass and number of moles, respectively. The concentration of elemental Au is
cAu ICP = n(Au)/V, with V being the volume of solution in which the Au is dissolved.

mass) n(Sn) [�mol] n(Au) [�mol] Sn:Au ratio (molar)

23.719 646.94 0.03667
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Table 3
The  catalytic activity rate k values of the different kinetic experiments performed
with  Au NPs-Sn and Au NPs. Errors are given as standard deviation. nAuNPs refers to
the  amount of NPs added in each experiment, and VAuNPsolution refers to the volume
of  a stock solution of NPs used for each experiment. The concentration of this stock
was cAuNPstock = 69.7 nM,  i.e. nAuNPs = VA N solution· cAuNPstock.

nAuNPs

[pmol]
VAuNPs

[�L]
k Average [s−1] Au NPs k Average [s−1] Au NPs-Sn

4.9 70 −2.91·10−4 ± 4.13·10−4 −5.34·10−3 ± 6.55·10−4

4.2 60 −2.25·10−4 ± 3.14·10−4 −4.21·10−3 ± 9.13·10−4

3.48 50 −3.66·10−4 ± 3.05·10−4 −3.29·10−3 ± 5.44·10−4

2.8 40 −3.99·10−4 ± 3.70·10−4 −2.54·10−3 ± 3.19·10−5

2.1 30 −4.51·10−4 ± 4.80·10−4 −2.27·10−3 ± 1.98·10−4

1.4 20 −3.22·10−4 ± 2.17·10−4 −1.47·10−3 ± 2.52·10−4
Sample m(Au) [ppb] m(Sn) [ppb] Sn:Au ratio (

Au NP-Sn 127448.1 2798.88 0.02196 

Au refers to the density of gold (19.3 g/cm3) and VAuNP is the vol-
me of one Au NP core, which can be calculated for the diameter of
he Au core as determined with TEM:

AuNP = (4/3)·p·(dc/2)

The molar concentration of Au NPs can be finally obtained by
ividing the Au metal atom concentration measured with ICP-MS
cAu ICP) by the number of Au atoms per each Au NP (the product
f the Avogadro constant NA = 6.022·10−23 mol−1, the mass of one
P mAuNP, divided by the molar mass of Au MAu = 196.96655 g/mol)

45].

Au NP = cAu ICP

mAu NP · MAu · NA

For the cluster concentration (ccluster) the final amount was  cal-
ulated as Sn metal atom concentration measured with ICP-MS
cSn ICP) divided by 4, since there are 4 tin atoms per cluster.

cluster = cSn ICP

4

The Sn-cluster per Au NP ratio (R) was finally calculated, result-
ng in ca. 85 clusters per NP.

 = ccluster
cAuNP

Although with these experiments we cannot confirm the
ntegrity of the clusters, i.e. that they have not oxidized, this value
s in agreement with other values obtained using similar conditions
o link organic dyes to NPs [46]. For example ca. 50 dye molecules
ere linked to ca. 3 nm diameter FePt NPs, and 80 dye molecules
ere linked to ca. 8 nm diameter Fe3O4 NPs [46].

As  a model, to confirm the potential bioactivity of these Au NPs-
n, the catalytic activity was studied through a colorimetric assay

ased on the reduction of methylene blue to leucomethylene blue.
his reduction was carried out in the presence of NaBH4 and the
eaction was tracked via UV/vis absorption spectroscopy (Fig. 2A),
n which the time-dependent reduced absorption of methylene

- P4
0.7 10 −3.76·10−4 ± 2.53·10−4 −6.48·10−4 ± 1.30·10−4

0 0 −1.35·10−4 ± 4.60·10−4 −1.34·10−4 ± 4.60·10−4

blue A(t) due to its degradation was  measured. Different concen-
trations of Au NPs-Sn and Au NPs were tested in order to determine
their catalytic activity rate (k). Hereby k is the slope of the logarith-
mic absorption versus time curve:

k =
�ln

(
A/A0

)

�t

The results are summarized in Fig. 2 and Table 3 (we refer to the
Supporting information for the individual measurements).

To prove the stability of the Au NPs-Sn hybrid system, i.e. to
probe for degradation of the Sn clusters, the catalytic activity of
nAuNPs = 2.8 pmol of Au NPs-Sn was probed again after 24 h with
the same procedure. Data show ca. 70% of the initial catalytic activ-
ity for the same conditions, proving an acceptable stability of the
clusters under the used conditions in water and oxygen. To evaluate
the catalytic recovery of the clusters linked to the NPs, the catalytic
activity of Au NPs-Sn after 24 h was re-evaluated after one catalytic

process upon their recovery by ultrafiltration. The catalytic activity
of these recovered NPs was ca. 25% of the initial catalytic activity at
time 0, and ca. 37% of the catalytic activity observed in the first cat-
alytic measurement (Fig. 3 and Table 4). This experiment confirms

 -
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Fig. 3. Assessment of the catalytic activity of Au NPs-Sn after 24 h in water (black
squares)  and the catalytic activity of the same clusters isolated after the first catalytic
reaction after 24 h in water and during a second catalytic cycle (red circles). (For
interpretation  of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 4
Values of k after first and second kinetics experiments.

Sample k [s−1]

Au NPs-Sn 1st kinetics −1.47·10−3 ± 2.52·10−4

Au NPs-Sn 2nd kinetics −6.5·10−4 ± 1.3·10−4
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40 �L of 69.7 nM Au NPs-Sn in Milli Q water were taken and
added to a methylene blue solution with the NaBH4 (400 �L of
methylene blue plus 100 �L of 5.28·10−2 M NaBH in Milli-Q water).
he accessibility of the clusters to perform the catalytic reaction,
nd their stability after their exposure to oxygen, water and the
atalytic reaction conditions.

As  mention above, there is a growing interest to produce intra-
ellular reactions that not occurs naturally inside cells [47,48]. The
atalytic properties of the clusters linked to the NPs, even after one
atalytic cycle in the presence of water and oxygen (e.g., during
t least 24 h of exposure to air and water), indicate that this plat-
orm would be suitable as carrier of sensitive compounds to the
ntracellular environment. The potential of this system is very high
ue to its versatility. It would be possible to use cores of differ-
nt materials, sizes and shapes ensuring their colloidal stability
nd physico-chemical properties [15,43,46]. Moreover, the design
f the polymer coated NP ensures the presence of a hydrophobic
omain which is ideal to encapsulate sensitive compounds such as
he proposed organotin clusters, but this strategy can be extended
asily to any compound containing primary amines. Finally, the
nternalization of these polymer-coated NPs has been extensively
xplored as well as its surface modification with homing molecules
.g., antibodies, carbohydrates, etc. Thus, the vectorized internal-
zation of the sensitive compounds should be also possible, solving
ome of the current problems when trying to used metal-base cat-
lyst to induce intracellular reactions [49].

. Experimental section

.1.  Clusters synthesis

The  organotin sulfide clusters [(RFSn)4S6] clusters
RF = CMe2CH2C(O)Me) were synthesized as described in the
iterature [50,51] (see the Supporting information for more

etails).
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3.2. Nanoparticle synthesis

Au  NPs were synthesized as previously reported [52]. Briefly,
HAuCl4 was  transferred to toluene using tetraoctylammonium bro-
mide. Then Au3+ was reduced to Au0 by the addition of NaBH4. After
1 h of reaction, the NPs were washed (1 × 10 mM HCl, 1 × 10 mM
NaOH, 3 × H2O) and left overnight. The day after, a ligand exchange
with dodecanethiol was performed (2 h at 65 ◦C). The particles were
cleaned by precipitation and centrifugation (see the Supporting
information for more details).

3.3. Polymer coating and purification

The NPs were then modified either with the previously
cluster-modified polymer containing a 5.9% of polymer monomers
modified with clusters (see details in the Supporting information
for the polymer modification) or with the unmodified polymer
according to previously published protocols [41]. After the polymer
coating process, the NPs were cleaned from free polymer micelles.
The cleaning process was  performed using ultracentrifugation (3×,
3 h, 25,000 rpm). During this process and using these particular
conditions, small particles were removed and discharged together
with the empty polymer micelles, allowing for obtaining a more
homogeneous size distribution and bigger core diameter dc (typi-
cally, without purification via ultracentrifugation this NP synthesis
yields particles with a core diameter dc of ca. 5 nm)  [52]. Finally
the NPs were characterized by transmission electron microscopy
(TEM), applying negative staining of the sample in order to provide
information about the thickness of the organic shell around the par-
ticle core [53], UV/vis absorption spectroscopy, ICP-MS, dynamic
light scattering (DLS) and laser Doppler anemometry (LDA).

3.4.  ICP-MS

Au  NP samples were first mixed with aqua regia (1:5 Vaquaregia:
VAuNPsolution), left for 3 h with constant stirring, and subse-
quently  were diluted in a 2% HCl solution in Milli-Q water
(1:10 VA N solution+aquaregia: VHCl). The ICP-MS measurements as
these  samples were recorded with a peak pattern of 3, 100 sweeps,
and 5 repetitions with an Agilent 7700 Series ICP-MS set-up.

3.5.  Kinetic experiments

To  measure the catalytic capability of the NPs, methylene
blue degradation kinetic measurements were performed by mea-
suring the absorbance of a methylene blue/NP mix  every 3.6 s
from 500 to 750 nm for a total time of 200 s. 400 �L of methy-
lene blue solution (9.37·10−4M in Milli Q water) were added to
the cuvette. Then, 100 �L of 5.28·10−2 M NaBH4 in Milli-Q water
(freshly prepared) and a specific volume of a dispersion of Au NPs
of cAuNPstock = 69.7 nM (volumes VA NPsolution from 0 to 70 �L) were
added  at the same time. All measurements were performed in trip-
licates. As control the same conditions were used but adding Au
NPs instead of Au-NPs-Sn. The absorption values A at the methy-
lene blue maximum absorption peak (�max = 664 nm)  were taken
and represented versus time as ln (A/Ao), whereby A0 is the first
absorption value at t = 0. The parameter k was  obtained as the slope
of the first 30 s of the reaction.

3.6. Stability of the kinetic activity of the clusters
4
For data collection, the same parameters as described above were
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sed. After the first kinetic assay, the sample was taken into cen-
rifugation filters (100 kDa molecular weight cut-off (MWCO)),
ashed for 6 min  at 1100 rcf and resuspended with Milli-Q water.

he process was repeated 4 extra times to keep Au NPs-Sn, but
o remove all methylene blue and NaBH4. The concentration of
he sample was again adjusted to the initial stock concentration
cAuNPstock = 69.7 nM)  and volume (VAuNPsolution = 40 �L). The recov-
red  Au NPs-Sn were used for a new kinetics experiment using
he same conditions as before. The kinetics experiments were per-
ormed in triplicates and the results can be seen in Table 4.

.  Conclusions

Organotin clusters have been successfully linked to polymer-
oated Au NPs. The design of these NPs promotes the orientation
f the clusters into their hydrophobic domain. This orientation is
ssumed to protect the integrity of the clusters, which are very
ensitive to the presence of both, oxygen and water. With this
pproach, it is possible to drive these clusters to aqueous solu-
ion and take advantage of their catalytic activity. The presence
f the clusters was proven by ICP-MS, showing that ca. 85 clusters
ere linked per Au NP. Their potential bioactivity was evaluated

hrough the methylene blue reduction in water. Clusters were still
artially active after more than 24 h in water, and their activity
emained after two catalytic cycles. This approach could help in
he design of new metallodrugs to face resistance issues developed
y several cell types, aiming to improve their efficacy and to induce
atalytic reactions in living organisms catalyzed by water- and/or
xygen-sensitive compounds.
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The impact of species and cell type 
on the nanosafety profile of iron oxide 
nanoparticles in neural cells
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Stefaan C. De Smedt1*† and Koen Raemdonck1†

Abstract 

Background: While nanotechnology is advancing rapidly, nanosafety tends to lag behind since general mechanistic 
insights into cell-nanoparticle (NP) interactions remain rare. To tackle this issue, standardization of nanosafety assess-
ment is imperative. In this regard, we believe that the cell type selection should not be overlooked since the applica-
bility of cell lines could be questioned given their altered phenotype. Hence, we evaluated the impact of the cell type 
on in vitro nanosafety evaluations in a human and murine neuroblastoma cell line, neural progenitor cell line and in 
neural stem cells. Acute toxicity was evaluated for gold, silver and iron oxide (IO)NPs, and the latter were additionally 
subjected to a multiparametric analysis to assess sublethal effects.

Results: The stem cells and murine neuroblastoma cell line respectively showed most and least acute cytotoxicity. 
Using high content imaging, we observed cell type- and species-specific responses to the IONPs on the level of reac-
tive oxygen species production, calcium homeostasis, mitochondrial integrity and cell morphology, indicating that 
cellular homeostasis is impaired in distinct ways.

Conclusions: Our data reveal cell type-specific toxicity profiles and demonstrate that a single cell line or toxicity end 
point will not provide sufficient information on in vitro nanosafety. We propose to identify a set of standard cell lines 
for screening purposes and to select cell types for detailed nanosafety studies based on the intended application 
and/or expected exposure.

Keywords: Nanosafety, High content imaging, Inorganic nanoparticles, Iron oxide nanoparticles, Stem cells, 
Multiparametric analysis
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Background
In recent years, many inorganic nanoparticles (NPs) have 
made their way to the market as they are being incor-
porated into various consumer products [1]. Moreover, 
their unique properties are being extensively explored for 
various biomedical applications. For instance, gold NPs 
(AuNPs) and iron oxide NPs (IONPs) hold great promise 

as theranostic agents for cancer treatment through 
hyperthermia combined with tumour detection via 
respectively photoacoustic or magnetic resonance imag-
ing [2]. Additionally, silver NPs (AgNPs) are good can-
didates for wound dressings and antibacterial coatings 
of medical devices due to their enhanced antimicrobial 
properties [3]. However, to date only a few nano-enabled 
products were successfully translated into the clinic. 
Besides general targeting issues, this can primarily be 
attributed to their elusive safety profiles [4]. Despite 
extensive efforts, a general paradigm on how inorganic 
NPs are able to affect homeostasis on the level of the cell, 
organ or organism and to which physicochemical NP 
properties this can be attributed, is largely lacking [5].
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In general, nanosafety evaluations struggle with two 
important obstacles. The first is the fast pace at which 
nanotechnology keeps advancing, leading to the develop-
ment of a plethora of NPs with distinct physicochemical 
properties, which should ideally undergo safety evalua-
tion prior to their (biomedical) implementation. The sec-
ond is the lack of standardization of in vitro nanosafety 
studies, as various groups apply different assays on vari-
ous cell types. This results in low inter-study compa-
rability and the publication of conflicting data, which 
complicates the elucidation of general paradigms on NP-
cell interactions [6, 7].

The first hurdle can be overcome by implementing high 
throughput or high content techniques in order to speed 
up in vitro nanosafety testing [8, 9]. Secondly, much effort 
is being put into the standardization of various factors 
of in vitro nanosafety studies [10, 11]. In this regard, we 
believe that the cell type selection should receive equal 
attention. In most studies a cell line is selected since they 
are in general more readily accessible, less expensive 
and easier to cultivate when compared to primary cells 
[7, 12]. However, cancer cell lines have a disturbed anti-
apoptotic balance as well as an altered metabolism to 
sustain their high proliferation rate [13]. The phenotype 
expressed by immortalized cells is in turn not entirely 
stable and might undergo changes due to the extensive 
in vitro manipulation or the initial immortalization [14]. 
Hence, a shift towards the use of primary or stem cells 
as well as more complex cell culture models for in vitro 
nanosafety testing strategies could be noted recently. In 
contrast, primary cells can suffer from clonal variations 
and have a limited lifespan in vitro, making rational cell 
type selection a balancing act [7].

Subsequent to the realization that the cell type could 
be of substantial importance, several groups have shown 
that NP-induced effects vary in cell lines retrieved from 
different tissues or species [15–18]. On the contrary, only 
a few studies compared NP effects in a cancer or immor-
talized cell line versus primary cells representing the 
same tissue and species [19, 20]. Unfortunately, available 
data contrast one another wherefore no unambiguous 
conclusions could yet be formulated on whether cell lines 
can generally be applied as a reliable model for in  vitro 
nanosafety studies. In addition, many of the abovemen-
tioned reports choose to either focus on interspecies 
variations or cell-type related differences in NP-evoked 
effects and do not address both factors in a single study.

Here, we present a side-by-side comparison of NP-
evoked effects in six related neural cell types thereby 
evaluating the extent of both species and cell type related 
variations in NP-induced cytotoxicity. We selected a neu-
roblastoma cell line, neural progenitor cell line and neural 
stem cells derived from either humans or mice (Table 1) 

and purposely applied the optimal culture conditions for 
each cell type. These cell types were selected as potential 
models to assess the safety of neural stem cell labeling 
with nanosized contrast agents prior to transplantation 
in the context of regenerative medicine [21–23]. In turn, 
the synthesized AuNPs, AgNPs and IONPs had a diam-
eter below 10 nm, making them good candidates for the 
proposed application [24]. First, we surveyed the acute 
toxicity of AuNPs, AgNPs and IONPs in all cell types. 
Subsequently we selected the IONPs for further evalua-
tion given the minor acute toxicity. Hereto we applied a 
validated multiparametric approach, using automated 
imaging, to evaluate the effect of sublethal doses on the 
production of reactive oxygen species (ROS), the calcium 
(Ca2+) homeostasis, mitochondrial health and cell mor-
phology [25]. Importantly, our data reveal distinct and cell 
type specific toxicity profiles that warrant careful selec-
tion of appropriate cell models for future nanosafety stud-
ies, taking both species and target tissue into account, and 
caution misinterpretation of experimental results based 
on a single cell type and/or toxicity end point.

Results and discussion
Synthesized inorganic NPs display similar physicochemical 
characteristics
AuNP, AgNP and IONP synthesis was initiated with 
the aim of obtaining a similar core diameter. All NPs 
had a mean core diameter around 3.8  nm, as meas-
ured by transmission electron microscopy (Additional 
file 1: Figure S4). Subsequently all NPs were coated with 
poly(isobutylene-alt-maleic anhydride) grafted with 
dodecylamine (PMA), which was selected as it ensures 
colloidal stability over a wide pH range and a uniform 
coating of the different core materials [31]. Dynamic 
light scattering measurements in water showed a hydro-
dynamic diameter of 9.0, 8.9 and 12.3  nm and a nega-
tive zeta-potential around −45, −35, and −54  mV for 
the coated AuNPs, AgNPs and IONPs respectively. All 
obtained values correspond well to data reported on the 
characterization of NPs synthesized via similar protocols 
[32, 33]. The NPs were synthesized with the intention of 
obtaining similar physicochemical properties so that dis-
crepancies in cell responses could be related to variations 
between the cell types. Additional characterization data 
on the plasmon resonance peaks, molecular extinction 
coefficients, initial NP dispersion concentrations, and 

Table 1 Cell types applied in this study

Stem cells Progenitor cell line Cancer cell line

Human hNSC [26] ReNcell [27] LA-N-2 [28]

Mouse mNSC [26] C17.2 [29] Neuro-2a [30]
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electrophoretic mobility can be found in Additional file 1: 
Figures S5, S6 and Tables S1, S2.

Acute toxicity depends on both the NP core material 
and the cell type
In initial cell experiments, we evaluated cell viability fol-
lowing 24 h NP exposure with the CellTiter GLO® assay. 
In Fig.  1, a general concentration-dependent decrease 
in ATP signal can be observed for every evaluated 
NP—cell type combination. Although the extent of this 
decrease clearly varies, the onset of this downward trend 
depended on both the applied NP and the cell type. In all 
cell types, the most severe effect was observed following 
AuNP treatment, while the cells were least affected by the 
IONPs. The toxicity observed for the AgNPs can likely in 
part be explained in terms of Ag+-ion leaching [34]. In 
turn, the severe acute cytotoxicity induced by the AuNPs 
could possibly be attributed to genotoxicity due to direct 
interactions between the 3.8  nm diameter AuNPs and 
DNA [35]. In addition, note that determining NP con-
centrations is not straightforward, as various methods/
models need to be applied for different NP materials 
(Additional file  1). This may affect the comparison of 
absolute concentrations of NPs of different materials and 
may additionally explain the severe toxicity observed 
here for the AuNPs. Given the limited loss of cell viability 

observed for the IONPs, the latter were selected for fur-
ther evaluation of sublethal effects.

Independent of the core material, the Neuro-2a cells 
were least susceptible to NP exposure whereas the hNSC, 
followed by the mNSC, were most sensitive. The suscep-
tibility ranking for the other cell types varied with the 
NP core material. This greater sensitivity of the NSC, 
as found under the conditions reported here, is dissim-
ilar to several studies where cell lines were found to be 
more susceptible to NP-induced acute cell injury [18, 
19]. However, our data correlate well with previous work 
from Bregoli et  al. [14] who did not observe any toxic 
effects in several hematopoietic cell lines, while primary 
bone marrow cells were clearly affected. Similar observa-
tions were recorded by Wilkinson et  al. and Schlinkert 
et al. who independently found normal bronchial epithe-
lial cells to experience more acute toxicity than the A549 
cancer cell line [36, 37].

ROS induction is observed in two out of six cell types
Since we found the IONPs to induce the least acute cell 
damage, it was decided to probe for sublethal effects 
caused by these NPs using a multiparametric methodol-
ogy. The evaluation of effects on cell function has become 
crucial, as it is generally recognized that nanosafety 
evaluations should go beyond live/dead scoring in order 

Fig. 1 A concentration-dependent decrease in ATP content, as measured via the CellTiter GLO® assay, is observed for every NP-cell type combina-
tion tested. Results for the AuNPs (yellow), AgNPs (blue) and IONPs (red) are represented as mean ± standard error of the mean (SEM, n = 3,). Statisti-
cal significance is indicated when appropriate for each type of NP in the corresponding color of the graphs [*p < 0.05, AuNPs (yellow), AgNPs (blue) 
and IONPs (red)]
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to establish a more predictive paradigm [15, 38]. Subtle 
changes in cell function might indeed be more predic-
tive towards in vivo adverse outcomes. For instance, NP-
promoted reactive oxygen species (ROS) production in 
pulmonary cells has been linked to acute inflammation 
in the lung [39, 40]. ROS induction is also stated to be 
the main mechanism via which metallic NPs induce cell 
stress. Persisting ROS induction can subsequently lead to 
oxidative stress and damage cellular components such as 
DNA, proteins and membrane lipids [6].

Upon IONP treatment, we observed an increased ROS 
production in two out of six cell types, namely the mNSC 
and human ReNcells (Fig. 2). In all other four cell types, 
ROS production was significantly reduced. Notably, for 
both the reduced or increased ROS levels, the effect was 
most outspoken in the NSC. Again the murine neuro-
blastoma cell line (Neuro-2a) was least affected in terms 
of ROS. Given the variable effects, no general statements 
can be made on whether the human or murine cell types 
were more severely affected than their counterparts.

Although ROS induction by IONPs is often observed 
[19, 39, 41], it has been shown that NP-induced cytotox-
icity cannot always be attributed to an increased ROS 
production [42]. Interestingly, Harris et  al. also wit-
nessed reduced ROS levels in their high content analy-
sis of IONP-induced effects on a mammalian fibroblast 

cell line [6]. Additionally, IONPs can exhibit an intrinsic 
peroxidase-like activity in mesenchymal stem cells and 
thus reduce the cellular ROS content, especially of H2O2 
[43, 44]. As this effect was only witnessed when IONPs 
remained intact, IONP biocompatibility is presumably 
to a large extent affected by the intracellular location 
and the way the cell processes the IONPs. In confirma-
tion, Sabella et  al. [45] found greater cell perturbation 
by metallic NPs when they were trafficked to the acidic 
lysosomes in comparison to the same NPs present in the 
cytoplasm, due to the enhanced degradation in the acidic 
compartments. Indeed, this degradation will be account-
able for an increased amount of free iron ions, which may 
in turn enhance ROS production via for instance Fenton 
chemistry [6, 46]. A final factor that could clarify our 
observation is the intrinsically different anti-oxidative 
capacity of the various cell types [15, 17]. Thus, the cell 
itself likely determines NP biocompatibility to a large 
extent.

IONP exposure perturbs cellular calcium homeostasis
Subsequently, we evaluated the effect of IONP exposure 
on the Ca2+ homeostasis. The intracellular free Ca2+ 
concentration ([Ca2+]c) is a valuable toxicity marker 
since Ca2+ is involved in a plethora of processes such 
as cell proliferation, mitochondrial function and gene 

Fig. 2 Effects on ROS production following IONP exposure visualized with the the CellROX® green probe. A significant induction of ROS production 
was observed in the mNSC and human ReNcells. In the other four cell types a significant reduction was observed. Statistical significance is indicated 
when appropriate (*p < 0.05). NTC not treated control
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expression [47, 48]. Ca2+ is furthermore of ultimate 
importance for proper cell function in neural cells, as it is 
required for neurotransmitter release and cellular excita-
bility [8, 49]. Additionally, Ca2+ is since long known to be 
an important regulator of cell death, where a significant 
increase in [Ca2+]c is noted [47]. A mild reduction can on 
the contrary be correlated with an impaired cell function 
due to enhanced intracellular Ca2+ storage or efflux in an 
effort to retain cell homeostasis, while cell lysis is corre-
lated to a more severe decrease [48, 50].

On the one hand, a significant concentration-depend-
ent increase in [Ca2+]c was observed in the hNSC, 
ReNcells, and C17.2 cells (Fig.  3). The effect was more 
severe in the progenitor cell lines compared to the hNSC 
and the ReNcells showed the highest [Ca2+]c. On the 
other hand, a decline of the [Ca2+]c was detected in the 
mNSC, LA-N-2 and Neuro-2a cells. In contrast to previ-
ous parameters, the Neuro-2a cells showed more severe 
effects in terms of the perturbation of the calcium home-
ostasis. Again, no unambiguous conclusions could be 
drawn on whether human or murine cell types are more 
sensitive towards NP exposure.

Multiple studies investigating the influence of NP 
exposure on the Ca2+ homeostasis also found [Ca2+]c 
to be augmented [51]. Since this response could be 
interpreted as a cell death signal, this outcome could be 

correlated to the initially observed acute toxicity (Fig. 1) 
[47, 52]. Although we would have expected to observe 
a greater increase in [Ca2+]c in the hNSC when com-
pared to the ReNcells based on the acute toxicity data, 
the opposite was true. In line with the observed decline 
in [Ca2+]c in three out of six cell types, Haase et  al. [3] 
documented diminished Ca2+ responses at cytotoxic 
NP doses in mNSC. This observation could on the one 
hand be explained in terms of cell lysis. On the other 
hand, stressed cells can maintain their Ca2+ homeostasis 
by elevating Ca2+ efflux via the plasma membrane Ca2+ 
ATPase pump [50]. We hypothesized that this occurred 
in the neuroblastoma cell lines where ATP levels were to 
a minor extent reduced and thus still allowed sufficient 
pump function.

In general, two groups could be distinguished based on 
the elevation or diminution of [Ca2+]c. Even though simi-
lar trends were retrieved in each group, it is clear that the 
extent of the perturbation of cellular Ca2+ homeostasis 
varied with the cell type. Since Ca2+ homeostasis is sig-
nificantly altered upon cell transformation or immor-
talization in favour of cell proliferation [53], it was not 
surprising that NP exposure variably altered the [Ca2+]c. 
Notably, cell type specific toxicity profiles started to 
emerge as various combinations of the thus far evaluated 
effects were obtained.

Fig. 3 Effect on [Ca2+]c as determined following labelling with Rhod-2 AM. A significant increase in [Ca2+]c was observed in the hNSC and both 
progenitor cell lines whereas a significant reduction was observed in the remaining three cell types (p < 0.05). Statistical significance is indicated 
when appropriate (*p < 0.05). NTC not treated control
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Mitochondria are affected by IONP loading
Next, the effect of IONP exposure on mitochondrial 
homeostasis was evaluated. The mitochondria are inter-
esting organelles as they are the cell’s main energy sup-
pliers, involved in programmed cell death, an important 
source of ROS and to a large extent regulated by Ca2+ [52, 
54]. This Ca2+-mediated regulation is furthermore influ-
enced by external stimuli: in combination with a stress 
inducer Ca2+ promotes ROS production and possibly cell 
death, whereas under physiological conditions Ca2+ stim-
ulates the oxidative respiration in the mitochondria and 
thus ATP production [52]. Interestingly, the importance 
of oxidative respiration for overall cellular ATP produc-
tion varies with the cell type: both cancer cells and stem 
cells rather rely on cytosolic glycosylation for their ATP 
production [54, 55]. Hence, it is conceivable that mito-
chondria will not only be differentially affected, but also 
that the impact of mitochondrial perturbation on overall 
cell homeostasis will vary in the different cell types.

To visualize the mitochondria, we selected a probe that 
specifically labels the organelles based on their mem-
brane potential (ΔΨm). Loss of this potential, as a result 
of mitochondrial membrane permeabilization, will ren-
der the organelle undetectable and has been associated 
with cytochrome C release and cell death initiation [52, 

56]. During data analysis, such events could be detected 
as a reduction of the relative mitochondrial area. Fig-
ure 4 shows that all cell types, except the Neuro-2a cells, 
showed significant mitochondrial damage. Accordingly, 
the loss of ΔΨm following NP exposure has already been 
described in multiple studies for several NPs in cell types 
from various lineages and species [8, 9, 42]. In the NSC 
all IONP doses caused a decreased signal area, though 
the effect was only significant starting from 7 nM. In con-
trast, the affected cell lines (ReNcell, C17.2 and LA-N-
2) were significantly affected by all IONP doses. The 
effects were most outspoken in the ReNcells, closely fol-
lowed by the hNSC and mNSC. The mitochondria in the 
C17.2 and LA-N-2 cell lines were perturbed to a lesser 
extent. Notably, the human cell types were more severely 
affected than the murine counterpart. In addition, the 
neuroblastoma cell lines were most resilient on the mito-
chondrial level. In correspondence, Heerdt et  al. [57] 
have previously found mitochondria in transformed cells 
to be less sensitive to perturbation due to an intrinsically 
lower mitochondrial activity and higher ΔΨm.

IONP loading affects cell morphology
Lastly, we examined alterations in cell morphology fol-
lowing IONP exposure. Cell morphology is a convenient 

Fig. 4 Effects on the mitochondria labelled with Mitotracker® CMX-ROS in terms of the relative signal area representing the size of the mitochon-
drial compartment relative to the total cell area. Except for the Neuro-2a cell line, all cell types showed a significant decrease in mitochondrial area. 
Statistical significance is indicated when appropriate (*p < 0.05). NTC not treated control
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parameter, especially for neural cells given their intricate 
architecture [8]. Moreover, numerous NPs have been 
shown to alter cell morphology as a secondary effect of 
ROS induction or via direct interactions with elements 
of the cytoskeleton [58, 59]. In addition to the changes in 
the morphological appearance, certain cell functions that 
require signaling via these components can subsequently 
be impaired [59, 60]. Thus, subtle effects on cell morphol-
ogy can indirectly herald perturbation of cell function 
whereas severe morphological alterations, i.e. cell round-
ing and shrinking, can be interpreted in terms of cell 
death [47].

After staining the entire cell cytoplasm, the impact of 
IONP exposure on cell morphology was quantified via 
two parameters: cell area and cell circularity. The latter 
is applied as a measure of cell spreading and is a value 
between zero and one, where one represents a perfect 
sphere (Additional file 1). Although the extent of neurite 
outgrowth is often applied to evaluate the morphology 
of neural cells [61], this parameter was not selected for 
this work, as several cell types are not capable of forming 
neurites.

While only a significantly decreased cell area was 
noted for the C17.2 cell line, both a reduced cell area 
and an increase in circularity were observed in the 

NSC, ReNcells and Neuro-2a cells (Fig.  5; Additional 
file  1: Figure S8). Thus, the cells became both smaller 
and more spherical in a concentration-dependent fash-
ion (Fig.  6), which was most outspoken in the ReN-
cells. Such loss of specific morphological features and 
cell shrinking has already been described in numerous 
studies for multiple NPs and cell types [3, 8, 22, 42]. 
Since it is known that cell transformation or immor-
talization affects cell morphology, it is not surprising 
that morphology was also differentially affected in the 
various cell types. For instance the mNSCs were more 
strongly affected in terms of morphology whereas 
only minor effects were observed in the C17.2 or 
Neuro-2a cell line. Since stem cells have a more intri-
cate architecture in comparison to most cell lines, it 
was not surprising that the morphology of the former 
was impaired more extensively. Finally, as the LA-N-2 
cells tend to grow in clusters we evaluated effects on 
cell morphology in terms of the total cluster area and 
number of cells per cluster, which both showed a simi-
lar concentration-dependent decrease starting from 
3.5  nM IONPs. Since the decrease in cluster area was 
slightly more severe than the number of cells per clus-
ter, we concluded that the cell area also decreased with 
every dose tested. 

Fig. 5 IONP-induced alterations in cell area (grey bars) and cell circularity (orange lines) visualized after labelling of the cytoplasm with the Cell-
Mask™ Blue probe for the NSC, progenitor cell lines and murine neuroblastoma cell line. Cell circularity is a measure of cell spreading and is a value 
between zero and one, where one represents a perfect sphere. LA-N-2 cell morphology was analysed in terms of cluster area (grey bars) and num-
ber of cells per cluster (orange bars). A decreased cell area and increased cell circularity were detected in the NSC, ReNcell and Neuro-2a cell line. 
For the C17.2 cells only a diminution in cell area was detected. In the LA-N-2 cell line a reduction in cells per cluster and cluster size were observed. 
Statistical significance is indicated when appropriate (*p < 0.05), in black for the cell area and orange in case of the cell circularity (respectively clus-
ter area and cells per cluster in case of the LA-N-2 cell line). NTC not treated control
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Overall, we observed similar effects on cell morphol-
ogy (cell rounding and shrinking) in the various cell 
types in contrast to previously evaluated parameters. 

However, the exact trends and extent of the responses 
clearly differed. Importantly, these variations could not 
unequivocally be linked to one or a specific combination 

Fig. 6 Representative images of untreated mNSCs (a), ReNcells (c) and C17.2 cells (e) as well exposed to 70 nM IONP (b, d, f). The mNSCs are 
affected in terms of cell area and circularity. The altered circularity in the ReNcells is less outspoken as initial morphology is less complex. Only the 
cell area is affected in the C17.2 cells

- P14 -



Page 9 of 13Joris et al. J Nanobiotechnol  (2016) 14:69 

of responses observed for the other toxicity parameters 
investigated in this study, underscoring the cell type spe-
cific nature of the recorded toxicity profiles.

Multiparametric analysis reveals cell type‑specific toxicity 
profiles
In general, our data set reveals that each cell type reacted 
in a specific way to IONP exposure in terms of both 
extent and nature of the responses (Table 2). This could 
not have been deduced from the acute toxicity assess-
ment (Fig.  1) but became increasingly clear with every 
additionally evaluated parameter. Furthermore, the 
obtained profiles would likely become increasingly com-
plex with the addition of supplementary end points such 
as the influence on autophagy, induction of endoplasmic 
reticulum stress or genotoxicity. Note that it was not the 
primary objective of this study to unravel the underlying 
toxicity mechanisms. Hereto, additional experiments, 
for instance on the type of cell death or gene expression, 
should be performed. Instead, the aim was to clearly show 
the impact of both the species and the cell type, under its 
optimal cell culture conditions on the nanotoxicity pro-
file within one single study. We show that for 3 different, 
though related neural cell types (stem cells, immortal-
ized cells and cancer cells) the effects in the human cells 
were often more outspoken than the murine alternative. 
In addition, we found the NSC from each species to be 
more sensitive to IONP exposure than the cell lines.

The observed variations in cell responses can be 
explained in several possible ways. One may argue that 
variations in NP uptake in the various cell types will be 
an important factor. In this regard, dose heterogeneity 
at single cell level due to variations in NP uptake in the 
same population will also lead to response heterogene-
ity [62]. In addition, NP uptake is related to the colloi-
dal stability in the applied cell culture media. Although 
we did not evaluate the abovementioned parameters in 
detail, it was previously shown that PMA-coated NPs 
show good stability in biological media and that they are 
taken up well by various cell types [25, 63]. Besides the 

extent of NP uptake, we believe that the cellular response 
is strongly related to the intracellular NP processing. This 
will in part depend on the uptake pathway since the lat-
ter will co-determine the intracellular trafficking route 
and the ultimate intracellular location. Indeed, as previ-
ously mentioned when NPs are present in the acidic and 
degrading environment of the endo-lysosomes, stronger 
cytotoxicity is observed than when the NPs reside in the 
cytosol [45]. In addition, the variations in intrinsic cell 
properties, such as the anti-oxidative capacity, metabolic 
rate (e.g. Ca2+ homeostasis) and mitochondrial activity, 
are to a large extent accountable for the revealed diver-
gent toxicity profiles. Combined, these elements advo-
cate an in vitro toxicity profiling that takes intrinsic cell 
properties and variations in the studied cell population 
into account. Indeed, to understand the intrinsic cellular 
capacity to traffic and handle exogenous materials could 
be of key importance to anticipate NP-evoked effects.

Furthermore, our data indicate that it is imperative to 
apply multiparametric methods that look beyond live/
dead scoring. Notably, even when only minor variations 
could be detected in the cell viability, as for instance for 
the Neuro-2a and ReNcells, cellular homeostasis was 
distinctly altered. In addition, minor cell viability altera-
tions for the ReNcells did not imply that the cell home-
ostasis was not impaired. Accordingly, Ge et  al. [64] 
found IONPs to evoke important effects on cell func-
tion without affecting cell viability. Also, toxicity end-
points included in nanosafety screens should be carefully 
selected as some are more sensitive or indicative of the 
induced damage. An example of the latter is the use of 
cell area and circularity as parameters to describe altera-
tions in cell morphology. Although effects on cell circu-
larity occurred sooner, the impact on cell area was more 
outspoken and illustrative for the extent of the actual 
damage in cell types without a complex architecture. 
Finally, the safety of the coating should be investigated 
in further detail to determine its possible contribution to 
some of the observed effects.

Notably, we found that none of the cell types included 
in this work would be a suitable substitute for any other 
tested. In contrast, other groups did succeed in iden-
tifying a cell line alternative for primary cells based on 
similar cellular responses to NP exposure [12]. In such 
cases the use of those cell lines should be encouraged. 
However, the generalized use of cell lines should be 
approached with caution, especially when performing a 
detailed toxicity profiling to elucidate the mechanisms 
via which NPs alter cell homeostasis. Indeed, cell lines 
are not always ideal candidates for the analysis of cell 
function and may not be representative in terms of dis-
crete cell perturbation [19]. Thus, it would be fitting to 
select a cell type based on the expected exposure and/or 

Table 2 Cell type-specific nanotoxicity profiles induced 
by 24 h exposure to 70 nM IONPs

ROS Ca2+ Mitochondria Cell morphology

Area Circularity

hNSC ↓ ↑ ↓ ↓ ↑
mNSC ↑ ↓ ↓ ↓ ↑
ReNcell ↑ ↑ ↓ ↓ ↑
C17.2 ↓ ↑ ↓ ↓ =
LA-N-2 ↓ ↓ ↓ / /

Neuro-2a ↓ ↓ = ↓ ↑
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intended application of the NPs. We also propose to cau-
tiously apply non-human cell types since we, as well as 
several other groups, have observed notable interspecies 
variations [15, 16].

For screening purposes the selection of a proper cell 
type is a balancing act. Indeed, primary cells can suffer 
from several drawbacks like an often limited availabil-
ity, specific cultivation requirements, a limited life-span, 
and possible inter-batch and individual variations, which 
possibly limit the throughput [7, 12]. Hence, cell lines are 
still the preferred candidates when performing a large-
scale screening of numerous NPs. For this reason and 
because it is highly unlikely that one single cell type will 
emerge as a universal model, we strongly believe that 
the definition of a set of standard cell lines would con-
stitute a definite asset in standardizing nanosafety assess-
ments. Additionally, the use of multiple cell types should 
be encouraged as it was shown to enhance the predic-
tive power of in  vitro nanosafety assessments [65]. The 
selected cell types would preferably be known to mimic 
responses observed in primary cells and would ideally be 
thoroughly characterized in terms of their intrinsic prop-
erties in order to enhance our understanding of the NP-
induced effects.

Conclusions
In this work, we investigated the effect of both species 
and cell type related variations on NP-evoked responses 
in six related neural cell types via a multiparametric 
approach. Interestingly, the observed impact on cellular 
health varied widely in each cell type in terms of both the 
nature and extent of the analyzed effects and cell type-
specific nanotoxicity profiles were obtained. Hence, con-
clusions on the safety of a NP should preferably not be 
based on the evaluation of a single toxicity end point in 
a single cell type. We propose to rationally select a cell 
model based on the envisioned (biomedical) application 
and/or exposure scenario, especially when performing 
an extensive in  vitro toxicity assessment with the aim 
of unveiling mechanisms via which the NPs inflict cell 
injury. Finally, with regard to standardization of in vitro 
nanosafety evaluations, we strongly believe that for the 
safety screening of large sets of nanomaterials the selec-
tion of a set of standard cell types, representing relevant 
target tissues, would contribute to the generation of more 
consistent nanosafety data.

Methods
NP synthesis and characterization
AuNPs, AgNPs and IONPs were synthesized and coated 
with the polymer poly(isobutylene-alt-maleic anhydride) 
grafted with dodecylamine (PMA), as described in Addi-
tional file  1. Following synthesis, the core diameter was 

measured using transmission electron microscopy. UV/
Vis spectroscopy was applied to evaluate the spectral 
characteristics of the NPs. With the combination of UV/
Vis spectroscopy and inductively coupled plasma mass 
spectrometry the concentrations of the dispersions were 
determined. Finally the hydrodynamic diameter and 
zeta-potential were measured using a Zetasizer Nano ZS 
(Malvern Instruments). Detailed information on the char-
acterization procedures is provided in Additional file 1.

Cell culture
All assays were performed on six neural cell types 
(Table  1): human and murine neural stem cells (hNSC 
and mNSC, Invitrogen and Millipore, Belgium), a human 
and mouse-derived progenitor cell line, respectively 
ReNcell (Millipore, Belgium) and C17.2 (Sigma, Bel-
gium), and finally a human neuroblastoma cell line (LA-
N-2, European Collection of Cell Cultures) as well as a 
murine counterpart (Neuro-2a, Sigma, Belgium). All cell 
types were cultured according to the supplier’s guide-
lines. Detailed information on the applied coatings and 
culture media compositions can be found in Additional 
file 1.

The cells were cultured at 37 °C in a humidified atmos-
phere completed with 5 % CO2. Cell medium was renewed 
every other day and cells were split after reaching 80  % 
confluency. Hereto, the cells were dissociated with 0.05 % 
trypsin–EDTA (Invitrogen, Belgium), after which the cells 
were centrifuged (4 min, 300 g), resuspended in fresh cul-
ture medium and seeded at appropriate densities.

Acute toxicity
All cell types were seeded at 25,000 cells per well in 
opaque 96-well plates and were allowed to settle over-
night. Thereafter the cells were incubated with 2.5, 5, 10, 
25, 50 and 100 nM of the AuNPs and AgNPs and 3.5, 7, 
14, 35, 70 and 140 nM of the IONPs during 24 h at 37 °C 
(5 % CO2). After 24 h NP incubation, the CellTiter-GLO® 
assay (Promega, Belgium) was performed according to 
the manufacturer’s instructions. In short, 100 µL of the 
assay buffer was added to each well. Plates were shaken 
during 2 min after which a 10-min incubation period was 
respected. Finally, the signal was measured using a Glo-
Max® 96 Microplate Luminometer (Promega, Belgium). 
Experiments were performed in triplicate and the data 
are represented as the mean ± the standard error to the 
mean (SEM).

High content imaging
For the multiparametric analysis, cells were seeded in 
24-well plates and were allowed to attach overnight. 
Optimal seeding cell densities were identified for each 
cell type individually. The optimal seeding density was 
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defined as the density that would result in an 80 % con-
fluent cell layer in the untreated control at the end point 
of the assay. In order to preserve the cell density/cell 
medium volume ratio for all cell types, we varied the lat-
ter according to the optimal cell seeding density (Table 3).

For the evaluation of effects on ROS production and 
[Ca2+]c 7, 14, 35, 70 and 140 nM IONP dispersions were 
applied, whereas for the effects on cell morphology and 
the mitochondria 3.5, 7, 14, 35 and 70  nM were tested 
as effects on cell function were expected to occur start-
ing from lower NP doses. As the volume of cell medium 
used for incubation was adjusted according to the cell 
density, the NP number/volume cell medium/cell num-
ber remained equal in all high content experiments. 
Similar to acute toxicity experiments, the cells were 
incubated with the IONPs during 24  h at 37  °C in an 
atmosphere containing 5 % CO2 after which staining and 
analysis were performed. This set of data is presented as 
mean ± SEM from to independent replicates.

Reactive oxygen species and cytoplasmic calcium levels
To allow detection of reactive oxygen species (ROS) the 
general ROS marker CellROX® green probe (Molecular 
Probes, Invitrogen, Belgium) was selected. The latter was 
combined with the Rhod-2 AM (Molecular Probes, Inv-
itrogen, Belgium), which becomes strongly fluorescent 
upon interaction with free Ca2+ in the cytoplasm. Fol-
lowing 24 h IONP incubation, the cells were labelled with 
both probes as described in Additional file 1.

Effect on mitochondrial health and cell morphology
The mitochondria were labelled with Mitotracker® 
CMX-ROS Red (Molecular Probes, Invitrogen, Belgium), 
which specifically accumulates in the mitochondria 
based on its membrane potential. To allow evaluation of 
cell morphology the HCS CellMask™ Blue probe (Molec-
ular Probes, Invitrogen, Belgium) was applied. Again, 
cells were labeled following 24  h of IONP exposure as 
explained in Additional file 1.

Statistics
Acute toxicity data are expressed as mean ± SEM (n = 3). 
IN Cell data are presented as mean values normalized 
against the untreated control ± SEM (n = 2). Statistical 
analysis was performed using one-way ANOVA com-
bined with post hoc Dunnett test.
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Table 3 Seeding densities and incubation volumes per well applied in the multiparametric analysis

hNSC mNSC ReNcell C17.2 LA‑N‑2 Neuro‑2a

Cell density 35,000 17,500 17,500 15,000 50,000 15,000

Volume (µL) 700 350 350 300 1000 300
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Abstract 

 

Exposure of cells to colloidal nanoparticles (NPs) can have concentration-dependent harmful 

effects. Mostly, such effects are monitored with biochemical assays or probes from molecular 

biology, i.e. viability assays, gene expression profiles, etc., neglecting that the presence of 

NPs can also drastically affect cellular morphology. In the case of polymer-coated Au NPs we 

demonstrate that upon NP internalization, cells undergo lysosomal swelling, alterations in 

mitochondrial morphology, disturbances in actin and tubulin cytoskeleton and associated 

signaling, and reduction of focal adhesion contact area and number of filopodia. Appropriate 

imaging and data treatment techniques allow for quantitative analyses of these concentration-

dependent changes. Abnormalities in morphology occur at similar (or even lower) 

nanoparticle concentrations as the onset of reduced cellular viability. Cellular morphology is 

thus an important quantitative indicator to verify harmful effects of NPs to cells, without 

requiring biochemical assays but relying on appropriate staining and imaging techniques. 

 

Keywords: nanoparticles, Au NPs, cellular morphology, cytotoxicity, viability, cellular 

response 
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1. Introduction 

 

Colloidal nanoparticles (NPs) are incorporated by living cells, regardless of whether this is 

intended for certain delivery applications (i.e. tumor targeting), or not due to leakage of NPs 

into the environment (i.e. air, water pollution)[1]. Once in contact with cells, the typical 

uptake scenario involves endocytosis[2-4]. Proteins adsorbed to the surface of the NPs hereby 

play a major role[5, 6]. Interaction of NPs with cells has been demonstrated to trigger dose-

dependent effects in cells (which obviously strongly depend on the nature of NPs and on the 

type of cells), which can ultimately lead to cell death. Details about the uptake mechanisms of 

NPs by cells, as well as the molecular signaling cascades which are being triggered [7], in 

particular involving molecular mechanisms for toxic effects, are well described in the 

literature[8-10]. Most of these studies aim at understanding the interaction of NPs with cells at 

a molecular level. However, effects of the NPs on cells are also manifested at the level of cell 

morphology. Due high-throughput microscopy and high content screening of the acquired 

data the assessment of morphological parameters is becoming more and more feasible 

allowing for multiparametric response- and cytotoxicity studies to be carried out [11-13].  

 

In multiple studies the disruption of organelles and other subcellular structures caused by NPs 

have been reported. Gold NPs for example (as well as other NPs) have been described to have 

a profound effect on several intracellular organelles/structures and functions associated with 

morphological changes. First, this applies to mitochondria. Mitochondria are one of the most 

important organelles in cells. Damage/disruption of mitochondria can result in a wide range of 

diseases and disorders. It has been reported that the decrease of mitochondrial activity reflects 

acute cytotoxicity of colloidal NPs [14]. Many studies have found that exposure of cells to Au 

NPs was accompanied by an increased level of reactive oxygen species (ROS), which is 

associated with malfunctioned mitochondria. Pan et al. observed that Au NPs of an average 

diameter of 1.4 nm induce cytotoxicity by oxidative stress, which is indicated by endogenous 

ROS production, compromised mitochondrial potential, integrity, and mitochondrial substrate 

reduction[15]. Interestingly, Chompoosor et al. reported that 2 nm Au NPs with different 

hydrophobic alkyl tails could generate significant amounts of ROS at concentrations that do 

not even affect mitochondrial activity[16]. Wang et al. speculated that the selective targeting 

and damaging effects of Au nanorods to the mitochondria of cancer cells could be used in 

tumor therapy, while normal cells maintain intact mitochondria[17]. For NPs of other 

materials and sizes even mitochondrial permeabilization and fragmentation was observed 

[18]. Second, effects on lysosomes have been reported. Most NPs will eventually be 

accumulated inside acidic organelles after following their endocytic pathway. Being the major 

degradative compartment of eukaryotic cells, the lysosome is a high capacity organelle 

responsible for macromolecular homeostasis. Previous work has shown that large amounts of 

Au NPs aggregated in the lysosomes can lead to lysosome alkalinization. This is associated 

with the impairment of vacuolar V-ATPases, which regulate lysosome acidification. 

Consequently, the lysosome-based degradative autophagy-pathway is affected, which leads to 

a disruption of cellular homeostasis[19]. Swelling of lysosomes upon NP enrichment has also 

been reported[14, 20, 21]. Third, NPs have been shown to interfere with the cellular 

cytoskeleton. The cytoskeleton is responsible for anchoring organelles, maintaining cell 

morphology, and intercellular connections. Previous findings by Pernodet et al. indicate that 
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the diameter, the stretching state, and the density of actin filaments in human dermal 

fibroblasts were affected in a concentration-dependent manner upon treatment with Au NPs. 

These effects might cause major changes in cell shape, cell spreading, cell adhesion, and cell 

growth[22-24]. The same group also found that different sized Au NPs (13 or 45 nm) can 

induce cytoskeletal filament disruption to a different extent, without changing actin or beta-

tubulin protein levels[25]. A further study by Yang et al. showed that the actin F-fibers were 

disrupted to various extents depending on the aggregation state of Au NPs. The authors 

reported varying decrease in F-actin fiber intensity and thickness and the appearance of actin 

dots. The lack of actin-fiber formation and the appearance of actin dots rather than long fibers 

were correlated with the presence of Au NPs in the cytosol which were thought to cause 

depolymerization of actin[26]. Furthermore, the morphology of cell junctions may be subject 

to changes[27] following NP exposure. The intracellular disruption of the cytoskeletal 

network caused by Au NPs has been found to be associated with the disruption of cell-cell 

adhesion. It was found that exposure to highly concentrated Au NPs will significantly reduce 

the area of focal adhesion complexes (FACs) which leads to an increase in the amount of free 

vinculin, a major structural component of FACs[12]. Lin et al. also found different sized Au 

NPs could cause loosening of the intercellular tight junctions that are joining individual 

cells[28]. Finally, NP impact on the cytoskeleton may influence cellular migration. 

Rafailovich's group found that the presence of Au NPs in human adipose-derived stromal 

cells could result in a concentration-dependent increase in population doubling times, a 

decrease in cell motility, and cell-mediated collagen contraction[29]. Considering that cell 

migration plays a crucial role in tumor growth and metastasis, therefore, NPs that can impede 

the mobility of tumor cells are of great interest in preclinical research. In summary, there is 

clear evidence that the uptake of Au NPs by cells has a (concentration-dependent) effect on 

their morphology. 

 

In the present work, we provide a comprehensive study on how in vitro uptake of Au NPs 

affects cellular morphology and intracellular organelles/structures. Thus, the focus of this 

work is not on signal pathways, but rather on morphological changes. Polymer-coated, 

anionic Au NPs (Au-PMA* NPs) with a fluorescent label were chosen for this study[12, 30-

32]. These NPs have been fully characterized for their colloidal properties and interaction 

with cells within the last 10 years. They are colloidally stable with a narrow size distribution 

(4.8 ± 0.7 nm core diameter)[33, 34]. These NPs are incorporated by cells via endocytic 

pathways and accumulated inside acidic intracellular vesicles, in particular lysosomes[35-37]. 

In contrast to other NPs such as cadmium selenide (CdSe) or silver (Ag) NPs the Au NPs are 

not composed of an intrinsically toxic material, yet several concentration-dependent cytotoxic 

responses such as production of ROS have been described in vitro[12, 38]. Reported IC50 

concentration values for Au NPs of similar size distribution vary between a few hundred 

nM[12, 39] and a few µM or even mM[40, 41] depending on surface coating, the cell types 

used and incubation conditions. The NPs used in the present study are bigger than the ultra-

small clusters of 1.3 nm core size Au NPs for which size-specific effects have been 

reported[15]. In the case of the here used ca. 4.8 nm core diameter NPs toxic effects do not 

only originate from their surface coating, but also due to the Au core[38], which possesses 

some catalytic activity. For this study two well established and commonly used mammalian 

cell lines were used. These were the human umbilical vein endothelial cells (HUVECs) and 
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the human cervical cancer cell line (HeLa). As control the same Au NP cores, but with 

different surface coating (i.e. PMA without a fluorescence label, mercaptoundecanoic acid 

(Au-MUA NPs [42]) and polyethylene glycol (Au-PEG NPs [42, 43]) were used. In addition 

Au
3+

 (as obtained from hydrogen tetrachloroaurate (III) hydrate,HAuCl4·xH2O) and Cd
2+

 (as 

obtained from CdCl2) was used as reference [44].  

 

2. Materials and Methods 

 

Polymer-coated Au NPs (Au-PMA* NPs)[12, 30-32] with a core diameter of dc = 4.8 ± 0.7 

nm (as determined by transmission electron microscopy (TEM)), a hydrodynamic diameter of 

dh = 12 ± 3 nm (as determined from the number distribution of dynamic light scattering (DLS) 

in water), and a zeta-potential of  = -30 ± 2 nm (as determined from laser Doppler 

anemometry (LDA) in water) were used, cf. the Supporting Information for the raw data.  Due 

to a fluorophore which is located inside the inner hydrophobic polymer shell[45], and thus in 

first order not present at the NP surface, these NPs are fluorescent and thus can be visualized 

with confocal microscopy. Also the control NPs (Au-PMA NPs (without fluorescence label in 

the polymer shell), Au-MUA NPs [42], Au-PEG NPs [39, 42, 46]) were synthesized 

according to previously published protocols, cf. the Supporting Information (SI) for more 

details. HUVECs and HeLa cells were exposed to the NPs at concentrations ranging from 0.1 

- 100 nM (in serum containing medium, for details cf. the Supporting Information). In 

parallel, Au
3+

 and Cd
2+

 ions were added at the same amount of total Au atoms for the Au NPs 

(0 – 35 mM). Their uptake was quantified by confocal microscopy and standard viability and 

proliferation assays (Live/Dead viability assay[47], cell proliferation assay[48], resazurin 

assay[49-51], and MTT assay[52]). Different cellular structures (lysosomes, mitochondria, 

actin and microtubule network, vinculin, and filopodia) were optionally labeled by 

immunostaining or transfection, and changes in their geometry, as well as changes in the 

morphology of the whole cell (i.e. cell spreading) were analyzed from fluorescence or atomic 

force microscopy (AFM) images by digital image analysis tools. In addition, the effects of the 

NPs on expression of genes related to the cytoskeleton, as well as actin- and tubulin 

polymerization assays were carried out[53, 54].  

 

3. Results and Discussion 

 

3.1. Au-PMA* NP location and internalization rate  

 

Cellular internalization of Au NPs by Hela and HUVEC were investigated. As expected the 

Au NPs were internalized by both HeLa cells and HUVECs. While we did not make attempts 

to unravel the detailed uptake pathways (i.e. by blocking of certain pathways by specific 

inhibitors or by colocalization experiments with objects of known pathways of internalization) 

it is known from previous experiments with NPs of similar surface chemistry that the Au NPs 

are endocytosed by cells[12]. Experiments have shown contribution of macropinocytosis (see 

for example the formation of macropinocytic cups upon NP internalization, cf. TEM images 

in the Supporting Information) as well as caveolin-mediated endocytosis[36]. Presence of the 

Au NPs in the lysosomes after cellular internalization was proven by colocalization of the 

fluorescence-labeled NPs with green fluorescent protein (GFP)-labeled lysosomal associated 
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protein 1 (LAMP1), employing confocal laser scanning microscopy [55]. LAMP1 which was 

expressed in HUVEC and HeLa cells as a marker for lysosomal membranes (cf. the SI-XI.1 

for data). Quantification of internalized NPs demonstrate that the uptake rate was higher and 

that transport of the Au NPs into the lysosomes (25, 50, 100 nM) by HUVECs (in 2% serum 

supplemented medium) was faster than by HeLa cells (in 10% serum supplemented medium). 

In case of HUVECs saturation of cells with NPs was already seen after less than 5 hours, 

whereas in HeLa cells the amount of internalized NPs still increased after 15 hours (see 

Figure 1). After 24 hours of incubating cells with NPs at concentrations cNP > 5 nM (at lower 

concentrations the signal of the fluorescently-labeled Au NPs was too weak for reliable 

quantitative analysis, i.e. in the range of the auto-fluorescence of cells). In the case of 

HUVECs incubation with the double amount of NPs (from 25 to 50 nM) resulted also in more 

or less the double amount of internalized NPs, similar trend was observed in the case of HeLa 

cells. However, even within 24 hours of exposure, HeLa cells were not saturated with Au NPs 

at the used concentrations. Uptake of the Au NPs by HeLa cells thus follows a slower kinetics 

compared to the HUVECs (all raw data are shown in the Supporting Information). We have 

also noted that differences in the amount of serum in the culture medium may play a role in 

the NP uptake, as serum in general reduces NP uptake (cf. the Figure SI-3.2 for data). [34]. 

Our results highlight the effects of the serum on the uptake of NPs to cells 

 

                       
 

B)

C)

A)

HUVEC HeLa 
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Figure 1: Uptake of the Au NPs by HUVEC and HeLa cells A) Confocal micrographs of 

HUVEC exposed to Au-PMA* NPs for 16 h at cNP = 50 nM. (a) The signal of stained 

lysosomes is used to create a mask. (b) Shows the channel of fluorescence labeled NPs. (c) 

Mask based on LAMP1-GFP signal. (d) Mean intensity INP(lyso) of NPs inside the lysosomal 

mask. The scale bar corresponds to 10 µm. B) Mean NP-intensity INP(lyso) measured inside 

lysosomal structures at different Au-PMA* NP cNP = 25, 50 and 100 nM. C) Integrated 

fluorescence intensity of internalized Au-PMA* NPs per cell (INP). The results are presented 

as normalized probability distributions (first row) and median ± lower/upper quartile for 

500 – 1,000 cells/condition. 

 

 

3.2. Effect of Au-PMA* NPs on cell viability, proliferation, and other indicators 

 

It is well known that even inert Au NPs can cause cytotoxic effects on cells at elevated 

exposure concentrations and times. In order to investigate a useful range of concentrations we 

took into account two considerations. First, in case of biological in vitro labeling experiments 

NP concentrations are typically chosen in the range of a few to a few tens of nM, in order to 

provide sufficient effect. Second, as according to Paracelsus everything at high enough 

concentration is toxic, we performed in vivo toxicity experiments with zebra fish embryos. 

Exposure of zebrafish embryos to NP concentrations up to 700 nM was not significantly 

associated with mortality or any morphological abnormality (data are presented in the SI-3 ), 

which demonstrates the relatively low toxic profile of the here used Au NPs. Guided by these 

two considerations we decided to investigate NP concentrations in the range from 0.1 to 

100 nM, which covers the range of typical in vitro applications, but does not cause any acute 

abnormality in vivo. Using this range of concentrations we performed several standard 

biochemical assays to investigate the concentration-dependent effect of Au NPs on HUVECs 

and HeLa cells. As exposure time for all following experiments we chose 24 h. In a first set of 

assays effects on cellular enzymatic activity were probed: i) oxidation of resazurin (Alamar 

blue) by cellular dehydrogenases (Resazurin assay/Alamar blue assay) likely inside 

mitochondria, ii) reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) by oxidoreductases (MTT assay), and iii) conversion of cell permeable calcein 

acetoxymethyl (AM) by esterases (first part of a commercial Live/Dead assay). In order to 

probe for interlaboratory variation, the resazurin assay was carried out as well in the Marburg 

as in the Ghent laboratory according to the local standard protocols. In HUVECs the resazurin 

("Marburg") as well as the MTT assays showed reduction of cell viability at around 

cNP,50  10 nM (all raw data can be found in the Supporting Information, a summary of all 

effects is shown in Table 1), whereas in case of the resazurin ("Ghent")  and the “Live” assay 

these effects were detected at slightly higher concentrations of NPs. Comparison of the results 

for the resazurin assay as carried out with the local protocols of different laboratories 

demonstrates that absolute values have to be interpreted with care, and variation between 

different laboratories may occur. In the case of HeLa cells the effect of the Au NPs on cell 

viability was much lower, and exposure with NPs up to concentrations of 100 nM could in 

most assays not reduce viability to its half. Still, also in HeLa cells concentration-dependent 

reduction in cell viability was observed. In a second assay format cellular proliferation was 

probed in terms of measuring DNA synthesis (see the SI-IX.5 for the details and the data). For 
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both cell lines inhibition of proliferation was already caused by NP concentrations well below 

1 nM. Cellular proliferation thus is at least sensitive to one order of magnitude lower NP 

concentrations than cellular viability. In a third assay we probed for direct damage: In the 

“Live/Dead” assay a cell-impermeable ethidium homodimer only stains cellular nuclei in case 

their membrane is damaged in the form of perforation. Altogether the cNP,50 values obtained 

from the Live/Dead assay were in the range of a few tens of nM. Images of the outer cell 

membrane with Helium Ion Microscopy also show disruption of the cellular plasma 

membrane at high NP concentrations (see the Figure SI-3.1-2 for images). In a fourth assay 

type we probed for the generation of ROS, which are typically associated with cytotoxic 

effects, using CellROX Green as the probe. For both cell types we found cNP,50 values of 

around 10 nM. First, these data (cf. Table 1) show that significant reduction in cellular 

proliferation starts already at least at one order of magnitude lower Au NP concentrations, 

which corresponds to the concentration at which cellular viability is affected. Second, 

viability of HeLa cells is less influenced by the exposure to Au NPs than HUVECs. Onset of 

oxidative stress (production of ROS) starts at similar NP concentrations as required to reduce 

cell viability (see Figure 2). More dramatic effects such as permeation of nuclear membranes 

occur at even higher NP concentrations. Summing up, these data indicate that first toxic 

effects of Au NPs can be already noted at NP concentrations well below 1 nM (proliferation), 

whereas typical onset of drastic reduction in cell viability requires exposure concentrations in 

the order of 10 nM. 

 

                 

HUVEC HeLa 

  

 

A)

B)

C)

HUVEC HeLa 
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 Figure 2: Effect of Au-PMA* NPs on cell viability and oxidative stress. A) Cell viability VAB, 

of HUVEC and HeLa exposed to different cNP of Au-PMA* NPs  as determined with the 

Alamar blue test. B) Rate of dead vs. live cells D upon exposure to Au-PMA* NPs to cells, as 

derived from a fluorescence cell staining specific for live and dead cells, respectively. C) ROS 

levels R of cells exposed to Au-PMA* NPs. Results are presented as mean value ± SD for n = 

3- 4 independent measurements.  

3.3. Lysosomal swelling caused by endocytosed Au-PMA* NPs 

 

Staining of the lysosomes (yellow stain in the corresponding image in Figure 3 and Figure SI-

3.5-6 ), as well as of the cytoskeleton allows for relating the average sectional area of 

lysosomes Alyso to the cell cross-section area Acell in a defined intracellular plane Figure 3A. 

Thereby, a useful measure, the fraction of cell area which is occupied by lysosomes Alyso/Acell 

can be derived. The results clearly indicate that lysosomes start to swell, i.e. increase their 

size, upon exposure of cells to NPs, whereby the effect was higher for HUVECs than for 

HeLa cells Figure 3C (cf. Table 1). Just looking at the size of lysosomes already allows for 

pre-estimating whether NPs are present. cNP,50 values, e.g. the required NP concentration at 

which half of the effect is observed, are in the order of 10 nM. In summary, exposure of cells 

to NPs causes swelling of lysosomes and thus leading to an increased fraction of intracellular 

space which is occupied by lysosomes.  

                     

HUVEC HeLa 

  

 

A)

B)

C)
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Figure 3: Effects of Au-PMA NPs on the cell spreading A) The lysosomal fraction is 

calculated by dividing the area occupied by lysosomes (Alyso) by the area of the whole cell 

(Acell). Left image: blue: nuclei, red: plasma membrane, scale bar: 20 µm. B) Mean cross 

section area per cell Acell of HUVECs (left) and HeLa cells (right) which had been 

incorporated for 24 h with Au-PMA* NPs at different cNP. Error bars indicate ± SD for 3 

independent sets of over 2,000 cells evaluated per condition C)  Size of individual lysosomes 

after cells had been exposed to Au-PMA* NPs at different cNP. The results are presented as 

median (o) ± lower/upper quartile for 1,800-4,000 lysosomes/condition. The mean values are 

represented as crosses (+). 

 

3.4. Loss of mitochondrial structure caused by Au-PMA* NPs 

 

Staining of the mitochondria (green stain in the corresponding image in Figure 5) allowed for 

observing changes in the morphology of the mitochondria upon cellular exposure to Au NPs. 

Data show that upon presence of NPs there is a significant shape change from more thread-

like elongated to smaller spherical structures. This can be quantified by calculating the form 

factor Fmito and the Zernike moment of 0
th

 order Z
0

mito, cf. Table 1, Figure 4,Figure SI-3.1 and 

Figure SI-3.7. Both measures describe the transition from an indefinitely extended object (F, 

Z0 = 0) to a spherical object (F, Z0 = 1)[56], cf. the Table SI-3.1. The results clearly indicate 

dramatic changes in mitochondrial morphology upon exposure to NPs. As mitochondria are 

the “power plant” of cells thus energy availability might be affected. For both investigated 

cell types the cNP,50 values were between 1 and 10 nM, and therefore well below NP 

concentrations in which reduction of cellular viability was detected. Thus, reduction in 

cellular viability might be interpreted as a consequence of mitochondrial impairment.  
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Figure 4: Geometrical features of mitochondria upon exposure to Au-PMA* NPs to cells. The 

results are presented as normalized probability distributions (first row) and 

median ± lower/upper quartile for 1,700-5,000 mitochondria/condition (second row). In the 

last row the ratios of the corresponding values at the dotted lines were derived from the 

probability distributions. 

 

 

3.5. Distortion of the cytoskeleton caused by Au-PMA* NPs 

 

Staining of several components of the cell cytoskeleton was performed, cf. Figure 5. (See SI-

XIII.1-9 for a summary of the cells images taken after exposure of different cNP of Au-PMA* 

NPs, those images also include the cell control and cNP = 100 nM Au-PMA* NP treatment 

shown in Figure 5). Actin was stained with fluorescence-labeled phalloidin, while specific 

antibodies were used for tubulin and vinculin staining procedures. Even by microscopic 

inspection with the naked eye striking effects of the NPs on the morphology of the cells were 

visible. Presence of NPs strongly reduced the cellular cross-section area Acell. In the case of 

HeLa cells NP exposure induced a more elongated, stretched cell shape, manifested by a 

reduction in the form factor Fcell, cf. Table 1. Actin fibers were directly affected by exposure 

to the NPs. In the case of HUVECs the elongated actin fiber bundles shortened and rounded 

up. In the case of HeLa cells the actin fibers appeared smoother, indicated by a decreasing 

texture contrast Tact,cont[57]. For tubulin an increase in texture contrast Ttub,cont and decrease in 

texture correlation Ttub,corr was observed in case of HUVECs. Under high NP doses tubulin 

fibers were arranged less compactly and became thinner and longer. Visual inspection with 

the naked eye however leads to the conclusion that the tubulin network is less affected than 

HUVEC HeLa 

Form factor Zernike 0
th

 order Form factor Zernike 0
th

 order 
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the actin network by the presence of NPs. The cytoskeleton stabilizes cells in a dynamic way, 

based on continuous polymerization and depolymerization of fibers. For this reason control 

experiments without involving cells were performed, in which reduction of actin and tubulin 

polymerization upon presence of NPs was determined with biochemical assays. Data indicate 

that already NP concentrations below 1 nM significantly reduce polymerization of both, actin 

and tubulin, cf. the Supporting Information. Staining of vinculin indicated a reduction in focal 

adhesion contact areas Avinc. Additionally, atomic force microscopy (AFM) data showed that, 

in particular, for HUVECs the number Nfilo and area Afilo of filopodia decreased upon 

exposure to NPs. Here again a clear difference between both cell types could be seen. 

Accompanying gene expression assays revealed the upregulation of several genes which are 

related to the cellular cytoskeleton, cf. Table 1 and Figure SI-3.2. Taken together the data 

demonstrate that NPs clearly have an impact on the cellular cytoskeleton, whereby detailed 

effects and in particular related NP doses vary between the investigated cell lines. In general 

HUVECs seem to be more affected than HeLa cells. Morphology changes occur at NP 

concentrations around cNP,50  10 nM, though this number can be seen only as an indicator for 

the order of magnitude. In contrast, it is safe to suggest that changes in gene expression are 

detected only at much higher NP concentrations than changes in morphology. 

 

 
Figure 5: Morphological changes of different cellular structures without and after 

cNP = 100 nM Au-PMA* NP treatment in HUVECs and HeLa cells. All scale bars correspond 

to 50 µm except for lysosomes and mitochondria (10 µm). Lysosomes were stained with anti-
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lysosomal associated protein 1 (LAMP1) antibodies (shown here in yellow false colors). 

Mitochondria were stained by expressing green fluorescent protein GFP-labeled E1 alpha 

pyruvate dehydrogenase in the cells (shown in green). Actin fibers were stained by phalloidin 

(shown in green), nuclei stained with DAPI (shown in blue), together with the red 

fluorescence of incorporated NPs. Tubulin was stained using an anti-alpha tubulin antibody 

(shown here in red). Vinculin was stained with an anti-vinculin mouse monoclonal antibody 

(shown in green), together with actin staining with phalloidin (shown in red).  
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Feature Parameter Variable Derived from 

Trend cNP,50 range [nM] 

HUVEC HeLa HUVEC HeLa 

NP uptake Integrated intensity INP NP fluorescence +++ +   

Viability Viability Vres Resazurin 

("Maburg") 

-- - 3.5-11-33  

VAB Resazurin 

("Ghent") 

-- o 55-65-77  

VMTT MTT -- - 2.7-8.4-27  

Dead/Live D Live/Dead stain + + 30+ 80+ 

Proliferation rate p DNA synthesis -- -- 0.49-0.54-0.59 0.073-0.12-0.20 

ROS R Pyocyanin/N-

acetyl-L-cysteine 

++ + 10+ 10+ 

Cell morphology Area Acell CellMask blue -- - 18-26-37 39-49-61 

Actin (phalloidin) -- - 2+ 10+ 

Anuclei DAPI o o   

Form factor Fcell Actin (phalloidin) o -  8+ 

Lysosomes Area Alyso LAMP1 (Ab)  +++ o 5+  

Fraction of cell area Alyso/Acell LAMP1 (Ab) / 

actin (phalloidin) 

++ ++ 30+ 10+ 

Intensity Ilyso LAMP1 (Ab)  o +  10+ 

Mitochondria Form factor Fmito CellLight - 

mitochondria 

++ ++ 3.0-4.7-7.3 2.0-2.5-3.1 

Zernike 0th order Z0
mito +++ ++ 2.9-4.4-6.8 1.8-2.3-2.9 

Cytoskeleton Filopodia: Area Avinc Vinculin (Ab) -- - 50+ 50+ 

Afilo 

AFM 

-- o/- 2+ 25+ 

Filopodia: Number Nfilo -- - 2+ 50+ 

Filopodia: Volume Vfilo - - 2+ 25+ 

Filopodia: Height hfilo o o   

Actin: Texture contrast Tact,cont 
Actin (phalloidin) 

+ -- 5+ 1.7-3.3-6.3 

Actin: Texture correlation Tact,corr + - 5+ 5+ 

Tubulin: Texture contrast Ttub,cont 
Tubulin (Ab) 

+ / 50+ / 

Tubulin: Texture correlation Ttub,corr - / 10+ / 

Gene expression CALD1 

RT-PCR array 

+ + 12+ 25+ 

CCNA1 + + 50+ 25+ 

CYFIP2 ++ ++ 25+ 25+ 

IQGAP2 + ++ 50+ 12+ 

MAPK13 +++ + 25+ 50+ 

MAPT ++ o 25+  

PPP1R12A + o 50+  

PPP1R12B + ++ 50+ 12+ 

TIAM1 + ++ 50+ 12+ 

VASP o +  (50+) 

Table 1: Summary of the experimental results, in which cellular reaction to exposure to Au-

PMA* NPs was probed. Reactions are shown in the trend column. cNP,50 describes the NP 

concentration at which half of the maximum effect was obtained. If a sigmoidal fit could be 

applied to the data the uncertainty is given in addition. The full data sets corresponding to 

this table are shown in the supporting information. Ab = antibody.  
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3.6. Deviation of results due to aging of the Au-PMA NPs  

 

Batch-to-batch variations were upon carrying out the assays used for assembling Table 1. In 

the Supporting Information therefore data obtained with different batches are labelled. 

However, also variation over time within the same batch was found. As general observation 

regarding cell viability results obtained from the resazurin assay ("Marburg"), Au-PMA* NPs 

older than one year were found to be more toxic than the ones coated immediately before 

exposure of cells. One may speculate that part of the protecting PMA* shell may be lost over 

time, thus allowing a closer contact of exposed cells to the Au surface. This demonstrates that 

NPs may change their toxicity over time.  

 

3.7. Comparison of the effects of Au-PMA NPs to the effects of Au NPs with different 

surface chemistry  

 

For comparison the effects on selected cellular parameters were investigated for Au NPs with 

different surface chemistry, cf. Table 2. Similarly to Au-PMA* NPs, strong effects on cellular 

viability in terms of proliferation and metabolic activity and the morphology of mitochondria 

were observed for Au-PMA NPs without a fluorescence label. In terms of cell viability 

comparably strong impairments were only observed for Cd
2+

 ions at similar equivalent doses. 

MUA-coated NPs and Au salt seem to be less cytotoxic. In case of PEG NPs HUVECs are 

more affected than HeLa cells regarding cytotoxicity, inhibited proliferation and changes in 

mitochondrial morphology. Data indicate that for example the effect of Au-PMA and Au-

PMA* NPs on mitochondria seems to be specific, as in comparison to the other NPs and the 

Cd and Au salts a much stronger damage was observed. Also swelling of the lysosomes seems 

to be trigger more by NPs than by Cd and Au salts. In this way these observed changes in cell 

morphology are likely related to NP-induced toxicity, which can be different to the effects of 

other toxic agents. This may be related to the particular intracellular distribution of the NPs, 

which accumulate inside endosomes/lysosomes.  
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Feature Parameter Variable Derived from 

Trend cNP,50 range [nM] 

 HUVEC HeLa HUVEC HeLa 

A
u

-P
M

A
 

Viability Viability Vres Resazurin ("Maburg") - -- 73-82-92  

Proliferation rate p DNA synthesis -- -- 0.8-1.0-1.2 0.67-1.3-2.6 

Cell morphology Area Acell Actin (phalloidin)  - o 50+  

Anuclei DAPI o o   

Lysosomes Fraction of cell 

area 

Alyso/Acell LAMP1 (Ab) / actin 

(phalloidin) 

++ ++   

Mitochondria Zernike 0th order Z0
mito CellLight - 

mitochondria 

+++ +++ 0.13-0.29-0.64 0.10-0.21-0.44 

A
u

-P
E

G
 

Viability Viability Vres Resazurin ("Maburg") --- o 2.6-3.6-5.1  

Proliferation rate p DNA synthesis - o 35-60-100  

Cell morphology Area Acell Actin (phalloidin)  - o   

Anuclei DAPI o o   

Lysosomes Fraction of cell 

area 

Alyso/Acell LAMP1 (Ab) / actin 

(phalloidin) 

++ o   

Mitochondria Zernike 0th order Z0
mito CellLight - 

mitochondria 

+ + 4.7-7.4-12 45-46-48 

A
u

-M
U

A
 

Viability Viability Vres Resazurin ("Maburg") o o   

Proliferation rate p DNA synthesis - - 13-19-28 47-80-140 

Cell morphology Area Acell Actin (phalloidin)  - o   

Anuclei DAPI o o   

Lysosomes Fraction of cell 

area 

Alyso/Acell LAMP1 (Ab) / actin 

(phalloidin) 

++ +   

Mitochondria Zernike 0th order Z0
mito CellLight - 

mitochondria 

o o   

A
u

 i
o

n
s*

 

Viability Viability Vres Resazurin ("Maburg") - o 64-72-81  

Proliferation rate p DNA synthesis - - 10-18-34 36-96-250 

Cell morphology Area Acell Actin (phalloidin)  o o   

Anuclei DAPI - o 50+  

Lysosomes Fraction of cell 

area 

Alyso/Acell LAMP1 (Ab) / actin 

(phalloidin) 

o o   

Mitochondria Zernike 0th order Z0
mito CellLight - 

mitochondria 

o/+ + 52-55-58 42-51-63 

C
d
 i

o
n

s*
 

Viability Viability Vres Resazurin ("Maburg") - -- 21-24-26 4.3-13-42 

Proliferation rate p DNA synthesis - -- 3-6-13 0.37-0.60-0.96 

Cell morphology Area Acell Actin (phalloidin)  -- -- 22-28-35 0.6-2.3-9.9 

Anuclei DAPI - - 50+ 10+ 

Lysosomes Fraction of cell 

area 

Alyso/Acell LAMP1 (Ab) / actin 

(phalloidin) 

o o   

Mitochondria Zernike 0th order Z0
mito CellLight - 

mitochondria 

o/+ ++ 27-29-30 1.8-4.0-8.9 

Table 2: Summary of the experimental results, in which cellular reaction to exposure to Au 

NPs with different surface chemistry was probed. Reactions are shown in the trend column. 

cNP,50 describes the NP concentration at which half of the maximum effect was obtained. If a 

sigmoidal fit could be applied to the data the uncertainty is given in addition. The full data 

sets corresponding to this table are shown in the supporting information. (*) For Au and Cd 

ions the indicated concentrations correspond to equivalent NP concentrations (cf. § 2). 
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4. Conclusions 

 

There are many published records in which cytotoxic effects of NPs on cells have been 

observed. Many of these reports focus on biochemical assays, probing cell viability or 

measuring gene expression levels. In this work we demonstrate that effects are also directly 

visible by changes in cellular morphology. Though there is an impressive amount of studies 

available in literature, quantitative comparison is hindered by the fact that on the one hand 

toxicity strongly depends on the type of NPs and on the other hand the type of cells which 

have been used. In our study we performed many different assays with the same type of NP 

on two different types of cells, which allows for a quantitative comparison. In general, first 

effects upon exposure to NPs can be seen by a reduction in cellular proliferation rates. This 

effect is already clearly visible at NP concentrations one or two orders of magnitude lower 

than the effects can be observed with standard cell viability assays. Also, changes in 

mitochondrial morphology can be measured which are an early indicator of NP induced 

cellular damage. Then again lysosomal swelling and changes in cytoskeleton morphology 

occur at the same order of NP concentrations that cause significant reduction in cell viability. 

On the contrary, ROS production sets-on prominently only at even higher concentrations.  

 

The effect of the Au NPs on cell cytoskeleton, mitochondria and lysosomes plays a major role 

in the possible functionality of the cells. As cell mitochondria are the main energy providers 

of the cells, any effect of the Au NPs on the mitochondria may affect the cellular energy 

reserves. As maintenance of lysosomal pH is an ATP-dependent process
1
 the effect of the NPs 

on the lysosomal compartment may be associated to this loss in energy provision. 

Enlargement of the lysosomal compartment has been observed with different types of NPs, 

including quantum dots or iron oxide NPs, and has typically been associated with cellular 

adaptations in order to deal with the NP-induced stress.
2,3

 From a mechanistic point of view, 

the enlarged cellular lysosomal compartment may sterically hinder the cellular cytoskeletal 

architecture, forcing the cells to remodel their cytoskeleton.
3
 In recent work, it has also been 

shown that NP-mediated cellular energy losses can affect cellular signaling pathways that 

directly influence cell cytoskeleton, such as induction of autophagy or activation of small 

GTPases.
4,5
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Various intracellular signaling pathways are associated to the proper functioning of the 

cellular cytoskeleton.
6
 Any alterations in cytoskeleton architecture can therefore have 

profound effects on various cellular functions such as cellular motility
7
 and result in a 

decrease in cell proliferation as observed here and in other reports.
3
 A key mediator in 

cytoskeleton-associated signaling are the FACs, which connect the actin cytoskeleton to the 

extracellular matrix via transmembrane integrins.
8
 In line with our expectations, a clear 

concentration-dependent loss in FACs is observed, which is most outspoken for the HUVEC 

cells (Figure SI-XIII.7-9). The effects on cell functionality affected cellular signaling were 

also assessed via gene expression assays that revealed the upregulation of several genes which 

are related to the cellular cytoskeleton, cf. Table 1. Of the genes that show significant 

upregulation, mainly mapk13 and mapt show the highest level of difference between HUVEC 

and HeLa cells. Mapk13 encodes a member of the mitogen-activated protein (MAP) kinase 

family that acts as an integration point for multiple biochemical signals, and are involved in a 

wide variety of cellular processes such as proliferation, differentiation, transcription 

regulation and development. The MAP kinase is known to be activated by cellular stress. 

Mapt encodes for microtubule associated protein Tau, which is known to be a key player in 

the onset of Alzheimer’s disease. In terms of cytoskeleton functionality, Tau can sterically 

stabilize microtubules in an attempt to prevent loss of function.
9
 Taken together, these data 

suggest a clear indication of cellular stress elicited by the Au NPs that results in mitochondrial 

damage, and affects cytoskeleton-associated signaling at concentrations far lower than those 

at which clear cytotoxicity is typically observed.  

 

These data suggest that not all indicators for NP toxicity have the same sensitivity. Cellular 

proliferation and alterations in mitochondrial morphology are clearly early indicators. Prior to 

changes in cellular viability are observable there are already detectable changes in (sub-) 

cellular morphology. Geometrical changes in certain cellular compartments occur already at 

surprisingly low NP concentrations, in particular in mitochondria. Most likely these effects 

can be linked to the surface chemistry of the used Au NPs as the observed changes vary 

among the different surface coatings which were being tested.  

 

In this way, just by visual inspection of cells (upon appropriate immunostaining) NP-related 

toxicity can be observed via morphological analysis. In our case of polymer-coated Au NPs, 

even at NP concentrations where no significant oxidative stress (ROS production) can be 

detected morphology can already be altered significantly. These morphological changes 

provide a reliable assessment for the effect of NPs on the cellular homeostasis. Therefore, the 

determination of toxic effects of NP exposure based on morphological features may be an 

attractive alternative methodology for situations in which fixed samples, such as tissue sample 

from a biopsy have to be inspected, and in which case the use of biochemical assays can no 

longer be applied. Morphology changes seem to be in particular in the case of mitochondria 

and lysosomes related to NP-induced toxicity, and are different to changes observed upon 

exposure of cells to toxic metal salts. 
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Abstract 

Currently, there is a large interest in the labeling of neural stem cells (NSCs) with iron oxide 

nanoparticles (IONPs) to allow MRI-guided detection after transplantation in regenerative 

medicine. For such biomedical applications, excluding nanotoxicity is key. Nanosafety is 

primarily evaluated in vitro where an immortalized or cancer cell line of murine origin is 

often applied, which is not necessarily an ideal cell model. Previous work revealed clear 

neurotoxic effects of PMA-coated IONPs in distinct cell types that could potentially be 

applied for nanosafety studies regarding neural cell labeling. Here, we aimed to assess if 

DMSA-coated IONPs could be regarded as a safer alternative for this purpose and how the 

cell model impacted our nanosafety optimization study. Hereto, we evaluated cytotoxicity, 

ROS production, calcium levels, mitochondrial homeostasis and cell morphology in six 

related neural cell types, namely neural stem cells, an immortalized cell line and a cancer cell 

line from human and murine origin. The cell lines mostly showed similar responses to both 

IONPs, which were frequently more pronounced for the PMA-IONPs. Of note, ROS and 

calcium levels showed opposite trends in the human and murine NSCs, indicating the 

importance of the species. Indeed, the human cell models were overall more sensitive than 

their murine counterpart. Despite the clear cell type-specific nanotoxicity profiles, our 

multiparametric approach revealed that the DMSA-IONPs outperformed the PMA-IONPs in 

terms of biocompatibility in each cell type. However, major cell type-dependent variations in 

the observed effects additionally warrant the use of relevant human cell models.  
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IONP, DMSA, PMA, neural stem cell, cell line, multiparametric  

 

- P42 -



Introduction 

Nanotechnology yields numerous nanomaterials with interesting properties, which can be 

exploited in a plethora of possible applications. The biomedical field, for instance, aims to 

apply these materials to develop novel or improve existing diagnostic and/or therapeutic 

strategies.[1-4] 

A category of inorganic nanoparticles (NPs) for biomedical use that has received much 

attention over the last two decades, are iron oxide (IO)NPs.[5] By creating nanosized iron 

oxide particles, the material acquires superparamagnetic properties, which allows its 

implementation in biomarker and pathogen detection assays[6-8], protein sequestration[8], 

cell sorting[9], drug delivery[10] and cancer treatment through hyperthermia.[5, 11] 

Importantly, IONPs can also be applied as contrast agents for magnetic resonance imaging 

(MRI).[12, 13] In this regard, FDA-approved dextran-coated IONPs (USA: Feridex®, EU: 

Endorem®) have been clinically applied for the MRI-guided detection of liver lesions and 

tumors, before the production was discontinued in 2009.[14, 15] This MRI susceptibility can 

furthermore be exploited for regenerative cell therapy, where stem cells are transplanted 

into damaged tissues to replace the latter or promote cell survival and tissue repair via the 

secretion of specific factors.[16, 17] To monitor the cell distribution and engraftment, such 

therapies require a non-invasive method to track the transplanted cells in vivo, which can be 

accomplished by ex vivo cell labeling prior to the transplantation.[16, 18] 

In the context of regenerative medicine, there is a large interest in IONP labeling of neural 

stem cells before transplantation into the neural trauma site.[17, 19, 20] Since cell survival is 

an inherent drawback to this therapeutic modality and IONPs should persist inside the cells 

to allow long-term cell tracking, they may not negatively affect cellular homeostasis.[18] 

Hence, IONP optimization in terms of nanosafety is of key importance. Previous work from 
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our group on IONPs coated with poly(isobutylene-alt-maleic anhydride) grafted with 

dodecylamine (PMA) (Figure 1) showed a disturbed cellular homeostasis at sublethal doses, 

making this construct less ideal for the labeling of neural cells.[21] Coating with the ligand 

2,3-meso-dimercaptosuccinic acid (DMSA) (Figure 1) could be a valuable alternative to 

improve the nanosafety profile. Indeed, DMSA is an FDA-approved chelator applied in case 

of lead intoxication and DMSA-IONPs show good biocompatibility both to neural cells in vitro 

and neural tissue in vivo.[22-24]  

In general, many hazard identification studies are initially performed in vitro applying cell 

lines given their easy accessibility and applicability.[25-28] However, we and other groups 

have demonstrated that primary cells or stem cells often respond differently to NP exposure 

as compared to the cell line counterpart.[21, 29-31] In addition, murine cell types are 

regularly applied despite reported species-related variations in NP-induced effects, which 

impede the extrapolation of results towards possible human scenarios.[32-34] Although 

several groups investigated either the species or cell type associated diversity in NP-evoked 

responses,[35-37] such studies remain rare for neural cell types. Previous work from our 

group revealed cell type specific neurotoxicity profiles in response to PMA-IONPs.[21] Given 

the clear perturbation of cell homeostasis, the PMA-IONPs were considered less fit for 

neural stem cell labeling in the context of regenerative medicine. Hence, we set out to 

optimize the IONPs by applying a different coating. To investigate whether the cell type 

equally impacts nanosafety optimization studies we compared the nanosafety profile of 

DMSA-coated IONPs to the previously applied PMA-IONPS. Please note that the same PMA-

IONP sample was applied as described in our previous work.[21] In short, we evaluated the 

cellular responses in neural cell types that could possibly be selected as an in vitro model for 

neural stem cell labeling prior to transplantation in regenerative medicine, namely neural 
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stem cells (NSCs), a neural immortalized (progenitor) cell line and neuroblastoma 

(cancerous) cell line from both humans and mice.[25-27] This setup will allow us to rationally 

guide the cell type selection for future nanosafety studies in the context of biomedical 

applications.  

 

Materials & methods 

1. NP synthesis and characterization 

IONPs were synthesized and coated with either the meso-2,3-dimercaptosuccinic acid 

(DMSA) ligand or the polymer poly(isobutylene-alt-maleic anhydride) grafted with 

dodecylamine (PMA) according to established protocols previously applied by our group.[21, 

24, 38-40] Following synthesis, the core diameter was measured using transmission electron 

microscopy (TEM, Jeol JEM3010). UV/VIS absorption spectroscopy (Agilent 8453 UV-visible 

Spectroscopy System) was applied to evaluate the spectral characteristics, and the 

concentrations of the dispersions were determined via UV/VIS absorption spectroscopy and 

inductively coupled plasma mass spectrometry (ICP-MS, 7700 Series ICP-MS from Agilent 

Technologies). Finally, the hydrodynamic diameter and zeta-potential were measured using 

a Zetasizer Nano ZS (Malvern Instruments). Detailed information on the synthesis and 

characterization procedures is provided in the Supplementary Information.  

 

2. Cell culture 

The human NSCs (hNSCs [41]) were purchased from Invitrogen (Belgium). Both the murine 

NSCs (mNSCs [41]) and human progenitor cell line (ReNcell VM [42]) were obtained from 

Millipore (Belgium). Sigma (Belgium) provided the murine progenitor (C17.2 [43]) and 
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neuroblastoma (Neuro-2a [44]) cell line. Finally, the human neuroblastoma cell line (LA-N-2 

[45]) was retrieved through the European Collection of Cell Cultures. 

All cell types were cultured according to the manufacturers guidelines and kept at 37 °C in a 

humidified atmosphere completed with 5% CO2. Every other day, cells received fresh cell 

medium until 80% confluence was reached when the cells were passaged. Hereto, the cells 

were detached using 0.05% trypsin–EDTA (Invitrogen, Belgium), centrifuged 4 minutes at 

300 g and seeded at appropriate densities. Detailed cell culture protocols are provided in the 

Supplementary Information.  

 

3. Cytotoxicity 

Cells were seeded in opaque 96-well plates at a density of 25000 cells/well and were allowed 

to settle overnight. The subsequent 24 hours, cells were exposed to 3.5, 7, 14, 35, 70 and 

140 nM IONP dispersions. Subsequently, the CellTiter-GLO® assay (Promega, Belgium) was 

performed according to the manufacturer’s instructions. Hereto, 100 µL of the assay buffer 

was added to each sample, plates were shaken during 2 minutes and following a 10-minute 

incubation, the signal was measured using a GloMax® 96 Luminometer (Promega, Belgium). 

 

4. ROS and intracellular free calcium  

Cells were seeded in 24-well plates at appropriate densities (Supplementary Information). 

The cells were allowed to settle overnight before being exposed to 7, 14, 35, 70 or 140 nM 

IONP dispersions for 24 hours. Notably, since the applied NP dispersion volume was adjusted 

according to the cell density, the NP number/volume cell medium/cell number remained 

equal in all experiments (Table S1).  
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After discarding the IONP containing medium, the cells were labelled with CellROX® green 

and Rhodamine-2 AM (Molecular Probes, Belgium) to allow visualization of reactive oxygen 

species (ROS) and free calcium present in the cytosol, respectively. Both were detected using 

the IN Cell analyser 2000 (GE Healthcare Life Sciences, Belgium) and the acquired data were 

analysed using in house developed protocols with the IN Cell Developer Toolbox software 

(GE Healthcare Life Sciences, Belgium). Detailed staining and analysis protocols are provided 

in the Supplementary Information.  

 

5. Mitochondria and cell morphology 

Cells were seeded at appropriate densities as described in the previous paragraph. The cells 

were allowed to settle overnight and were subsequently exposed to 3.5, 7, 14, 35 and 70 nM 

IONP dispersions. After a 24-hour incubation period, the NP dispersions were discarded and 

the mitochondria and cell cytoplasm were respectively labelled with Mitotracker® CMX-ROS 

Red and HCS CellMask™ Blue (both Molecular Probes, Belgium). Data were obtained with the 

IN Cell Analyzer 2000 and analysed with the IN Cell Developer Toolbox software. Detailed 

information on the staining procedure, data acquisition and data analysis is provided in the 

Supplementary Information.  

 

6. Statistics 

Cytotoxicity data are expressed as the mean ± standard error of the mean (SEM, n=3). IN Cell 

data are presented as the mean normalized against the untreated control ± SEM for two 

independent replicates, with a minimum of 10000 cells being analysed per replicate. 

Statistical analysis was performed using the 6th version of the GraphPad Prism software. 

Treated samples were compared with the untreated control by means of one-way ANOVA 
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combined with the post-hoc Dunnett test. Additionally, responses induced by the differently 

coated IONPs were compared with two-way ANOVA followed by the Bonferroni post-hoc 

test.  

 

Results  

1. NP`s characterization 

The core diameter (dc) of the synthesized IONPs was quantified with transmission electron 

microscopy (TEM), which showed a mean value of 3.8 nm (Figure 1c & 1d). Next, the IONPs 

were coated with a ligand or polymer, respectively meso-2,3-dimercaptosuccinic acid 

(DMSA) and poly-(isobutylene-alt-maleic) anhydride grafted with dodecylamine (PMA).[21] 

As measured with dynamic light scattering, the hydrodynamic diameter in number 

distribution (dh) was 11.83 ± 0.61 and 12.33 ± 0.75 nm with a polydispersity index of 0.185 

and 0.308 for the DMSA- and polymer-coated IONPs, respectively. In addition, both IONPs 

showed a strong, negative charge of -55.5 ± 0.9 mV for the IONP-DMSA and -54 ± 2.2 mV for 

the IONP-PMA.[21] Further characterization in terms of the absorption spectra, molecular 

extinction coefficient, initial NP dispersion concentration and electrophoretic mobility is 

provided in the Supplementary Information (Tables S2 and S3, Figures S4 and S5). 

 

2. Cytotoxicity 

In a first set of cell-based experiments we evaluated the IONP-induced cell injury. Upon 

exposure to higher doses, several cell types experienced cell damage, which was most 

pronounced in the hNSCs (Figure 2). In contrast, the murine Neuro-2a neuroblastoma cell 

line was most resilient to IONP exposure, as only the highest dose of PMA-IONPs evoked a 

minor, though significant, effect. In the majority of the cell types (the hNSCs, mNSCs and the 
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murine C17.2 and Neuro-2a cell lines), the PMA-IONPs induced more severe effects than the 

DMSA-IONPs. However, in the ReNcell and LA-N-2 cell line, the opposite was true. Finally, 

when comparing the human cell types to their murine counterpart, the former appeared to 

be more sensitive, irrespective of the coating. 

 

3. ROS production 

To assess whether IONP exposure could affect the cell homeostasis at sublethal doses, we 

first looked into the effect of ROS production via staining with the CellROX® green probe.[46] 

This is especially important in neural cells since (i) ROS is a key player in the initiation and 

progression of several neurodegenerative disorders and (ii) neural cells are especially 

sensitive to oxidative stress given their high metabolic rate and low anti-oxidative 

capacity.[47] Three responses could be distinguished; an increase, a decline or a steady state 

(Figure 3). In case of the first two responses, the induced effects were IONP-concentration 

dependent. Similar to the cell damage, the observed changes in ROS levels were most 

pronounced in the NSCs. For instance, in the hNSCs the DMSA-coated IONPs evoked a three-

fold ROS induction at the highest concentration tested, whereas a decline was induced by 

the IONP-PMA. Notably, exact opposite trends were obtained in the mNSCs, indicating 

species-specific effects. Likewise, in the human progenitor cell line (ReNcell), both IONPs 

caused ROS induction whereas a decline was seen in the murine counterpart (C17.2). In 

contrast, in both neuroblastoma cell lines only the PMA-coated IONPs significantly reduced 

ROS. Overall, the PMA-IONPs evoked more severe effects in the included cell lines but no 

general statements can be made on the interspecies variations.  
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4. Cytoplasmic calcium signal 

Next, we evaluated the Ca2+ homeostasis in terms of the cytosolic free calcium concentration 

([Ca2+]c) through Rhodamine-2 AM staining.[46] The latter is an important indicator of cell 

function, especially in neural cells, given its involvement in numerous intracellular processes 

(metabolic activity, gene expression, neurotransmitter release, cell proliferation and cell 

death, etc.).[48-51] Similar to the results on ROS production, we found either a 

concentration dependent decline or augmentation in [Ca2+]c or no significant changes (Figure 

4). In both NSCs and the C17.2 cell line, the differentially coated IONPs induced opposite 

effects. Where the PMA-IONPs caused an elevated [Ca2+]c in the hNSCs and C17.2 cells, a 

significant decrease was noted for the DMSA-IONPs. Again, the opposite was true for the 

mNSCs. In the human progenitor cell line (ReNcell), Ca2+-levels were significantly elevated by 

both IONPs and the PMA-IONPs, which once more evoked stronger responses. In the murine 

Neuro-2a cell line, both IONPs induced a significant decline, which was significantly greater 

for the IONP-DMSA. In the LA-N-2 cell line this response was only observed for the PMA-

IONPs, as the DMSA-IONPs did not induce a significant effect. Here, less pronounced 

responses were detected in the murine NSCs and C17.2 cell line compared to their human 

counterparts. 

 

5. Mitochondrial homeostasis 

In turn, the mitochondria provide the bulk of the cellular energy, require Ca2+ signaling for 

their function, produce significant amounts of ROS and are associated with programmed cell 

death.[52, 53] In addition, the ΔΨm is a known effector in neurodegenerative disorders.[54] 

When the ΔΨm is compromised, the mitochondria fail to produce ATP and cytochrome C can 

be released, followed by the initiation of apoptosis.[52, 55] These organelles were labeled 
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with Mitotracker® CMX-ROS Red, which accumulates in the organelle based on the 

mitochondrial membrane potential (ΔΨm). When the ΔΨm is compromised due to NPs directly 

interacting with the mitochondrial membrane or ROS-induced membrane damage, the dye 

can no longer accumulate and the mitochondrial signal area relative to the total cell area 

decreases.[56] Figure 5 shows the relative signal area to be reduced or unaffected by IONP 

exposure. The latter was true for both IONPs in the Neuro-2a cell line and the C17.2 cells 

exposed to DMSA-IONPs. In all other cases the IONPs significantly reduced the ΔΨm. Notably, 

the ReNcells were most severely affected by both IONPs, followed by the hNSCs. Similar to 

the cytotoxicity observations, the human cell types were more sensitive to IONP exposure 

than the murine counterparts. On the whole, the onset of the effect occurred at lower doses 

for the IONP-PMA and effects were significantly more severe as compared to the DMSA-

IONPs, except in the LA-N-2 neuroblastoma cells where no significant differences were 

detected between both IONPs.  

 

6. Cell morphology 

Following cell labeling with HCS CellMask™ Blue, cell morphology was evaluated in terms of 

cell area and cell circularity.[21] The latter is defined as a value between zero and one, with 

one representing a perfect sphere. Thus, a lower value corresponds to a more complex cell 

morphology whereas an increase due to IONP exposure points to cell rounding and loss of 

specific morphological features, such as neurite outgrowths.[21] Cell morphology is a 

convenient parameter to include in a multiparametric analysis, as cell death has specific 

morphological features whereas minor alterations to cytoskeleton building blocks can impair 

cell functions that require signaling via these components.[47, 49, 57, 58] Figure 6 reveals 

that the effect of the PMA-IONPs on cell morphology was overall more severe, with the 
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exception of the mNSCs. In the latter, both cell area and circularity were significantly 

affected by the lowest and highest dose of DMSA-IONPs and PMA-IONPs, respectively. 

Likewise, the hNSCs and ReNcells became smaller and more spherical starting from 14 nM 

PMA-IONPs, whereas DMSA-IONPs only significantly altered morphology at 70 nM. Cell 

circularity of the C17.2 cells was not significantly affected but the PMA-IONPs and DMSA-

IONPs did reduce the cell area starting from the lowest and highest dose tested, 

respectively. The cell circularity of the Neuro-2a cells was elevated by both IONPs, while only 

the PMA-IONPs reduced the cell area at higher doses. Finally, since LA-N-2 cells tend to grow 

in clusters, the morphology was analyzed in terms of cluster area and cells per cluster. Here, 

the PMA-IONPs caused a significant concentration dependent decrease in both the average 

cluster area and number of cells per cluster at lower doses compared to the DMSA-IONPs 

(Figure 7). 

 

Discussion  

In this study, we evaluated the extent at which DMSA- and PMA-coated IONPs induced 

adverse effects in six neural cell types, namely NSCs, a progenitor cell line and a cancer cell 

line from murine and human origin. Please note that the same PMA-IONP sample was 

applied as in previous work, where we observed clear dose- and cell type-dependent 

neurotoxicity.[21] The specific aim of this work was to evaluate if such adverse effects could 

be similarly alleviated in the distinct cell types by applying a different coating strategy. The 

cell types were selected based on an important future application of the IONPs, i.e. neural 

cell labeling to allow MRI-guided in vivo cell tracking following transplantation in the context 

of regenerative cell therapy for neural lesions. Multiple studies regarding this topic apply 

various cell models without clearly specifying the species and or cell type (immortalized or 
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cancer cell line, primary cells, stem cells).[25-27] Since NP-evoked effects can differ widely 

amongst various cell models,[32, 34] we evaluated the impact of the cell model on 

nanosafety optimization studies. Hereto, we looked into the impact of both the cell type and 

species in one single study in contrast to previous reports focusing on a single variable.[33, 

36, 37]  

IONP characterization showed that DMSA- and PMA-IONPs had similar basic 

physicochemical properties, in line with previous reports.[21, 24, 38, 59] This was desirable as 

potentially distinct cell responses could be explained in terms of how the cell models 

interact with the NPs, rather than by the intrinsic physicochemical properties of the IONPs. 

Overall, we found the DMSA-IONPs to evoke less extensive responses than the PMA-IONPs. 

In four out of six cell types DMSA-IONPs induced less cytotoxicity than the PMA-IONPs, as 

expected based on recent literature.[22-24] However, the observed toxicity for DMSA-IONPs 

was slightly more severe than anticipated possibly due to the greater sensitivity of neural 

cells towards NP exposure in general.[16] Cell homeostasis was furthermore perturbed at 

sublethal IONP doses in nearly all combinations tested. Indeed, in correspondence with 

previous reports, we witnessed decreased, induced or unaffected ROS levels.[54, 60, 61] In 

case of ROS induction or scavenging, the PMA-IONPs evoked more severe effects. The latter 

response can be explained in terms of the intrinsic scavenging potential of intact IONPs.[62, 

63] The steady state observed for DMSA-IONPs in the cancer cell lines can be contributed to 

the chelating capacity of DMSA, preventing leached iron ions from inducing ROS.[14, 22, 24] 

Still, the DMSA-IONPs were found to significantly induce ROS in the hNSCs and ReNcells, 

possibly indicating that the extent of ion leaching outweighed the DMSA chelating capacity 

or that ROS induction in part occurred through alternate mechanisms. In addition, the 

DMSA-IONPs most often showed less pronounced responses on the level of the calcium and 
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mitochondrial homeostasis and cell morphology. Since all responses can to a certain extent 

be correlated to ROS production,[64, 65] the chelating capacity of DMSA may in part be 

accountable for the improved nanosafety profile. 

From the multiparametric data set in each cell type alone it would be concluded that the 

DMSA-IONPs are the preferred candidate for further optimization since they generally 

evoked less severe effects, regardless of the distinct culture medium composition for the 

different cell types. The cell media could potentially influence IONP uptake through an 

impact on colloidal stability and the formation of a protein corona.[70, 71] The latter 

parameters were not investigated in detail in this work as we focused on investigating how 

various cell models (i.e. the cell type and its optimal medium) would respond to IONP 

exposure. Furthermore, adequate IONP uptake and colloidal stability were previously 

documented for the applied coating materials.[23, 46, 69] Nevertheless, further 

characterization of the protein corona and IONP uptake in the applied cell models would 

improve our understanding of the observed adverse events.[72]  

Most importantly, a correct conclusion on the preferable IONP coating for the envisioned 

application could only be reached when a multiparametric approach was applied, as in rare 

cases the DMSA-IONPs more severely perturbed cell homeostasis.  

Overall, a distinct nanotoxicity profile was obtained in each applied cell model. The 

sensitivity of the cell model was furthermore clearly species-related, as human cell types 

were more sensitive towards DMSA-IONP-induced effects. Likewise, Zhang et al. found 

human macrophages to be more sensitive towards DMSA-IONPs than the murine 

alternative.[73] Secondly, the cell type was a major factor since for both the human and 

murine cell types the NSCs were found to be most sensitive towards both IONPs, whereas 

the cancer cell lines were most resilient. This is in agreement with the observation that 
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tumor cells have several characteristics making them less prone to NP-induced effects, as 

cell transformation or immortalization is accompanied by phenotypical changes on the level 

of cell morphology, metabolic rate, proliferation rate, etc.[32, 74] Finally, not all cell models 

showed a similar sensitivity on all evaluated end points. For instance, no significant 

differences could be detected in IONP-induced mitochondrial damage in the cancer cell 

lines, while this was true for all other cell types. Hence, nanosafety screenings to define 

suitable NPs for a certain application should be performed in a multiparametric fashion 

evaluating sensitive and informative end points in sufficiently sensitive cell types.  

Prior to the possible application of the investigated DMSA-IONPs, further testing would be 

required to (i) certify that a sufficient MRI signal could be detected at non-toxic doses, (ii) 

establish the importance of the detected adverse events on long-term cell function and (iii) 

rule out delayed cytotoxicity, as this was previously observed for the DMSA-IONP labeling of 

primary neurons.[75] Based on our observations we suggest that NSCs are the preferred 

model for further investigation given the selected application. In preference the hNSCs 

should be applied since both NSCs showed opposite effects on the level of ROS and Ca2+ in 

response to DMSA-IONP labeling.  

 

Conclusion 

IONPs are of interest as MRI contrast agents for the labeling of transplanted neural stem 

cells (NSCs), albeit that nanotoxicity remains a concern. Cell-nanoparticle interactions of 

DMSA- and PMA-coated IONPs were investigated in human and murine NSC, neural 

progenitor and neuroblastoma cells. The overall nanosafety profile of the DMSA-IONPs was 

superior compared to the PMA-IONPs. Importantly, a multiparametric approach was 

required to reach this conclusion. In the cell lines we predominantly found both IONPs to 
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evoke similar responses. In contrast, clear interspecies variations were detected on ROS 

production and Ca2+ homeostasis in the NSCs, where both IONPs were found to evoke 

opposite effects. This is an important observation, as the hNSCs are considered to be the 

most representative model for the envisioned application. Thus, the DMSA-coating could not 

in all cell types equally alleviate the induced nanotoxicity compared to the PMA-IONPs. 

Overall, sufficiently sensitive cell lines can be applied when performing a multiparametric 

screening to define suitable candidates for a certain biomedical application. However, 

further thorough safety evaluations should be performed on a non-cancerous human cell 

model most closely resembling the target cell or tissue whenever possible.  
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Abstract: The synthesis of polymer-coated gold nanoparticles with high colloidal stability 

is described, together with appropriate characterization techniques concerning the colloidal 

properties of the nanoparticles. Antibodies against vascular endothelial growth factor 

(VEGF) are conjugated to the surface of the nanoparticles. Antibody attachment is probed 

by different techniques, giving a guideline about the characterization of such conjugates. 

The effect of the nanoparticles on human adenocarcinoma alveolar basal epithelial cells 

(A549) and human umbilical vein endothelial cells (HUVECs) is probed in terms of 

internalization and viability assays. 
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1. Introduction 

The synthesis in colloidal nanoparticles (NPs) is well advanced [1–6]. Nowadays, a high control 

concerning material composition, size, shape, etc., is possible [7]. There are also many strategies 

available to provide water-solubility of these NPs with high colloidal stability [8]. Some correlation of 

the (nonspecific) interaction of such NPs with cells with their physicochemical properties is possible 

and some general tendencies are well accepted in literature [9,10]. However, in order to warrant for 

specific interaction of NPs with cells, their surface has to be modified with ligands targeting cellular 

receptors. The purpose to bind proteins to the surface of NPs is to provide them a special ligand coat 

that they interact specifically with cells, etc. While there are many reports in literature about the 

conjugation of NP surfaces with specific ligands, characterization of these NPs is not always sufficient. 

Bioconjugation in particular may result in unwanted agglomeration, due to crosslinking of NPs.  

Thus, characterization of the colloidal properties of such conjugates is of high importance. In addition, 

the ligand density may significantly vary, depending on the used conjugation protocol. In principle, 

solutions to these hurdles exist, and NPs with a controlled ligand density and controlled ligand 

orientation can be synthesized [11–13]. However, these synthesis strategies require typically sophisticated 

protocols, and thus most commonly in literature more simple and less controlled strategies are employed. 

In the present work, it will be shown that also by simple conjugation strategies, together with appropriate 

characterization techniques, NP-antibody conjugates can be generated. As, in particular, characterization is 

crucial in the following, all experimental steps will be presented in the form of a general protocol. 

2. Materials and Discussions 

2.1. Synthesis of Gold Nanoparticles 

Au NPs are standard model systems, which are extensively used in literature to study the interaction 

of NPs with cells. This is in particular due to the fact that Au is an intrinsically nontoxic material. In 

the following, a protocol for the synthesis of hydrophilic Au NPs is described according to standard 

protocols from literature [14–17]. 

For the synthesis of Au NPs of dc = 20 nm core diameter, hydrogen tetrachloroaurate (III) hydrate  

(Alfa Aesar #12325, Ward Hill, MA, USA) and sodium citrate dehydrate 99% (Sigma Aldrich #W302600,  

St. Louis, MS, USA) were used as chemicals. All chemicals were used without further purification. 

Ultrapure water with a resistance greater than 18.2 mΩ·cm−1 was used for all experiments. All 

glassware was cleaned in aqua regia and rinsed with ultrapure water. For the synthesis, a solution 

containing 150 mL (2.2 mM) trisodium citrate dihydrate (Na3C6H5O7·2H2O) was heated in a 250 mL 

flask to 100 °C with stirring under reflux. Using a syringe, 1 mL of 25 mM HAuCl4·3H2O was injected 

into the flask and stirred at 100 °C. Upon formation of Au NPs, the solution turned deep red. The 

temperature was then reduced to 90 °C, and the solution was stirred continuously for another  
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30 min. For further NP growth, then 1 mL sodium citrate (60 mM) and 1 mL of HAuCl4 solution  

(25 mM) were sequentially injected with a time delay of two minutes between the two injections [17]. 

After 30 min, the reaction was cooled down to room temperature using an ice bath. 

While this protocol virtually always will lead to the formation of Au NPs (as visible by the red color 

of the solution) the quality of the NPs can vary significantly. Concerning colloidal solutions, the two 

most important quality indicators are dispersion (i.e., the NPs are individually dispersed and do not 

agglomerate) and size distribution of the NPs (i.e., the diameter of all NPs should be as similar as possible). 

Even by using the same synthesis protocol over and over, the quality of the resulting NPs may vary for 

each batch, which warrants a mandatory quality control. 

The size distribution of inorganic NPs, i.e., NPs with a core composed out of an inorganic material 

such as gold, can be determined with transmission electron microscopy (TEM). Note that organic 

molecules often do not provide sufficient contrast for being visualized with TEM. For TEM analysis, a 

diluted drop of Au NPs was dried on a copper grid, and NPs were imaged with TEM. From such 

images (cf. Figure 1), a histogram about the distribution of the core diameter, i.e., the diameter dc of the 

inorganic NP core can be obtained. In the present case, the core diameter was determined by analysis 

of more than 300 NPs, using the free software Image J. From the histogram, the mean diameter of the 

Au cores was determined to be dc = 20.9 ± 4.3 nm, cf. Figure 1. 

 

Figure 1. TEM images of the Au NPs at different magnifications (scale bars corresponding to 

100 nm, 50 nm and 2 nm), and the corresponding histogram N (dc) of the core diameter dc. 

The state of dispersion cannot be unequivocally deduced from TEM images, as those are recorded 

on NPs in dried state. In other words, even well dispersed NPs can form clusters on TEM grids. While 

the most common method to probe for NP dispersion is measuring the hydrodynamic diameter directly 

in solution (for example by dynamic light scattering (DLS), as will be described later in more detail), 

in the case of Au NPs simple analysis can be done by recording UV/Vis absorption spectra. As shown 

in the absorption spectrum in Figure 2, Au NPs exhibit a peak due to surface plasmon resonance [18]. 
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In case NPs are not well dispersed and start to form agglomerates, this peak is shifted to higher 

wavelengths and the solution turns from red to blue-black. Agglomeration also leads to scattering at 

high wavelengths >800 nm. In case of poor size distribution, the plasmon peak broadens. 

 

Figure 2. UV/Vis absorption spectrum A (λ) of Au NPs dispersed in water, directly 

recorded after their synthesis as described in this chapter. 

Besides giving an indication about the quality of the NP synthesis, UV/Vis absorption spectra are 

also helpful for the determination of the concentration of the Au NPs. According to the Lambert-Beer 

Law, the absorption A of a solution of NPs (with a length of the light path L) is proportional to the NP 

concentration cNP: 

A = ɛNP·L·cNP (1)

The proportionality factor is the molar extinction coefficient, which is well determined in the case of Au 

NPs with different sized. In the present case of NPs with a core diameter of dc ≈ 20 nm the extinction 

coefficient at 450 nm is given as ɛNP (450nm) = 5.41× 108·M−1·cm−1 [19]. For the present case, 20 μL of  

Au NP solution directly taken after their synthesis, after dilution 500 µL with water, lead to an absorbance 

of A = 0.23 at 450 nm (L = 1 cm). That means that the Au NP concentration was around cNP ≈ 11.1 nM. 

As citric acid capped Au NPs as prepared above are not highly colloidally stable in cell culture media 

(due to screening of their surface charge by adsorption of counter ions), the NPs were further stabilized by 

modification with polyethyleneglycol (PEG) [20]. In this work, the as-prepared Au NPs were modified 

with a heterofunctional PEG chain with a thiol group at one, and a carboxylic group at the other end 

(molecular mass Mw = 3 kDa, Rapp polymer #133000-4-32, Tuebingen, Germany). 105 PEG molecules 

were added per each NP, and the pH was risen to 12 with NaOH (1 M). Alkaline conditions facilitate 

deprotonation of the thiol terminal, which, in this way, attaches faster to the Au surface [21]. Afterwards, 

the PEGylated NPs were cleaned by centrifugation in order to remove unbound PEG (three times using 

14,000 rpm for 30 min, supernatant containing free PEG is discarded and replaced by fresh buffer). 

2.2. Fluorescence Labelling of Proteins 

Protein concentrations are often determined by absorption measurements, for example by the 

Bradford assays, as described later. However, as NPs heavily absorb in the same range of wavelengths 
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absorption measurements are not well suited for determining protein concentrations in NP-protein 

conjugates. In contrast, in order to quantify protein conjugation to NPs, it is useful to label proteins 

with a fluorophore. In this way, protein concentration can be determined by measuring fluorescence 

emission intensities. In the following, a protocol for conjugation of proteins with fluorescein 

isothiocyanate (FITC) is given. FITC can be directly linked to the proteins as depicted in Figure 3 [22]. 

 

Figure 3. Scheme for FITC-labelling of proteins. 

First, a calibration curve based on the Bradford assay [23] (Coomassie Blue, Thermo Scientific 

#23236, Hampton, NH, USA) to determine protein concentrations was obtained. Under the presence of 

proteins, a shift in the absorption spectrum of Coomassie Blue occurs and protein concentration is 

proportional (in a certain range) to the (offset-corrected) absorption A at 595 nm. The calibration curve 

was done following the fabricant specifications [24]. As protein standards, bovine serum albumin 

(BSA) was used (Thermo Scientific #23029). Two different calibration curves were recorded, one for 

high protein concentrations (working range of 100–1500 μg/mL protein concentrations CP) and a 

second one for low protein concentrations (working range 1–25 μg/mL protein concentrations CP). The 

standard solutions of different protein concentrations CP were prepared as indicated in the protocol, 

using 2-(N-Morpholino)ethanesulfonicacidhydrate (MES) pH 6.5 as buffer. Following the indication of 

the guide, in order to get the high concentration curve, 10 μL of NP solution sample were mixed with 

300 μL of Coomassie reagent, previously equilibrated at room temperature. To obtain the low 

concentration curve instead of using 10 μL NP sample and 300 μLCoomassie reagent, 150 μL of 

sample and 150 μL of reagent were used. After mixing for 30 s and incubating for 10 min for each 

protein concentration, CP, the absorption of the protein—Coomassie Blue mix at 595 nm—was 

recorded with an UV/Vis absorption spectrometer (Agilent 8450 spectrometer, Palo Alto, CA, USA). 

Single-use plastic cuvettes were used to hold the samples. Samples were prepared by triplicate and 

measured individually. As an offset, the absorption of Coomassie Blue without protein was subtracted. 

The offset-corrected absorptions A are plotted versus the protein concentrations CP in Figure 4.  

A polynomial fit was applied to obtain the final calibration curves. 

FITC conjugation was performed using the following protocol. First, the concentration of proteins 

was determined with the Bradford method as described above. Then, a FITC stock solution was 

prepared in sodium borate buffer (SBB) at pH = 9, equaling 750 FITC molecules per protein. FITC 

was added to the proteins and the mixture was incubated for at least 4 h at 4 °C. For removal of 

unbound FITC, the sample was run through a PD 10 or a PD 25 column (depending on the solution 

volume, GE Healthcare #52-1308-00 and #28-9180-07, respectively, Little Chalfont, UK) and only the 
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protein containing fraction was collected. After the column purification the protein solution becomes 

diluted, the protein concentration CP (of the now FITC-conjugated proteins) was determined again with the 

Bradford assay. A dilution series of the proteins was obtained and, for each protein concentration, the 

fluorescence intensity I at 519 nm (the emission wavelength of FITC) was determined. By plotting, the 

fluorescence intensity versus the protein concentration as calibration curve was obtained, cf. Figure 5. 

 

Figure 4. Coomassie assay calibration curves to determine the protein concentration CP of 

solutions with (a) high concentration and (b) low concentrations by measuring the  

offset-corrected absorption A at 595 nm. The fitting curves are (a) A(CP) = 0.029 +  

(0.001 mL/μg)·CP − (3 × 10−7 mL2/μg2)·CP
2, and (b) A(CP) = −0.005 + (0.017 mL/μg)·CP – 

(6.789 × 10−4 mL2/μg2)·CP
2 – (1.97 × 10−5 mL3/μg3)·CP

3 and the coefficients of determination 

(r2) are equal to 0.994 and 0.989, respectively. 

 

Figure 5. Calibration curve in which the fluorescence intensity I at 519 nm is determined 

for protein solutions of different concentration CP. Data are shown for antibodies against 

(a) horseradish peroxidase (HRP) and (b) vascular endothelial growth factor (VEGF).  

A linear fit leads to the following correlation between fluorescence intensity I and  

concentration CP: (a) I(CP) = I0 + (ΔI/ΔCP)·CP = −464.28 + (4447.1 mL/µg)·CP;  

(b) I(CP) = −3549.4 + (5498.3 mL/µg)·CP. The coefficients of determination (r2) are equal 

to 0.998 and 0.995 for HRP and VEGF, respectively.  
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2.3. Conjugation of NPs with Proteins 

Here, an often used strategy based on N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

(EDC, Sigma Aldrich) was employed [22]. Note that while EDC chemistry is straightforward for the 

formation of peptide bonds between amine groups (here present on the protein ligands) and carboxyl 

groups (here present on the NP surface at the PEG terminal pointing towards solution), it may result in the 

formation of agglomerates, and thus characterization of the resulting conjugates is required.  

In addition, amine groups which belong to the functional part of the proteins can be deactivated upon 

linkage (reaction will occur statistically on the present amine groups of the proteins), and some proteins 

may lose their biological activity—in the present case, antibodies against HRP (anti-peroxidase, Sigma 

Aldrich) or against VEGF (anti-VEGF, R&D systems, AB-293-NA) where they are linked to the NPs. As 

described above, the antibodies were optionally tagged with FITC. In addition to the proteins,  

5-(6)-carboxytetramethylrhodaminecadaverine (“TAMRA”, Anaspec #81507, Fremont, CA, USA) was 

also attached as additional fluorophore via its amine group to the NP surface. Third ligand short 

metoxy-PEG-amine (amine-PE; Mw = 750 kDa, Rap Polymer #12750-2, Tuebingen, Germany) was 

attached via its amine group to the NP surface, in order to preserve the activity of the antibodies [25] and to 

prevent nonspecific protein absorption [26,27]. In other words, three different ligands (proteins, TAMRA, 

PEG) were attached to the PEGylated NPs using EDC chemistry. The ratios were chosen that per  

1 Au NP 7.5 × 106 EDC molecules, 50 antibodies, 103 TAMRA molecules, and 2.5 × 104 amine-PEG 

molecules were added for reaction. The reaction scheme is presented in Figure 6. 

 

Figure 6. Scheme of the NP modification with antibody, dye and PEG (as passivating agent). 

For the reaction 19.23 μL of Au, NPs dispersed in water (corresponding to 4pmol) with concentration 

cNP = 208 nM were taken, and mixed with 923.5 μL of 4-morpholineethanesulfonic acid (MES, Sigma 

Aldrich #M8250, 50 mM, pH 6.5) and 57.3 µL of EDC stock solution (100 mg/mL). After 20 min, the 

sample with a total volume V = 1 mL containing the activated NPs was cleaned from unreacted EDC and 

the salts, using a pre-packed column PD-10 desalting column (GE healthcare #17-0851-01, Bucks, UK) 

equilibrated with MES (50 mM, pH 6.5). During this step, the NP volume was roughly diluted twice. 

In addition, using a high pH such as 8 was tried, with the motivation to take advantage of linking 

antibodies in an oriented manner [28], but the activation process was not working as well as at pH 6.5, 

and thus, throughout this work, pH 6.5 was used. The volume of the eluted NP solution was adjusted 

with MES buffer to 2 mL. Immediately after the NP cleaning, 30 μg of antibodies were added.  

After incubation for 15 min, 2 μg of TAMRA were added. Finally, after another 15 min of incubation, 
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75 μg of amine-PEG were added to block the remaining reactive carboxylic groups. The reaction 

mixture was incubated for another 1 h at room temperature and then incubated at 4 °C overnight. 

Unbound proteins, dye molecules, and PEG were removed by repetitive centrifugation (14,000 rpm  

30 min), until no fluorescence was detected in the supernatant. This required at least five cleaning 

cycles (pelleting of NPs, discarding of supernatant, resuspending the NP pellet in fresh buffer). In the 

first washing step, 10 μL of sodium dodecylsulfate (SDS, 10%) was added to remove nonspecifically 

adsorbed dyes or proteins. Following this protocol, NPs conjugated with anti-HRP or anti-VEGF (with 

optional FITC label) were synthesized. As a control, the reaction was carried out without adding 

antibodies, but only TAMRA and PEG, leading to control NPs. In the following, the PEGylated  

Au NPs before bioconjugation will be referred to as Au-PEG NPs. The NPs after bioconjugation with 

anti-HRP, anti-VEGF, or without having antibody added will be referred to as Au-PEG-anti-HRP NPs, 

Au-PEG-anti-VEGF NPs, or Au-PEG-control NPs. In case the antibodies had been labelled with FITC, 

this is indicated as “*”: Au-PEG-anti-HRP* NPs, Au-PEG-anti-VEGF* NPs. 

In the vicinity of the Au surface, organic fluorophores may be quenched. Distance dependent 

measurements have been demonstrated that quenching can occur well up to separation distances of the 

fluorophores from the Au surface of 10 nm [29]. In the present work, no direct contact of fluorophores 

with the Au surface is possible due to the layer of 3 kDa PEG. This layer will keep the fluorophores at 

≈4 nm distance to the Au surface [30]. In the case of TAMRA, conjugation directly to the PEG 

terminal pointing towards solution quenching does not impose any problem, as no quantitative 

fluorescence measurements are performed. The TAMRA merely serves as a label for qualitative 

fluorescence imaging of NPs that have been internalized by cells and thus quenching does not interfere 

with experiments. In the case of the FITC-labelled proteins, partial quenching of their fluorescence 

upon binding to the surface of the PEGylated Au NPs cannot be excluded. However, the proteins will 

randomly orient on the NP surface. Only in the case that the FITC attached to the protein is oriented 

towards the NP surface, significant quenching is expected, as in the case FITC attached to the protein 

is oriented towards solution, away from the NP surface, the distance between FITC and the Au surface 

is further increased by the size of the protein. Together with the PEG spacer, which is always present, 

one clearly cannot exclude quenching, though it is not estimated to play a huge role. Due to quenching, 

there is less fluorescence signal from proteins attached to the NP surface as in comparison to the 

fluorescence of the free proteins, which have been used for obtaining the calibration curve. In this way, 

in the procedure described here, the number of proteins attached per NP is underestimated. 

2.4. Determination of the Number of Antibodies Bound per NP 

The number of antibodies per NP (RP/NP) can determined from separately measuring the protein 

concentration cP and the NP concentration cNP of NP-antibody conjugates: 

RP/NP = cP/cNP (2)

The NP concentration can be obtained from the absorption spectra of the conjugates at the wavelengths 

of the surface plasmon peak, at which the antibodies barely absorb. The protein concentration is determined 

from fluorescence spectra (cf. Figure 7) and the calibration curve shown in Figure 4. 
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Upon excitation of FITC (at 494 nm), there is also some fluorescence of TAMRA, which however 

can be clearly distinguished from the FITC fluorescence (cf. the green curve in Figure 7). From the 

FITC fluorescence spectra (cf. the green curve in Figure 7), the emission I at 519 nm was determined. 

Based on the calibration curve given in Figure 5, the protein concentration CP can be determined as: 

CP = (I−I0)/(ΔI/ΔCP) (3)

using the fit parameters I0 and ΔI/ΔCP from the calibration curve given in Figure 5. The mass 

concentration CP of the proteins can be converted in molar concentrations cP by using the molecular 

mass MW of the proteins: cP = CP/Mw. The results as obtained for the Au-PEG-anti-HRP* and  

Au-PEG-anti-VEGF* NPs are given in Table 1, based on the data shown in Figures 5 and 7.  

For each sample, two different dilutions were measured. 

 

Figure 7. Left side: Fluorescence spectra recorded for (a) Au-PEG-control NPs,  

(b) Au-PEG-anti-HRP* NPs, and (c) Au-PEG-anti-VEGF* NPs at a NP concentration of  

cNP = 2 nM. Excitation was performed at 545 nm (TAMRA, drawn in red) or at 494 nm 

(FITC, drawn in green). Fluorescence spectra were recorded under the same conditions as 

the spectra recorded for the calibration curve Figure 5. Right side: Fluorescence spectra 

recorded for (d) Au-PEG-anti-HRP NPs, and (e) Au-PEG-anti-VEGF NPs for TAMRA 

excitation (545 nm) at a NP concentration of cNP = 2 nM.  
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Table 1. Summary of the calculations for the amount of proteins per nanoparticles (NP). 

Sample 
Au-PEG-anti-

HRP* NPs 
Au-PEG-anti-

HRP* NPs 
Au-PEG-anti-
VEGF* NPs 

Au-PEG-anti-
VEGF* NPs 

cNP (nM) 2.2 1.5 2.0 0.5 
MW (g/mol) 150,000 150,000 150,000 150,000 

ΔI/ΔCP (mL/μg) (cf. Figure 5) 4,447.1 4,447.1 5,498.3 5,498.3 
I0 = I (CP= 0) (a.u.) (cf. Figure 5) −464.28 −464.28 −3,549.4 −3,549.4 

I (a.u.) (cf. Figure 7) 3,999 2,420 10,212 2,600 
CP (μg/mL) 1.0 0.65 2.5 1.12 

cP (nM) 6.67 4.33 16.67 7.47 
RP/NP 2.7 2.4 6.2 6.3 

2.5. Physicochemical Characterization of the NP-Antibody Conjugates 

As already mentioned, bioconjugation may change the colloidal properties of NPs. Thus, 

characterization should be also performed with the resulting samples. The UV/Vis absorption spectra 

shown in Figure 8 indicate that upon bioconjugation, no significant agglomeration occurred, as 

scattering for wavelengths >800 nm can be neglected. 

 

Figure 8. Normalized UV/Vis spectra of the NP-antibody conjugates. (a) Au-PEG-control, 

Au-PEG-anti-HRP*, and Au-PEG-anti-VEGF* NPs; (b) Au-PEG-control, Au-PEG-anti-HRP, 

and Au-PEG-anti-VEGF NPs. Spectra were recorded in a spectrometer Agilent 8453. 

While UV/Vis absorption spectra can be a first indication about the presence of bigger 

agglomerates, it is hard to determine the existence of smaller agglomerates from these data. For this 

purpose, measurements of the hydrodynamic diameter dh of the NPs are best suited. One common 

technique in this direction is dynamic light scattering (DLS; Malvern Zetasizer set-up). However, in 

the case of small NPs, proteins have similar size to the NPs and thus measurements in cell culture 

media containing serum are complicated [31]. In Figure 9, DLS measurement for the NP-antibody 

conjugates are displayed. The hydrodynamic diameters dh as determined from these data (cf. Table 2) 

demonstrate that any larger agglomerates can be excluded. However, in general, no significant increase 

in size of the NPs upon antibody attachment could be observed, though the FITC fluorescence clearly 

proves the presence of the antibodies. 
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Figure 9. Number distribution N (dh) of the hydrodynamic diameter recorded or different 

NPs. (a) Au-PEG NPs, (b) Au-PEG-control NPs, (c) Au-PEG-anti-HRP* NPs,  

(d) Au-PEG-anti-VEGF* NPs, (e) Au-PEG-anti-HRP NPs, and (f) Au-PEG-anti-VEGF 

NPs. The concentration of the NP solutions were cNP ≈ 5 nM, and the measurements were 

performed in milliQ water. Each sample was measured at least three times and the mean 

value of the hydrodynamic diameter was determined. 

In the same Malvern Zetasizer set-up, the zeta-potential ζ was also determined based on laser 

Doppler anemometry, cf. Figure 10. The data shown in Table 2 show that despite attachment of 

antibodies, the NPs retained their negative zeta-potential. In the case of conjugation with antibodies 

without FITC, the NP-antibody conjugates have a less negative zeta potential than the NPs without 

attached antibodies. 

As proteins can also nonspecifically adsorb to the surface of NPs, the conjugation reactions were 

repeated but without addition of EDC. In this way, all attached proteins are not covalently attached  

(as due to the lack of EDC, no amide bonds can be formed), but are nonspecifically attached to the 

NPs. These samples are termed Au-PEG/control, Au-PEG/anti-HRP, and Au-PEG/anti-VEGF NPs. 

Hydrodynamic diameters and zeta-potentials as determined with these NPs are enlisted in Table 3. 

There is less reduction of negative zeta potential upon presence of the antibodies. Thus, less antibodies 

are present per NP and, in this way, attachment of antibodies under the presence of EDC should be 

mainly of covalent nature. 

Table 2. Summary of mean hydrodynamic diameters and zeta-potentials determined in water. 

Sample 
Au-PEG  

NPs 

Au-PEG-

Control NPs 

Au-PEG-anti-

HRP* NPs 

Au-PEG-anti-

VEGF* NPs 

Au-PEG-anti-

HRP NPs 

Au-PEG-anti-

VEGF NPs 

dh (nm) 27.4 ± 0.4 27.8 ± 0.8 28.0 ± 0.2 38.0 ± 1.9 27.0 ± 0.6 28.9 ± 0.9 

ζ (mV) −32.8 ± 0.6 −20.0 ± 0.9 −18.4 ± 1.6 −24.1± 3.8 −6.3 ± 0.2 −11.8 ± 0.7 
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Figure 10. Number distribution N (ζ) of the zeta-potential of (a) Au-PEG NPs,  

(b) Au-PEG-control NPs, (c) Au-PEG-anti-HRP* NPs, (d) Au-PEG-anti-VEGF* NPs,  

(e) Au-PEG-anti-HRP NPs, and (f) Au-PEG-anti-VEGF NPs. The concentration of the NP 

solutions were cNP ≈ 5 nM, and the measurements were performed in milliQ water. Each sample 

was measured at least three times and the mean value of the zeta-potential was determined. 

Table 3. Summary of mean hydrodynamic diameters and zeta-potentials determined in water. 

Sample Au-PEG NPs Au PEG-Control NPs Au-PEG-anti-HRP NPs Au-PEG-anti-VEGF NPs 

dh (nm) 27.4 ± 0.4 27.4 ± 1.6 26.1 ± 2.1 29.3 ± 1.7 

ζ (mV) −32.8 ± 0. 6 −30.1 ± 1.2 −24.3± 0.9 −31.4± 1.3 

2.6. NP Interaction with Cells 

NPs can be internalized by cells via endocytosis, as they may trigger toxic effects. In the following, 

this is investigated for two different cell lines, human adenocarcinoma alveolar basal epithelial cells 

(A549) and human umbilical vein endothelial cells (HUVECs). A549 cells, purchased from ATCC, 

were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma Aldrich) supplemented with 

10% fetal bovine serum, 2 mM L-glutamine (Sigma Aldrich), and 100 U/mL penicillin/streptomycin 

(Sigma Aldrich). HUVECs, purchased fromPromoCell, were cultured in Endothelial Cell Basal 

Medium (ECBM, PromoCell, Heidelberg, Germany) supplemented with 2% fetal calf serum 

(PromoCell), 0.4% Endothelial Cell Growth Supplement (PromoCell), Epidermal Growth Factor  

(0.1 ng/mL, PromoCell), Basic Fibroblast Growth Factor (1 ng/mL, PromoCell), heparin (90 μg/mL, 

PromoCell) and hydrocortisone (1 μg/mL, PromoCell). The cells were grown at 37 °C in a humidified 

atmosphere containing 5% CO2. 
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For uptake experiments, cells were incubated with NPs and after 24 h the amount of incorporated 

NPs was determined. A549 cells and HUVECs were incubated with Au-PEG NPs of different 

concentration within medium with or without serum. After 4 h of incubation, the cells were intensively 

washed and further cultured. Since serum components are known to alter physicochemical 

characteristics of NPs, we studied their internalization in the presence and absence of serum.  

Twenty-four hours after adding the NPs, the cells were lysed and the samples were analyzed for their 

gold content with inductively coupled plasma mass spectrometry (ICP-MS). The protein content of 

each sample was determined by the Bradford assay (Bio-Rad, Hercules, CA, USA). The results are 

presented in Figure 11 as ppb of gold per mg of protein. 

 

Figure 11. Internalization of Au-PEG NPs by A549 cells and HUVECs. A549 cells and 

HUVECs were incubated with Au-PEG NPs of cNP = 0.6 nM and cNP = 1 nM concentration 

cells in medium with (white bars) or without (black bars) serum. Twenty-four hours after 

adding the particles, the gold concentration cAu and the protein concentration CP  

was determined. 

For all formulations tested, more NPs were taken up if they were incubated with the cells in the 

absence of serum, which is consistent with previous findings [31]. We speculate that proteins and other 

constituents of serum that interact with the NPs change their properties in such a way that they are 

internalized by an endocytic pathway as it has been previously described [32]. Interestingly, the 

PEGylated NPs were taken up well by cells. This indicates that coating Au NPs with PEG does not 

completely preclude their internalization. In addition, NP-antibody conjugates were incorporated by 

cells, as shown in the fluorescence microscopyimages in Figure 12. 

The toxic effect of the NPs to the cells was analyzed with a standard viability assay. Ten thousand 

cells per well were seeded in 96-well-plates one day before planned experiments. A549 cells and 

HUVECs were incubated for 4 h with Au-PEG NPs at different concentrations cNP ranging from 0.2 to 

1 nM. Subsequently, the cells were intensively washed and further cultured. Cell viability was 

evaluated 24 h after NPs had been added to the cells by the MTT assay (Roche, Germany) according to 

the manufacturer’s instructions, cf. Figure 13. The assay is based on conversion of the tetrazolium dye 

3-(4,5-dimethylthiazol-2-yl)-2.5-diphenyltetrazoliumbromide to its insoluble formazan, which is purple 

in color. Data demonstrate that Au-PEG NPs reduce cellular viability in a concentration-dependent manner. 
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Figure 12. Internalization of functionalized Au NPs by human umbilical vein endothelial 

cells. HUVECs were exposed to TAMRA-labeled Au NPs functionalized with  

(a) anti-VEGF (Au-PEG-antiVEGF NPs), and (b) anti-HRP antibodies (Au-PEG-anti-HRP 

NPs). The NP-antibody conjugates were removed after 2 h and the cells were intensively 

washed. The images were taken 1 h later by employing a Zeiss fluorescent microscope. 

Images show the fluorescence and bright field channel, as the overlay of both channels. 

 

Figure 13. Toxicity induced by Au-PEG NPs in A549 cells (a) and HUVECs (b)Au-PEG NPs, 

at concentrations ranging from cNP = 0.2 to 1 nM, were incubated for 4 h with A549 cells 

or HUVECs in media containing serum. Cell viability (V) was determined 24 h after 

adding the NPs to the cells. The viability was normalized to 100% for untreated control 

cells, *p < 0.01; **p < 0.001(versus control value). 

2.7. Effect of Au NPs with Anti-VEGF on VEGF Stimulation of Cells 

Under physiological conditions VEGF binds to its receptor (VEGFR) present on the membrane  

of HUVECs, which initiates cascades of signals that stimulate many processes including  

angiogenesis [33,34]. VEGF receptors convey information to other signal transduction molecules via 

autophosphorylation of distinct residues in their structure. If VEGF binds to its receptor, HUVECs 

proliferate. If one blocks the receptor with an antibody [33,35] or NP [36,37], there is reduced 

proliferation. Antibody-based therapies relay on a sequestering of VEGF molecules by specific 

antibodies. In this way, VEGF binding to its receptor is prevented [38]. 
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In a first set of experiments, we tested the response of HUVECs to stimulation with VEGF. To that 

end, the cells were exposed for 24 or 48 h to VEGF at different concentrations (CVEGF = 2–16 ng/mL). 

As demonstrated in Figure 14, VEGF stimulated proliferation of HUVECs in a dose-dependent 

manner. At concentrations ≥ 10 ng/mL the number of cells in culture increased by more than 20% 

after 24 h and by more than 50% after 48 h. Based on these results, we chose to stimulate HUVECs 

with VEGF at concentrations of 12 and 16 ng/mL in all subsequent experiments. 

Next, in order to verify whether proliferation elicited by VEGF can be neutralized by anti-VEGF 

antibodies, we pre-incubated HUVECs with the antibody, which was followed by stimulation with 

VEGF. The results presented in Figure 15 demonstrate that soluble anti-VEGF antibodies inhibit 

proliferation of endothelial cells induced by VEGF in a dose dependent manner. Note that this is not 

due to blocking of the VEGF receptor but by binding of anti-VEGF to VEGF, which cancels the 

biological activity of VEGF. 

We next assessed whether a similar effect could be achieved by the anti-VEGF antibodies attached 

to Au NPs (Au-PEG-anti-VEGF NPs). HUVECs were first incubated with Au-PEG-anti-VEGF NPs 

for 2 h. This was followed by the stimulation with VEGF for 24 and 48 h. To verify whether the 

observed effects were specific, in this set of experiments, we also tested Au NPs functionalized with 

the irrelevant antibody anti-HRP (Au-PEG-anti-HRP NPs). 

As demonstrated in Figure 16, Au NPs functionalized with anti-VEGF antibody (Au-PEG-anti-VEGF 

NPs) exhibited some effect on the proliferation of HUVECs upon stimulation with VEGF over a longer 

period of time. However, the same trend was observed for NP carrying anti-HRP (Au-PEG-anti-HRP NPs). 

Therefore, it is likely that the recorded decrease in the number of cells in culture was not caused by a 

specific interaction of the functionalized Au NPs with VEGF but rather was associated with NP 

induced toxic effects on cells. 

 

Figure 14. Response of human umbilical vein endothelial cells to vascular endothelial 

growth factor. The endothelial cells were plated in 96-well plates (5000 cells/well) one day 

before planned experiments. The cells were exposed for 24 h (a) and 48 h (b) to different 

concentrations CVEGF of VEGF. The normalized numbers of cells N in culture were 

evaluated by performing a proliferation test. Data correspond to the mean value ± standard 

deviation obtained from n = 4 experiments, *p < 0.001 (versus control value, no VEGF). 
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Figure 15. Proliferation of human umbilical vein endothelial cells triggered by VEGF and 

neutralization induced by anti-VEGF antibody. HUVECs were first exposed for 2 h to  

anti-VEGF antibody at two concentrations (Canti-VEGF = 50 and 100 ng/mL). This was 

followed by the incubation with VEGF (CVEGF = 12 and 16 ng/mL) for (a) 24 and (b) 48 h. 

The number of cells was normalized to 100% for untreated control cells. *p < 0.01;  

**p < 0.001(versus cells treated with VEGF only). 

 

Figure 16. The effect of Au NPs functionalized with anti-VEGF or anti-HRP antibody on 

the proliferation of human umbilical vein endothelial cells triggered by VEGF. HUVECs 

were first exposed to Au NPs functionalized with (a,b) anti-VEGF or (c,d) anti-HRP 

antibodies. The NPs were added to the cells to reach concentrations of the antibodies equal 

to Canti-VEGF and Canti-HRP of 50 (grey bars) and 100 ng/L (black bars) (adjusted by the NP 

concentration by knowing the number RP/NP of antibodies per NP as shown in Table 1). 

This was followed by the incubation with VEGF (CVEGF = 12 and 16 ng/mL) for (a,c) 24h 

and (b,d) 48 h. The number of cells was normalized to 100% for untreated control cells.  

*p < 0.01; **p < 0.001 (versus cells treated with VEGF only). 
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3. Conclusions 

A protocol for functionalizing Au NPs with antibodies has been presented, together with 

characterization procedures, which quantify the number of antibodies per NP. It is demonstrated that 

biocojungation did not induce agglomeration. While successful bioconjugation could be demonstrated, 

this does not provide information about the biological activity of the attached antibodies. For this, 

profound characterization is also required. With the presented data, a biological effect of the  

NP-antibodies is demonstrated. However, this example demonstrates that such data can be misleading. 

As the same effect was observed with NP-antibody conjugates with an irrelevant antibody, the effect 

can’t be ascribed to a specific antibody effect but rather to general NP-induced toxicity. This example 

points out that antibodies can be deactivated, and that controls with irrelevant antibodies are required 

to demonstrate specific biological activity of NP-antibody conjugates. 
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ABSTRACT: Synthesis, characterization, and applications of colloi-
dal nanoparticles have been a prominent topic of current research
interests within the last two decades. Available reports in the literature
that describe the synthesis of colloidal nanoparticles are abundant
with various degrees of reproducibility and simplicity. Moreover,
different methods for the characterization of colloidal nanoparticle’s
basic properties are employed, resulting in conflicting results in many
cases. Herein, we describe “in detail” selected standard protocols for
the synthesis, purification, and characterization of various types of
colloidal inorganic nanoparticles including gold nanoparticles, silver
nanoparticles, iron oxide nanoparticles, and quantum dots. This
report consists of five main parts: The first and the second parts are
dedicated to describing the synthesis of various types of hydrophobic
and hydrophilic nanoparticles in organic solvents and in aqueous solutions, respectively. The third part describes surface
modification of nanoparticles with a focus on ligand exchange reactions, to allow phase transfer of nanoparticles from aqueous to
organic solvents and vice versa. The fourth and the fifth parts describe various general purification and characterization
techniques used to purify and characterize nanoparticles, respectively. Collectively, this contribution does not aim to cover all
available protocols in the literature to prepare inorganic nanoparticles but rather provides detailed synthetic procedures for
important inorganic nanocrystals with a full description of their purification and characterization process.

■ INTRODUCTION

Colloidal inorganic nanoparticles (NPs) gained an extensive
interest recently due to their fascinating electronic, catalytic,
optical, magnetic, and biological properties, which enable a
novel material chemistry and a wide range of promising
applications. Continuous development in understanding the
fundamental physics, chemistry, and applications of these
inorganic NPs originates from the availability of facile and
reproducible synthetic protocols. The literature is abundant
with a large number of synthetic protocols, which focus

typically on controlling the nanoparticle (NP) size and shape in
addition to purity, crystallinity, stability, and monodispersity.1

However, the preparation of high quality inorganic NPs is still
challenging and needs fine-tuning. For example, the widely used
Frens protocol fails to prepare large citrate-capped gold NPs
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(>50 nm) with acceptable monodispersity.2 Recent modifica-
tion to the Frens method by adapting the seed-mediated
approach allowed for the synthesis of citrate-capped gold and
silver NPs with excellent monodispersity and large diameter
(up to 100 nm as described in Section 2).3,4 More importantly,
the reproducibility of available reports is an issue in some cases,
which may originate from highly sensitive systems, and thus
fluctuations of any variable, such as the source of some
chemicals, may have a significant impact on the reaction
products. Another reason for the observed irreproducibility is
the unexpressed “critical details” and “tricks” in the published
reports. With this in mind and based on our own experience,
we aim in this contribution to compile reproducible, simple,
and detailed synthetic protocols that enable the synthesis and
characterization of high quality inorganic NPs. Accordingly,
Sections 1 and 2 in this contribution focus on the synthesis of
hydrophobic and hydrophilic inorganic NPs including gold,
silver, iron oxide, and quantum dots.
Usually “as prepared” NPs need further modification to

control their hydrophilicity, hydrophobicity, colloidal stability,
biocompatibility, biological recognition, and many other
properties. Powerful surface modification reactions and
strategies are available in the literature, including ligand
exchange, ligand modification, polymer coating, and silaniza-
tion,5,6 as well as controlled bioconjugation.7 Due to the
importance of surface functionalization, we describe ligand
exchange reactions in three sections (Sections 3, 4, and 5) and a
polymer coating strategy in Section 6. The described ligand
exchange reactions might be employed to control the
properties of the NPs such as (i) improving the colloidal
stability and interaction with biological compartments (e.g.,
ligand exchange of citrate-capped Au = gold (Au) NPs with
thiolated polyethylene glycol in Section 3); (ii) facilitating the
phase transfer of NPs from water to organic solvent (e.g., ligand
exchange of citrate-capped Au NPs with dodecylamine/
polyethylene glycol mix in Section 4); and (iii) facilitating
the phase transfer of NPs from organic solvent to water (e.g.,
ligand exchange of alkanethiol capped Au NPs with 3-
mercaptopropionic acid in Section 5). Another universal
strategy of surface functionalization is detailed in Section 6,
in which a polymer coating is employed to change hydrophobic
inorganic NPs into highly charged NPs, rendering their surface
hydrophilic and allowing their transfer to the aqueous solution.
It is worth mentioning that the described surface functionaliza-
tion strategies herein are general and can be applied to NPs of
other materials, sizes, and shapes.
Similar to the synthesis of organic small molecules or

polymers, the preparation of inorganic NPs requires a careful
postsynthesis purification to get rid of “impurities”, which can
be any leftover reactants, free surfactant/capping agents, or
undesired reaction products. The purification of NP solution is
critical in many cases and should be considered as a vital step.
For example, free cationic surfactants in gold nanorods (Au
NRs) suspensions are responsible for cellular toxicity and in
first order not the Au NRs themselves, highlighting the
importance of using “purified” Au NR solution prior to
biological evaluations/applications.8 Another example is the
presence of free recognition ligands (unbound) in NP solution,
which should compete with bound ligand on the NPs for
interaction with the designated target, which complicates
interpretation of results and may result in serious artifacts.
Despite the clear importance of the purification process, it is
often overlooked in the literature and only briefly described in

many published reports. With this in mind, we tried to focus on
this important topic through designating a separate section that
describe various methods of NP purification including filtration,
centrifugation, dialysis, size exclusion chromatography, and
electrophoresis (see Section 7).
After synthesis and purification of NPs, proper character-

ization is essential to confirm the NP’s structural, photo-
physical, and colloidal properties, as detailed in Sections 8, 9,
and 10, respectively. Structural characterization of NPs involves
probing the quantitative and qualitative composition of NPs,
size and shape determination of inorganic core and organic
shell using electron microscopy, analysis of NP crystallinity
using X-ray diffraction (XRD), quantification of the organic
shell weight percentage on single NPs using thermogravimetric
analysis, and confirming the chemical structure of the organic
shell on the surface of NPs using nuclear magnetic resonance
(NMR) analysis and infrared spectroscopy.
Photophysical characterization of NPs is very important,

since it is the basis of various applications. For example,
plasmon absorption and scattering of Au NPs allow sensing,
imaging, and analytical applications of these nanostructures.
The fluorescence phenomenon of quantum dots (QDs) is the
basis for their use in imaging, tracking, and cellular labeling
applications. Considering the importance of careful evaluation
to the photophysical properties of NPs, it is addressed
separately in Section 9, which includes characterization of Au
NP’s optical absorption and determination of NP concentration
based on their absorption spectra. Also fluorescence spectros-
copy as a tool to characterize QDs and to calculate their
quantum yields is detailed with examples.
Characterization of the colloidal properties of NPs such as

hydrodynamic diameter using dynamic light scattering (DLS)
and effective surface charge using laser Doppler anemometry is
very critical and thus included in Section 10. For example,
measuring hydrodynamic diameters is an effective tool to follow
NP aggregation, dissolution, and interaction with proteins or
other ligands. Moreover, evaluation of the effective surface
charge of NPs can be employed to confirm specific surface
functionalization, such as ligand exchange, polymer overcoating,
and protein adsorption. In Section 10, following NP
aggregation as a function of salt addition or the solution’s pH
is discussed and detailed with examples of gold and silver NPs
with various surface chemistries. Finally, characterization of the
acidity/basicity of NPs by determination of their pKa and
number of acidic or basic groups on single NPs using pH
titration and laser Doppler anemometry is described.

1. SYNTHESIS AND CHARACTERIZATION OF
HYDROPHOBIC INORGANIC NPs IN ORGANIC
SOLVENT
1.1. General Considerations. All glassware was first

cleaned with detergent followed by aqua regia and carefully
rinsed with Milli-Q water and acetone to guarantee an
extremely cleaned glass surface. Aqua regia oxidizes and
dissolves residual organic and inorganic impurities, which may
interfere with the synthesis of NPs. Aqua regia solution is
prepared by mixing 3 volume parts of hydrochloric acid (HCl)
with 1 volume part of nitric acid (HNO3) and should be used
fresh. Aqua regia is a corrosive and strong oxidizing agent that
should be prepared with care in a well-ventilated fume
cupboard with protective clothing, goggles, and gloves.
Sections 1.2−1.8 describe the detailed synthesis of various

types of NPs (Au, Ag, FePt, Fe3O4, Sn, CdSe, CdSe/ZnS, and
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CdS) in hydrophobic organic solvents. In these syntheses, the
inorganic NP cores are stabilized by a shell of organic
hydrophobic ligands (Figure 1), which ensures colloidal

stability of NPs in organic solvents such as toluene or
chloroform. The effective NP diameter (deff) is the sum of
the inorganic core diameter (dc) and the thickness of the
stabilizing ligand shell (lligand) as per eq 1. In case the NP core is
comprised of (n) layers of different materials (e.g., core−shell
NPs), the diameter of the first inner material is referred to as
dc1 and the diameter of the core after the second material is
referred to as dc12. The diameter of the core after the nth
material is referred to as dc12...n).

= + ×d d l2eff c ligand (1)

1.2. Synthesis of Hydrophobic Au NPs (≈4 or 7 nm
core diameter). Dodecanethiol-Stabilized Au NPs (≈4 nm
core diameter). Hydrophobic Au NPs were synthesized
according to the Brust−Schiffrin two-phase method,9 with
some modifications, as previously published.10 The reaction
was carried out at room temperature (RT) under ambient
conditions. An aqueous phase with gold precursor (a yellow
translucent solution containing AuCl4

− ions) was prepared by
dissolving 300 mg (0.9 mmol) of hydrogen tetrachloroaurate
(III) (HAuCl4, 99.9%, Alfa Aesar no. 12325) in 25 mL of Milli-
Q water. An organic phase containing 2.170 g (3.9 mmol) of
tetraoctylammonium bromide (TOAB, N(C8H17)4

+Br−, Sigma-
Aldrich no. 294136) dissolved in 80 mL of toluene (Fluka
89682) was prepared immediately afterward.
The two solutions, i.e., the aqueous and the organic phases,

were mixed in a 500 mL separation funnel (cf. Figures 2 and 3)
and shaken vigorously for about 5 min. Upon mixing, AuCl4

−

ions (in the aqueous yellow phase) were gradually transferred
into the organic toluene phase, forming tetraoctylammonium
tetrachloroaurate ion pairs (N(C8H17)4

+AuCl4
−) as per eq 2.

Within this process, the initial colorless toluene phase (tol)

turned into a deep orange color, while the initial yellow color of
the aqueous phase (aq) turned colorless (see Figure 3A−C).

+

→ +

+ −

+ −

HAuCl (aq) N(C H ) Br (tol)

N(C H ) AuCl (tol) HBr(aq)
4 8 17 4

8 17 4 4 (2)

The aqueous solution (at the bottom) was discarded, and the
organic phase containing gold precursors was transferred to a
250 mL round flask.
In addition to the gold precursor solution, a solution with a

strong reducing agent was prepared as follows: In a beaker, 334
mg of sodium borohydride (NaBH4, 98%, Sigma-Aldrich no.
452882) was dissolved in 25 mL of Milli-Q water under
vigorous stirring. The prepared solution should be used
immediately after preparation due to the fast decomposition
of sodium borohydride as per eq 3. Observing small bubbles
due to the formation of hydrogen is common.

+

→ + ↑ + +

−

+ −

BH (aq) 3H O

B(OH) (aq) 3H ( ) H e
4 2

3 2 (3)

In order to obtain Au NPs, the freshly prepared solution of
sodium borohydride was added dropwise within 1 min to the
vigorously stirred organic phase containing the gold precursor
(see Figures 4 and 5). Hereby the Au(III) precursor is reduced
to Au(0) forming Au NPs. A few seconds after the addition of
borohydride the color changed from deep orange (Au(III)
precursor) to red-violet (tetraoctylammonium bromide capped
Au NPs, TOAB-Au NPs).

× + × →+ −n n eAu (tol) 3 Aun
3

(4)

The solution was kept stirring for about 1 h in order to reduce
remaining gold ions (Figure 5).
After 1 h of stirring at RT, the mixture was transferred into a

separation funnel. The aqueous phase was discarded, and the
organic phase was washed with 25 mL of 10 mM HCl (aq), 25
mL of 10 mM NaOH (aq), and 3 times with 25 mL Milli-Q
water (cf. Figure 4). For the washing steps the solution used for
washing (i.e., HCl, NaOH, or H2O) was added in the funnel to
the organic phase, and the mixture was shaken. After separation
of the organic and aqueous phase the aqueous phase at the

Figure 1. Scheme showing an inorganic NP, which consists of an
inorganic core and an organic hydrophobic ligand shell (drawn in red).
The inorganic core here is composed of a core/shell structure of two
different materials (first material is the inner core drawn in light gray,
and the second material is the inorganic shell drawn in dark gray).

Figure 2. Scheme of the process of transferring AuCl4
− ions from the

aqueous phase to the organic phase through the formation of
tetraoctylammonium tetrachloroaurate ion pairs.

Figure 3. Photographs of the biphasic system showing the process of
transferring AuCl4

− ions from the aqueous phase (lower phase) to the
organic phase (upper phase) through the formation of tetraoctylam-
monium tetrachloroaurate ion pairs (dark red phase in C).
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bottom was discarded. Washing steps are necessary to get rid of
residual precursors and salts (Figure 6).
After discarding the aqueous phase from the last washing

step, the remaining deep red, organic solution (ca. 80 mL) was
transferred to a 250 mL round-bottom flask and stirred
overnight to get thermodynamically stable NPs with narrow
size distribution, mediated by Ostwald ripening11−13 (cf. Figure
7).
After the synthesis of TOAB-Au NPs, a ligand exchange

procedure was carried out, in order to obtain dodecanethiol-
stabilized Au NPs (DDT-Au NPs). TOAB-Au NPs are
stabilized by weakly adsorbed TOAB molecules at the surface
of Au NPs, which can be desorbed by various stresses, such as
dilution or repeated centrifugation. In order to get more stable
Au NPs, TOAB can be exchanged with alkanethiols (e.g.,
dodecanethiol) that assemble strongly on the surface of gold
due to the strong Au−S bond.14,15

For the ligand exchange procedure, 10 mL of 1-
dodecanethiol (DDT, 98%, Sigma-Aldrich no. 471364) was
added to the TOAB-Au NPs in toluene (ca. 80 mL) (Figures 8
and 9). The solution was heated to 65 °C and stirred for 2 h to
facilitate the ligand exchange and finally stirred at RT to cool
down. During this process, the mercapto group in dodeca-
nethiol molecules displaces the TOAB,16 yielding dodecane-
thiol-stabilized Au NPs.
The solution of DDT-Au NPs was poured into several 40 mL

vials and centrifuged at 900 rcf for 5 min, in order to remove
larger agglomerates. The supernatant containing the well-
dispersed DDT-Au NPs was collected and pooled, and the
agglomerates (i.e., the precipitate) were discarded. DDT-Au
NPs were then precipitated using methanol (99.8%, Sigma, no.
322415) as a nonsolvent. For this, about 20 mL of DDT-Au
NPs solution was placed in 40 mL glass vials, followed by the

gradual addition of methanol until the solution turned cloudy.
The solution was then centrifuged at 900 rcf for 5 min, in order
to precipitate the DDT-Au NPs. After this step of
centrifugation, the supernatant turned colorless, and DDT-Au

Figure 4. Synthesis of 4 nm TOAB-Au NPs is based on the reduction of Au(III) to elemental Au(0) by the addition of NaBH4. After the formation
of Au clusters, the NP suspension is washed several times with aqueous solutions.

Figure 5. Reduction process of gold ions by sodium borohydride.

Figure 6. Purification of TOAB-Au NPs. Upper toluene phase
containing TOAB-Au NPs is washed with aqueous solutions (HCl,
NaOH, and Milli-Q water) in the lower phase to remove excess
sodium borohydride and other residual chemicals. (A) Photograph of
the two phases immediately after shaking: note that the two phases are
not completely separated. (B) Photograph of the two phases after they
were allowed to separate, forming a transparent aqueous phase at the
bottom and a deep red organic phase at the top containing TOAB-Au
NPs.

Figure 7. Ostwald ripening phenomena result in TOAB-Au NPs with
a narrow size distribution. Smaller Au NPs in inhomogeneous
population in terms of size dissolve and end up in bigger Au NPs.
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NPs were collected on the bottom of the centrifugation tube. In
case of incomplete collection of DDT-Au NPs, additional
methanol can be added, in order to increase the polarity of the
medium and thus promoting the precipitation of the DDT-Au
NPs, cf. Figure 10. After discarding the supernatant (which
contains excess DDT and the replaced TOAB), the collected
DDT-Au NPs were resuspended in chloroform. Similarly,
DDT-Au NPs in chloroform were precipitated by the addition

of methanol (a large enough amount to induce turbidity),
followed by centrifugation for 5 min at 900 rcf to precipitate
and collect DDT-Au NPs. After discarding the supernatant,
collected DDT-Au NPs were resuspended in chloroform,
leading to the final solution of DDT-Au NPs.
The described cleaning procedure by the addition of

methanol (i.e., nonsolvent) narrows the size distribution of
the DDT-Au NPs. Upon the addition of only a little methanol,
bigger Au NPs precipitate, whereas the smaller Au NPs remain
in the supernatant. This size selective precipitation allows for
collecting NPs with similar sizes and discarding extremely small
NPs (Figure 10).17 It is worth noting here that the use of excess
methanol should be avoided, since this will coprecipitate excess
ligand molecules in solution along with the collected NPs, and
thus hinder the purification.18

Synthesis of Au NPs in the Presence of Hexanoic Acid:
Hexanoic Acid-Stabilized Au NPs (≈4 nm core diameter). In
a 25 mL round-bottom flask a solution of 29 μL (231 nmol) of
hexanoic acid (Sigma-Aldrich, no. 153745) dissolved in 2 mL of
toluene was mixed with 25 mg (97.2 mmol) of tetrabuty-
lammonium borohydride (TBAB, 98%, Alfa Aesar, no. A17494)
dissolved in 1 mL of didodecyldimethylammonium bromide
(DDAB, 99%, Alfa Aesar, no. B22839) stock solution (100 mM
in toluene) at RT. In addition, a solution of 500 μL (25 μmol)
of HAuCl4 (Sigma-Aldrich, no. 254169) (50 mM in DDAB
stock) and 2 mL of DDAB stock was added fast under vigorous
stirring. The solution was left for ripening for 1 h, stirring at RT
before further use.

Figure 8. Ligand exchange on TOAB-Au NPs with dodecanethiol leading to the formation of DDT-stabilized Au NPs.

Figure 9. Au NPs are stirred after the addition of DDT while the
temperature is controlled by a thermometer that is embedded in the
reaction flask.
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Synthesis of Au NPs in the Presence of Decanoic Acid:
Decanoic Acid-Stabilized Au NPs (≈7 nm core diameter). For
this purpose, a solution of 43 mg (250 μmol) of decanoic acid
(Sigma-Aldrich, no. C1875) dissolved in 2.5 mL of toluene and
a solution of 25 mg (97.2 mmol) of TBAB dissolved in 1 mL of
DDAB stock solution (100 mM in toluene) were added in a 25
mL flask. Then a solution of 500 μL (25 μmol) of HAuCl4 (50
mM in DDAB stock) and 2 mL of DDAB stock were added to
the mixture quickly and under vigorous stirring and left for
ripening for 1 h stirring at RT before further use.
It is worth noting that the synthesis of Au NPs in the

presence of hexanoic or decanoic acid results in weakly capped
NPs with these ligands, which can be considered as
“intermediate NPs” ready for further ligand exchange with
thiol capped molecules. However, the use of these fatty acids
ensures a narrow size distribution of the prepared Au NPs as
described by Jana et al.19

1.3. Synthesis of Hydrophobic Ag NPs (≈4 nm core
diameter). Also silver NPs (Ag NPs) can be synthesized in
organic solvents.20 The herein described synthesis of Ag NPs is
similar to the synthesis of Au NPs as described in Section 1.2.
Mari et al. reported an effective protocol to prepare alkanethiol-
stabilized Ag NPs (≈4.2 nm in core diameter).21 The first step
was the synthesis of an alkyl thiosulfate (namely, sodium S-
dodecylthiosulfate) as a ligand precursor as per eq 5.

· +

→ + +− +

Na S O 5H O CH (CH ) Br

CH (CH ) S O Na NaBr 5H O
2 2 3 2 3 2 11

3 2 11 2 3 2 (5)

Sodium thiosulfate pentahydrate (6.21 g (25 mmol, 1.0 equiv),
Sigma-Aldrich, no. 217247) was dissolved in 50 mL of Milli-Q
water. In addition, 5.19 mL (25 mmol, 1.0 equiv) of 1-
bromododecane (Sigma-Aldrich, no. B65551) was dissolved in
50 mL of ethanol. The combined solutions were stirred under
reflux for 3 h. The mixture was cooled down to RT, and the
resulting crystals of sodium S-dodecylthiosulfate were filtered
using a funnel with a proper filter paper. Another crystallization
step was performed, where sodium S-dodecylthiosulfate was
dissolved in as little ethanol as possible under heating (∼45 °C)
and left in a crystallization beaker for cooling to RT. In this
manner, purification of the product was obtained by allowing
the solution to gradually cool and be saturated with the
compound. The product of interest crystallized, and unwanted
contaminations remained in the liquid phase. Finally, the
sodium S-dodecylthiosulfate crystals were filtered as previously
described, and the final product was dried in vacuum (cf. Figure

11). Importantly, the synthesis should be done in a fume hood
and under controlled laboratory conditions.

For the synthesis of Ag NPs, 390 mg (1.26 mmol, 0.75
equiv) of sodium S-dodecylthiosulfate in 90 mL of ethanol was
heated up to 50 °C. To this solution was added 282 mg (1.68
mmol, 1.0 equiv) of AgNO3 (Sigma-Aldrich, no. 209139), and
the resulting mixture was stirred for a further 10 min. A color
change was observed; the white solution turned brown after a
few minutes (cf. Figure 12). A total of 318 mg (8.4 mmol, 5.0
equiv) of sodium borohydride (NaBH4 98%, Sigma-Aldrich, no.
452882) was dissolved in 15 mL of ethanol and added to the
mixture, which turned almost black immediately (cf. Figure 12).
After 5 min, 74 mg (0.42 mmol, 0.25 equiv) of ascorbic acid
(Sigma-Aldrich, no. 255564) was added, and the mixture was
stirred at 50 °C for a further 3 h. As the reaction mixture
reached RT, the solution with the Ag NPs was transferred into
centrifuge tubes, and the Ag NPs were collected at the tube
bottom by centrifuging at 3000 rcf for 15 min. After discarding
the supernatant, the Ag NPs were resuspended in Milli-Q water
and again collected by sedimentation (3000 rcf, 15 min). This
washing step was repeated two more times using ethanol and
then acetone (cf. Figure 12). After that, the Ag NPs were dried
under reduced pressure, which led to gray powder. For further
use, the NPs were resuspended in chloroform.

1.4. Synthesis of Hydrophobic FePt NPs (≈4 nm core
diameter). The synthesis of ≈4 nm core diameter FePt NPs as
carried out here was described first by Sun et al.22 This reaction
needs to be carried out in a water- and oxygen-free atmosphere

Figure 10. Size selective precipitation method to purify DDT-Au NPs and narrow their particle size distribution. The addition of a polar nonsolvent
(methanol or acetone, drawn in blue) to DDT-Au NPs in hydrophobic solvent (e.g., toluene or chloroform, drawn in red) results in agglomeration
and precipitation of large DDT-Au NPs. Collected precipitates of large DDT-Au NPs are redispersed in fresh hydrophobic solvent resulting in DDT-
Au NPs with higher monodispersity. Smaller DDT-Au NPs remaining in supernatant are discarded.17

Figure 11. Schematic illustration of the chemical synthesis of sodium
S-dodecylthiosulfate as a ligand precursor to stabilize Ag NPs.
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(e.g., Schlenk line and/or glovebox). In a typical synthesis,
platinum(II) acetylacetonate (197 mg, 0.5 mmol, 1 eq, ABCR,
no. AB 121416), 1,2-hexadecanediol (390 mg, 1.5 mmol, 3
equiv, Sigma-Aldrich, no. 213748) and dioctylether (20 mL,
Sigma-Aldrich, no. 249599) were mixed in a three-neck flask, a
magnetic bar was added, and the mixture was heated to 100 °C.
The temperature was controlled by a temperature sensor
immersed in the solution (cf. Figure 13). When the desired

temperature was reached, the solution presented a light yellow
color. Then, oleic acid (OA, 0.16 mL, 0.5 mmol, 1 equiv,
Sigma-Aldrich, no. O1008), oleylamine (OLA, 0.17 mL, 0.5
mmol, 1 equiv, Sigma-Aldrich, no. O7805), and Fe(CO)5 (0.13
mL, 1 mmol, 2 equiv, Sigma-Aldrich, no. 481718) were added.
After the addition of the Fe precursor, the color of the solution
turned to light brown. The reaction was heated under reflux
(297 °C) for 30 min (cf. Figure 13). At this temperature, the
solution started to boil, and some fumes were observed.
Moreover, the color of the solution changed to deep brown,
indicating the formation of NPs. After 30 min of heating, the
reaction mixture was allowed to cool down to RT by removing
the heating source.
For purification, the solution of FePt NPs was transferred to

two centrifuge tubes of 50 mL, and ethanol (40 mL, Carl Roth,
no. 64-17-5) was added to induce precipitation of the NPs. The
NPs were separated by centrifugation (5 min, 2700 rcf) (cf.
Figure 14). The brown colored supernatant containing
byproducts was discarded, and the black NP precipitate was
dispersed in hexane (25 mL) in the presence of OA (0.05 mL)

and OLA (0.05 mL), in order to provide the NP colloidal
stability for long storage periods.

1.5. Synthesis of Hydrophobic Fe3O4 NPs (≈4 nm core
diameter). The synthesis of Fe3O4 NPs as outlined here was
initially published by Sun et al. in 2003,23 with a procedure to
obtain monodisperse NPs with variable composition: MFe2O4,
M being a metal that can be iron, cobalt, or manganese,
allowing variation in the magnetic properties. This protocol
allows for the synthesis of NPs with a tunable diameter from 3
to 20 nm by changing the initial reaction conditions, or via a
postsynthesis seed-mediated approach. In the present report
only the synthesis of 4 nm core size Fe3O4 NPs is presented
and detailed (cf. Figure 15). To prepare these NPs, 706.4 mg (2

mmol, 1 equiv) of the metal precursor iron(III) acetylacetonate
(Fe(acac)3; 99%, Strem Chemicals, no. 26-2300) was dissolved
in 20 mL of diphenyl ether (Sigma-Aldrich, no. P24101) in the
presence of 6 mmol of OA (3 equiv, 90%, Sigma-Aldrich, no.
364525), 6 mmol of OLA (3 equiv, Aldrich, no. O7805), and
10 mmol of 1,2-hexadecanediol (5 equiv, Sigma-Aldrich, no.
52270). The process needs to be carried out in an oxygen- and
water-free atmosphere (glovebox and/or Schlenk line), where
the mixture was stirred at 200 °C for 30 min. The mixture was
then heated up to 265 °C for another 30 min to induce thermal
decomposition and thus the formation of NPs (cf. Figure 15).
The Fe3O4 NP dispersion was then cooled down to RT and
was taken away from the water- and oxygen-free ambient. In
this preparation, 1,2-hexadecanediol acts as reducing agent to
reduce the metal precursor into Fe3O4 NPs that are stabilized
with oleic acid and oleylamine. For purification, the dark brown
dispersion was equally distributed into two 50 mL centrifuge

Figure 12. Graphic scheme of the synthesis and purification of
dodecanethiol-stabilized Ag NPs (DDT-Ag NPs).

Figure 13. Schematic illustration of the chemical synthesis of 4 nm
core diameter FePt NPs. The synthesis was carried out under water
exclusion and N2 atmosphere in a three neck flask equipped with seal
septa to be able to add all reagents under oxygen and water free
conditions.

Figure 14. Graphic scheme (upper panel) and photographs (lower
panel) of FePt NP purification steps after synthesis.

Figure 15. General scheme of the synthesis and purification of Fe3O4
NPs. After the initial synthesis, both large aggregates and solvent
impurities are removed by centrifugation, obtaining NPs that are
finally stabilized by OLA and OA.
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tubes, and then 25 mL of ethanol (Roth, no. 5054.2) was added
to each tube, and the NPs were centrifuged at 2700 rcf for 5
min. Supernatants were discarded, and the Fe3O4 NPs were
collected at the bottom of the centrifugation vial. The Fe3O4
NPs were resuspended in a mixture of hexane with 1% (v/v)
OA and OLA. Additional centrifugation at 2700 rcf for 10 min
is necessary to get rid of any undispersed residue/aggregates.
The resulting supernatants were transferred to clean vials, and a
new washing step with ethanol was performed at 2700 rcf for 5
min (cf. Figure 15). The final Fe3O4 NPs with a core diameter
of ≈4 nm forming the pellet were finally redispersed into
hexane supplemented with 1% OA and OLA.
1.6. Synthesis of Hydrophobic Sn NPs (≈11 nm core

diameter). The synthesis of monodisperse Sn NPs with a core
diameter of 11 nm as reported here was first published by
Kravchyk et al. in 2013.24 The protocol employs the reaction of
LiN(Si(CH3)3)2 with a solution of oleylamine (OLA) and
SnCl2 at 180 °C, followed by the reduction of Sn(II) to
elemental tin using diisobutylaluminum hydride (DIBAH)
(Figure 16). The reaction was completely performed inside a

glovebox under N2 atmosphere. Importantly, all glassware
should be dried using heat and vacuum as the reaction is
sensitive to water. The described reaction is violent; thus, it
should be carried out with caution, and safety regulations
should be considered.
A 250 mL three neck flask was equipped with a reflux

condenser, stirring bar, and two additional seal septa with one
thermal sensor connected to a magnetic stirrer with heating
capability. A total of 24.6 mL of OLA (Sigma-Aldrich, ≥98%,
no. HT-OA100) was filled into the flask using a 20 mL syringe
and was stirred under vacuum at 140 °C for 1.5 h. After cooling
the solvent down to 50 °C, 94.8 mg (0.5 mmol, 1.0 equiv) of
SnCl2 (Sigma-Aldrich, no. 208256) was added, and the mixture
was again dried under vacuum at 140 °C for 30 min.
Meanwhile, 601 mg (3.6 mmol, 7.2 equiv) of LiN(Si(CH3)3)2
(Sigma-Aldrich, no. 324620) was dissolved in 3 mL of toluene
using a small beaker. The mixture of OLA and SnCl2 was
heated up to 180 °C under N2 atmosphere, followed by the
injection of LiN(SiMe3)2 in toluene solution. After 10 s, 0.6 mL
(0.6 mmol, 1.2 equiv) of a 1.0 M solution of DIBAH dissolved
in tetrahydrofuran (THF, Sigma-Aldrich, no. 214981) was
injected, which induced a color change to dark brown. The
reaction mixture was further stirred for 1 h before putting the
flask into an ice bath to cool it down. During this, at about 150
°C, 10 mL of toluene were added, and the flask was extracted
out of the glovebox and immediately held into an ice bath to
speed up the cooling process (cf. Figure 17).
When the Sn NP solution had cooled to RT, it was

transferred into two 50 mL centrifuge tubes and mixed with 40
mL of ethanol, which led to precipitation of the Sn NPs. The
sample was centrifuged at 3000 rcf for 5 min, in order to

separate the NPs from the solvent. The NPs were collected,
and the supernatant was discarded. Next, the Sn NPs were
resuspended in a solution of oleic acid (OA) in chloroform (∼6
mL, 1 mL OA/50 mL CHCl3), which led to a ligand exchange
from OLA to OA. Finally, a second precipitation step was
performed by adding 10 mL of ethanol to the solution and
centrifugation at 3000 rcf for 5 min and resuspension in 10 mL
of CHCl3 to generate a long-term stable solution of Sn NPs (cf.
Figure 18).

1.7. Synthesis of Hydrophobic CdSe and CdSe/ZnS
NPs (≈2−10 nm core diameter). CdSe NPs, so-called
quantum dots (QDs), of different sizes were synthesized using
CdO as a precursor, via the procedure described by Peng’s
group,25 with minor modification in reaction temperature/time,
in order to achieve a better control of the size of the NPs. To
improve the quantum yield and long-term stability of these
fluorescent NPs, coating of the CdSe NPs with a shell of ZnS
was employed26,27 using diethylzinc and hexamethyldisilathiane
as zinc and sulfur sources, respectively.28

Figure 16. Synthesis of monodispersed Sn NPs.

Figure 17. Schematic illustration of the chemical synthesis of 11 nm
Sn NPs. The synthesis was carried out under water exclusion and N2
atmosphere in a three neck flask equipped with a seal septa to be
capable of adding all reagents and guarantee oxygen- and water-free
conditions. For drying the solvent OLA and SnCl2, the reflux
condenser was equipped with a three-way valve to be able to switch
between N2 and vacuum. Before extracting the flask out of the
glovebox, the thermal sensor and reflux condenser were removed, and
all three necks were closed using the seal septa.

Figure 18. Purification of Sn NPs and OLA ligand exchange with OA.
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Synthesis of CdSe cores: In a typical synthesis, 0.03 g of
cadmium oxide (CdO, Sigma-Aldrich no. 202894), 0.11 g of
hexylphosphonic acid (HPA, Sigma-Aldrich no. 750034), and
3.5 g of trioctylphosphine oxide (TOPO, Sigma-Aldrich no.
223301) were loaded into a 100 mL glass three-neck flask
connected to a nitrogen line (see Figure 19). The mixture was

degassed at 120 °C for 20 min and then heated to 300−320 °C
under nitrogen atmosphere for 15 min to allow the complete
dissolution of CdO in HPA and TOPO leading to a clear and
colorless solution, which indicates that a Cd−HPA/TOPO
complex has been formed. In case the CdO did not dissolve
completely, (i.e., the solution did not turn transparent), some
more HPA needs to be added.
Then, the temperature of the solution was cooled down to

270 °C by setting the temperature controller to this
temperature and waiting for around 10−15 min. When the
desired temperature was reached, 1.2 mL of selenium stock
solution was swiftly injected with a syringe. The selenium stock
solution was prepared by dissolving 0.0255 g of selenium
powder (Se, Sigma-Aldrich no. 229865) in 1.5 mL of
trioctylphosphine (TOP, Sigma-Aldrich no. 718165), to
produce a 0.215 M stock solution of trioctylphosphine selenide
(Se−TOP). After injection, the temperature dropped by
roughly 20 °C and was maintained then at 250 °C throughout
the synthesis of the CdSe cores. At 3−5 min after the injection,
the color of the solution turned from colorless to yellow,
indicating the nucleation of CdSe NPs. Upon further grown of
the NPs this color gradually turned to yellow-orange, orange,
red, and finally dark red 30−40 min after the injection.
CdSe NP growth was monitored by taking aliquots from the

reaction flask every 5 min. Aliquot solutions were diluted with
chloroform, and their UV/visible absorption spectra were
recorded (cf. Figure 20). Even when the growth rate varied
slightly from synthesis to synthesis, it was always sufficiently

slow so that the synthesis could be stopped whenever the first
exciton peak in the absorption spectrum reached the desired
value, which could be easily correlated to the NPs’ average size
through calibration curves available in the literature.29 Once the
cores had reached the desired size, either the reaction could be
stopped by removing the heating mantle to let the solution cool
down to RT with the resulting NPs purified as described below
or optionally the temperature could be maintained at 250 °C
and the synthesis was continued further to grow a ZnS shell on
the prepared CdSe cores.
For ZnS shell growth, a shell of ZnS can be optionally grown

around the CdSe cores; see Figure 21. Once CdSe NPs have
reached the desired size, they can be directly passivated by
growing a ZnS shell, without the need of isolating the CdSe
NPs from the crude solution.31 For CdSe cores with a size of dc
= 3.82 nm in diameter, 1.5 mL of the overcoating stock solution
(Zn/S/TOP solution) was added dropwise to the mixture
under vigorous stirring through the addition funnel over a
period of ≈10 min. It is important that the addition is done
dropwise in order to avoid nucleation of ZnS NPs. The Zn/S/
TOP stock solution was prepared by adding equimolar
amounts of the Zn and S precursors in TOP, that is, 1.75
mL of diethylzinc solution (ZnEt2 1 M in hexane, Sigma-
Aldrich no. 296112) and 0.37 mL of hexamethyldisilathiane
((TMS)2S, Sigma-Aldrich no. 283134) in 10.38 mL of
trioctylphosphine (TOP, Sigma-Aldrich no. 718165). Note
that the Zn/S/TOP stock solution can be separated and frozen
into aliquots to be used in the next synthesis, being stable once
frozen for at least six months. After the addition of Zn/S/TOP
solution, the mixture was left to cool down to 90 °C by
removing the heating mantle, and then this temperature was
maintained and the solution stirred for 3 h more. Finally, the
solution was cooled down to RT by turning the heating off, and
the NP suspension was transferred to a glass vial and diluted
with 10 mL of anhydrous chloroform.
The amount of added Zn/S/TOP stock solution depends on

the CdSe core size and the desired thickness of the ZnS shell.
The amount of Zn and S precursors (i.e., Zn/S/TOP stock
solution) needed for growing a ZnS shell of desired thickness
can be estimated. First, from the wavelength of the first exciton
peak λabs in the absorption spectrum of the CdSe cores, the

Figure 19. Setup for the synthesis of CdSe/ZnS NPs. The photo
shows a three-neck flask equipped with a heating mantle, a reflux
condenser, an addition funnel, a thermometer connected to a
temperature controller, and a nitrogen flow.

Figure 20. Monitoring the growth of CdSe NPs by (A) recording the
UV/visible absorption spectra A(λ) of aliquot samples that were taken
from the reaction flask at different time intervals followed by dilution
with chloroform. The peak in the spectrum at wavelength λabs is due to
the excitation of the first exciton.30 The spectra were normalized to the
absorption at the first exciton peak. Upon growth of CdSe NPs, the
absorption peak shifts to higher wavelength, as shown here in the five
spectra recorded after different time points (t = 5 min, 10 min, 15 min,
20 min, 30 min). (B) The solutions of the CdSe NPs are fluorescent
with tunable excitation wavelength that were red upon growth of NPs.
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diameter of the cores dc is estimated via an empirical formula by
Yu et al.,29 which correlates CdSe NPs core size (dc) with the
corresponding wavelength of the first exciton peak (λabs):

λ

λ λ λ

= × × − ×

× + × × − ×

+

− − − −

− −

d (1.6122 nm 10 nm ) (2.6575 10 nm )

(1.6242 10 nm ) 0.4277

41.57 nm

c
9 4

abs
4 6 3

abs
3 3 2

abs
2

abs

(6)

According to the literature, a number of ZnS monolayers
between 1 and 2 is usually the optimum for getting the
maximum quantum yield in CdSe/ZnS NPs.26,31,32 In case of
too thin layers, the passivation effect is not significant. In case of
too thick layers, the ZnS shell may crack due to differences in
the lattice constants between CdSe and ZnS, resulting in poor
quantum yields. In this work 1.2 monolayers were selected as
the desired thickness of ZnS on CdSe NPs. According to the
bulk lattice parameters of ZnS, the thickness of one single ZnS
monolayer is 0.31 nm, defined as the distance between
consecutive planes along the [002] axis in bulk wurtzite
ZnS.26 Therefore, the thickness of the ZnS shell corresponding
to 1.2 monolayers is 0.37 nm (cf. Figure 1).
By knowing the diameter of the CdSe core (dc1) from eq 6

(as the inorganic part comprises here a core and a shell the
innermost core is termed dc1 instead of dc) and the desired
thickness of the ZnS shell (dc12 − dc1) = 2 × 0.37 nm = 0.74
nm, the diameter dc12 of the CdSe/ZnS core/shell NP can be
calculated (dc12 = dc1 + 0.74 nm). The volume of the ZnS shell
Vc2 around one CdSe core thus is the volume of one CdSe NP

(Vc1 = (π/6)dc1
3), subtracted from the volume of one CdSe/

ZnS NP (Vc12 = (π/6)dc12
3), cf. eq 22.

For example, sample QD4 in Figure 20 corresponds to CdSe
NPs with λabs = 580 nm. According to eq 6, dc1 = 3.82 nm, and
thus dc12 = 3.82 nm + 0.74 nm = 4.56 nm. This leads to
volumes Vc1 = 29.19 nm3 and Vc2 = Vc12 − Vc1 = 20.46 nm3 of
the CdSe core and the ZnS shell, respectively. The ratio of the
shell volume to the core volume thus is Vc2/Vc1 = 0.70. As there
are Cd atoms only in the core (NCd/NP per NP) and Zn atoms
only in the shell (NZn/NP per NP), the amount of Cd and Zn in
one NP scales according to eqs 7, 8, 28, and 29 with the volume
of the CdSe core (ratio of Cd:Se = x:y = 1) and the ZnS shell
(ratio of Zn:S = x:y = 1), respectively:

ρ= ×
+ ×( )( )

N V
N

M M
Cd/NP CdSe c1

A

Cd
1
1 Se (7)

ρ= ×
+ ×( )( )

N V
N

M M
Zn/NP ZnS c2

A

Zn
1
1 S (8)

Hereby MCd = 112.4 g/mol, MSe = 79.0 g/mol, MZn = 65.4 g/
mol, and MS = 32.1 g/mol are the molar masses of cadmium,
selenium, zinc, and sulfur, respectively. ρCdSe = 5.82 g/cm3 and
ρZnS = 4.09 g/cm3 are the bulk densities of CdSe and ZnS,
respectively. Thus, the ratio of Zn to Cd atoms in one CdSe/
ZnS NP is

Figure 21. Schematic illustration of the synthesis of CdSe and CdSe/ZnS NPs.
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In the case of the sample QD4 in Figure 20 with λabs = 580 nm
this leads to NZn/NCd = 1.38 × 0.70 ≈ 0.96. The amount nCdsol
of Cd added in form of CdO as precursor during the synthesis
of the CdSe cores is known. In the particular case of the
synthesis described here it was nCdsol = 0.234 mmol (mass of
added CdO = 0.03 g, MW(CdO) = 128.4 g/mol). The amount
of Zn needed in the reaction solution thus is nZnsol = nCdsol ×
(NZn/NCd) = 0.234 mmol × 0.96 ≈ 0.22 mmol. Note that this
calculation assumes that all added Cd ends up in the CdSe core.
The Zn concentration in the Zn/S/TOP stock solution is cZn =
1 M × 1.75 mL/(1.75 mL + 0.37 mL + 10.38 mL) = 0.14 M.
Thus, in order to inject nZnsol = 0.22 mmol Zn, the volume
VZn/S/TOPsol = nZnsol/cZn = 0.22 mmol/0.14 M ≈ 1.5 mL needs
to be dropwise injected.
Note that this calculation only provides a rough estimate of

the amount of Zn/S/TOP stock solution, which is needed for
growing the ZnS shell. In fact, during growth of the ZnS shell
small aliquots may be taken and the fluorescence analyzed.
Shell growth is continued until the quantum yield of the NPs
no longer increases.
Purification of CdSe or CdSe/ZnS NPs: 10 mL of anhydrous

methanol were added to 10 mL of the NP suspension, which
caused flocculation of the NPs. The NPs were then precipitated
by centrifugation (5000 rcf, 5 min). Then, the supernatant was
discarded and the NP precipitate at the bottom of the vial was
resuspended in chloroform. This purification process was
repeated two more times (cf. Figure 22). After the last

centrifugation, the supernatant should be colorless and the NPs
should be all precipitated on the bottom of the Eppendorf tube
in which centrifugation had been carried out. If the supernatant
is still colored, the addition of more methanol is needed in
order to increase the polarity of the medium, promoting the
precipitation of the NPs. Finally, the purified QD NPs (TOPO-
capped CdSe or CdSe/ZnS QDs) were dispersed in 10 mL of
anhydrous chloroform and stored in the dark.
1.8. Synthesis of Hydrophobic CdS NPs (≈2 nm core

diameter). Hydrophobic CdS NPs were synthesized by
adapting the original method described by Yu and Peng.33

For the synthesis, a mixture of 4 g including 12.8 mg (0.10
mmol, 2 equiv) of cadmium oxide (Sigma, no. 202894), 85 mg
(0.30 mmol, 6 equiv) of oleic acid (OA, Sigma, no. 364525),
and 3.90 g (15.3248 mmol, 306.5 equiv) of octadecane (ODE,
Technical grade 90%, Alfa Aesar, no. L11004) were weighed
and mixed in a 50 mL three-neck round-bottom flask. Then, the
mixture was heated to 120 °C and stirred under nitrogen
environment, followed by degassing under vacuum for 5 min,
cf. Figure 23.

This mixture was then heated to 300 °C, while a solution of
sulfur (0.0016 g, 0.05 mmol, 1 equiv, Sigma, no. 414980) in 2 g
of ODE was prepared in a separated glass vial. Since it is very
difficult to measure such a small quantity of sulfur, a stock
solution was prepared instead by dissolving 8 mg of sulfur in 10
g of octadecane (ODE, Technical grade 90%, Alfa Aesar, no.
L11004). To efficiently dissolve the sulfur in ODE, the mixture
was heated to 85 °C under stirring.
When the mixture of CdO, OA, and ODE reached 300 °C,

the CdO started to decompose, and the initial brownish
colored solution started turning into a transparent solution, cf.
Figure 24. When the solution became completely transparent,
the previously prepared sulfur solution was quickly injected
using a syringe, cf. Figure 25.
After injection of the sulfur-ODE solution, the temperature

of the mixture dropped to 240 °C. In the case that the required
size of the QDs was dc ≈ 2 nm, the heating mantle was

Figure 22. Purification process of the CdSe or CdSe/ZnS QDs by
centrifugation and washing with methanol. (A) Vial with NPs
dispersed in chloroform. (B) Centrifugation of the NP suspension
after the addition of methanol. (C) Precipitated QDs after
centrifugation. (D) QDs solution after removal of supernatant in C
and redispersion in chloroform.

Figure 23. Reaction setup used for heating the mixture of CdO, oleic
acid, and ODE.

Figure 24. Color change of the mixture before (A) and after (B)
decomposition of CdO.
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removed just before injecting the sulfur−ODE solution, and the
solution was left undisturbed to cool down to RT under the
same stirring conditions, cf. Figure 26. In the case the required
size of the QDs was bigger than 2 nm, the temperature of the
solution was allowed to recover up to 250 °C after injection of
the sulfur−ODE solution. Depending on the required size of
the QDs, the solution was kept for 1−15 min at 250 °C (i.e.,
longer times for bigger QDs), cf. Figure 27. The formation of
the QDs could be observed by the change of the solution color,
from transparent to light yellow. When the desired size (i.e., the
envisaged absorption/emission wavelength of the QDs) was
achieved, the heating mantle was removed and the solution was
allowed to cool down to RT.
After cooling down to RT, the solution was transferred into a

centrifuge tube. To purify the QDs from ODE, OA, and
nonreacted Cd or CdO, 20 mL of acetone was added and
mixed together until the mixture became cloudy. The cloudy
mixture was then centrifuged at 2500 rcf for 10 min. The QDs
were precipitated, and the supernatant was discarded. The
precipitated QDs could be redispersed in organic solvent (e.g.,
chloroform, toluene, etc.). For further cleaning of the QDs, a

1:1 volumetric ratio of chloroform and methanol was used to

precipitate the QDs. This process was repeated 1−3 times, until
the precipitated QDs were like white powder, in order to

ensure the purity of the QDs. Finally, the solvent was

evaporated and the QDs were dissolved in toluene.

Figure 25. Injection of the sulfur−ODE solution at 300 °C.

Figure 26. Schematic illustration of the chemical synthesis of hydrophobic CdS NPs (dc ≈ 2 nm) is shown. OA, CdO, and ODE were mixed and
heated at 300 °C resulting in a color change from brown to transparent. The sulfur solution in ODE was rapidly injected to induce the formation of
NPs as evident from the change from transparent to light yellow (QDs). The QDs were purified (1−3 times) by addition of acetone or methanol
followed by precipitation and centrifugation.

Figure 27. Growth of CdS QDs. Absorption spectra (A) and emission
spectra (B) were recorded by taking small aliquots from the reaction
solution at different time points (QD1−8). The spectra were
normalized to the exciton peak, A(λabs) for absorbance and I(λem)
for emission. Note that upon growth of the QDs, the peak shifts
toward higher wavelength.
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2. SYNTHESIS OF INORGANIC NPs IN AQUEOUS
SOLUTION LEADING TO HYDROPHILIC NPs
2.1. General Considerations. As detailed in Section 1.1,

all glassware was first cleaned with detergent followed by aqua
regia and carefully rinsed with Milli-Q water and acetone to
guarantee extremely clean glass surfaces.
In this chapter NPs are prepared in aqueous media and thus

capped by a shell of hydrophilic ligands to maintain their
colloidal stability; see Figure 28. In particular, in this chapter

the synthesis of different materials such as Au and Ag with
different shapes is described. In case the NP cores are not of
spherical shape, their geometry needs to be described by
parameters other than just the core diameter (cf. Figure 28).
While this is complex in the form of irregularly shaped NP
cores, some other cores can be described best by simple three-
dimensional objects such as tubes, ellipsoids, cubes, etc. As
described in Section 1.1 the ligand shell adds to the size of the
whole NP. Thus, in the case of an elongated object, apart from
the diameter also the effective length is higher than the core
lengths; see eq 1 and eq 10.

= + ×L L l2eff c ligand (10)

2.2. Synthesis of Hydrophilic Au NPs (≈5−100 nm
core diameter). Since the first systematic preparation of Au
NPs in aqueous media by Turkevich34 and then by Frens,2

significant efforts have been exerted during the past decade to
fabricate monodisperse Au NPs with controlled size and shape
using wet chemical methods.35−39 In the following sections we
will detail recent synthetic protocols that present improved
outcomes compared to the traditional Frens method in several
aspects: higher monodispersity and reaction yield of prepared
Au NPs, as well as superior tunability and control over NP size
and size distribution.
Citrate-capped spherical Au NPs (Cit-Au NPs) can be

prepared in aqueous media by reducing gold ions using sodium
citrate (SC) as reducing agent and stabilizer. Turkevich et al.
and Frens were the first to prepare monodisperse Cit-Au NPs
in aqueous solution in a controlled way.2,40 However, these
protocols fail to produce Au NPs with large diameters (dc > 50
nm) with acceptable monodispersity. By controlling the
reaction conditions (temperature, pH, stirring speed, etc.),
stoichiometry of the reagents (gold salt to SC ratio), and
addition of additives, recent protocols produce different sizes of
Cit-Au NPs (up to 200 nm with excellent monodispersity) as
reported by Bastus et al.3 Synthetic protocols for spherical Cit-

Au NPs with core diameter of 5 nm, 13 nm, 20 nm, 25 nm, 50
nm, and 100 nm are described below.

Synthesis of Cit-Au NPs (5 nm core diameter). Cit-Au NPs
with a core diameter of around 5 nm were synthesized by
following the protocol reported by Piella et al.38 Briefly, 150 mL
of 2.2 mM sodium citrate (SC, 0.33 mmol, 13.2 equiv, Sigma-
Aldrich, no. W302600), 0.1 mL of 2.5 mM tannic acid (TA,
0.25 μmol, 0.01 equiv, Alfa Aesar, no. A17022) (the use of
traces of tannic acid helps for the growing of homogeneous
seeds; as tannic acid is used at a very small concentration, the
predominant capping agent is citric acid), and 1 mL of 150 mM
potassium carbonate (K2CO3, 0.15 mmol, 6 equiv, Sigma-
Aldrich, no. P5833) were placed in a 250 mL three-necked
round-bottomed flask connected with a condenser to prevent
the evaporation of the solvent and were heated up with a
heating mantle under vigorous stirring. When the temperature
reached 70 °C, 1 mL of 25 mM tetrachloroauric acid (HAuCl4,
25 μmol, 1 equiv, Strem Chemicals, no. 16903-35-8) was
quickly injected. The color of the solution changed quickly to
purple and then to red in 2 min (see Figure 29). The solution
was kept at 70 °C for 5 min more, in order to ensure a
complete reduction of gold ions.

The reduction of a gold salt by sodium citrate in general is
described in eq 11. This equation represents all the following
methodologies to obtain spherical Cit-Au NPs. A sketch of the
reaction is shown in Figure 30.

· + ·

→ · + · + +

· + · ↑

− −

− +

−

n HAuCl (aq) n ( OCOCH ) C(OH)COO )(aq)

4n Cl (aq) 4n H (aq) Au n

( OCOCH ) CO(aq) n CO ( )

4 2 2
0

n

2 2 2 (11)

Synthesis of Cit-Au NPs (13 nm core diameter). Cit-Au
NPs with a core diameter of ≈13 nm were synthesized by
following the protocol reported by Schulz et al.37 Briefly, 144
mL of Milli-Q water were placed in a 250 mL three-necked
round-bottomed flask connected with a condenser and heated
up until boiling (ca. 100 °C) with a heating mantle. Then, a
mixture of sodium citrate (3.5 mL of 60 mM, 0.21 mmol, 8.4
equiv) and citric acid (1.5 mL of 60 mM, Acros, no. A0350656)
was added and kept under vigorous stirring (450 rpm) for 30
min. Two parameters are crucial in this reaction to get a narrow

Figure 28. Sketch of (A) spherical and (B) rod-shaped inorganic NPs,
comprising an inorganic core (drawn in gray) and an organic
hydrophilic ligand shell (drawn in blue). In the case of nanorods, their
shape is described by a cylinder with length Lc of the inorganic core
and Leff of the NP including the organic ligand shell and with diameter
dc of the inorganic core and deff of the whole NP.

Figure 29. Synthesis of Cit-Au NPs of ≈5 nm in diameter.
Photographs showing the reaction flask. (A) Before gold injection
(note the yellow gold salt solution inside the syringe). (B)
Immediately after injection of gold salt solution (the solution color
changed from pale to purple in less than 10 s after the gold addition).
(C) Few minutes (ca. 2 min) after injection of gold salt solution; the
red color indicates the formation of the Cit-Au NPs.
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size distribution: the final pH (which is kept constant by the
addition of the buffer citrate/citric) and the heating time (30
min), in which citrate is partially oxidized. To this solution, 0.1
mL of 30 mM ethylenediaminetetraacetic acid (EDTA, 0.003
mmol, 0.12 equiv, Sigma-Aldrich, no. EDS) was injected
quickly, followed by the addition of 1 mL of 25 mM hydrogen
tetrachloroaurate(III) dissolved in water (0.025 mmol, 1
equiv). After ca. 60 s the color of the mixture changed from
pale yellow to dull blue and then to wine-red, which is
indicative of the formation of Cit-Au NPs (see Figure 31). After

that, the heating was switched off (but not the stirring). When
the temperature of the mixture had cooled down to 95 °C, the
flask with the NP suspension was immersed in ice in order to
stop the reaction. It is worth mentioning that this method
allows for a fine-tuning of Cit-Au NP size by employing a seed-

mediated approach to grow larger NPs. For example, after the
synthesis of Au NPs with 13 nm core diameter as described
above, the NP suspension may be cooled down to 95 °C, and
upon injection of 1 mL of HAuCl4 (25 mM) to this seed
solution in the same flask bigger NPs may be grown, similar to
using 18 nm seeds, as explained in more detail later in this
section.

Synthesis of Cit-Au NPs (18 nm core diameter). Spherical
NPs were synthesized following a modified protocol reported
by Bastus et al.3 Briefly, 150 mL of a 1.32 mM sodium citrate
solution (0.2 mmol, 8 equiv) was added to a 250 mL three-
necked round-bottom flask connected with a condenser and
heated up until boiling with a heating mantle under vigorous
stirring. After 5 min of boiling, 1.5 mL of 25 mM
tetrachloroauric acid (HAuCl4, 0.025 mmol, 1 equiv) was
injected. A color change was immediately observed from pale
yellow to light blue and then to soft red (see Figure 32). The
solution was further boiled for 10 min to allow the NPs to grow
and then cooled down with stirring to RT. The resultant Cit-Au
NPs had a core diameter of dc ≈ 18 nm.

Synthesis of Cit-Au NPs (18 < dc < 100 nm core diameter).
Cit-Au NPs (18 nm core diameter) were used as seeds to
prepare larger Cit-Au NPs. After preparing 18 nm Cit-Au NPs
as described above, the solution was cooled down to 90 °C, and
1 mL of 25 mM HAuCl4 (0.025 mmol, 1 equiv) was injected
(see Figure 33). The solution was stirred for 30 min, and this

Figure 30. Schematic representation of the synthesis of 5 nm Cit-Au
NPs in water.

Figure 31. Synthesis of Cit-Au NPs of ≈13 nm in diameter.
Photographs showing the reaction flask (A) before gold injection, (B)
after injection of gold salt and EDTA solutions when the solution
color changed to purple/blue, and (C) shortly (ca. 1 min) after
injection, when the red color showed up, indicating the formation of
Cit-Au NPs.

Figure 32. Synthesis of Cit-Au NPs of ≈18 nm in diameter. Real photographs showing the color change at different stages: (A) before gold injection;
(B) after injection of gold salt solution where the solution color changed to light blue and then to purple in (C), and finally to red color indicating
the formation of Cit-Au NPs in (D).

Figure 33. Synthesis of Cit-Au NPs of ≈25 nm in diameter using 18
nm seeds and the seed-mediated approach. Real photographs showing
the color change at different stages: (A) 18 nm Au NPs seeds; (B)
after injection of gold salt solution where the solution color changed to
purple; and (C) after three injections (30 min reaction time between
injections) to prepare Cit-Au NPs of 25 nm in diameter.
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process was repeated twice (total three injections of gold salt
per growth step). Importantly, the temperature was set constant
to 90 °C during the whole growing steps. Notice that the
temperature is minimally affected by the addition of 1 mL into
the 150 mL reaction. After that, the sample was diluted by
extracting 55 mL of sample and adding 53 mL of Milli-Q water
and 2 mL of 60 mM sodium citrate (0.12 mmol, 4.8 equiv),
which temporarily drops the temperature, and thus, the mixture
requires ca. 15 min to reach the temperature set in the heating
mantle (i.e., 90 °C). Then, by three consecutive gold additions
(0.025 mmol, 1 equiv, each) separated by 30 min intervals as
described above, Cit-Au NPs with 25 nm were obtained.
Likewise, 25 nm Cit-Au NPs were grown to 50 nm, and later
they were grown to 100 nm, by using the approach described
above (i.e., growing from 18 to 25 nm Cit-Au NPs; see Figure
90 for UV/vis absorption spectra of different growing steps).
After the synthesis, the Cit-Au NPs can be stored for further
modification in the presence of free citrate in the solution to
ensure colloidal stability of Cit-Au NPs for long time periods
(months).
2.3. Synthesis of Hydrophilic Ag NPs (≈15 nm core

diameter). Ag NPs can be synthesized with different capping
agents in aqueous solution to yield a Ag core of different sizes
and shapes.41 Citric acid has been used as the most common
capping agent. Synthesizing highly monodisperse citrate-capped
silver NPs (Cit-Ag NPs) has been a challenge for long time.
There are plenty of synthetic routes developed to synthesize
Cit-Ag NPs.4,41−44 In this section, we briefly describe the
synthesis of Cit-Ag NPs (15 nm in diameter) as developed by
Bastus et al.4 The described procedure employs tannic acid
(TA) (basically its phenolic hydroxyl groups) as well as citric
acid as reducing agents. The use of a small amount of tannic
acid controls the size during the growth process, yielding
unprecedented narrow size distributions. TA acts as both a
reducing agent and a size control agent. The advantage of this
method is that, by varying the concentration of TA, a wide size
range of highly monodisperse Cit-Ag NPs can be synthesized.

+ →+ −Ag e Ag0
(13)

To synthesize 15 nm Cit-Ag NPs, 100 mL of aqueous solution
of sodium citrate (SC) and tannic acid (TA) were taken in a
three-neck round-bottom flask such that the final concentration
of SC and TA are 5 mM and 0.1 mM, respectively. At this stage
the solution looks colorless, as it can be seen in the
photographs given in Figure 34A. The flask was heated with
a heating mantle (with a magnetic stirrer), and a condenser was
used to avoid the evaporation of solvent. When the solution
started boiling, 1 mL of an aqueous solution of 25 mM AgNO3
was rapidly injected into the solution. The color of the solution
immediately turned to bright yellow (cf. Figure 34B),
confirming the formation of NPs. After cooling down the
solution, it was centrifuged at 5000 rcf for 10 min in order to
precipitate the NPs. Then, the supernatant was removed and
the NP precipitate was redispersed in 0.25 mM sodium citrate
solution to get the purified Cit-Ag NPs.

2.4. Synthesis of Rod-Shaped Au NPs (variable size).
Rod-shaped Au NPs (gold nanorods, Au NRs) with the
longitudinal surface plasmon resonance (SPR) located at λSPR =
650, 800, 830, and 1050 nm were prepared by a seed-mediated
method following previously published protocols.35,45

The wet-synthesis method to prepare Au NRs was pioneered
by the groups of Murphy46 and El Sayed47 in the early 2000s. In
general, a solution of small gold seeds (NPs of dc ≈ 3−4 nm in
diameter) is synthesized in the presence of the cationic
surfactant hexadecyltrimethylammonium bromide (CTAB),
and silver ions. These seeds are further grown in a growth
solution that contains more gold ions, silver ions, and CTAB.
The gold ions in the growth solution are partially reduced to
Au(I) to allow complete reduction to Au(0) only at the surface
of the added seeds, in order to promote growth of Au NRs and
to prevent undesired nucleation and formation of nanospheres
as side product. The presence of silver ions improves the shape
yield and controls the final aspect ratio (length to width ratio)
of the nanorods. CTAB is the shape-directing agent that
promotes the unidirectional growth and acts simultaneously as
a capping agent to form CTAB-capped gold nanorods (CTAB-
Au NRs).48 The shape and size of the prepared Au nanorods
can be tuned primarily by varying silver nitrate levels, but
generally by controlling the reaction conditions and the level of
used chemicals (cf. Table 1 and Table 2).
The traditional protocols to prepare CTAB-Au NRs indicate

the use of a high concentration of CTAB (0.1 M), which is
cytotoxic and thus limits the use of CTAB-Au NRs in
biomedical applications.49 Significant effort has been done to
prepare CTAB-Au NRs in low-CTAB growth solution. In 2012,
Murray’s group proved that the presence of aromatic additives

Figure 34. Synthesis of Cit-Ag NPs of ≈15 nm in core diameter.
Photographs showing the solution color (A) before and (B) after
injection of silver nitrate solution. Yellow solution color in B indicates
the formation of Cit-Ag NPs. For more clarity, a photograph of a
cuvette containing the solution is given in the inset.

Table 1. Synthesis of CTAB-Au NRs in the Presence of 5-
Bromosalicylic Acid, with Different SPR Wavelengths λSPR
As Detailed in the Texta

λSPR
[nm]

VHCl_sol
[mL] pH

VAgNO3_sol
[mL]

VAA_sol
[mL]

VNP_sol
[mL]

650 0 3.05 6 1 0.8
825 0 2.00 18 2 0.4

aVHCl_sol refers to the volume of HCl, which was used to optimize the
pH of the growth solution. VAgNO3_sol refers to the volume of added
AgNO3 solution. VAA_sol refers to the volume of added ascorbic acid
solution. VNP_sol refers to the volume of added NP seed solution.
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in the growth solution reduces the required amount of CTAB
to half (this procedure will be termed Protocol 1 below).35 In
2013, the same group published a modified method in which
the CTAB concentration was reduced to 0.037 M. This
methodology employs a binary surfactant mixture: CTAB and
sodium oleate (NaOL) (this procedure will be termed Protocol
2 below).45

Synthesis of the Seed Solution. A seed solution was
prepared by mixing 5 mL of 0.5 mM HAuCl4 (0.5 mmol, 1
equiv) with 5 mL of 0.2 M CTAB (200 mmol, 396 equiv,
Sigma-Aldrich, no. H9151) in a 40 mL tube. To this solution,
0.6 mL of 0.01 M freshly prepared NaBH4 (10 mmol, 19.8 eq,
Sigma-Aldrich no. 71321) was added under stirring. The
solution color changed immediately to brownish-yellow (cf.
Figure 35). The seed solution, containing ∼4 nm core diameter
Au NPs capped with CTAB, was vigorously stirred at 1200 rpm
for 2 min and kept at 25 °C.

Protocol 1: Synthesis of CTAB Capped Gold Nanorods
(CTAB-Au NRs) in the Presence of 5-Bromosalicylic Acid. This
protocol35 was used to prepare CTAB-Au NRs with
longitudinal surface plasmon resonance at λSPR = 650 and
825 nm. For this purpose, 9.0 g of CTAB (24.6 mmol, 98.5
equiv) and 0.8 g of sodium salicylate (5 mmol, 20 equiv, Sigma,
no. S3007) in the case of λSPR = 650 nm or 1.1 g of 5-
bromosalicylic acid (5 mmol, 20 equiv, Sigma, no. 461814) in

case of λSPR = 825 nm were dissolved in 250 mL of warm water
(60 °C) in a 500 mL Erlenmeyer flask. The solution was
allowed to cool to 30 °C, and then silver nitrate dissolved in
water (AgNO3, 4 mM) was added as per Table 1. The mixture
was kept undisturbed at 30 °C for 15 min, after which 250 mL
of aqueous 1 mM HAuCl4 solution (0.25 mmol, 1 equiv) was
added. After 15 min of slow stirring (400 rpm), ascorbic acid
solution was added (64 mM) as per Table 1. The solution was
stirred for 30 s, until it became colorless. The color change is
due to the incomplete reduction of Au(III) to Au(I) by
ascorbic acid. Finally, seed solution (freshly prepared as
described above) was injected into the growth solution as per
Table 1. The solution was mixed gently and left undisturbed
overnight, to allow for a compete growth of CTAB-Au NRs.
CTAB-Au NRs were collected by centrifugation, and the
supernatant was discarded. The centrifuged CTAB-Au NRs
pellets were finally redispersed in water.

(Protocol 2): Synthesis of CTAB Capped Gold Nanorods
(CTAB-Au NRs) in the Presence of Sodium Oleate. This
protocol45 was used to prepare CTAB-Au NRs with
longitudinal surface plasmon resonance at λSPR = 790 and
1050 nm. For this purpose, 7.0 g of CTAB (19.1 mmol, 76.6
equiv) and 1.234 g of sodium oleate (NaOL, 4 mmol, 16.2
equiv, Sigma-Aldrich, no. O7501) were dissolved in 250 mL of
Milli-Q water at 50 °C. After dissolving the reactants, the
solution was cooled down to 30 °C; then, a specific amount of
AgNO3 (4 mM) was added as per Table 2, and the solution was
kept at 30 °C for 15 min. To this solution, 250 mL of 1 mM
HAuCl4 (0.25 mmol, 1 equiv) were added, and the solution
color changed from dark yellow to colorless during 90 min of
stirring at 700 rpm. To control the aspect ratio of Au NRs, HCl
(37 wt % in water, 12.1 M, Sigma-Aldrich, no. 320331) was
added to adjust the pH as per Table 2. The solution was stirred
at 400 rpm for 15 min. After this, 1.25 mL of 0.064 M ascorbic
acid (0.08 mmol, 0.32 equiv) was added, and the solution was
vigorously stirred for 30 s. Finally, a small amount of seed
solution was injected into the growth solution as per Table 1.
The solution was stirred for 30 s and kept at 30 °C, without
stirring overnight, to allow a compete growth of CTAB-Au
NRs. Finally, the CTAB-Au NRs were collected by
centrifugation, and the supernatant was discarded. The
centrifuged CTAB-Au NRs pellets were redispersed in water.

2.5. Synthesis of Star-Shaped Au NPs (≈70 nm
diameter, distance from tip to tip). Gold nanostars can
be prepared following an unpublished modification of the
protocol reported by Vo-Dihn.50 Typically, gold nanostars are
grown using spherical gold NPs as seeds and using Ag+ ions as
blocking facet agents. These Ag+ ions promote the tip growth
on the surface of the spherical NPs. The reduction of the gold
salt at RT using ascorbic acid promotes the seed growth instead
of independent nucleation.20

Briefly, in a clean glass vial, 20 mL of an aqueous solution of
0.25 mM HAuCl4 (5 μmol, 1 equiv) was mixed with 0.03 mL of
1 M HCl (0.03 mmol, 6 equiv) and 1.5 mL of Au NPs of 13 nm
diameter, as prepared according to the protocol given in
Section 2.2. To this mixture, 0.15 mL of 1 mM AgNO3 (0.15
μmol, 0.03 equiv) and 0.15 mL of 66.67 mM ascorbic acid (10
μmol, 2 equiv) were added simultaneously. After 1 min, 1 mL
of an aqueous solution of 10 mg/mL α-metoxy-ω-thiol-
poly(ethylene glycol (mPEG-SH; molecular weight Mw = 750
Da, 13.3 μmol, 2.67 equiv, Rapp polymer, no. 12750-40) and
0.05 mL of 2 M sodium hydroxide (NaOH, 0.1 mmol, 20 equiv,
Carl Roth no. 6771.3) were added simultaneously (cf. Figure

Table 2. Synthesis of CTAB-Au NRs in the Presence of
Sodium Oleate, with Different SPR Wavelengths λSPR Using
Protocol 2 As Detailed in the Texta

λSPR
[nm]

VHCl_sol
[mL] pH

VAgNO3_sol
[mL]

VAA_sol
[mL]

VNP_sol
[mL]

790 2.4 1.68 18 1.25 0.4
1050 5 1.2 24 1.25 0.8

aVHCl_sol refers to the volume of HCl, which was used to optimize the
pH of the growth solution. VAgNO3_sol refers to the volume of added
AgNO3 solution. VAA_sol refers to the volume of added ascorbic acid
solution. VNP_sol refers to the volume of added seed NP solution.

Figure 35. Photographs of steps involved in the preparation of CTAB-
Au NRs, using wet chemical seed-mediated method (in the presence of
sodium salicylate). (A) Preparation of CTAB-capped seeds. (B)
Growth of CTAB-Au NRs.
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36). After that, the solution was immersed in ice in order to
stop the reaction. The NPs can be stored as prepared or
purified by centrifugation (15 min, 4000 rcf).

3. LIGAND EXCHANGE PROCEDURES FOR
HYDROPHILIC NPs MAINTAINING THEIR
HYDROPHILIC CHARACTER
3.1. General Considerations. Often the original hydro-

philic ligands used for the synthesis of NPs in aqueous solutions
are not adequate to maintain excellent colloidal stability and/or
not the ligand of choice for a desired application. The original
ligands can be replaced in a ligand exchange procedure based
on a superior affinity of the displacing ligand and/or
concentration difference.51 The general scheme of the ligand
exchange process is depicted in Figure 37. Despite the
availability of various examples in the literature, this section
will describe a few selected examples.
3.2. Ligand Exchange on Citrate-Capped Au NPs with

Bis(p-sulfonatophenyl)-phenylphosphine. The citrate ions
are physically adsorbed on the surface of citrate-caped Au NPs;
i.e., the ligands are only weakly associated with the Au NPs’
surface. For example, citrate ligands tend to desorb from the

surface of Cit-Au NPs upon dialysis, dilution, or repeated
centrifugation, resulting in irreversible aggregation. In other
words, Cit-Au NPs are not stable for a long time and further
processing/applications. There are many strategies to improve
the colloidal stability of Cit-Au NPs, including exchanging
citrate molecules with ligands that provide superior stability or
specific functionality. Au NPs of 5 and 10 nm core diameter
were used to perform the ligand exchange reaction by
displacing citrate ions on the gold surface with bis(p-
sulfonatophenyl)-phenylphosphine as described previously by
Pellegrino et al.52,53

In order to perform the ligand exchange, bis(p-
sulfonatophenyl)phenylphosphine dihydrate dipotassium salt
(150 mg (281 μmol, 1.0 equiv; Strem Chemicals, no. 15-0463)
was dissolved in 500 mL of suspension of Cit-Au NPs (dc = 5
nm (cNP = 8.3 nM) or dc = 10 nm (cNP = 9.0 nM), BBI
Solutions, no. 15702 and no. 15703, or synthesized according
to Section 2.2). The resulting solution was stirred at RT for 2
days, cf. Figure 38. After this, the mixture was concentrated to

approximately 2 mL, cf. Section 7.2. For that, the solution was
centrifuged at 3000 rcf for 5 min using centrifuge filters (Merck
Millipore, 100 kDa, 15 mL). Next, the concentrated Cit-Au NP
suspension was diluted in phosphine solution (3 mg of bis(p-
sulfonatophenyl)phenylphosphine dihydrate dipotassium salt
per 10 mL of Milli-Q water) to 15 mL. Then, the solution was
concentrated to 2 mL using centrifuge filters as described
previously. Importantly, in order to ensure an excess of
phosphine (by decreasing the amount of citrate molecules), the
dilution and concentration step was repeated three times.
Finally, this leads to phosphine-capped Au NPs (P-Au NPs)
that are suspended in 3 mg/10 mL phosphine solution.

3.3. Ligand exchange of citrate-capped Au NPs with
thiolated polyethylene glycol. PEGylation, i.e., coating the
surface of NPs with an organic shell composed of polyethylene
glycol (PEG), is among the most used strategies to improve the
colloidal stability of Au NPs in both polar and nonpolar
solvents, due to the amphiphilic character of PEG. Moreover,
PEGylation is essential for various biomedical applications as it
enhances the biocompatibility of NPs and alters their in vitro
cellular interaction and in vivo pharmacokinetics.54 Usually,
linear thiolated PEG polymers with molecular weight in the
range of 0.75 to 10 kDa are employed to PEGylate Cit-Au

Figure 36. (A) Synthesis process of PEG-coated star-shaped Au NPs.
After addition of AgNO3 and AA, the solution color changed from soft
red to light blue in a few seconds and then to dark blue, which is
indicating the formation of gold nanostars. (B) The cartoon
demonstrates the seed mediated growth of spherical gold NPs
(seeds) into star-shaped Au NPs. The final surface functionalization of
the resulting NPs is PEG-SH, as mediated by displacement of
physically adsorbed citrate ions by chemically assembled PEG-S−

molecules via the strong S−Au bond.

Figure 37. Ligand exchange reaction at the surface of Au NPs. After
synthesis, the depicted Au NP core is capped by hydrophilic ligands
(drawn in dark blue). In the case Au NPs are incubated with new
ligands in excess (drawn in light blue), the new ligands can displace the
original ones.

Figure 38. Scheme of the ligand exchange on Cit-Au NPs of different
size with bis(p-sulfonatophenyl)-phenylphosphine. Spherical Cit-Au
NPs of dc = 5 and 10 nm core size stabilized by citrate molecules
(drawn as dark blue ligands) were modified by bis(p-sulfonatophenyl)-
phenylphosphine molecules (drawn as light blue ligands). The
resulting P-Au NPs have improved colloidal stability.
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NPs.55−57 Thiol moieties are necessary to ensure strong
attachment of PEG chains to the surface of Au NPs via the
strong Au−S bond forming a self-assembled monolayer of PEG
on the Au NP surface. In a typical experiment, PEG-SH is
dissolved in distilled water (e.g., 10 mg·mL−1) and added in
excess (ca. 5−15 PEG per nm2 of NP surface Ac) to ensure full
coverage of PEG on the surface of Au NPs.56 After ca. 2 min
stirring, NaOH (2 M) is added dropwise to increase the pH
value to 8−9 (to deprotonate thiol groups in PEG-SH and thus
increase their reactivity). Samples are stirred overnight at RT,
followed by centrifugation (at least three steps) to collect the
PEG-capped Au NPs (PEG-Au NPs). Notice that the
centrifugal force has to be adapted to dc (bigger colloids
require less centrifugal force). For instance, for PEG-Au NPs
with dc ≈ 14 nm, 30 min at ca. 15 000 rcf was sufficient to
obtain clear supernatants and to pellet all PEG-Au NPs
containing excess. Purified PEG-Au NPs can be stored (ideally
at 4 °C) for extended periods of time (years) without losing
their colloidal stability and preserving the initial optical
properties (i.e., UV/vis absorption spectrum). Figure 39
illustrates the PEGylation method for Cit-Au NPs with
thiolated PEG molecules, resulting in PEG-Au NPs.

4. LIGAND EXCHANGE PROCEDURES TO TRANSFER
HYDROPHILIC NPs FROM AQUEOUS SOLUTION TO
ORGANIC SOLVENT AND THUS TO RENDER THEM
HYDROPHOBIC
4.1. General Considerations. The synthesis of Au NPs

with complex shapes and/or large size is usually carried out in
aqueous media. However, some applications require hydro-
phobic Au NPs, for example, in the cases the NPs are to be
embedded into an organic matrix as in the case of molecular
electronics. With this in mind, a significant effort was devoted
to developing facile postsynthesis surface functionalization
protocols that modify the surface of hydrophilic Au NPs with
hydrophobic ligands (surface hydrophobization) (Figure 40).58

In this section we will describe three examples in which Au NPs
were typically prepared in water (Cit-Au NPs, CTAB-Au NRs,
and star-shaped PEG-Au NPs as per Section 2.3), followed by

surface PEGylation, which is an intermediate step prior to
phase transfer of the NPs to organic solvent containing
alkylamines.57,59 We found that PEGylation is crucial to initiate
phase transfer without NP aggregation due to the unique
solubility of PEG in both aqueous and organic media, which
provides excellent colloidal stability for NPs in both media. For
more insights into the mechanism of phase transfer, the original
references should be consulted as cited.

4.2. Ligand Exchange on Citrate-Capped Au NPs with
PEG-SH Followed by Phase Transfer of PEG-Capped Au
NPs to Chloroform Containing Dodecylamine. Herein, a
protocol to transfer Cit-Au NPs, as prepared in Section 2.2,
from water to chloroform is detailed.57 As prepared Cit-Au NPs
were first coated with mPEG-SH (MW = 750 Da, Rapp
Polymer, no. 12750-40), as described in detail in Section 3.3,
followed by purification and concentration (range of ca. cNP =
50−200 nM in distilled water). Then, typically 1 mL of the
concentrated solution of PEG-Au NPs was mixed with 5 mL of
chloroform (Carl Roth, no. Y015.2) containing dodecylamine
(DDA) as per Table 3. DDA was added in excess of ∼2.5 × 106

DDA molecules per NP, in order to promote partial/full
exchange of PEG by DDA. This resulted in a two-phase system
with the aqueous phase containing the PEGylated NPs on top
and the organic phase with the DDA at the bottom (cf. Figure
41A). Both phases were mixed by magnetic stirring (ca. 800
rpm), until the NPs were transferred to the chloroform phase

Figure 39. (A) Cit-Au NPs in solution with physically adsorbed and
excess free citrate molecules. (B) Addition of mPEG-SH at basic pH to
promote displacement of citrate molecules by mPEG-SH. (C)
Purification by centrifugation in which PEGylated NPs are purified
from free citrate molecules and mPEG-SH in the supernatant.

Figure 40. Hydrophobization of Au NPs via two-stage functionaliza-
tion: (1) PEGylation in water (upper panel) by displacement of
hydrophilic ligands (drawn in blue) by PEG-SH molecules (drawn in
light red), followed by phase transfer into chloroform containing
alkylamines (drawn in dark red).

Table 3. Phase Transfer of Spherical Cit-Au NPs with
Various Core Diameters (dc)

a

dc [nm] cNP [nM] cDDA [M] cPEG/cNP cDDA/cNP

5 200 0.1 1 × 104 2.5 × 106

13 200 0.2 2 × 104 5 × 106

20 200 0.4 3 × 104 10 × 106

25 150 0.4 3 × 104 13 × 106

50 100 0.4 20 × 104 20 × 106

100 50 0.4 50 × 104 40 × 106

acNP and cDDA refer to the concentration of NPs and DDA,
respectively. The ratios cPEG/cNP and cDDA/cNP describe the number
of PEG and DDA molecules added per Au NP, respectively. Detailed
procedure to determine Au NP concentration cNP can be found in
Sections 8.2 and 9.2.
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(Figure 41B). The transferred Au NPs were cleaned twice by
centrifugation in order to remove free DDA and PEG
molecules (i.e., the supernatant was discarded, and the NP
pellet was redispersed in chloroform). The same protocol can
be employed to phase transfer Cit-Au NPs with various core
diameters as per Table 3.
4.3. Ligand Exchange on CTAB-Capped Au NRs with

PEG-SH Followed by Phase Transfer of PEG-Capped Au
NPs to Chloroform Containing Dodecylamine. CTAB-Au
NRs can be transfered to the chloroform phase using a similar
protocol as for Cit-Au NPs as described in Section 4.2.57

Initially, free CTAB in excess in “as prepared” CTAB-Au NRs
suspensions was removed by centrifugation (5000 rcf, 30 min),
and the supernatant was discarded. The resultant NP pellets
were then resuspended in water, and another round of
purification was performed. To the purified CTAB-Au NRs,
PEG-SH (mPEG-SH, MW = 750 Da, Rapp Polymer, no. 12750-
40) was added as per Table 4 and mixed for 2 min. Then, the

pH was adjusted to ca. 8−9 by dropwise addition of NaOH (2
M). The solution was left under stirring at RT overnight, to
allow for self-assembly of PEG-SH on the Au NRs to form
PEG-Au NRs. The PEG-Au NRs were then purified by
centrifugation (5000 rcf, 30 min, twice). A significant decrease
in ζ-potential, from 40 mV (CTAB-Au NRs) to 10 mV (PEG-
Au NRs), was observed, confirming a partial ligand exchange.57

Finally, a solution of DDA in chloroform (volume ratio 5:1
chloroform to aqueous solution of NPs) was added (cf. Table
4), leading to a two-phase system, which was stirred overnight
at RT. After stirring for ca. 12 h, PEG-Au NPs transferred to
the chloroform phase (Figure 42). Au NRs in chloroform were
cleaned twice by centrifugation to remove free DDA and PEG
molecules and were finally redispersed in chloroform. The same

protocol can be employed to phase transfer CTAB-Au NPs
with various aspect ratios as per Table 4.

4.4. Phase Transfer of Star-Shaped PEG-Capped Au
NPs to Chloroform Containing Dodecylamine. The
protocol in Section 2.5 describes the synthesis of star-shaped
Au NPs, which are capped with PEG molecules as prepared.
Thus, these NPs can be directly transferred from aqueous
media to chloroform containing DDA (0.2 M), similar to the
phase transfer of PEG-Au NPs and PEG-Au NRs as detailed in
Section 4.2 and Section 4.3. The phase transfer is shown in
Figure 43.

5. LIGAND EXCHANGE PROCEDURES TO TRANSFER
HYDROPHOBIC NPs INTO AQUEOUS SOLUTION
AND THUS TO RENDER THEM HYDROPHILIC
5.1. General Considerations. For most biological

applications, dispersion of NPs in the aqueous phase is
required. Thus, proper surface modification of hydrophobic
NPs, which have been originally synthesized in organic solvent,
is needed to allow their stable dispersion in aqueous media.
Ligand exchange is a powerful approach to displace the original
hydrophobic ligands by hydrophilic versions (Figure 44).19,60

This section describes procedures to modify the surface of
hydrophobic Au NPs and Ag NPs with hydrophilic ligands.

5.2. Ligand Exchange on DDT-Au NPs with 3-
Mercaptopropionic Acid (MPA) or 11-Mercaptoundeca-
noic Acid (MUA). Here we describe the detailed procedure for
synthesizing Au NPs, protected by weakly bound ligands, and

Figure 41. Phase transfer of PEG-Au NPs from water (upper layers in
all vials) to chloroform containing DDT (lower layers in all vials). (A)
Photographs of biphasic system after ligand exchange of Cit-Au NPs
with PEG in water. (B) Photographs of biphasic system after phase
transfer of PEG-Au NPs to the chloroform layer with DDT. Different
vials correspond to Au NPs with different core diameters as labeled.

Table 4. Phase Transfer of CTAB-Au NRs with Various
Aspect Ratios and λSPR

a

λSPR [nm] cPEG/cNR cDDA [M]

650 3 × 104 0.4
790 8 × 104 0.4
825 8 × 104 0.4
1050 8 × 104 0.4

acNR, cPEG, and cDDA refer to the concentrations of Au NRs, PEG, and
DDA, respectively. The ratio cPEG/cNR describes the number of PEG
molecules added per Au NR. A detailed procedure to determine the
Au NR concentration cNP can be found in Section 8.2.

Figure 42. Phase transfer of PEG-Au NRs from water (upper layers in
all vials) to chloroform containing DDT (lower layers in all vials). (A)
Photographs of the biphasic system after ligand exchange of CTAB-Au
NRs with PEG in water. (B) Photographs of the biphasic system after
phase transfer of PEG-Au NRs to the chloroform layer with DDT.
Different vials correspond to Au NRs with different aspect ratios and
λSPR as labeled.

Figure 43. Phase transfer of star-shaped Au NPs from water (upper
layers) to chloroform containing DDT (lower layers). Photographs of
biphasic system before (A) and after (B) phase transfer from water to
chloroform.
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how to perform the following ligand exchange to mercapto-
carbonic acids like mercaptopropionic acid (MPA) or
mercaptoundecanoic acid (MUA), which due to their
mercapto-groups are strong ligands, cf. Figure 45. The protocol

for synthesizing precursor Au NPs stabilized by hexanoic or
decanoic acid (cf. Section 1.2), as well as the additional ligand
exchange to MPA or MUA, was previously described, and we
refer to the original protocols for more information.19,61

Ligand Exchange on DDT-Au NPs (4 nm) with
Mercaptopropionic Acid. To DDT-Au NPs (dc = 4 nm) in
chloroform (as synthesized per Section 1.2) was added MPA
dissolved in CH2Cl2 (dichloromethane) (500 μL in 2 mL), and
the mixture was left to react in an ultrasonic bath for 90 min at
RT to allow for ligand exchange. The MPA-Au NPs were then
transferred into a 50 mL centrifuge tube, 20 mL of methanol
was added, and the mixture was centrifuged at 3000 rcf for 5
min. The supernatant was removed, and the sedimented Au
NPs were resuspended in 20 mL of methanol and centrifuged.
The washing procedure was done four times in total. After the
last washing step, the supernatant was discarded, and the Au
NP pellet (at the bottom of the centrifugation tube) was
dispersed in 15 mL of Milli-Q water, which led to a dark red
solution. Finally, the MPA-Au NPs were washed twice using
centrifuge filters (Merck Millipore, 100 kDa, 15 mL) and a
speed of 3000 rcf for 5 min to get rid of free MPA (cf. Section
7.2).
Ligand Exchange on DDT-Au NPs (7 nm) with

Mercaptoundecanonic Acid. To DDT-Au NPs (dc = 7 nm)
in chloroform (as synthesized per Section 1.2) was added 91
mg (417 μmol) of MUA, and the resulting mixture was first
stirred at 60 °C for 30 min and then put into an ultrasonic bath
at RT for another hour to allow for ligand exchange. MUA-Au
NPs were precipitated by the addition of 40 mL of methanol,
transferred into a centrifuge tube, and sedimented at 3000 rcf

for 10 min to collect the MUA-Au NPs. The supernatant was
discarded, and the solid Au NP pellet was resuspended in
another 40 mL of methanol and again centrifuged. This
washing procedure was repeated 3 times, and the MUA-Au NPs
were finally purified by column chromatography using a
Sepharose (CL-4B) column and 25 mM aqueous sodium
hydroxide as the mobile phase (cf. Section 7.3).

5.3. Phase Transfer of DDT-Ag NPs from Chloroform
to Water Using 3-Mercaptopropionic Acid (MPA) or 11-
Mercaptoundecanoic Acid (MUA). This protocol implies
the phase transfer of DDT-Ag NPs with MPA or MUA to
render Ag NPs with a hydrophilic surface and thus to resuspend
them in aqueous solution with satisfactory colloidal stability
(Figure 46).62 Briefly, DDT-Ag NPs in chloroform (10 mL of

0.5 mg/mL, cf. Section 1.3) were placed in a 250 mL round-
bottom flask. MPA (7.3 mmol, 636 μL) or MUA (7.3 mmol,
1.59 g) was dissolved in 130 mL of Tris-Borate-EDTA (TBE)
buffer (0.5×) (Sigma-Aldrich, no. T3913). In the case of MUA,
the buffer mixture had to be dissolved by placing it into an
ultrasonic bath for 45 min. Then aqueous buffer solution was
added to the chloroform organic phase, and both phases were
mixed thoroughly until a phase transfer of Ag NPs to the
aqueous layer at the top of the vial was observed. The two
phases were then transferred into a 40 mL glass vial and
centrifuged at 900 rcf for 20 min to precipitate the excess
ligands as white solid on the bottom of the vial and
simultaneously to separate the two liquid layers. The aqueous
phase, including the MPA-Ag NPs or MUA-Ag NPs on top of
the biphasic system, was removed by a pipet and further washed
three times with Milli-Q water using centrifuge filters (Merck
Millipore, 100 kDa, 15 mL) at 3000 rcf for 5 min.

6. POLYMER COATING TO TRANSFER HYDROPHOBIC
NPs INTO AQUEOUS SOLUTION AND THUS TO
RENDER THEM HYDROPHILIC
6.1. General Considerations. This section describes the

phase transfer of hydrophobic alkanethiol-capped NPs to the
aqueous phase by overcoating the NPs with an amphiphilic
polymer that interacts strongly with the self-assembled alkane
monolayer on the NPs’ surface and provides a hydrophilic
character that enables efficient transfer of NPs from organic
solvent to water phase (cf. Figure 47). In other words, the
hydrophobic NPs are encapsulated inside the hydrophobic

Figure 44. Ligand exchange on hydrophobic NPs (capped with
hydrophobic ligands drawn in red) with hydrophilic ligands (drawn in
blue). The chemical structures of 1-dodecanethiol, 3-mercaptopro-
pionic acid, and 11-mercaptoundecanoic acid are shown.

Figure 45. Sketch of the final Au NPs stabilized by MPA in case of dc
= 4 nm Au NPs and MUA in case of 7 nm Au NPs.

Figure 46. Phase transfer of DDT-Ag NPs from chloroform to water
using 3-mercaptopropionic acid (MPA) or 11-mercaptoundecanoic
acid (MUA).
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cavity of the polymer micelles with independence on the type
of the inorganic core material.63,64

6.2. Synthesis of the Amphiphilic Polymer: Poly-
(isobutylene-alt-maleic anhydride)-graft-dodecyl, PMA-
g-dodecyl. In principle, there are many potential amphiphilic
polymers which can be used for polymer coating of NPs. In this
section emphasis is given to an amphiphilic polymer which is
based on a backbone of poly(isobutylene-alt-maleic anhydride),
functionalized with dodecylamine, yielding dodecylamine
hydrophobic side chains through formation of amide bonds
upon reaction with the maleic anhydride rings (PMA). The
anhydride rings that have not been reacted with dodecylamine
open in contact with water, forming negatively charged carboxyl
groups and, thus, providing colloidal stability to the NPs in
aqueous solutions. This chemistry allows for preparation of the
amphiphilic polymers with additional functionalities (e.g., by
attaching organic fluorophores).65

The synthetic PMA has been reported in previous work.10,66

A 250 mL round-bottom flask received 3.084 g (20 mmol
expressed as monomer, cf. Figure 48) of poly(isobutylene-alt-
maleic anhydride) (average Mw ∼ 6000 g/mol of whole
polymer, molecular weight of one PMA monomer unit MPMA ∼
154 g/mol, Sigma, no. 531278). Then, 2.70 g (15 mmol) of
dodecylamine (DDA, ≥ 98%, Fluka, no. 44170) was dissolved

in 100 mL of anhydrous tetrahydrofuran (THF, ≥99.9%,
Aldrich, no. 186562). Note, each polymer monomer unit
comprises an anhydride ring. The ratio of dodecylamine/
anhydride rings was chosen in a way that Rchain/mon = 75% (15
mmol out of 20 mmol), to allow for 75% anhydride rings
coupled with dodecylamine and 25% intact anhydride rings. It
is very important to use anhydrous organic solvents in order to
maintain the maleic anhydride rings active during the synthesis,
i.e., to prevent hydrolysis. This solution was then added to the
poly(isobutylene-alt-maleic anhydride), and the mixture was
sonicated for ca. 20 s, followed by heating to 55−60 °C for 3 h
under stirring. This mixture was initially cloudy, and only after a
while of heating it turned transparent. Next, the solution was
concentrated to 30−40 mL by evaporation of THF under
reduced pressure in a rotary evaporator, and the mixture was
heated under reflux overnight. Finally, the solvent was
completely evaporated under reduced pressure in a rotary
evaporator, and the dried polymer powder was dissolved in
VP_sol = 40 mL of anhydrous chloroform (≥99%, Sigma, no.
372978), yielding a solution 0.5 M in monomer concentration,
cP. It is important to keep this polymer solution under
anhydrous conditions so that the remaining maleimide rings do
not yet hydrolyze.
The final molar mass of one polymer unit MP comprises the

molar mass MPMA of one PMA monomer and the molar mass
MDDA = 185 g/mol of one DDA side chain times the number of
side chains per monomer; see eq 14.

= + ×M M R MP PMA chain/mon DDA (14)

For Rchain/mon = 0.75, the value ofMP = 154 g/mol + 0.75 × 185
g/mol ≈ 293 g/mol is obtained.
During the polymer synthesis molecules that are soluble in

THF and which bear a −NH2 group can be integrated into the
polymer. This can be done by adding those amine-containing
molecules (like dyes or spacer molecules like polyethylene
glycol) together with the dodecylamine to the PMA. By this
Rchain/mon = 75% of the anhydride rings will react with the NH2
group of the dodecylamine, as described above, and some of the

Figure 47. NP cores (drawn in gray) that are capped with
hydrophobic ligands (drawn in red) are modified with an amphiphilic
polymer (hydrophilic backbone drawn in blue and hydrophobic side
chains drawn in red). The NP core is embedded in the resulting
polymer micelle, resulting in a hydrophilic nanoparticle surface.

Figure 48. Synthesis of poly(isobutylene-alt-maleic anhydride)-graf t-dodecyl, PMA-g-dodecyl. (A) Poly(isobutylene-alt-maleic anhydride) is used as
hydrophilic backbone (the purple box shows one monomer unit). (B) Dodecylamine is used as hydrophobic side chain. The amphiphilic polymer
was obtained by reaction of the hydrophilic backbone with hydrophobic side chains. (C) Structure of the amphiphilic polymer (PMA-g-dodecyl).
The purple box in C shows a monomer unit with attached side chain (of molar mass MP). The hydrophobic and hydrophilic parts are drawn in red
and blue, respectively.
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remaining PMA monomers with the additional functional
molecules. Typically not more than Rfunc/mon = 5% of the
anhydride rings should be modified with functional molecules,
as otherwise the polymer coating procedure as described in
Section 6.3 may no longer work. A list with modified polymers
that has been reported in literature is provided in Section 6.3.
6.3. Phase Transfer of Alkanethiol-Capped NPs from

Chloroform to Water Using PMA-g-dodecyl Polymer.
DDT-Au NPs in chloroform were mixed with PMA-g-dodecyl
dissolved in chloroform. The mixture was stirred manually for 5
min at RT, and then the solvent (i.e., chloroform) was
completely evaporated in a rotary evaporator under heating at
40 °C to force the polymer to wrap around the NPs, as
illustrated in Figure 49. A few milliliters of anhydrous

chloroform were added to the flask to reconstitute the solid
film, and again the solvent was removed under reduced
pressure. This step was carried out 3 times in order to obtain a
homogeneous coating. After the last step, the remaining solid
film in the flask film was reconstituted in alkaline sodium borate
buffer (50 mM, pH 12 adjusted with NaOH) under vigorous
stirring until the solution turned clear, cf. Figure 50. Sonication

can be optionally used to facilitate the dispersion. In the last
step, the remaining anhydride rings get hydrolyzed in alkaline
conditions resulting in carboxylate groups that allow recon-
stitution in water with excellent colloidal stability. This
approach can be employed to transfer various types of NPs
with different sizes from water to chloroform as per Table 5.
A key point in this procedure is the calculation of the amount

of polymer NP (in terms of monomer units), which needs to be
added to the NPs. The amount of polymer per NP scales with
the effective surface area Aeff of one NP and with the amount of

NPs. In the case of spherical NPs Aeff is given as the surface of a
sphere (cf. Figure 1):

π π= × = ×
⎛
⎝⎜

⎞
⎠⎟A

d
d4

2eff
eff

2

eff
2

(15)

Nanorods were considered as cylinders with diameter deff and
length Leff to simplify the calculations (cf. Figure 2), and thus
the effective surface of one rod-shaped NP becomes

π π= × × = × ×
⎛
⎝⎜

⎞
⎠⎟A

d
L d L2

2eff
eff

eff eff eff
(16)

In a solution with volume VNP_sol and NP concentration cNP the
number of moles of NPs is nNP = cNP·VNP_sol; i.e., the total
number of NPs NNP = nNP × NA (NA = Avogadro’s number).
The total effective surface area of all NPs in solution thus is

= × = × × ×_ _A N A c V N Atotal eff NP eff NP NP sol A eff (17)

The number of monomer units that needs to be added per nm2

of effective surface area (RP/Area) is an important value that
should be determined experimentally for any polymer coating
protocol, as it may depend on the core material, core diameter,
surface capping, etc. of the NPs. The number of polymer
monomers NP that needs to be added to the NP suspension
thus is

= × _N R AP P/Area total eff (18)

For a polymer stock solution of monomer concentration cP, the
volume VP_sol needs to be added to the NP suspension.

= = =
×
×

=
× × ×

_

_

V
n
c

N N
c

R A
N c

R A c V
c

/
P sol

P

P

P A

P

P/Area total eff

A P

P/Area eff NP NP sol

P (19)

The polymer coating procedure should be carried out in
sufficiently diluted NP suspension. In the case of NPs with dc <
10 nm we typically use a NP concentration of around cNP = 1
μM. In case of bigger NPs, lower NP concentrations should be
used.
To give an example of the above calculation: A batch of

hydrophobic Au NPs synthesized according to Section 1.2 have
a core diameter of dc = 4.2 nm, and a ligand length of
dodecanethiol of lligand = 1 nm was assumed. The Au NPs were
suspended at a concentration of cNP = 1 μM in a volume of
VNP_sol = 7.1 mL. For the polymer coating procedure the
amount of polymer added per effective NP surface was chosen
as RP/Area = 100 nm−2. The polymer was dissolved in a stock
solution with monomer concentration cP = 0.05 M. In this way
with the help of eq 1, eq 15, and eq 19 the amount VP_sol of
polymer solution, which needs to be added to the NP
suspension of volume VNP, can be calculated:

π π

μ

= + × = + × =

= × = × =

= × × ×
= × × × ×

=

_ _
−

d d l

A

V R A c V c

2 4.2 nm (2 1 nm) 6.2 nm

d (6.2 nm) 121 nm

( )/
(100 nm 121 nm 1 M 7.1 mL)

/0.05 M 1.7 nm

eff c ligand

eff eff
2 2 2

P sol P/Area eff NP NP sol P
2 2

Figure 49. Phase transfer of DDT-Au NPs from chloroform (left) to
water (right) using PMA-g-dodecyl polymer.

Figure 50. Phase transfer of DDT-Au NPs (dc = 4.2 nm) from
chloroform to water using PMA-g-dodecyl polymer. Photographs of
(A) DDT-Au NPs in chloroform after addition of the polymer solution
dissolved in chloroform, (B) chloroform evaporated using a rotary
evaporator, and (C) sonication after the addition of sodium borate
buffer (pH 12).
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A list of polymer coating conditions for a variety of NP
materials is given in Table 5. Parameters for NPs coated with
functionalized polymers are listed in Table 6 and Table 7.

7. PURIFICATION OF HYDROPHILIC NPs

7.1. General Considerations. Generally, NPs should be
purified from excess of free reactants, byproducts, and ligand
molecules in the solution. The selection of a purification
technique for a NP solution depends on many variables such as
colloidal stability of NPs during purification, efficiency of the
purification process, the desired purity level, size and nature of
molecules/ligands to be removed, and availability of the
respective purification techniques. Unfortunately, there is no
universal purification tool for any generic NP solution, but
indeed proper purification techniques should be carefully
selected for each reaction, to ensure efficient separation
between NPs (products) and free excess reactants (impurities).
Purification, on the other hand, also may change the properties
of the NPs, e.g., modify their ligand shell.18

As an xample, the polymer coating procedure in Section 6.3
employs excess polymer in the reaction, which must be
removed afterward (post-synthesis purification). It is worth
mentioning that avoiding excess addition of polymer may result
in incomplete coating and thus induce NP aggregation. The
free residual polymer in aqueous solution forms polymeric
micelles, with a hydrophobic cavity and a hydrophilic surface,
cf. Figure 51.100 They are stable assemblies of several polymer
molecules, in which the hydrophobic tails point toward the
inside of the micelle, and the hydrophilic backbones are
exposed to the outside. Thus, they can be thought of as
“empty” polymer shells without embedded inorganic NPs. The
polymer micelles have the size of a few nanometers, and thus it
is hard to be separated from NPs with similar size using size
exclusion chromatography. However, efficient separation could
be achieved by other separation methods such as gel
electrophoresis and ultracentrifugation (cf. Section 7.5).
Purification is paramount for many applications. In case of

cytotoxicity studies it is required to ensure that any effect is
related to the NPs and not to residuals in solution. Also, for
quantitative labeling, empty micelles will compete with polymer
coated NPs for binding to the same target; however, without
any label (i.e., the NP core) inside and, thus, without being
detected. Note that polymeric micelles are hard to detect, as the
amphiphilic polymer itself does not have any specific

absorption of light and also is not fluorescent. In case the
polymer has been modified with organic fluorophores, these
micelles can be detected by their fluorescence.100 In addition
negative staining of the polymer allows for visualizing empty
polymer micelles with transmission electron microscopy, cf.
Section 7.5.

7.2. Filtration, Ultrafiltration, and Dialysis. The syn-
thesis of NP synthesis in many occasions is associated with the
formation of large aggregates/agglomerates due to NP
aggregation, which can be removed from solution by simple
filtration via a syringe membrane filter (0.22 μm pore size, Carl
Roth, no. KY62.1) as per Figure 52. In case the NP solution
does not pass easily through the filter, addition of water to the
NP solution, i.e., dilution, may help.
Ultrafiltration can be employed to purify and to concentrate

NPs. Ultrafiltration also allows for exchange of the suspending
media, for example, from buffer to water or vice versa. Briefly,
NP suspension is placed in the centrifuge filter (available from
various suppliers, e.g., Vivaspin 20 from Sartorius or Amicon
Ultra 4 mL Centrifugal Filters), with typically 100 000 Da
molecular weight cutoff (MWCO). The pores of the filter are
big enough to be passed through by small molecules but retain
the NPs. Upon centrifugation the filtrate that contains free
ligands/reactants is collected in the outer vial below the filter
membrane, and the NP suspension is concentrated in the inner
vial. Fresh solvent can be added to the NP concentrate, and the
filtration can be repeated for several rounds of clean up as
required (Figure 53 and Figure 54). Note that excessive
purification/concentration may induce NPs aggregation, which
can also block the filter.
Dialysis is a widely used method to purify NP suspensions

from free impurities. The method is described in Figure 55.
The NP suspension is put in a semipermeable membrane
dialysis bag with defined pore size and molecular weight cutoff
(MWCO), which then is placed in a beaker filled with a large
volume of fresh buffer/solvent. Molecules smaller than the
MWCO can penetrate the membrane and diffuse out from the
dialysis bag to the bulk solution in the beaker. Dialysis is driven
by the concentration gradient between the dialysis bag and the
concentration in the beaker. Thus, the process occurs until
equilibrium is achieved. At this point, the bath needs to be
replaced with fresh solvent. Dialysis is easy to perform and in
fact is a “gentle” treatment for the NPs, since no mechanical
stress is placed on NPs (the case of centrifugation as an

Table 5. List of Parameters Used To Overcoat Various NPs with PMA-g-dodecyl Polymera

NP material shape dc [nm] Lc [nm] lligand [nm] synthesis described in section Rchain/mon RP/Area [nm
−2] ref

Au sphere 4.2 - 1.0 1.2 75% 100 10
Au sphere 25 - 1.0 2.2, 4.2 75% 3000 57
Au sphere 50 - 1.0 2.2, 4.2 75% 3000 57
Au sphere 50 - 1.0 2.2, 4.2 75% 3000 57
Au sphere 100 - 1.0 2.2, 4.2 75% 4000 -
Au rod 15 40 1.0 2.4, 4.3 75% 3000 -
Au rod 15 63 1.0 2.4, 4.3 75% 3000 57
Au rod 30 100 1.0 2.4, 4.3 75% 3000 -
Au rod 12 83 1.0 2.4, 4.3 75% 3000 57
Ag sphere 4.2 1.0 1.3 75% 100 62
FePt sphere 4 - 1.0 1.4 75% 100 67
Fe3O4 sphere 4 - 1.0 1.5 75% 100 -
CdSe/ZnS sphere 2−10 1.2 1.7 75% 100 64, 68

aIn some of the examples57 the original NPs were not capped with hydrophobic ligands and thus were capped with DDT previous to the polymer
coating procedure.
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example). However, it is time-consuming and has lower
efficiency compared to ultrafiltration. In addition, due to
osmotic pressure upon dialysis, the volume of the NP
suspension in the dialysis bag may increase, resulting in
dilution of the NP suspension.

7.3. Size Exclusion Chromatography. In size exclusion
chromatography (SEC), a NP suspension is run through a
porous gel matrix driven by gravity or by pressure. The
separation mechanism is based on the interaction between the
NPs and the pores of the gel: “small” NPs can enter the pores
and are thus retained, whereas “large” NPs are excluded from
the pores and thus pass the gel faster without interaction. In
this way “large” NPs are eluted first, and “small” NPs take
longer to diffuse into and out of the pores and thus are eluted
later, cf. Figure 56. “Small” and “large” sizes of NPs are relative

Table 7. List of Amphiphilic Polymers Other than PMA Which Have Been Used for the Overcoating of Hydrophobic NPsa

NP core material dc [nm] polymer Mw(polymer) [g/mol] RP/Area [nm
−2] dh [nm] ζ [mV] ref

Au 4.0 PEO 600000 113
Au 3.8 PDMAEMA-stat-PLMA (11:89) 9950 ≥50 114
Au 3.8 PDMAEMA-stat-PLMA (19:81) 11000 ≥50 114
Au 3.8 PDMAEMA-stat-PLMA (20:80) 8650 ≥50 114
Au 3.8 PDMAEMA-stat-PLMA (38:62) 9500 ≥50 22 ± 13 +(28 ± 15) 114
Au 3.8 PDMAEMA-stat-PLMA (47:53) 46200 ≥50 114
Au 3.8 PDMAEMA-stat-PLMA (51:49) 47000 ≥50 114
Au 3.8 PDMAEMA-stat-PLMA (53:47) 11000 ≥50 7 ± 2 +(30 ± 14) 114
Au 3.8 PDMAEMA-stat-PLMA (64:36) 12000 ≥50 114
Au 3.8 PDMAEMA-stat-PLMA (73:27) 6500 ≥50 114
Au 3.8 PDMAEMA-stat-PLMA (75:25) 46000 ≥50 114
Au 3.8 PDMAEMA-stat-PLMA (76:24) 7000 ≥50 28 ± 21 +(31 ± 6) 114
Au 3.8 PMAPHOS(OMe)2-stat-PLMA (21:79) 10500 ≥50 114
Au 3.8 PMAPHOS(OMe)2-stat-PLMA (25:75) 8000 ≥50 114
Au 3.8 PMAPHOS(OMe)2-stat-PLMA (35:65) 11800 ≥50 13 ± 3 −(25 ± 5) 114
Au 3.8 PMAPHOS(OMe)2-stat-PLMA (40:60) 9500 ≥50 11 ± 4 −(21 ± 9) 114
Au 3.8 PMA-g-D1 (68:32) 6000 ≥50 10.6 ± 0.7 −(24 ± 4) 114
CdSe/ZnS 4 PDMAEMA-stat-PLMA (38:62) 9500 50 114
CdSe/ZnS 4 PDMAEMA-stat-PLMA (53:47) 11000 50 114
CdSe/ZnS 4 PDMAEMA-stat-PLMA (76:24) 7000 50 114
CdSe/ZnS 4 PDMAEMA-stat-PLMA (35:65) 11800 50 114
CdSe/ZnS 4 PDMAEMA-stat-PLMA (40:60) 9500 50 114
CdSe/ZnS 4 PDMAEMA-stat-PLMA (68:32) 6000 50 114
Au 4.6 ± 1.1 PMAPHOS-stat-PLMA 9000 50 11 ± 3 −(40 ± 10) 115
Au 4.6 ± 1.1 PTMAEMA-stat-PLMA 16300 50 13 ± 3 +(10 ± 9) 115
Au 4.6 ± 1.1 PMAPHOS-stat-PLMA-stat-PDI 9500 50 13 ± 6 −(23 ± 8) 115
Au 4.6 ± 1.1 PTMAEMA-stat-PLMA-stat-PDI 17800 50 7 ± 2 +(17 ± 1) 115

aFor the polymer materials the ratio of charged (x) to uncharged (y) monomer units in the polymer is noted as (x:y).

Figure 51. Empty polymer micelles (left) versus polymer-coated Au
NPs (right). Due to similar size, separation using size exclusion
chromatography is not efficient.

Figure 52. (A) Purification of PMA-g-dodecyl capped Au NPs (≈4 nm
core diameter, cf. Section 1.2, Section 6.3) from aggregates via
filtration using a syringe filter. (B) After filtration the aggregates can be
seen in the filter by the naked eye.

Figure 53. Ultrafiltration of hydrophilic NPs (drawn as gray spheres
with blue surface) using a centrifugal filter. The NP suspension
contains impurities (small black dots) of concentration cX. First, the
NP suspension is diluted with fresh solvent to a volume (VNP_sol),
resulting in NP concentration of cNP. Upon centrifugation only solvent
and the small impurities pass through the filter membrane, which
results in an increase in NP concentration (c′NP = cNP·V′NP_sol/VNP_sol)
and a decrease in impurities concentration (c′X = cX·VNP_sol/V′NP_sol).
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to the size of the pores of the gel; i.e., the pore size has to be
selected based on the size of the NPs in the sample. The gel
beads used to form the gel matrix have to be inert, i.e., the NPs
must not react and/or stick to them. SEC is frequently used for
desalting, i.e., small ions are retained, whereas the sample, such
as proteins, is eluted.116,117 In this way SEC can be also be used
to purify NPs from smaller excess molecules (e.g., salt or
capping agent) in solution. For quantitative analysis, SEC
columns need to be calibrated to estimate the hydrodynamic
diameter dh of NPs.

80

The possibility of assembling a SEC column in a high
performance liquid chromatography (HPLC) system (cf.
Figure 57) allows for an automatic sample injection and

collection, a customizable constant pressure all over the sample
run, and the possibility of multiple programmed detectors.
Optimizing parameters related to the stationary phase, the
column dimensions, the mobile phase, or the process flow
allows fine-tuning of the separation quality. It is important to
note that a prefiltering step of NP suspension prior to sample
injection is important.

7.4. Gel Electrophoresis. Gel electrophoresis is based on
the mobility of charged molecules in a gel matrix under applied
electric field. The higher the charge of the molecules, the faster
they migrate through the gel.118 The bigger the molecules, the
slower they can pass the pores in the gel and the slower they
migrate.53 In this way, assuming similar surface charge density,
“large” NPs run slower in gel than “small” NPs.52 Separation of

Figure 54. Ultrafiltration using a centrifugal filter to purify and
concentrate Au NPs. (PES (Polyethersulfon-membrane centrifugal
filter with 100 kDa MWCO, Sartorius Stedim, no. VS2042).

Figure 55. Dialysis of hydrophilic NPs (drawn as gray spheres with
blue surface) using dialysis bag of volume VNP_sol. Besides the NPs
there are also small impurities of concentration c1X in the NP
suspension. The dialysis bag is placed into a bath solution of volume
Vbuffer, in which there are no impurities, i.e., c2X = 0. Upon diffusion
impurities move from the dialysis bag into the bath. At equilibrium,
concentration of impurities in the dialysis bag is reduced to c′1X (c′1X =
c1X × VNP_sol/(VNP_sol + Vbuffer)).

Figure 56. Principle of size exclusion chromatography. Small
impurities enter the pores of gel beads and are thus retarded, whereas
larger NPs are eluted faster.

Figure 57. (A) Elution of PMA-g-dodecyl-capped Au NPs (≈4 nm
core diameter, cf. Section 1.2, Section 6.3) via high performance liquid
chromatography (HPLC; Agilent 1100 Series) on a size exclusion
chromatography column (75 cm length and 1.5 cm diameter) filled
with Sephacryl S400HR as stationary phase and sodium borate buffer
pH = 9 as mobile phase. The flow rate was set as 0.5 mL·min−1. The
inset shows the red band of eluted Au NPs. (B) Size exclusion
chromatograph of PMA-g-dodecyl-capped Au NPs (≈4 nm diameter,
cf. Section 1.2, Section 6.3) using similar conditions in A. The
normalized absorption A at 520 nm is plotted versus the elution time
of the Au NPs (dark red curve). For column calibration, peaks of blue
dextran shown as normalized absorption at 620 nm (drawn in green)
and acetone shown as normalized changes of the refractive index
(blue) are also represented on the chromatogram as reference of the
range of the column retention time at these working conditions. In the
case of the acetone the changes of the refractive index are measured via
an internal reference cell and a sample cell set in the instrument. Both
are initially flushed with the mobile phase until the refractive index is
the same in both cells, and at this moment the zero value is adjusted.
Once the measurement starts, the reference cell stays closed and the
column eluate flows through the sample cell. The final signal is
expressed as Refractive Index Units (RIU), being the difference Δn
between the refractive index in the sample cell and the refractive index
in the reference cell.
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NPs with various particle sizes can be optimized by adjusting
the concentration of the gel and thus the gel mean pore size.52

For gel preparation (here 2% (w/v) agarose), 3 g of agarose
powder (Invitrogen, no. 15510027, “Agarose UltraPure”) was
dissolved in 150 mL of 0.5× TBE buffer (44.5 mM Tris-borate
and 1 mM ethylenediaminetetraacetic acid (EDTA), pH = 8.3,
Sigma-Aldrich, no. T3913) in a 500 mL Erlenmeyer flask. The
solution was then covered with a watch−glass and heated in a
microwave oven at 380 W for 8 min until the solution started to
boil. The flask was swirled to help all agarose powder to
dissolve and was then heated again to the boiling point. The
hot and clear agarose solution was poured in a 10 × 15 cm gel
tray leveled in a gel caster (BioRad). A comb (1, 2, 15, 20, or 30
wells) was placed into the gel, and the whole device was
covered with an alumina or polyethylene foil. The gel was
allowed to cool down to RT and to solidify, which typically
takes 1 h, cf. Figure 58. After solidification the comb was

removed and the gel was taken out of the casting device and
placed into the electrophoresis device (BioRad Subcell GT
wide mini), which was filled with 0.5× TBE buffer until the
whole gel was covered.
Prior to loading into the wells of the gel, the NPs were first

mixed with about 20% by volume with loading buffer (30%
glycerol in 0.5× TBE with 0.3% Orange G). Glycerol increases
the viscosity so that the NP suspension can be better filled into
the wells of the gel. The yellow/orange color of Orange G
allows for observing a fast migrating band as control on the gel.
The NP suspension was carefully pipetted into the wells of the
gel, i.e., into the holes made by the removed template comb, cf.
Figure 59A. The wells should not be filled too high, and the NP
suspension should not be too concentrated, as otherwise the
band upon running electrophoresis may be smeared out. Once
the gel had been loaded with NP suspension the electro-
phoresis devices were connected to a power source (BioRad
Power Pac 1000) and run at a constant voltage of typically 100
V, corresponding to a potential gradient of 10 V/cm. The NPs
were then run on the 2% agarose gels for 30−100 min under
the following conditions: 100 V, 500 mA, 250 W, 0.5× TBE
buffer. In case the NPs are charged, they migrate toward the
oppositely charged pole, cf. Figure 59B. The speed of migration
depends on the charge and hydrodynamic diameter of the NPs.
In this way different NP species can be separated as different
bands on the gel. The more homogeneous the size and charge
distribution of one NP species, the sharper the corresponding
NP band is. The longer the running time, the better the
separation of the NP bands.
Afterward, the gel was taken out from the tray and a digital

picture was taken (BioRad Gel Doc), showing the gel under
visible or UV light. In the case the NPs did not migrate

sufficiently, the gel was run for another 30 min and another
photograph was taken after the additional running time. For
imaging, the gel was placed on a white plastic plate to enhance
the contrast and was inserted into the chamber of the imaging
device, cf. Figure 60.

Gel electrophoresis can be used for purification of NP
samples. Free impurities such as surfactants, molecules, or
polymer micelles typically migrate faster than NPs. By taking
out the NP band from the gel, an NP suspension purified from
empty polymer micelles can be obtained. The band of the NPs
was cut with a knife and then put into a dialysis bag tube
(Spectra/Pro 6 dialysis tubing, 50 kDa MWCO, 34 mm flat
width, Spectralabs, no. 132544). The gel-filled bag was then put
into the electrophoresis cell filled with fresh 0.5× TBE buffer,

Figure 58. Boiling agarose solution is poured in the gel tray, and a
template comb is inserted. The gel then is allowed to cool down and
solidify at RT.

Figure 59. Photographs of an agarose gel filled with anionic Au NPs
(≈4 nm diameter, cf. Section 1.2, Section 6.3) (A) before and (B) after
electrophoresis. The NP sample is loaded in the well seen on the
bottom of the image and can be seen by the red color of the Au NPs as
labeled. PMA-coated Au NPs are negatively charged, and thus they
migrate toward the positive pole when an electric field is applied, i.e.,
in the shown image toward the top of the image. Orange G is a small
negatively charged molecule and thus migrates faster than Au NPs
toward the positive pole. Yellow and red bands in the gel correspond
to the Orange G and Au NPs, respectively.

Figure 60. Photographs of the BioRad Gel Doc imaging device, which
was used to take pictures of gel containing Orange G and Au NPs
bands (in Figure 59), under white light (A) or under UV illumination
(B). In both A and B: The gel inside the imaging device is shown on
the left and the resulting images on the right. In case of white light
illumination the yellow band of Orange G and the red band of Au NPs
can be seen. Since Orange G and the Au NPs are nonfluorescent, no
fluorescence can be observed under UV illumination.
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and voltage (100 V) was applied, typically for 20 min. Due to
the applied voltage the NPs migrated out of the gel, but they
remained trapped inside the dialysis bags. Once the NPs had
been migrated out of the gel pieces and the voltage was
switched off, the dialysis bags were taken out of the
electrophoresis cell, and the suspension of NPs was pipetted
out of the bags, cf. Figure 61. For concentration and buffer
exchange of this NP suspension ultrafiltration was applied as
reported in Section 7.2.

7.5. Ultracentrifugation. A major method for NP
purification is centrifugation. NPs with density higher than
the density of the solvent may be precipitated by gravity or
centrifugal forces, whereas lighter impurities (surfactants, ions,
capping agents, polymers, etc.) remain in the supernatant and
thus can be removed by supernatant decantation. The NP
pellet is then resuspended in fresh medium/solvent, cf. Figure
62. This procedure works well for NPs that are large or dense

enough to be precipitated by using a tabletop centrifuge (e.g.,
Au NPs of dc > 15 nm at 10000 rcf). In the case of smaller NPs,
ultracentrifugation with much higher centrifugation speed is
needed. The duration and centrifugal forces depend on the
NPs’ size, shape, and density, as well as on solvent-related
parameters such as solvent density/viscosity. Moreover, the
colloidal stability of NPs during centrifugation is a very
important parameter to be considered when selecting the
centrifugation settings. Collectively, optimum centrifugation
settings for a specific NP suspension should be evaluated

experimentally. For example, PMA-g-dodecyl capped Au NPs
(≈4 nm core diameter, cf. Section 1.2, Section 6.3) required
centrifugation at 85 000 rcf (Thermo Scientifiv ultracentrifuge
equipped with a SureSpin 630 rotor in combination with 36 mL
PET thin-walled tubes (Thermo Scientific, no. 75000471)) for
3 h. After centrifugation, a red pellet was observed, and the
supernatant was discarded. Three centrifugation cycles were
found to be necessary to purify PMA-g-dodecyl capped Au NPs
from empty PMA-g-dodecyl micelles (cf. Figure 62). After the
third centrifugation step, the Au NPs were suspendet in Milli-Q
water and filtered through a hydrophilic syringe filter (0.22 μm,
cf. Section 7.2).
Various purification methods may result in different

purification efficiencies. For example, we did find that
purification of PMA-g-dodecyl capped Au NPs using ultra-
centrifugation is more efficient than the gel electrophoresis
method. Interestingly, some empty polymer micelles may
remain in solution after electrophoresis, whereas the NP sample
was virtually free of empty micelles after three ultra-
centrifugation cycles, cf. Figure 63.

8. CHARACTERIZATION OF STRUCTURAL
PROPERTIES OF THE NPS
8.1. General Comments about the Composition of the

NPs. As outlined in Sections 1−6, NPs described in this report
are composed of an inorganic core and an organic shell. The
total mass of one NP (mNP) involves the mass of the inorganic
core (mc) and the mass of the organic surface coating. As
inorganic cores can be conveniently imaged with transmission
electron microscopy (TEM, cf. Section 8.3), the mass of one
NP core can be obtained. In addition to the NPs’ core material
density, the NP core volume Vc should be calculated using NP
dimensions as obtained from TEM images (core diameter (dc)
in the case of spherical NPs and core diameter (dc) and length
(Lc) in the case of rod-shaped NPs). Note that without
additional staining (cf. Section 8.4) the organic shell does not
provide contrast in regular TEM, and thus only the inorganic
cores are visible. In the case of spheres and rods (assumed to
have the shape of a cylinder) the volume of one NP core is
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If the core is built in core/shell geometry (cf. Figure 1), the
volume Vc2 of the shell is

π
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In the case the core is composed out of material of density ρc,
the mass of one NP core is

ρ= ×m Vc c c (23)

For most inorganic NP materials their densities can be found in
the literature. In first order the bulk densities of the materials
can be assumed. The molar mass of an NP core thus is

= ×M m Nc c A (24)

Figure 61. Recovering Au NPs from a gel band. (A) The extracted
band contains Au NPs (≈4 nm diameter, cf. Section 1.2, Section 6.3)
and was placed inside a dialysis bag, which was placed into the
electrophoresis cell. (B) After applying an electric field the Au NPs
migrated out of the gel band but remained trapped inside the dialysis
bag.

Figure 62. Purification via repeated centrifugation of a suspension of
NPs (drawn in gray) of initial volume VNP_sol and a concentration of
cNP. Small impurities (drawn in black) with concentration cX are
presented initially in the suspension. Upon centrifugation the NPs
form a pellet, whereas the impurities remain in solution. The
supernatant with the impurities is removed. Fresh solvent is added
to result in a decreased final concentration of impurities c′X = cX·
V′NP_sol/VNP_sol.
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In the case the core is composed out of one element X, then

each NP core includes NX/NP atoms of X. MX is the molar mass

of element X.

ρ= = × ×N
M
M

V
N
MX/NP

c

X
c c

A

X (25)

To give an example, for a spherical Au NP with core diameter

dc = 4.2 nm, Vc = (π/6) × (4.2 nm)3 ≈ 38.8 nm3. Given the

bulk density of Au of ρAu = 19.3 g/cm3, the mass of one Au core

thus is mc = 19.3 g/cm3 × 38.8 nm3 ≈ 750 g·(10−9 m/10−2 m)3

= 7.5 × 10−19 g. The molar mass of a Au core thus is Mc = mc ×
NA = 7.5 × 10−19 g ·6.02 × 1023 mol−1 ≈ 4.5 × 105 g/mol.

Given the molar mass of Au MAu = 197 g/mol, one Au core

thus comprises approximately NAu/NP = Mc/MAu = 4.5 × 105 g·
mol−1 /197 g·mol−1 ≈ 2284 ≈ 2300 Au atoms.
In the case the core is composed out of two elements X and

Y with the stoichiometry XxYy (i.e., for Fe3O4, x = 3 and y = 4),

then each NP core includes NX/NP and NY/NP atoms of X and Y,

respectively. MX and MY are the molar masses of the two

elements.

= × + ×M N M N Mc X/NP X Y/NP Y (26)

=
N
N

x
y

X/NP

Y/NP (27)

Thus, Mc = NX/NP × MX + NX/NP × (y/x) × MY, leading to
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To give an example, for a spherical Fe3O4 NP with core
diameter dc = 4.2 nm, Vc = (π/6) × (4.2 nm) 3 ≈ 38.8 nm3.
Given the bulk density of Fe3O4 of ρFe3O4 = 5 g/cm3, the mass
of one Fe3O4 core thus is mc = 5 g/cm3 × 38.8 nm3 = 194 g ×
(10−9 m/10−2 m)3 ≈ 1.9 × 10−19 g. The molar mass of a Fe3O4
core thus is Mc = mc × NA = 1.9 × 10−19 g·6.02 × 1023 mol−1 ≈
1.2 × 105 g/mol. Given the molar masses of iron MFe = 55.8 g/
mol and of oxygen MO = 16 g/mol, one Fe3O4 core thus
comprises approximately NFe/NP = Mc/(MFe + (4/3) × MO) =
1.2 × 105 g·mol−1/(55.8 g·mol−1 + (4/3) × 16 g·mol−1) = 1556
≈ 1600 iron atoms, and NO/NP =Mc/(MO + (3/4) ×MFe) = 1.2
× 105 g·mol−1/(16 g·mol−1 + (3/4) × 55.8 g·mol−1) = 2074 ≈
2100 oxygen atoms.

8.2. Determination of NP Concentrations by Elemen-
tal Analysis. With inductively coupled plasma coupled with
either mass spectrometry (ICP-MS) or optical emission
spectroscopy (ICP-OES), quantitative elemental analysis can
be performed. Dilution and acid digestion are required prior to
analysis. For example, in the case of metal NPs, such as Au or

Figure 63. Transmission electron microscopy (TEM) images of PMA-g-dodecyl capped Au NPs (≈4 nm core diameter, cf. Section 1.2). (A) TEM
images of the DDT-Au NPs (cf. Section 8.3) before coating with PMA-g-dodecyl polymer at two magnifications in upper and lower panels. (B) TEM
images after negative staining (cf. Section 8.4) of the PMA-g-dodecyl capped Au NPs purified by gel electrophoresis (cf. Section 7.4) at two
magnifications in upper and lower panels (Note: some empty polymer micelles can be seen (gray spots without black NP inside)). (C) TEM images
of the PMA-g-dodecyl capped Au NPs purified by ultracentrifugation at 65 000 × g three times at two magnifications in upper and lower panels
(Note: the sample is virtually free of empty polymer micelles). The scale bars in the top and bottom rows represent 100 and 50 nm, respectively.
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Ag, 50 μL of the sample was added to 200 μL of aqua regia (i.e.,
concentrated HCl (35 wt %) and HNO3 (67 wt %) in 3:1
volume ratio), and then it was left for digestion (oxidation of
metallic cores into their corresponding ions) for about 30 min.
The digestion step diluted the sample by a dilution factor of 5×
prior to further dilution by a factor of 10× with HCl solution (2
wt % HCl) prior to their injection into ICP-MS (total dilution
factor of 50×). A high dilution factor in acidic media is required
to stabilize metallic ions and to improve the analytical detection
limit, as well as to ensure a qualitative and quantitatively equal
background signal for all samples. Samples with high levels of
acid might harm the ICP-MS machinery.
For calibration, the autotuning solution from Agilent for

ICP-MS 7500cs with a standard concentration of 1 μg/L of Ce,
Co, Li, Mg, Tl, and Y was used to set the general background,
as well as to calibrate the electrical field of the lenses and the
magnetic quadrupole field in strength and frequency before the
actual run. The oxidation level (less than 0.8%) and double
charge rate (less than 1.8%) were also measured using this
tuning solution.
All vials and working materials either were cleaned using

freshly prepared aqua regia for 2 h followed by boiling in Milli-
Q water or consisted of sterile and clean nonreusable
consumables. The samples were introduced into the ICP-MS
setup through a Perfluoroalkoxy-Alkane (PFA) based micro-
flow spray chamber, where the aqueous sample was nebulized,
introduced to the argon gas flow, and transported to the torch,
where it was ionized in an argon-plasma of around 6000 °C.
After ionization the sample was presorted using an omega lens,
element-wise separated in the quadrupole field through the
mass to charge ratio, again sorted using kinetic barriers and a
charged lens system, and finally detected with either an analog
or a digital detector depending on the count rate. It is
important to mention that the working mode of the instrument
and flow of Ar gas also affected the analysis.
Before each run, a proper calibration was needed with an

appropriate standard. The ICP-MS setup was calibrated by
using an Agilent standard of corresponding ions (all the
standards of corresponding ions should be available prior to the
measurement). For example, in the case of Au NPs the element
to be detected is Au. The Agilent Au standard has 1000 mg/L
Au concentration from which eight solutions of concentration
2500, 1000, 500, 250, 100, 50, 25, and 10 parts per billion (1
ppb = 10−9 = 1 μg detected Au/1 kg water (density ρH2O = 1
kg/L), corresponding to a gold concentration CAu = 1 μg/L)
were prepared along with a blank using the same low matrix
(aqueous 2 wt % HCl) as diluent. The calibration curve was
constructed using concentration points of the aforementioned
standard solutions. The syringe and tubings were washed
thoroughly at the end of each run (for gold, extensive rinsing is
needed as it often sticks to the tube). The calibration curve and
the sample results were used to calculate the concentration of
measured elements in the corresponding samples considering
the used dilution factor (Final concentration = dilution factor ×
measured concentration).
With TEM studies the volume of one NP core Vc (the core

that contains the detected element) can be determined, leading
to the total number of atoms X per NP (NX/NP) (cf. Section
8.3). By knowing the elemental concentration of metallic ions X
in a sample cX, the concentration of NPs in the sample can be
determined:

=c c N/NP X X/NP (30)

For example, to determine the concentration of Fe3O4 NP in a
sample (cNP) we need to determine the elemental concen-
tration of iron cFe in the sample and the number of Fe atoms
per NP as per eq 28: NFe/NP = ρFe3O4 × Vc × NA/(MFe + (4/3)
× MO) = ρFe3O4 × (π/6) × dc

3 × Vc × NA/(MFe + (4/3)·MO).
The concentration of Fe3O4 NP in the sample now can be
calculated as follows: cNP = cFe/NFe/NP.

8.3. Transmission Electron Microscopy of NP Cores.
Transmission electron microscopy (TEM) analysis allows a
direct measure of the size and shape of NPs. The organic ligand
shell typically does not provide sufficient electron contrast, and
thus in TEM images only the inorganic part of the NPs can be
seen. However, special techniques can be employed to visualize
the organic shell around NPs as described in Section 8.4.
All images in this section were obtained using a Philips CM

100 electron microscope operated at an accelerating voltage of
100 kV or on a JEOL JEM-1400PLUS TEM operated at an
accelerating voltage of 120 kV. The NPs were deposited from a
dilute solution onto a 3−4 nm thick film of amorphous carbon
supported on a 400 mesh copper grid (Ted Pella Inc., no.
01822-F). One drop (2 μL) of NP suspension was deposited
onto the grid, and the solvent was evaporated at RT. In the case
of NPs suspended in water, the grids were kept under ethanol
vapor for 1−2 days prior to sample deposition. This treatment
made the carbon film more hydrophilic and improved the
adsorption of the NPs on it. The microscope magnification was
calibrated with a calibration grid (Grating Replica, Waffle, 2160
l/mm, on 3 mm grid, Ted Pella Inc., no. 607).
From TEM images several parameters can be extracted. First,

the shape of the NPs can be determined, which is important in
the case of nonspherical NPs such as rods, stars, etc. Second,
the frequency distribution (histograms) of NP core diameter dc
(and length Lc in case of rod-shaped NPs) can be determined
to calculate the NP’s dimensions. Figures 64−76 show TEM

images of NP samples prepared in this work, along with their
size distribution histograms. To determine the size distribution
histograms, dimensions of several NPs were measured from
their TEM images using ImageJ 1.42 (freely available software
from https://imagej.nih.gov/ij/). As a representative sample, at
least 100 NPs were analyzed for each size distribution
histogram, from which the mean diameter of the NPs (dc)
and its standard deviation (as indicator of polydispersity) could
be calculated. Third, the state of agglomeration can be observed

Figure 64. (A) TEM image of hydrophobic DDT-Au NPs (capped
with dodecanethiol, ≈4 nm core diameter, cf. Section 1.2) dried on a
grid from a chloroform suspension. The scale bar corresponds to 50
nm. (B) Size distribution histogram, plotted as number of NPs N(dc)
that have a core diameter of dc. From this histogram the mean NP
diameter and its standard deviation was determined to be dc = (4.3 ±
0.4) nm.
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(note that TEM works with dried samples, and thus even NPs,
which are individually dispersed in solution, may cluster on the
TEM grids due to drying-induced assembly). Drying-induced
clustering on the TEM grids can be reduced by depositing
diluted NP suspensions on the TEM grids, using treated grids
(cationic or anionic surfaces), or optimizing the rate of drying.
In contrast, when TEM grids are prepared with higher
concentration of NPs, the NPs can self-assemble into 2-
dimensional lattices, cf. Figure 64. Fourth, from TEM images
with self-assembled NPs the thickness of the organic coating/
shell around the inorganic NP cores can be estimated as half
the minimum distance between the two adjacent inorganic NP
cores.80,85,119 However, for TEM imaging the NPs have to be
deposited on a substrate, and the solution in which the NPs are
dispersed must be evaporated. The thickness of the organic
layer is likely to be reduced due to the drying-induced
shrinkage. For example, organic hydrophobic tails of two
adjacent NPs can intercalate, and polymeric shells on NPs can
shrink upon desolvation. For these reasons, the measured
thickness of the organic coating around the NP cores as
determined from TEM is likely to be underestimated, and
therefore, the values obtained in this way have to be interpreted
as lower limits.
8.4. Transmission Electron Microscopy of NPs

Including Their Organic Shell. As shown in the previous
sections, TEM imaging is used to determine the size (dc) and
shape (rods, spheres, stars, etc.) of NP cores composed of

various materials such as Au, Ag, Fe3O4, FePt, etc. The
inorganic cores of the NPs appear almost black due to the
strong electron-scattering character of these materials. How-
ever, as it has been previously discussed, these NPs are
modified with different organic ligands, which increase the
effective diameter of the NPs (e.g., deff). Such organic shells
have low electron scattering character and thus do not show
sufficient contrast to be visible in regular TEM images. In order
to investigate the thickness of these organic coatings (e.g.,
lligand), negative staining is needed. Heavily electron-scattering
compounds (e.g., uranyl acetate, ammonium molibdate, or
osmium tetroxide) may be used to stain the background of
TEM grids and indirectly allow the visualization of the organic
shell around NPs.120 Ideally, negative staining contrast agents
form a homogeneous dark background, and thus the organic
shells around NPs appear as bright corona (i.e., negative
staining) around the dark inorganic cores (cf. Figure 77)
The technique can be visualized as to balance the

competition between the sample and the staining agent to
reach the grid surface. Therefore, for a successful negative
staining it may be important to take into account several sample
parameters such as, for example, the overall particle charge or
its diffusion rate together of the chosen stain. This translates
into the need of different approaches to achieve homogeneous
negative contrast for different samples. For PEGylated Au NPs
(cf. Section 2.2 and Section 3.3), as shown in Figure 77, a
sample preparation protocol reported by Harris120 was

Figure 65. (A) TEM image of hydrophobic FePt NPs (capped with
OA and OLA, ≈4 nm core diameter, cf. Section 1.4) dried on a grid
from a chloroform suspension. The scale bar corresponds to 100 nm.
(B) Size distribution histogram, plotted as number of NPs N(dc) that
have a core diameter of dc. From this histogram the mean NP diameter
and its standard deviation were determined to be dc = (3.4 ± 0.6) nm.

Figure 66. TEM image of hydrophobic Fe3O4 NPs (capped with OA and OLA, ≈4 nm core diameter, cf. Section 1.5) dried on a grid from a
chloroform suspension. (A) The scale bar corresponds to 100 nm, and (B) the scale bar corresponds to 50 nm. (C) Size distribution histogram,
plotted as number of NPs N(dc) that have a core diameter of dc. From this histogram the mean NP diameter and its standard deviation were
determined to be dc = (4.2 ± 0.6) nm.

Figure 67. (A) TEM image of hydrophobic Sn NPs (capped with oleic
acid, ≈ 11 nm core diameter, cf. Section 1.6) dried on a grid from a
chloroform suspension. The scale bar corresponds to 200 nm. (B) Size
distribution histogram, plotted as number of NPs N(dc) that have a
core diameter of dc. From this histogram the mean NP diameter and
its standard deviation were determined to be dc = (10 ± 4) nm.
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optimized as follows:56 Samples were prepared on carbon film
400 copper mesh grids purchased from Electron Microscopy
Sciences (Hatfield, U.S.A.). To enhance the hydrophilicity of
grids and to impart them with negative charge, the specimen
grids were exposed to glow-discharge treatment under air
plasma for 20 s (2.0 × 10−1 atm and 30 mA), using a MED 020
modular high vacuum coating system (BAL-TEC AG, Balzers,

Fürstentum Liechtenstein). Negatively charged carbon grids
were used within 5 min after treatment to ensure hydrophilicity.
0.35 μL sample droplet of NP solution with NP concentration
ranging from 10 nM (for Au cores of 14 nm diameter) to 1.5
nM (for Au cores of 30 nm diameter) of PEGylated Au NPs
was placed on the grid, allowed to incubate for 20 s to 1 min
(the smaller the particle size, the lower the incubation time)
followed by 0.35 μL droplet of 0.25% weight/volume (w/v)
uranyl acetate aqueous solution. The grid was air-dried
overnight before actual TEM imaging.

8.5. X-ray Diffraction. With X-ray diffraction (XRD) the
diameter dcrys of the crystalline part of the NP core can be
determined. For this, a diffractogram has to be recorded.
Briefly, and in most of the cases, a NP powder solid sample is
irradiated with monochromatic X-ray radiation, and the
diffraction (i.e., the change of the direction of the elastically
scattered radiation) is recorded. For a crystalline material,
diffraction occurs only for several angles, named Bragg’s angles
(Θ). Such angles are associated with crystallographic planes,
which depend on the unit cell parameter of the analyzed
material. In a typical XRD experiment, the intensity (i.e.,
number of counts in the detector for a determined Θ) is plotted
versus the double of the diffraction angle (2Θ). The number
and position of peaks in a powder diffractogram can be used for
phase identification, since every individual crystalline com-
pound has its own “fingerprint”, which is determined by its
crystallographic structure. The intensity of the peaks (i.e., the
number of counts in the detector for a determined 2Θ) is
related to the atomic positions in the crystalline unit cell, and
the width of every peak is connected with the crystallite size
and microstrain in the corresponding crystallographic direction.
The crystallite size for a crystalline direction, determined by a

crystallographic plane and a Bragg’s angle (Θ), can be
estimated with the Scherrer equation:

λ
β

=
Θ

d
K
coscrys

(31)

where dcrys is the crystallite size. K is the shape factor or
Scherrer constant, which varies in the range 0.89 < K < 1, and
usually K = 0.9. λ is the wavelength of the X-ray (for Cu Kα =
0.15418 nm). β is the line broadening at half the maximum
intensity (fwhm). Θ is the Bragg’s angle of the analyzed peak.
For single crystal NPs, the crystallite size dcrys estimated by

the Scherrer equation is expected to be very similar to the
geometric particle size dc as determined by other character-
ization techniques such as TEM.122 In the case of polycrystal-
line NPs, the obtained crystalline sizes are much smaller than
the actual NP size.
Here, X-ray diffraction (XRD) studies were carried out using

a Panalytical X’Pert Pro diffractometer equipped with an X-
Celerator detector. The NPs were deposited on a silicon sample
holder. In this instrument a Θ:Θ Bragg−Brentano geometry is
used, in which the sample is fixed, the tube rotates at a rate Θ°/
min, and the detector rotates at the same rate of Θ°/min. In
Figure 78 data obtained with dodecanethiol-capped Au NPs
(≈4 nm core diameter, cf. Section 1.2) overcoated with PMA
(cf. Section 6.3) are shown. The XRD pattern indicates that the
analyzed NPs consisted of fcc Au crystals (PDF card number:
00-004-0784).
The peak corresponding to the (111) plane (2Θ around

38.5°) was used to determine the crystallite size. It should be
taken into account that Θ values (and not 2Θ) should be used,
as well as radian units (and not degrees), especially for the β

Figure 68. (A) TEM image of hydrophobic CdSe/ZnS NPs (capped
with TOPO, ≈4 nm core diameter, cf. Section 1.7) dried on a grid
from a chloroform suspension. The scale bar corresponds to 50 nm.
(B) Size distribution histogram, plotted as number of NPs N(dc) that
have a core diameter of dc. A1 and B1 correspond to CdSe/ZnS NPs
of ≈3 nm in diameter. From the histogram in B1, the mean NP
diameter and its standard deviation were determined to be dc = (3.0 ±
0.2) nm. A2 and B2 correspond to CdSe/ZnS NPs of ≈6 nm in
diameter. From the histogram in B2, the mean NP diameter and its
standard deviation were determined to be dc = (6.2 ± 0.3) nm.

Figure 69. (A) TEM image of hydrophobic CdS NPs (capped with
oleic acid and to some extent with octadecane, ≈2 nm core diameter,
cf. Section 1.8) dried on a grid from a chloroform suspension. The
scale bar corresponds to 50 nm. (B) Size distribution histogram,
plotted as number of NPs N(dc) that have a core diameter of dc. From
this histogram the mean NP diameter and its standard deviation were
determined to be dc = (2.5 ± 0.8) nm. Note that for NPs of such a
very small size, the size measurement as determined by TEM has to be
interpreted with care, as NPs with ultrasmall size may not provide
sufficient contrast and thus are not counted.
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(fwhm) value. The first step consisted of the appropriate plot of
the desired peak (intensity I versus Θ). The determination of
the full width at half-maximum (fwhm) value was carried out by
fitting the peak. In most of the cases a GauSamp function
provides accurate results (cf. Figure 79).
In the presented case, the following values were obtained: Θ

= 19.198°; fwhm = 1.457° = 0.0255 rad. Thus, according to eq
31, dcrys = (K × λ)/(β·cos(Θ)) = (0.9 × 0.15418 nm)/(0.0255
× cos(19.198°)) = 5.7 nm. In this way the crystallite size
determined from the width of the (111) peak was dcrys = 5.7 ±
0.2 nm, in acceptable agreement with the TEM data (cf. Figure
64 and the actually determined value for the batch used here
was dc = 4.3 nm).
8.6. Thermogravimetric Analysis of NPs. Thermogravi-

metric analysis (TGA) measures the mass of a sample, while its

temperature is continuously increased. Upon decomposition of
parts of the sample its mass decreases and thus allows for
analyzing the composition of the sample. In the case of
inorganic NPs upon heating the solvent may be evaporated, as
the organic shell around the NP surface may decompose. In this
section, calculation of the weight contribution of the organic
coating on NPs to the total weight of the NPs will be detailed.
In Figure 80A the TGA analysis carried out on DDT-Au NPs

(≈ 4 nm core diameter, cf. Section 1.2) is shown. A suspension
of the hydrophobic NPs in chloroform was added dropwise to
an alumina sample holder, and the solvent was evaporated in an
oven at 40 °C. The process was repeated until around mNP_pel ≈
2 mg of NPs were deposited on the sample holder. TGA was
performed in air at a heating rate of 5 °C·min−1, using a Q600
TA Instrument.

Figure 70. TEM images of Cit-Au NPs (cf. Section 2.2) dried on a grid from a suspension of NPs in water and their corresponding size distribution
histograms, plotted as number of NPs N(dc) that have a core diameter of dc. From these histograms, the mean NP diameter dc and its standard
deviation were determined for each preparation. Insets show images of glass vials filled with Cit-Au NPs suspension of each preparation. (A) Cit-Au
NPs with dc = (4.6 ± 0.5) nm; the scale bar corresponds to 50 nm. (B) Cit-Au NPs with dc = (13 ± 1) nm; the scale bars correspond to 50 nm. (C)
Cit-Au NPs with dc = (19 ± 2) nm; the scale bar corresponds to 200 nm. (D) Cit-Au NPs with dc = (17 ± 3) nm; the scale bar corresponds to 50
nm. (E) Cit-Au NPs, ≈25 nm core diameter, grown on 18 nm seeds, dc = (25 ± 2) nm; the scale bar corresponds to 200 nm. (F) Cit-Au NPs with dc
= (53 ± 6) nm, the scale bar corresponds to 500 nm. (G) Cit-Au NPs with dc = (106 ± 12) nm; the scale bar corresponds to 500 nm.
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The TGA curve corresponding to the dodecanethiol-capped
Au NPs (Figure 80A) showed a very slight loss (<1%) in the
25−150 °C range, as expected from hydrophobic NPs. An
abrupt loss (around 18%) took place between 150 and 300 °C,
which should be caused by the decomposition of the DDT. No
changes in the mass were observed at higher temperatures.
Based on these data, an estimation of the amount of the organic
coating (mNP,org, comprising the original DDT ligand in this
case) deposited on the NPs surface can be determined. The
diameter of the inorganic Au core of this batch of Au NPs had
been determined to be dc = 4.3 nm. The mass mNP of one NP
comprises the mass of the inorganic core mc and the mass of
the organic coating mNP,org:

= +m m mNP c NP,org (32)

In the present case according to eq 20 and eq 23 the volume Vc
and the mass mc of one NP core could be calculated. For a
spherical Au NP with core diameter dc = 4.3 nm, Vc = (π/6) ×
(4.3 nm) 3 ≈ 41.6 nm3. Given the bulk density of Au of ρAu =
19.3 g/cm3, the mass of one Au core thus is mc = 19.3 g/cm3 ×
41.6 nm3 ≈ 803 g × (10−9 m/10−2 m)3 ≈ 8.0 × 10−19 g (cf.
Section 8.1).
In the data shown in Figure 80A, the absolute weights for the

NP pellet (mNP_pel(T)) were mNP_pel(25 °C) = 1.744 mg (mass
at RT), mNP_pel(150 °C) = 1.730 mg, mNP_pel(340 °C) = 1.424
mg, and mNP_pel(700 °C) = 1.421 mg (final mass). We
considered that at 700 °C only the NP cores were present. The
number of cores (and thus of NPs) in the sample thus was Nc =
mNP_pel(700 °C)/mc = 1.421 × 10−3 g/8.0 × 10−19 g = 1.77 ×
1015 ≈ 1.8 × 1015. We attributed the mass of the organic
coating (DDT) to the mass lost upon heating from 150 to 340
°C: mNP,org_pel = mNP_pel(150 °C) − mNP_pel(340 °C) = 1.730
mg − 1.424 mg = 0.306 mg. Thus, the mass of the organic
coating around one NP is mNP,org = mNP,org_pel/Nc = 0.306 ×
10−3 g/1.8 × 1015 ≈ 1.7 × 10−19 g. Therefore, the whole mass
of one Au NP is according to eq 32 mNP = mc + mNP,org = 8.0 ×
10−19 g + 1.7 × 10−19 g ≈ 9.7 × 10−19 g. The organic coating
thus contributed mNP,org/mNP = 1.7 × 10−19 g/9.7 × 10−19 g ≈
17% of the mass of one NP.
The TGA analysis of the DDT-Au NPs overcoated with

PMA (cf. Section 6.3) is shown in Figure 80B. The PMA-Au
NPs, which were suspended in water were cleaned by
ultracentrifugation (cf. Section 7.2). In this case, the sample
was dried before analysis, and around mNP_pel ≈ 1 mg of
pelleted PMA coated NPs were placed in an alumina sample

holder. TGA was also performed in air at a heating rate of 5 °C·
min−1, using the same Q600 TA Instrument.
The TGA curve of the DDT-Au NPs overcoated with PMA

showed a slight weight loss (around 5%) in the 25−150 °C
range, which can be ascribed to the release of absorbed water.
An additional abrupt loss (around 26%) took place between
150 and 300 °C, which should be caused by the decomposition
of the dodecanethiol and/or the amphiphilic polymer poly-
(isobutylene-alt-maleic anhydride)-graf t-dodecyl (PMA). Al-
most no changes in the mass were observed at higher
temperatures. As in the previous hydrophobic sample, the
TGA data could be used to estimate the mass of organic coating
mNP,org of one Au NP. The mass of an Au NP core was
calculated as described above to be 8.0 × 10−19 g.
The absolute weights mNP_pel(T) in Figure 80B were

mNP_pel(25 °C) = 1.032 mg (mass at RT), mNP_pel(150 °C) =
0.990 mg, mNP_pel(340 °C) = 0.711 mg, mNP_pel(700 °C) =
0.693 mg (final mass). As in the previous sample, we
considered that at 700 °C only the NP cores were present.
The number of cores (and thus of NPs) in the sample thus was
Nc = mNP_pel(700 °C)/mc = 0.693 × 10−3 g/8.0 × 10−19 g =
8.66 × 1014 ≈ 8.7 × 1014. We attributed the mass of the organic
coating to the mass lost upon heating from 150 to 340 °C:
mNP,org_pel = mNP_pel(150 °C) − mNP_pel(340 °C) = 0.990 mg −
0.711 mg = 0.279 mg. Thus, the mass of the organic coating
around one NP was mNP,org = mNP,org_pel/Nc = 0.279 × 10−3 g/
8.7 × 1014 = 3.21 × 10−19 g ≈ 3.2 × 10−19 g. Thus, the whole
mass of one Au NP was according to eq 32 mNP = mc + mNP,org
= 8.0 × 10−19 g + 3.2 × 10−19 g ≈ 11.2 × 10−19 g. The organic
coating thus contributed mNP,org/mNP = 3.2 × 10−19 g/11.2 ×
10−19 g ≈ 29% of the mass of one NP. The contribution of the
organic coating for the dodecanethiol-capped Au NPs over-
coated with PMA was thus higher than for the hydrophobic
DDT-Au NPs, as expected. Note that for bigger NP cores the
percentage contribution of the organic coating would be much
lower, but in the case of very small NPs it is highly relevant.
The TGA analysis of dried PMA (cf. Section 6.2) is shown in

Figure 81. Note that PMA decomposed from 200 to ca. 500
°C; however, in the PMA-coated Au NPs (Figure 80B) the
main mass loss took place from 200 to 300 °C, and the mass of
the sample remained almost constant above this temperature.
The mass loss observed in the PMA polymer above ca. 350 °C
may thus have corresponded to the evaporation of impurities,
which may have originated from the precursors used for its
synthesis. By using ultracentrifugation (cf. Section 7.2), such
impurities can be removed from the coated NPs.
Based on these data some quantitative analysis concerning

the organic surface coating can be performed. In the case of the
DDT capped Au NPs the number NDDT/NP of DDT molecules
per Au NP can be calculated, by assuming that the organic
surface coating only comprises DDT.

=m mNP,org NP,DDT (33)

Using the molar mass of DDT Mligand =MDDT = 202.40 Da thus
leads to

= ×N m M N( / )DDT/NP NP,org ligand A (34)

For the DDT-Au NPs (dc = 4.3 nm) as analyzed here with
TGA the following result was obtained as described above:
mNP,org = 1.7 × 10−19 g. Thus, NDDT/NP = (mNP,org/MDDT) × NA
= (1.7 × 10−19 g/202.40 g·mol−1) × 6.02 × 1023 mol−1 = 506
DDT molecules are assumed to be situated at the surface of the
DDT-Au NPs. The surface of one Au core is

Figure 71. (A) TEM image of Cit-Ag NPs (cf. Section 2.3) dried on a
grid from a suspension of NPs in water. The scale bar corresponds to
200 nm. (B) Size distribution histogram, plotted as number of NPs
N(dc) that have a core diameter of dc. From this histogram the mean
NP diameter dc and its standard deviation were determined to be dc =
(15 ± 1) nm.
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π π= × = ·A d d4 ( /2)c c
2

c
2

(35)

and thus in the present case Ac = π·(4.3 nm)2 ≈ 58.1 nm2. In
this way the surface area which is occupied by each DDT
molecule is

=A A N/c,DDT c DDT/NP (36)

In the present case each DDT molecule covers Ac,DDT = 58.1
nm2/506 ≈ 0.11 nm2 surface area. This is less than observed for

the highest packing density of alkanethiols on the regular
smooth Au(111) surface of 0.214 nm2.123 The discrepancy
might be explained by several arguments. Due to the highly
curved surface more thiols may be bound per surface area
according to a radius-of-curvature effect, which leaves more
space for the alkyl chains pointing toward solution.53 Due to
the typical size distribution of Au cores (such as shown in
Figure 64), there is a part of the NPs with dc smaller than the
average value and thus with a higher surface-to-volume ratio,

Figure 72. TEM images of CTAB- Au NRs (cf. Section 2.4) dried on a grid from a suspension of NPs in water and the corresponding size
distribution histograms, plotted as number of NPs N(dc) that have a core diameter of dc (histograms to the left) or as number of NPs N(Lc) that
have a core length of Lc (histograms to the right). From these histograms the mean NP diameter dc and its standard deviation, as well as the mean
length Lc and its standard deviation, were determined for each preparation. Insets show images of glass vials filled with CTAB-Au NRs suspension of
each preparation. (A) λSPR = 650 nm, dc = (16 ± 5) nm, and Lc = (40 ± 3) nm; the scale bar corresponds to 100 nm. (B) λSPR = 825 nm, dc = (15 ±
1) nm, and Lc = (62 ± 8) nm; the scale bar corresponds to 200 nm. (C) λSPR = 790 nm, dc = (30 ± 5) nm, and Lc = (98 ± 11) nm; the scale bar
corresponds to 200 nm. (D) λSPR = 1050 nm, dc = (13 ± 2) nm, and Lc = (83 ± 10) nm; the scale bar corresponds to 200 nm. λSPR corresponds to
their surface plasmon peak.
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and thus more thiols can bind. Despite purification there still
may be excess ligand (DDT) in solution. The ligand exchange
from TOAB-Au NPs to DDT-Au NPs may have been
incomplete, leading to the presence of ligands others than
DDT on the Au surface. In addition, the assumed monolayer
formation of DDT may not be completely true, and some more
DDT may be attached to the NPs, for example, due to
intercalation. TGA thus helps to verify assumptions about the
structure of NPs.
Also for the PMA coated Au NPs some quantitative analysis

can be performed.124 In this case the mass of the organic
surface coating around one NP comprises the underlying DDT
layer mNP,DDT and the PMA-based polymer mNP,P wrapped
around it.

= +m m mNP,org NP,DDT NP,P (37)

According to the TGA results in this section the DDT
contributes to 17% of the mass of one DDT-Au NP, whereas
the DDT plus PMA-based polymer contributes to 29% of the
mass of one PMA-Au NP. Thus, based on the TGA data of
mNP,org = 3.2 × 10−19 g for PMA-Au NPs the following
contributions can be calculated: mNP,DDT = (17%/29%) ×
mNP,org = (17/29) × 3.2 × 10−19 g ≈ 1.9 × 10−19 g and mNP,P =
((29%−17%)/29%) × mNP,org = (12/29) × 3.2 × 10−19 g ≈ 1.3
× 10−19 g. By using the molar mass of one polymer monomer
(cf. eq 14), the number of polymer monomers bound per NP
can be calculated as

= ×N m M N( / )P/NP NP,P P A (38)

Using the value of MP = 293 g/mol for PMA-based polymers as
calculated in Section 6.2 leads to NP/NP = (mNP,P/MP) × NA =
(1.3 × 10−19 g/293 g/mol) × 6.02 × 1023 mol−1 ≈ 270 polymer
monomer units bound to each PMA-Au NP. This value can be
now compared to the number of polymer monomer units
NP/NP(added) that have been added to each DDT-Au NP during
the formation of PMA-Au NPs.

= ×N R AP/NP(added) P/Area eff (39)

In the present case the following parameters were used: lligand =
lDDT = 1 nm (cf. Table 5), resulting in deff = dc + 2 × lligand = 4.3
nm + 2 × 1 nm = 6.3 nm, and thus according to eq 15 in Aeff =
π·deff

2 = π·(6.3 nm)2 ≈ 124 nm2. Therefore, NP/NP(added) =
RP/Area × Aeff = 100 nm−2 × 124 nm2 = 12 400 polymer
monomer units had been added per NP upon the polymer
coating procedure. The fact that NP/NP ≪ NP/NP(added)
demonstrates that most added polymer actually has not
bound to the NPs, and thus purification of NP solutions
from excess polymer is crucial.

Figure 73. TEM image of hydrophilic star-shaped Au NPs (cf. Section
2.5) dried on a grid from a suspension of NPs in water. The scale bar
corresponds to 200 nm. The inset shows glass vials filled with a
suspension of star-shaped Au NPs.

Figure 74. TEM images of Cit-Au NPs (cf. Section 2.2) dried on a grid from a suspension of NPs in water and their corresponding size distribution
histograms before (A zand C) and after (B and D) ligand exchange with bis(p-sulfonatophenyl)-phenylphosphine (cf. Section 3.2). Histograms are
plotted as number N(dc) of NPs which have a core diameter dc. From these histograms the mean NP diameter dc and its standard deviation were
determined. All scale bars correspond to 100 nm. (A) Cit-Au NPs before ligand exchange with dc = (6.0 ± 1.1) nm. (B) Au NPs after exchanging the
original citrate capping ions with bis(p-sulfonatophenyl)-phenylphosphine with, dc = (8.7 ± 1.0) nm. (C) Cit-Au NPs before ligand exchange with dc
= (6.3 ± 0.8) nm. (E) Au NPs after exchanging the original citrate capping ions with bis(p-sulfonatophenyl)-phenylphosphine with dc = (8.9 ± 0.8)
nm.
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8.7. Infrared Spectroscopy. Fourier transform infrared
spectroscopy (FTIR) allows for analyzing the chemical
structure of the organic shell around NP cores. As a vibrational
spectroscopy with a specific vibrational fingerprint for specific
functional groups, FTIR can be used to qualitatively describe

the organic shell around NPs and thus can be employed to
follow up surface functionalization or ligand exchange.
Moreover, deviations in typical vibrational features of adsorbing
functional groups on the surface of NPs can be used to describe
the type and orientation of organic ligand−core interaction. In

Figure 75. TEM images of PMA-Au NPs, made by DDT-Au NPs (cf. Section 1.2), which have been transferred to aqueous solution using PMA-g-
dodecyl polymer coating or ligand exchange method (cf. Section 6.3 and Section 5.2, respectively) and dried on a grid from a suspension of NPs in
water, along with corresponding size distribution histograms. Histograms are plotted as number of NPs N(dc) that have a core diameter dc to
calculate the mean NP diameter dc and its standard deviation. (A) PMA-Au NPs (DDT-Au NPs after coating with PMA-g-dodecyl polymer, Section
6.3) with dc = (4.1 ± 1.1) nm; the scale bar corresponds to 100 nm. (B) Au NPs originally capped with hexanoic acid, ≈4 nm core diameter, after
ligand exchange with mercaptopropionic acid (cf. Section 5.2), dc = (4.4 ± 0.9) nm; the scale bar corresponds to 50 nm. (C) Au NPs originally
capped with decanoic acid, ≈7 nm core diameter, after ligand exchange with mercaptoundecanonic acid (cf. Section 5.2), dc = (7.1 ± 1.3) nm; the
scale bar corresponds to 100 nm.

Figure 76. TEM images of hydrophobic Ag NPs originally capped with dodecanethiol of ≈4 nm core diameter (cf. Section 1.3), which have been
transferred to aqueous solution using PMA-g-dodecyl polymer coating or the ligand exchange method (cf. Section 6.3 and Section 5.2, respectively)
and dried on a grid from a suspension of NPs in water. Histograms are plotted as number of NPs N(dc) that have a core diameter dc to calculate the
mean NP diameter dc and its standard deviation. (A) PMA-Ag NPs (DDT-Ag NPs after coating with PMA-g-dodecyl polymer, Section 6.3) with dc =
(3.6 ± 0.9) nm; the scale bar corresponds to 50 nm. (B) Ag NPs after ligand exchange with mercaptopropionic acid (cf. Section 5.3), dc = (4.4 ±
1.3) nm; the scale bar corresponds to 50 nm. (C) Ag NPs after ligand exchange with mercaptoundecanonic acid (cf. Section 5.3), dc = (4.4 ± 1.3)
nm; the scale bar corresponds to 100 nm.
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the present work FTIR analysis of DDT-Au NPs (≈4 nm core
diameter, cf. Section 1.2) before and after overcoating with
PMA (cf. Section 6.3), as well as for free PMA as control, were
carried out and compared. Spectra were measured with a
Thermo Nicolet 6700 FT-IR. Sample purity is essential, and
thus initial the DDT-Au NP sample was purified as described
above (cf. Section 1.2) and PMA-coated Au NPs (cf. Section
6.3) were purified following the protocol mentioned above (cf.
Section 7.5), while PMA was used directly as-synthesized (cf.
Section 6.2). DDT-Au NPs and PMA solutions were dissolved
in chloroform, and they were left to evaporate to get solid

samples, whereas the aqueous solution of PMA-coated Au NPs
was lyophilized prior to the preparation of the KBr pellets.
These pellets were prepared at a 1% concentration of the
sample, i.e., mNP_pel = 2 mg of the dried NP sample was mixed
with 200 mg of KBr, grinding until a homogeneous mixture was
obtained, and finally the pellet was formed by using a hand
press. For the measurements, 50 scans were recorded with a
Thermo Nicolet 6700 FT-IR, and the presented FTIR spectra
of 50 scans at 4 cm−1 resolution were averaged. Data are
presented in Figure 82.

Figure 77. Visualizing the PEG shell around PEG-Au NPs using TEM
imaging and the negative staining technique with uranyl acetate56 (cf.
Section 2.2 and Section 3.3). (A) Au cores (dc = 13.7 ± 0.7 nm) plus
an organic shell of PEG (10 kDa, lligand = 11.8 ± 1.2 nm) results in deff
= 37.4 ± 2.5 nm. (B) Au cores (dc = 18.9 ± 1.9 nm) plus an organic
shell of PEG (1 kDa, lligand = 3.2 ± 0.4 nm) results in deff = 25.4 ± 2.1
nm. (C) Au cores (dc = 23.5 ± 1.7 nm) plus an organic shell of PEG
(5 kDa, lligand = 11.8 ± 1.5 nm) results in deff = 37.4 ± 1.5 nm. (D) Au
cores (dc = 30.1 ± 2.6 nm) plus an organic shell of PEG (3 kDa, lligand
= 7.7 ± 1.0 nm) results in deff = 45.6 ± 3.6 nm. Mean and
corresponding standard deviation values of the core (dc), ligand shell
(lligand), and the effective size (deff) were obtained by analyzing several
negative staining TEM micrographs (>1000 NPs) as described by del
Pino et al.56 TEM images were segmented using Matlab (Mathworks)
and Cellprofiler.121 The scale bars are 100 nm.

Figure 78. XRD diagram I(Θ) of polymer coated Au NPs (≈4 nm
core size, cf. Section 1.2 and Section 6.3). The PDF pattern of cubic
gold has also been included.

Figure 79. XRD diagram I(Θ) of the (111) plane of polymer coated
Au NPs (≈4 nm core size, cf. Section 1.2 and Section 6.3). The red
line represents the GauSamp fit of the peak. This graph is a part of the
graph shown in Figure 78.

Figure 80. TGA analyses of DDT-Au NPs (A) and DDT-Au NPs
overcoated with PMA (B). In both graphs, mNP_pel(T) describes the
mass of the NP pellet at temperature T. The masses are normalized to
the mass mNP_pel(RT) at RT. The same scale in the left y-axis is used to
facilitate the comparison. For both samples dc = 4.3 nm.
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The DDT-Au NPs exhibited only three significant peaks. The
strong peaks at 2923 and 2853 cm−1 were assigned to the
asymmetric and symmetric C−H stretching of the alkyl chain,
respectively, and the peak at 1460 cm−1 was assigned to the
bending vibrations of C−H. In contrast, the PMA polymer (cf.
Figure 48) presented more peaks. The strong peaks at 2925
and 2854 cm−1 were assigned to the asymmetric and symmetric
C−H stretching of the alkyl chains. The broad and weak
adsorption peak from 3200−3600 cm−1 corresponded to the
presence of the O−H stretching resonance of the carboxylic
acids formed after the anhydride opening. The two peaks at
1780 and 1705 cm−1 were characteristic of the cyclic anhydride
with 5-membered rings. The peak of the symmetric stretching
vibrations of CO from the carboxylic groups overlapped with
the peak at 1705 cm−1. At 1583 cm−1 the symmetric stretching

vibrations of NCO of the amide groups appeared. The
1468 and 1375 cm−1 peaks were assigned to the angular
deformation of CH2 and CH3, respectively. When the DDT-Au
NPs were overcoated with the amphiphilic PMA polymer, the
IR spectrum of the resulting PMA-coated Au NPs had the same
peaks as the DDT-Au NPs and some additional peaks from the
PMA, such as the peaks at 1635 and 1565 cm−1 assigned to the
symmetric stretching vibrations of CO from the carboxylic
groups and NCO from the amide groups, respectively.
Here, again the 1466 and 1384 cm−1 peaks from the angular
deformation of CH2 and CH3 appeared, respectively. Addi-
tionally, there was a broad and intense band from 3000−3600
cm−1 corresponding the OH stretching resonance of the
carboxylic acids formed when the NPs had been transferred to
water and then all the anhydride rings had been opened.
Collectively, FTIR results indicated the surface modification
(overcoating) of DDT-Au NPs with PMA.
In summary, FTIR analysis of NPs allows for knowing which

ligands and chemical groups are present on the NP surface.
This serves to confirm that the functionalization strategy (e.g.,
polymer coating or ligand exchange/displacement) worked
properly.

8.8. Nuclear Magnetic Resonance. Nuclear magnetic
resonance spectroscopy (NMR) is a powerful tool to probe the
chemical structure of the organic shell around the inorganic NP
core. NMR is mainly used to provide evidence on the presence
and orientation of organic molecules/ligands around NPs.
NMR works well to analyze small molecules, but it may get
complicated in the case of large constructs, due to the
heterogeneity and reduced flexibility of the analyzed constructs.
In the present work we analyzed the NMR spectra of PMA

before and after the coating of ≈4 nm DDT-Au NPs (cf.
Section 1.2 and Section 6.3). A 1H NMR spectrum of PMA in
CDCl3 (i.e., chloroform where the proton 1H was substituted
by a deuteron D = 2H) was first measured. As expected
nonresolved broad bands were observed as a result of the size
distribution of the starting poly(isobutylene-alt-maleic anhy-
dride)-graf t-dodecyl and the random distribution of dodecyl-
amine moieties along the polymer chain. In this situation it was
possible to distinguish broad singlets (br s) between 3.66 and
2.63 ppm corresponding to −CH− protons, 1.69−0.92 ppm
corresponding to −CH2− protons, and 0.90−0.80 ppm
corresponding to −CH3− protons (cf. Figure 83A). A 13C
NMR spectrum was also measured observing good resolution
for nonquaternary carbon atoms due to their higher signal
intensity compared to quaternary ones such as CO, for
instance (cf. Figure 83B). The peak assignment both in 1H and
13C NMR was based on the chemical shift (δ) and was aided by
2D HSQC experiment (heteronuclear single quantum
correlation) edited for distinguishing CH2 signals from CH
and CH3.

1H NMR of PMA coated Au NPs (≈ 4 nm core diameter, cf.
Section 1.2) was measured in water with 15% of deuterium
oxide, using a sequence for suppressing water signal. When
PMA was coating the Au NPs, there were no longer cyclic
anhydrides present and two separate peaks were observed for −
CH protons: those linked to amide groups and kept inside the
hydrophobic core, and those linked to carboxylic groups and
exposed to the water phase. Those nuclei had very different
environments and hence different chemical shifts. Interestingly,
when this spectrum was compared with that of PMA treated
with NaOH to open all the anhydride groups and measured
under the same conditions (H2O with 15% D2O) a somehow

Figure 81. TGA analysis of PMA. mP_pel(T) describes the mass of the
PMA at temperature T. The mass is normalized to the mass
mP_pel(RT) at RT.

Figure 82. FTIR spectrum (transmission mode T(ν), i.e., transmission
T versus wavenumber ν) of DDT-Au NPs of ≈4 nm core diameter
before and after overcoating with PMA. The spectrum of free PMA is
shown as control.
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different profile was observed. The CH peak was barely visible,
and only the CH2 and CH3 peaks were clearly visible, although
the ratio between them was modified (CH2/CH3 ≈ 2 in PMA
coated Au NPs vs CH2/CH3 ≈ 1 in PMA after NaOH
treatment). This shows that PMA molecules arranged differ-
ently when free in solution (i.e., forming empty polymer
micelles) or when on the surface of Au NPs, but it is difficult to
extract further structural information from these experiments.
In summary, NMR spectroscopy can give further evidence of

the presence of PMA on the surface of Au NPs of ≈4 nm and
can also be used to check the purity of those NPs by confirming
the absence of other organic molecules such as organic solvents
or glycerol from the filters. However, the heterogeneity of PMA
polymer and the poor ability of some of the protons to resonate
when linked to Au NPs led to poor resolution spectra that
could only be interpreted from a qualitative point of view.

1H and 13C spectra were recorded in a Bruker 500 MHz
spectrometer. Chemical shifts are reported in parts per million

(ppm) relative to the residual signal of the solvent used, and are
listed below:
PMA (cf. Figure 83). 1H NMR (500 MHz, CDCl3) δ 3.66−

2.63 (br s, CH), 1.69−0.92 (m, CH2), 0.90−0.80 (m, CH3).
13C NMR (126 MHz, CDCl3) δ 178.08, 174.80, 173.92, 77.00,
40.36, 37.19, 31.86, 30.25, 29.59, 29.30, 29.14, 28.78, 26.98,
22.62, 14.05.
PMA coated Au NPs (cf. Figure 84A). 1H NMR (500 MHz,

D2O) δ 3.66 (br s, CH), 2.64 (br s, CH), 1.68 (br s, CH2), 1.31
(br s, CH2), 0.89 (br s, CH3).
PMA after basic treatment (cf. Figure 84B). 1H NMR (500

MHz, D2O) δ 2.40 (br s, CH), 1.08 (br s, CH2), 0.67 (br s,
CH3).

9. CHARACTERIZATION OF THE PHOTOPHYSICAL
PROPERTIES OF NPs

9.1. UV/Vis Absorption Spectroscopy. UV/vis absorp-
tion spectroscopy is an easy and simple method to characterize
important properties of colloidal NPs. Several types of NPs,
such as quantum dots or plasmonic NPs, have particular
features (i.e., resonance peaks) in their absorption spectra,
which provide important information regarding NP size, size
distribution, and shape. Moreover, UV/vis absorption spec-
troscopy can be used to determine the concentration of NPs
(cf. Section 9.2) and to follow colloidal growth and stability (cf.
Section 10.1).
To record absorption spectra for NPs, several issues need to

be considered. First, a blank has to be recorded for the pure
solvent, which needs to be subtracted from the NP absorption
spectrum. Typically (unless, for example, IR absorbing NPs
such as gold nanorods are investigated) NP suspensions are
transparent at high wavelengths. Spherical Au NPs of a few nm
in size have their plasmon absorption peak around 520 nm (cf.
Table 8) and do not absorb light at higher wavelengths of ca.
800−1200 nm. In case the measured “absorption” in this range
does not converge to zero, in fact scattering and not absorption
has been detected. This most likely is due to partial
agglomeration of the NP sample (cf. Section 10.1). Thus,
before further analysis based of the UV/vis absorption spectra
of a NP solution, it has to be made sure that the absorption in
the spectra converges toward zero in this range (ca. 800−1200
nm). In case the NPs are well dispersed this should be
automatically the case after automated subtraction of the offset.
However, in case the offset function does not work, a constant
offset may be subtracted manually, until the absorption for high
wavelengths (ca. 800−1200 nm, in case there are no absorption

Figure 83. (A) 1H NMR spectrum of PMA in CDCl3. (B)
13C NMR

spectrum of PMA in CDCl3; the zoomed area shows the peaks for the
carbonyl groups.

Figure 84. (A) 1H NMR spectrum of PMA coated Au NPs of ≈4 nm core diameter in 15% D2O/H2O mixture. (B) 1H NMR of PMA in 15% D2O/
H2O mixture after treatment with base to open all anhydride groups.
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features of the NPs in this range) converges to zero; see Figure
85.

Next, it is important to use a cuvette of an appropriate
material. Plastic cuvettes may be incompatible with organic
solvents (e.g., acetone and chloroform), which should be
avoided to eliminate artifacts in recording absorption spectra of
NPs. Moreover, cuvettes are not transparent in the whole UV/
vis absorption spectrum. In case that the absorbance at small
wavelengths (<300 nm) is important, the material of the used
cuvette plays an important role. Plastic cuvettes are not
transparent at short wavelengths (<250 nm) and thus should be
avoided in these cases. Even glass cuvettes show significant
absorption at short wavelengths. The use of quartz cuvettes is
standard practice to minimize cuvette-related absorption at
short wavelengths (see Figure 86).
Proper sample dilution is essential to record accurate UV/vis

spectra of NP solutions. If the sample is very concentrated, the
recorded spectra will be noisy, due to saturation of the
instrument detector. Moreover, quantification will not be
possible since absorbance readings will be out of the linear
range of the concentration−absorbance relationship.
The absorption A(λ) is the logarithmic ratio of the intensity

of the incident light beam I0 to the intensity of the transmitted
light beam It(λ). For this reason the absorption also has no
units. In the case the path length of the cuvette is lsol = 1 cm,
the absorption is also referred to as optical density (OD) of the
solution.

λ λ=A I I( ) log( / ( ))0 t (40)

In the case the transmitted light is ten times less, due to the
decadic logarithm, the absorption is a factor of 2 higher. Thus,
for high absorption rates the intensity of the transmitted light
becomes very low and can no longer be correctly detected.
Figure 87 shows the UV/vis absorption spectra of Au NPs as

a function of sequential dilution, as recorded on an Agilent

8450 UV/vis spectrometer. At high NP concentrations, the
absorption spectrum is noisy and distorted at lower wave-
lengths, where the absorption is high and exceeding the
capacity of the detector. Thus, absorption spectra need to be
recorded at sufficiently low concentrations by accurate dilution
with solvent. Typical optical densities should not exceed 0.5,
and at higher absorption the shape of the spectrum may be an
artifact.

Table 8. Values of Surface Plasmon Resonance Maximum
Wavelength (λmax) and Molecular Extinction Coefficients,
εNP, (cf. Section 9.2) of Cit-Au NPs of Different Sizes in
Watera

dc [nm] source λSPR [nm] εNP [M
−1·cm−1]

4.2 Section 1.2, Section 6.3 516 8.70 × 106

5 BBI solutions 518 9.70 × 106

10 BBI solutions 520 9.55 × 107

15 BBI solutions 523 3.64 × 108

30 BBI solutions 526 3.58 × 109

50 BBI solutions 532 1.93 × 1010

aExtinction coefficients were provided from the manufacturer.

Figure 85. Absorption spectra (absorption (A) as a function of the
wavelength λ) of ≈4 nm core diameter Au NPs (cf. Section 1.2)
coated with PMA in water (cf. Section 6.3). (A) The “raw spectra”
include an offset at higher wavelengths. (B) Processed spectra by
subtracting the absorption at higher wavelengths from the whole
spectra. Processed spectra provide more accurate comparison between
different spectra with different offset levels.

Figure 86. Absorption spectrum A(λ) of water (with water as blank)
recorded in plastic or quartz cuvette. Note the cuvette-related
absorption when a plastic cuvette was used at short wavelength.

Figure 87. Concentrated aqueous solution of Au NPs was stepwise
diluted, which can be seen by the fading color in the solution (upper
panel) and deceasing absorption intensity (lower panel). High NP
concentration (black curve) resulted in high absorption, and thus λmax
cannot even be identified due to detector saturation that results in
peak broadening and distortion.
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Despite the strong plasmon optical extinction of Ag NPs and
Au NPs, NPs from other materials may have no features in their
UV/vis absorption spectra. Figure 88 shows as examples of

such cases the absorption spectra for ≈4 nm FePt (cf. Section
1.4), ≈4 nm Fe3O4 (cf. Section 1.5), and ≈11 nm Sn (cf.
Section 1.6) NPs dispersed in organic solvent. These NP
solutions have higher absorption in the UV region (with no
peaks), which converges to zero in the IR.
Plasmonic NPs (such as Au NPs, Ag NPs) have characteristic

absorption peaks due to the surface resonance plasmon (SPR)
phenomenon in the UV/vis−NIR region. Plasmonic NPs may
have one or even more SPR peaks, depending on the shape and
architecture of the NPs.125−127 The characteristic absorption
peaks are responsible for the distinctive bright color of NP
solutions. The spectral position and shape of the surface
plasmon absorption peak depends on a variety of factors, such
as NP material, size, size-distribution, shape, surface chemistry,
and state of aggregation, as well as of the solvent. Figure 89A

shows a red shift of the SPR maximum (λSPR) to higher
wavelength when the size of Au NPs is increased from 13 to 20
nm (size dependency). Figure 89B shows the absorption
spectra of citrate capped spherical Ag NPs in the violet/UV
(λSPR = 415 nm) as compared to Au NPs with the same size (15
and 13 nm respectively) that absorb green light (λSPR = 520
nm) (NP material dependency).

The size-dependency of λSPR for Au NPs is well documented
with a general trend predicting a red shift of the absorption
(λSPR) as the NP diameter increases. Figure 90 shows a red shift

of the SPR maximum (λSPR) to higher wavelength, when Cit-Au
NPs increase in size from 5 to 100 nm. In case of Cit-Au NPs
(green curve in B), the size distribution of the NPs is poor, i.e.,
there are NPs of different sizes in solution, and the absorption
peak becomes broader. Thus, a sharp SPR peak is a good
indication of narrow size distribution of the core diameter dc.
Figure 91 and Table 8 show a red shift of the SPR maximum
wavelength (λSPR) to higher wavelengths, when commercially
available Cit-Au NPs increased in size from 5 to 50 nm.

The shape dependence of the SPR peak is well documented
and reported in the literature. For example, rod-shaped Au NPs
have two SPR peaks, as the oscillation of electrons in the
conduction band can occur around either the short axis or the
long axis, resulting in the so-called transverse and longitudinal
peaks, respectively. While in case of Au NPs the transverse
plasmon peak is located generally in the visible region (∼520
nm), the longitudinal peak can be tuned to be in the visible−
near infrared (vis−NIR) region of the spectrum (600−1200
nm) as shown in Figure 92A. Spectra for star-shaped Au NPs
exhibit one peak in the vis−NIR as shown in Figure 92B.
Finally, the surface plasmon peak can change dramatically

upon agglomeration due to the plasmon coupling of aggregated
NPs.128 This will be discussed in more detail in Section 10.1.
The UV/vis absorption spectrum of NPs may also change in

dependence of the surface capping, as well as on the solvents in
which the NP are suspended. This is demonstrated in Figure
93.
Quantum dots have a characteristic absorption peak in their

spectrum due to the formation of electron−hole pairs

Figure 88. Normalized absorption spectra A(λ) of FePt NPs (black
curve) (cf. Section 1.4), Fe3O4 NPs (red curve) (cf. Section 1.5), and
Sn NPs (blue curve) (cf. Section 1.6). All NPs are dispersed in
chloroform. Due to the absence of plasmon resonance, the absorption
spectra do not contain defined peaks or characteristics.

Figure 89. Normalized UV/vis absorption spectra of (A) Cit-Au NPs
≈ 13 nm core diameter (black line) versus Cit-Au NPs ≈ 20 nm core
diameter (red line). (B) Cit-Ag NPs ≈ 15 nm core diameter. Au NPs
and Ag NPs suspensions in water were prepared as detailed in Section
2.2 and Section 2.3, respectively.

Figure 90. Normalized UV/vis absorption spectra of Cit-Au NPs (cf.
Section 2.2) with core diameters of ≈5 nm (A), 18 nm (B, black line),
25 nm (B, red line), 50 nm (B, blue line), and 100 nm (B, green line).
The corresponding TEM images of these NPs are shown in Figure 70
A,D−G.

Figure 91. Normalized UV/vis absorption spectra of commercial Cit-
Au NPs in water from BBI solutions (cf. Section 2.2) with core
diameters of 5, 10, 15, 30, and 50.
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(excitons) upon absorption.129−132 In the case of semi-
conductor NPs with very sharp size distribution, multiple
exciton peaks can be observed.133−135 The absorption spectra
of CdSe/ZnS and CdS NPs are shown in Figure 94.
The spectral position of the first exciton peak, which

corresponds to the energy gap between the ground states of the
valence and conduction band, is extremely size dependent. This
is due to the quantum confinement of light-generated

electron−hole pairs.136−139 The smaller a QD becomes, the
bigger the energy gap and thus the shorter the wavelength of
the first exciton peak. Equation 6 correlates the wavelength λmax
of the first exciton peak in the absorption spectrum with the
core NP diameter dc. Values have been listed for several QD
materials.29,140 Note that in Yu et al. data are only provided for
QDs with a single semiconductor core. However, as
demonstrated in Section 1.7, quantum dots can also be
grown with several semiconductor shells around the semi-
conductor core. For example, the values for CdSe NPs in the
Yu et al. table cannot be directly applied for CdSe/ZnS NPs, as
the ZnS shell will shift the absorption peak λabs to higher
wavelength. If this wavelength is used with eq 6, the resulting dc
for the CdSe core in CdSe/ZnS is overestimated. However, and
since the ZnS shell contributes to the size of the inorganic part
of the NPs, this error in the calculation is often tolerated.

9.2. Determination of NP Concentrations from
Absorption Spectra. The NP concentration of NP
suspension cNP can be obtained from the Beer−Lambert’s
law, which correlates the absorption A (from the UV/vis
absorption spectrum) with cNP as follows:

λ ε λ= × ×A l c( ) ( )NP sol NP (41)

Both the molar extinction coefficient (εNP(λ)) and thus the
absorption (A(λ)) depend on the wavelength λ and the solvent.
lsol is the path length of the cuvette in which the absorbance has
been measured, i.e., the distance that the light passes in the NP
suspension during measurements. As mentioned in Section 9.1,
a blank spectrum of the solvent should be measured first and
subtracted from the sample spectrum, in order to eliminate
absorption from the cuvette and the solvent. In order to
determine the NP concentration cNP of a sample, the
absorption A(λ) is measured at wavelength λ in a cuvette of
path length lsol. It is important to correct the offset of the
absorption spectra as detailed in Figure 85). In the case that
εNP(λ) is known, the NP concentration can be calculated
according to eq 41.
In the case of NPs which do not have specific peaks in their

absorption spectra (such as FePt, Fe3O4, Sn, etc.), εNP(λ)
usually is not reported in the literature. In this case the
absorption A(λ) of an NP suspension is recorded, and then the
NP concentration cNP in this solution is determined by ICP-MS
(cf. Section 8.2). The molar extinction coefficient can then be
calculated as εNP(λ) = A(λ)/(cNP × lsol). Once εNP(λ) is known,
the NP concentration in the following samples can be
determined by absorption instead of ICP-MS analysis, which
is less time-consuming and cheaper.
For plasmonic NPs or QDs, values for the molar extinction at

λSPR (wavelength of the surface plasmon resonance) or λmax
(first exciton peak), respectively, are available in the literature.
For Au NPs some molar extinction values λSPR are given in
Table 8. An extended table has been reported by Haiss et al.141

Also in the case of QDs, lists of molar extinction values are
reported in literature.29,142 In Figure 95 an example for the
concentration determination of a solution of Au NPs is given.
NP concentration values obtained via absorption measure-

ments have to be interpreted with care, as they may be prone to
significant errors. With this in mind, published reports should
clearly detail calculation of NP concentration stating the used
molar extinction values and the selected absorption wavelength.
In the case the molar extinction coefficient for a NP sample is

recorded at one wavelength λ1 but the extinction coefficient at

Figure 92. Normalized UV/vis absorption spectra of (A) Au NRs (cf.
Section 2.4), with λSPR = 650 nm (red curve), 790 nm (blue curve),
825 nm (green curve), 1050 nm (pink curve), and the original
spherical Au seeds used to grow the nanorods (black curve). For TEM
images of these Au NRs cf. Figure 72. (B) Star-shaped Au NPs with
λSPR = 690 nm (cf. Section 2.5). For TEM images of these NPs cf.
Figure 73.

Figure 93. Normalized UV/vis absorption spectrum of Au NPs
capped with different surface coatings and suspended in different
solvents. (A) Au NPs with core diameter of ≈4 nm (cf. Section 1.2),
either capped with DDT and suspended in chloroform (black curve)
or after being overcoated with PMA (cf. Section 6.3) and suspended in
water (red curve). (B) Au NPs with core diameter of ≈100 nm (cf.
Section 2.2) either with the original citrate capping as recorded in
water (black) or after their phase transfer to chloroform by ligand
exchange with dodecylamine and PEG (cf. Section 4.3) (red curve),
and finally after retransfer to water by PMA coating (cf. Section 6.3)
(blue curve). The black and blue curves are almost superimposed in B.

Figure 94. (A) Normalized UV/vis absorption spectrum of CdSe/ZnS
quantum dots with core diameter of ≈4 nm (cf. Section 1.7; Figure
68) as recorded in toluene with λmax = 516 nm. (B) Normalized UV/
vis absorption spectrum of CdS quantum dots with core diameter of
≈2 nm (cf. Section 1.8; Figure 69) as recorded in toluene with λmax =
360 nm.
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another wavelength λ2 is needed, this can be calculated from
the absorption spectrum A(λ) according to eq 42 as

ε λ ε λ λ λ= × A A( ) ( ) ( )/ ( )2 1 2 1 (42)

For homogeneous NPs with characteristic features, such as Au
NPs, the extinction coefficients of the Au cores are known with
relatively good precision.141 However, these values refer to the
absorption related to the NP core, with an assumption that the
organic coating does not contribute significantly to the total
absorption (as the absorption of the inorganic core is much
stronger). Thus, the extinction coefficient for the core is used
for the whole NP. In the case of thin transparent ligand shells
this approximation works well at higher wavelengths (vis−NIR)
but not at lower wavelengths (UV) where most organic ligands
possess significant absorption. Also in the case the inorganic
part comprises a core and (several) shell(s), such as already
mentioned in the case of CdSe/ZnS NPs, the absorption of the
shell often is neglected and the extinction values for the core
are used for the whole core/shell NP.
The organic shell can be modified intentionally with

“absorbers”, for example, in the case organic fluorophores are
integrated into the polymer shell around a NP (cf. Section 6.2).
In this case the absorption spectrum shows the absorption of
the inorganic NP core, the absorption of the organic shell
(which can be in general neglected), and the absorption of the
integrated fluorophores; see Figure 96. Obviously, it is
important to determine the number of fluorophores per NP,
for which several methods have been proposed.68,79,92 One of
these methods is based on determining both the concentration
of NP cores cNP and the concentration of dyes cdye from the
UV/vis absorption spectra, leading to the number Ndye/NP =
cdye/cNP of fluorophores per NP. An example of the calculation
is shown in Figure 96.
Typically the absorption spectrum of the dye will overlap

with the absorption spectrum of the NP core. Thus, the dye
absorption part needs to be deconvoluted from the NP core
absorption part. For this purpose three UV/vis absorption
spectra need to be recorded: (i) from solutions of the NPs with
integrated fluorophores, (ii) of the NPs alone, and (iii) of the
fluorophores alone, cf. Figure 96.52,86 The fluorophores
typically absorb only in a small spectral band, whereas the
NP cores absorb continuously, optionally until a maximum
wavelength. Thus, the NP core concentration can be

determined at a wavelength where the NP core, but not the
fluorophore, absorbs. This can be directly done by the known
molar extinction coefficient εNP(λ) at this wavelength by
measuring the absorption from the NP spectrum, leading to the
concentration of NP cores cNP. On the other hand, at the
absorption peak of the dye there is typically also absorption of
the NP core. Thus, the absorption spectrum of the NP cores
only is scaled by multiplication with an appropriate factor to
match the absorption spectrum of the NPs with integrated dyes
at the parts, where the dyes do not absorb. Then, at the
absorption peak of the dye the appropriately scaled absorption
of the nonmodified NPs is subtracted from the absorption of
the NPs with integrated dyes, leading to the absorption of only
the dyes. In the case the molar extinction coefficient of the dyes
εdye(λ) at this absorption wavelength is known, then the dye
concentration can be calculated using Lambert−Beer’s law:

λ ε λ= × ×A c l( ) ( )dye dye sol (43)

This methodology works better the more the characteristic
absorption peaks of the NP cores and the more the dyes are
spectrally shifted. An example for a calculation is shown in
Figure 96.
Also data from TGA (cf. Section 8.6) can be used for

estimating the number of dyes attached per NP. In the case the
number of polymer units bound to the NP (NP/NP) is known,
the number of dyes bound per NP (Ndye/NP) can be derived
from the amount of dye that has been added per monomer
(Rdye/mon):

= ×N R Ndye/NP dye/mon P/NP (44)

In the case of the PMA-Au NPs with dc = 4.3 as discussed in
Section 8.6, addition of dye to 2% of the anhydride rings
(Rdye/mon = 0.02) leads to Ndye/NP = 0.02 × 270 = 54. This value

Figure 95. Absorption spectrum of ≈4 nm Au NPs (cf. Section 1.2)
recorded in chloroform. The absorption at their surface plasmon peak
λSPR = 518 nm is measured to be A(λSPR) = 0.42. The path length of
the used cuvette was lsol = 1 cm. The molar extinction coefficient
ε(λSPR) = 8.7 × 106 M−1 × cm−1 is obtained from Table 8. Thus, the
concentration of Au NPs in this solution was calculated using eq 41 as
cNP = A(λSPR)/(εNP(λSPR) × lsol) = 0.42/(8.7 × 106 M−1 × cm−1 × 1
cm) = 0.048 × 10−6 M = 48 nM.

Figure 96. Normalized absorption spectra of ≈4 nm Au NPs (cf.
Section 1.2; blue curve) recorded after their PMA coating and
functionalization with a dye (cresyl violet perchlorate, CV) versus the
spectrum free of the dye (red curve). The absorption at surface
plasmon peak λSPR = 519 nm of the NPs is normalized to A(λSPR) =
1.0. The absorption of the free dye at their emission maximum λdye,max
= 583 nm is normalized to A(λdye,max) = 1.0 as well. To calculate the
concentration cdye of the conjugated dye, the absorption of the NPs at
λdye,max is first subtracted from the absorption of dye-modified NPs at
λdye,max ⇒ Adye(λdye,max) = ANP+dye(λdye,max) − ANP(λdye,max) = 0.73−0.63
= 0.1. The molar extinction coefficient of NPs εNP(λSPR) = 8.7 × 106

M−1·cm−1 is obtained from Table 8, and the one of CV is εdye(λmax) =
8.3 × 104 M−1·cm−1. The path length of the used cuvette was lsol = 1
cm. Now both concentrations can be calculated according to eq 41.
For the dye cdye = Adye(λdye,max)/(εdye(λdye,max) × lsol) = 0.1/(8.3 × 104

M−1·cm−1 × 1 cm) = 1.21 × 10−6 M = 1.21 μM. For the NPs cNP =
ANP(λSPR)/(εNP(λSPR) × lsol) = 1.0/(8.7 × 106 M−1·cm−1 × 1 cm) =
0.115 × 10−6 M = 115 nM. By this the ratio of Ndye/NP = cdye/cNP =
1.21 × 10−6 M/0.115 × 10−6 M = 10.5 dye molecules per NP can be
estimated.
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can now be compared to the values determined with other
methods. In Kaiser et al.68 Evidot540/Catskill Green QDs (dc =
2.7 ± 0.4 nm determined by TEM, value provided by company:
2.6 nm) were modified with 2% dye (Rdye/mon = 0.02), and the
value Ndye/NP = 7 ± 0.7 was determined from time-resolved
photoluminescence spectra. Assuming that the number of dye
molecules per NP scale with the effective surface area Aeff, this
value can be compared to the TGA data of Au: Ndye/NP(1) =
Ndye/NP(2) × ((RP/Area(1) × Aeff(1))/(RP/Area(2) × Aeff(2))) =
Ndye/NP(2) × (RP/Area(1)/(RP/Area(2)) × ((dc(1)+ 2 × lligand(1))/
(dc(2) + 2 × lligand(2)))

2. In both cases the same amount of
polymer per surface area had been added, RP/ligand(1) =
RP/ligand(2) = 100 nm2, but the diameters are different. In the
case of CdSe/ZnS, dc(1) = 2.7 nm and lligand(1) = 1.2 nm, and in
the case of Au, dc(2) = 4.3 nm and lligand(2) = 1.0 nm. Thus, this
leads to Ndye/NP(1) = Ndye/NP(2) × ((dc(1) + 2 × lligand(1))/(dc(2) +
2 × lligand(2)))

2 = 54 × ((2.7 nm + 2 × 1.2 nm) /(4.3 nm + 2 ×
1.0 nm))2 = 54 × (5.1/6.3)2 ≈ 35. Thus, TGA analyses leads to
a value of Ndye/NP = 35 dye molecules per CdSe/ZnS NP, as
compared to the optically determined value of Ndye/NP = 7. For
this reason, in order to estimate the error, it is convenient to
use several methods in parallel for the determination of Ndye/NP.
9.3. Fluorescence Spectroscopy. NPs can be fluorescent

for two reasons. First, NPs may be intrinsically fluorescent, such
in the case of QDs,143 upconverting NPs,111 ultrasmall Au,144

or Ag clusters.145 Examples for fluorescence spectra of CdSe/
ZnS and CdS NPs are shown in Figures 97 and 98, respectively.

Second, organic fluorophores can be integrated in the organic
surface coating (cf. Section 6.2) around nonfluorescent
inorganic NP cores. An example is shown in Figure 99. In

this case the underlying inorganic NP core may affect the
fluorescence emission of the organic fluorophores. In the case
of plasmonic NPs the fluorescence of adjacent dyes may be
quenched,146 and in the case of QDs, fluorescence resonance
energy transfer (FRET) may occur with the linked
dyes.86,100,147 In both cases the effects strongly depend on
the distance between the organic fluorophores and the NP
cores.

9.4. Determination of Quantum Yields. A major
characteristic of fluorescent NPs is their quantum yield (ΦF).
This feature represents the ratio of the number of photons
emitted through fluorescence to the number of absorbed
photons. In other words, the quantum yield describes the
probability that a photoexcited state gets relaxed by
fluorescence rather than by another, nonradiative mechanism.
As photons may be emitted in all directions, in principle, a 4π-
detection geometry is required to detect absolute quantum
yields.148,149 Instead, often relative quantum yields are
measured in standard 90° detection geometry. For this purpose
fluorescence intensities of a dilution series of the sample (s)
and a dilution series of a reference fluorophore (ref) with
known absolute quantum yield Φref are determined. From the
slopes ΔIint/ΔAλ of the integrated emission (Iint) versus
absorption (Aλ) curves of the sample and the reference
fluorophore, the absolute quantum yield of the NP sample can
be calculated, cf. eq 45. A good description of this methodology
is detailed by Horiba Jobin Yvon.150,151

Φ
Φ
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Δ Δ
Δ Δ

·λ

λ

I A
I A

n
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( / )
( / )
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s
2
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2
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[Φs, Φref], [(ΔIint/ΔAλ)s, (ΔIint/ΔAλ)ref], and [ns, nref] refer to
the quantum yield, slope of the integrated emission versus
absorption curve, and refractive index of the sample and
reference fluorophore, respectively. An example for determining
the quantum yield of Au NPs with the attached fluorophore is
provided in Figure 100.115

To demonstrate how to determine the quantum yield of NPs
(ΦNP), hydrophobic Au NPs (dc ≈ 4 nm) were synthesized (cf.
Section 1.2) and coated with PMA modified with Rdye/mon = 2%
tetramethylrhodamine 5-(and-6-) carboxamide cadaverine
(TAMRA, no. AS-81506, Anaspec) (cf. Section 6). After their
purification using gel electrophoresis (the process has been
repeated twice) (cf. Section 7.4), the NPs were concentrated,
washed with Milli-Q water, and filtered by passing them
through a syringe membrane filter (0.22 μm pore size) (cf.
Section 7.2). Cresyl violet perchlorate (CV) dissolved in

Figure 97. Normalized absorption spectrum A(λ) (black solid line, cf.
Figure 94A) and emission spectrum I(λ) (blue solid line) of
hydrophobic CdSe/ZnS NPs (dc ≈ 4 nm, cf. Section 1.7) in toluene.
The absorption and emission peaks are at λabs ≈ 516 nm and λem ≈
530 nm respectively, and correspond to CdSe/ZnS NPs of ≈4 nm.

Figure 98. Normalized absorption spectrum A(λ) (black solid line, cf.
Figure 94B) and emission spectrum I(λ) (blue solid line) of
hydrophobic CdS NPs (dc ≈ 2 nm, cf. Section 1.8) in toluene. The
absorption and emission peaks, respectively, at λabs ≈ 360 nm and λem
≈ 390 nm correspond to CdS NPs of ≈2 nm.

Figure 99. Normalized absorption spectrum A(λ) (black solid line, cf.
Figure 96) and emission spectrum I(λ) (blue solid line) of hydrophilic
Au NPs coated with PMA modified with cresyl violet (CV) (dc ≈ 4
nm, cf. Section 1.2) as recorded in water. The absorption and emission
peaks are at λabs ≈ 519 nm and λem ≈ 630 nm, respectively.
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methanol was chosen as the reference dye with a known
quantum yield ΦCVP = 0.54 ± 0.03.152

To determine the quantum yield, first dilution series of both
samples (NPs in water, CV in methanol) were generated.
Dilution was quantified by measuring the absorption Aλ of the
samples at the excitation wavelength λexc = 520 nm of TAMRA.
Note that for the NP sample as for the reference dye absorption
needs to be detected at the same wavelength. Ideally, the
excitation wavelength of the reference dye should be similar to
the fluorescent NP sample. The highest concentration of the
absorption series should not exceed an optical density of 0.1, in
order to avoid reabsorption and self-quenching of fluorescence,
which may occur at high fluorophore concentrations. For each
sample within the dilution series the integrated fluorescence
emission Iint was determined (i.e., the intensity of the whole
fluorescence peak was counted), using the excitation wave-
length λexc at which the absorption Aλ had been determined
before. All fluorescence emission measurements must be made
with the same settings of the fluorometer. The recorded
absorption A(λ) and emission spectra I(λ) of the dilution series
are shown in Figure 100. From these curves the respective
absorption A520 at λexc = 520 nm was determined. The
integrated emission Iint was obtained as the sum of all
fluorescence emission counts in the spectral range from 530
to 750 nm. The resulting Iint(A520) curves show the linear
relation between absorbance and integrated fluorescence
intensity. From these graphs the slopes ΔIint/ΔA520 were
derived. In the case of the NP and the CV sample (5.11 ± 10.4)
× 108 cps and (110 ± 1.31) × 108 cps were obtained (cps =
counts per second). In order to calculate the quantum yield of
the NP sample according to eq 45, the refractive indexes nH2O =
1.333 for water and nmethanol = 1.3288 for methanol at 20 °C

were used, yielding ΦNP = ΦCVP· ·Δ Δ
Δ Δ

I A
I A

n
n

( / )
( / )

int 520 NP

int 520 CV

H2O
2

methanol
2 = 0.025

± 0.008. The error was estimated using Gaussian error
propagation.

10. CHARACTERIZATION OF THE COLLOIDAL
PROPERTIES OF THE NPs

10.1. UV/Vis Absorption Spectroscopy. The UV/vis
absorption spectrum provides a fast and simple quality control
measure for the colloidal stability of NPs. Several types of NPs,
such as plasmonic NPs and QDs, possess characteristic peaks in
their absorption spectrum (cf. Section 9.2) that can provide
important information regarding size, shape, surface chemistry,
and aggregation state. For example, aggregation of Au NPs is
typically associated with a red shift of the SPR (λSPR) to higher
wavelengths and a significant spectral broadening. Most
isotropic inorganic NPs absorb in the UV/vis and not in the
near IR, unless they have been designed for this purpose (e.g.,
rod-shaped Au NPs, Au nanostars, IR emitting QDs, etc.).
Thus, absorption in the range where NPs do not typically
absorb indicates NP aggregation. “Absorption” in this case is
mainly light scattering due to NP agglomeration. Figure 101
shows the red shift and broadening of the plasmon absorption
spectrum of Au NPs upon salt-induced aggregation.

Colloidal stability is a critical property for NP dispersions,
which can be maintained by ensuring repulsive force (either an
electrostatic or a steric repulsion) that outweighs the attractive
van der Waals forces between NPs.5 For example, Cit-Au NPs
are stabilized through electrostatic repulsion due to the
presence of physically adsorbing citrate ions on the surface of
Au NPs (zeta potentials of these NPs are typically negative
∼−30 mV). When salt is added, electrostatic forces are
screened by counterion effects and electrostatic double layer
compression, and thus NPs tend to aggregate. The higher the
charge density of the NP surface, the less prone the NPs are to
aggregation. Note that the surface charge of NPs may depend
on the pH (cf. Section 10.4). NPs that are stabilized by steric
repulsion are typically less prone to aggregation upon the
addition of salt. In various biological applications, NPs are
expected to be dosed into media with physiological salt levels
(150 mM NaCl), and thus colloidal stability should be carefully
evaluated.
By titrating the NP suspension against increasing concen-

trations of NaCl, one can observe the aggregation state by UV/
vis absorption measurements. Such measurements in particular
allow for observing the NaCl concentration at which the

Figure 100. Determination of the quantum yield ΦNP of TAMRA
modified Au NPs (top row) and CV (bottom row). The graphs on the
left side (A, C) represent the absorption spectra A(λ) (dotted line, left
y-axis) and emission spectra I(λ) (full line, right y-axis) recorded at
excitation wavelength λexc = 520 nm for dilution series of the Au NPs
and CV. From each absorption spectrum the absorption A520 at 520
nm was determined. From each emission spectrum at 520 nm
excitation, the integrated fluorescence intensity Iint was determined as
the sum of all emitted fluorescence from 530 to 750 nm.

Figure 101. Absorption spectra of 5 nm core diameter Cit-Au NPs
(purchased from BBI) as recorded in water (black curve) and in water
supplemented with NaCl (red curve). The red shift of the SPR peak to
higher wavelength and associated peak broadening is clear upon the
addition of NaCl due to NP aggregation and plasmon coupling effect.
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colloidal stability of the NPs is lost. Figures 102 and 103 show
the colloidal stability of Au NPs or Ag NPs with different

surface coatings, as judged by their UV/vis absorption spectra
upon titration with NaCl aqueous solution. As agglomeration is
time dependent, these measurements were carried out directly
after exposure of the NPs to salt and were then repeated after
24 h. The absorption spectra were measured over a range of
300 to 1100 nm with an Agilent Technologies 8453 UV/vis
spectrometer.
In most cases after 24 h the absorption peaks became

broader and smaller. The increment in the peak width was due
to agglomeration. The reduction in absorption intensity was
due to the severe degree of aggregation that decreased the
number of individually dispersed NPs due to the significant NP
loss via precipitation out from the suspension. Collectively, data
in Figures 102 and 103 suggest that PMA is superior to MPA
and MUA in protecting NPs against salt-induced aggregation.

10.2. Dynamic Light Scattering. There are several
techniques available that are able to measure the hydrodynamic

Figure 102. Absorption spectra recorded for different Au NPs in water
in the presence of different concentrations of NaCl, recorded after 0
and 24 h, with cNP ≈ 12 nM. The NaCl concentrations were in the
range of 0.0 to 2.5 M as illustrated using a color map. Cuvettes with
freshly mixed solutions were measured at t = 0 h before incubating
overnight at RT and measured again after t = 24 h. (A) ≈5 nm core
diameter Cit-Au NPs purchased from BBI). (B) ≈5 nm core diameter
Cit-Au NPs (purchased from BBI), after ligand exchange to bis(p-
sulfonatophenyl)-phenylphosphine (cf. Section 3.2). (C) ≈10 nm core
diameter Cit-Au NPs (purchased from BBI). (D) ≈10 nm core
diameter Cit-Au NPs (purchased from BBI), after ligand exchange to
bis(p-sulfonatophenyl)-phenylphosphine (cf. Section 3.2).

Figure 103. Absorption spectra of different NPs in water in the
presence of different concentrations of NaCl recorded after 0 and 24 h,
with cNP ≈ 12 nM. The NaCl concentrations were in the range of 0.0
to 2.5 M as illustrated using a color map. Cuvettes with freshly mixed
solutions were measured at t = 0 h before incubating overnight at RT
and measured again after t = 24 h. (A) ≈4 nm core diameter Ag NPs
(cf. Section1.3) overcoated with PMA (cf. Section 6.3). (B) ≈4 nm
core diameter Ag NPs (cf. Section 1.3) after ligand exchange with
mercaptopropionic acid (MPA; cf. Section 5.2). (C) ≈4 nm core
diameter Ag NPs (cf. Section 1.3) after ligand exchange with
mercaptoundecanoic acid (MUA; cf. Section 5.2). (D) ≈4 nm core
diameter Au NPs (cf. Section 1.2) overcoated with PMA (cf. Section
6.3). (E) ≈4 nm core diameter Au NPs (cf. Section 1.2) after ligand
exchange with mercaptopropionic acid (MPA; cf. Section 5.2). (F) ≈4
nm core diameter Au NPs (cf. Section 1.2) after ligand exchange with
mercaptoundecanoic acid (MUA; cf. Section 5.2).
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diameter dh of NPs dispersed in solvent. Hydrodynamic
diameters may differ for NPs with different core diameter dc,
capping agents/polymers, solvent, and aggregation state. For
example, identical NPs with a PEG shell exhibit different dh in
water versus chloroform due to different hydration/solvation
nature and polymer architecture on the NPs in each solvent. In
another context, the addition of a high concentration of
electrolyte to an aqueous suspension containing charged NPs
may decrease the dh of these NPs due to the counterion effect
and thus a compressed electric double layer (Debye length).153

In addition to measuring the average value of dh, it is also
important to determine the monodispersity of NP suspensions
by measuring the so-called polydispersity index (PDI).154 The
PDI is an unitless parameter that measures the heterogeneity
(statistical variation from the average value) in the NPs’
hydrodynamic diameter in a sample. Values below 0.05 are
normally not obtained, meanwhile values higher than 0.7
indicate that the sample has a very broad size distribution.
There are various techniques to measure hydrodynamic

diameters of NPs.94,155 Dynamic light scattering (DLS) is a
simple, fast, and common technique to measure the hydro-
dynamic diameter of NPs and associated PDI.156−158 DLS
records the temporal fluctuations in scattered light, due to
diffusion of NPs in solution. Using an autocorrelation function,
the diffusion constant of the NPs then can be derived. By
applying the Einstein−Stokes relation and using the measured
diffusion constant value, the NPs’ hydrodynamic diameter dh
can be calculated. Obtaining reliable size measurements of NPs
of only a few nanometers in diameter using DLS is a real
challenge, since the scattering signal from these small NPs is
close to the noise of the detector.
It is worth mentioning that serious error in measuring the

absolute size of NPs using DLS may occur and can originate
from various reasons such as dirty cuvettes, contaminated
solvent, using incorrect values for solvent physical parameters
(e.g., viscosity and dielectric constant), improper sample
concentration (too high or too low), and unstable samples
during measurement. To avoid possible under- or over-
estimation of NP hydrodynamic size, an internal calibration
with reference NPs is essential.
When carrying out DLS analysis, the obtained distributions

of hydrodynamic diameters can be plotted in terms of the
number of NPs N(dh) or the intensity of the scattered light
I(dh) as shown in Figure 104. The intensity distribution I(dh)
considers the scattering intensity of each NP fraction. Since
larger NPs scatter much more than smaller NPs, the intensity
distribution can provide overestimated values of hydrodynamic
diameter. For example, a very low level of aggregates in a Au
NP suspension will scatter extensively and thus will result in a

resolved significant peak (second and third peaks in Figure
104A). Applying Mie’s theory, the intensity distribution can be
converted to volume or number distributions. To do so, there
are several assumptions made, including that all NPs are
spherical and homogeneous, which in the case of samples with
broad size distribution and/or anisotropic NPs is not valid. In
the number distribution, the contribution of large NP
populations at low level is very minimal and does not
dominate, and thus measured dh values are closer to the dc
values as obtained by TEM. As an example, in Figure 104A, dh
obtained from the intensity distribution (first peak) is 26.07 ±
12.75 nm where dh obtained from the number distribution in
Figure 104B is 11.71 ± 3.29 nm, which is closer to the value
obtained by TEM (dc = 4.3 nm ± 0.4 nm as per Figure 64 plus
the addition of the lligand; (see Figure 63B,C). Commercial DLS
setups often assume the presence of several NP populations in
solution, and thus fits of even one NP population may result in
several distinct sizes. For example, in the intensity distribution
shown in Figure 104 three peaks are observed, whereas there is
only one peak in the number distribution. In fact, only one NP
species is present in solution, and small agglomerates are
overestimated in the intensity distribution, which then
wrongfully identifies three discrete subspecies.
A significant increase in measured hydrodynamic diameter of

NPs as compared to the structural diameter (i.e., dh ≫ dc for
NPs without the presence of thick organic shell) is usually a
strong indication of NP aggregation. In the case NPs are
aggregated, the measured effective hydrodynamic diameter
values describe the diameter of NP agglomerates rather than
the diameter of the individual NPs. In Figure 105, aggregation

of PMA-Au NPs upon the addition of NaCl is associated with
an increase in dh. Such measurement of hydrodynamic
diameters is an essential tool to probe the colloidal stability
of NPs in solution.
More examples on the salt-induced aggregation of Ag NPs

and Au NPs with differing surface modification and core
diameter are provided in Figure 106. Aqueous suspension of
the NPs (1.0 mL; cNP = 25 nM) received equal volume of NaCl
(aq) (1.0 mL; concentration ranges from 0.0 to 5 M).
Obviously the final NaCl concentration was hereby reduced to
half of the original concentration upon mixing it with the same
amount of NP stock solution. The hydrodynamic diameter dh
was measured immediately after mixing the two solutions and
after a 24 h incubation time at RT (since aggregation is a time-
dependent process that can be slow but significant). DLS
histograms (dh versus cNaCl) and real photographs of NP
suspensions in the cuvettes are shown in Figure 106, in which

Figure 104. (A) DLS histograms of Au NPs of ≈4 nm coated with
PMA measured in aqueous solution. (A) Intensity distribution I(dh)
and (B) number distribution N(dh) of the hydrodynamic diameter dh.

Figure 105. Hydrodynamic diameter (dh) of 4 nm PMA-Au NPs as a
function of NaCl concentration in the NP suspension.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.6b04738
Chem. Mater. 2017, 29, 399−461

450

- P134 -

http://dx.doi.org/10.1021/acs.chemmater.6b04738


agglomeration can be directly observed by visible color change.
In most cases aggregation of NPs at high NaCl concentrations
was severe, inducing NP precipitation and sedimentation on the
bottom of the cuvette. The results indicated that PMA is
superior compared to MPA or MUA in protecting NPs against
salt-induced aggregation. PMA coating resulted in constant
hydrodynamic diameter values and suspension color even for
high NaCl concentrations. Addition of NaCl to MPA or MUA

coated NP resulted in increased hydrodynamic diameter values
and change in suspension color, indicating NP aggregation.
Similar to NP aggregation upon salt addition, NP aggregation

can be induced by changing the suspension pH. While salt
screens the electric charge on the NP surface, pH may suppress
ionization and thus decrease the effective surface charge
density, resulting in NP aggregation (cf. Section 10.3 and
Section 10.4). In Figure 107, examples on pH-induced NP

Figure 106. Ag NPs and Au NPs with differing surface modification and core diameter were exposed to different concentrations of NaCl.
Hydrodynamic diameter values dh in aqueous solution were measured directly (0 h; ■) and 24 h (●) after exposure. The behavior of the
hydrodynamic diameter dh is plotted against the NaCl concentration within a range from CNaCl of 0.0 to 2.5 M. The NPs were suspended in Milli-Q
water to reach a concentration of 25 nM. DLS measurements were done with a Malvern Zetasizer nano ZS. The cuvette photos represent the
relevant concentrations within the range where agglomeration took place. (A) ≈4 nm core diameter Ag NPs (cf. Section 1.3) overcoated with PMA
(cf. Section 6.3). (B) ≈4 nm core diameter Au NPs (cf. Section 1.2) overcoated with PMA (cf. Section 6.3). (C) ≈4 nm core diameter Ag NPs (cf.
Section 1.3) after ligand exchange with MPA (cf. Section 5.2). (D) ≈4 nm core diameter Au NPs (cf. Section 1.2) after ligand exchange with
mercaptopropionic acid (MPA; cf. Section 5.2). (E) ≈4 nm core diameter Ag NPs (cf. Section 1.3) after ligand exchange with MUA (cf. Section
5.2). (F) ≈ 4 nm core diameter Au NPs (cf. Section 1.2) after ligand exchange with MUA (cf. Section 5.2). (G) ≈5 nm core diameter Cit-Au NPs
(purchased from BBI). (H) ≈5 nm core diameter citrate coated Au NPs (purchased from BBI), after ligand exchange to bis(p-sulfonatophenyl)-
phenylphosphine (cf. Section 3.2). (I) ≈10 nm core diameter Cit-Au NPs (purchased from BBI). (J) ≈10 nm core diameter citrate coated Au NPs
(purchased from BBI), after ligand exchange to bis(p-sulfonatophenyl)-phenylphosphine (cf. Section 3.2).
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aggregation and the dependence of hydrodynamic diameter
from solution pH for anionic charged NPs with different types
of surface ligands are shown.
For NPs with ligands containing weak acids, such as

carboxylate functional groups (−COO−), the NP effective
surface charge decreases at low pH (i.e., high concentration of
H+) due to protonation of the −COO− groups:

− ↔ − +− +R COOH R COO H (46)

This equilibrium is described by the pKa value.

= − ×
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− +
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c c
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Equations 47 and 48 can be combined with the Henderson−
Hasselbalch equation:159−163
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One can thus predict the percent of ionization (JR−COO−) at

certain pH for weak acid as follows:

Figure 107. Titration of Ag and Au NPs suspended in 1.5 mM NaOH (aq) with a concentration of cNP = 8.6 nM (■) and cNP = 25 nM (●), with a
total volume of 10 mL. HCl (aq) with a concentration of 12 mM was chosen as titrant and was added using a Malvern MPT-2 autotitrator within a
pH range from 11 to 4. The hydrodynamic radius dh is plotted against the pH to detect size-dependent changes and aggregation of the NPs. ≈4 nm
core diameter Ag NPs (cf. Section 1.3) (A) overcoated with PMA (cf. Section 6.3), (B) after ligand exchange with MPA (cf. Section 5.2), and (C)
after ligand exchange with MUA (cf. Section 5.2). ≈4 nm core diameter Au NPs (cf. Section 1.2) (D) overcoated with PMA (cf. Section 6.3) and
(E) after ligand exchange with MPA (cf. Section 5.2). (F) After ligand exchange with MUA (cf. Section 5.2). ≈5 nm core diameter (G) Cit-Au NPs
(purchased from BBI) and (H) after ligand exchange to bis(p-sulfonatophenyl)-phenylphosphine (cf. Section 3.2). ≈10 nm core diameter (I) Cit-Au
NPs (purchased from BBI) and (J) after ligand exchange to bis(p-sulfonatophenyl)-phenylphosphine (cf. Section 3.2).
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Thus, by increasing the NP suspension’s pH, the denominator
in eq 50 decreases and thus the percent ionized as well as the
anionic surface charge density of the NP increases. Instead, by
decreasing the NP suspension’s pH, the denominator in eq 50
increases, and thus the anionic surface charge density of the
NPs decreases. In the latter case, vanishing electrostatic
repulsion between NPs induces NP aggregation and increases
their effective hydrodynamic diameter at high pH values (cf.
Section 10.4).
For NPs with ligands containing weak basic functional

groups (e.g., R-NH3), the NP effective surface charge increases
at low pH (i.e., high concentration of H+) due to protonation of
the amine groups:

− ↔ − ++ +R NH R NH H4 3 (51)

This equilibrium is described by the pKa value.
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This leads to the Henderson−Hasselbalch equation:
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Again, one can predict the percentage of unionization (JR−NH3
)

at certain pH values for a weak base as follows:
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Thus, by lowering the pH of suspension containing NPs with a
basic functional group, the denominator in eq 55 increases and
thus the percent of un-ionized amines decreases (i.e., the
ionization and cationic surface charge density of NP increases).
Instead, increasing the NP suspension pH, the denominator in
eq 55 decreases, and thus the percent un-ionized increases
(ionization and cationic surface charge density of NP
decreases). In the latter case, vanishing electrostatic repulsion
between NPs induces NP aggregation and increases their
effective hydrodynamic diameter at high pH values (cf. Section
10.4). There are also charged groups whose charge is
independent from the pH. For ammonium salts such as
N,N,N-trimethylammonium-2-ethyl methacrylate iodide there
is full dissociation, leading to permanent positive surface
charges.114,115

In Figure 107 the dependence of the hydrodynamic diameter
of different negatively charged NPs on the pH of the solution is

shown. For this the hydrodynamic diameter dh of NPs was
measured with DLS during a titration with HCl (aq). The NPs
were suspended in 1.5 mM NaOH (aq), setting a total volume
of 10 mL and concentrations of cNP = 8.3 or 25 nM. The titrant
was aqueous HCl with a concentration of 12 mM. HCl was
added using a Malvern MPT-2 autotitrator and the hydro-
dynamic diameter was measured with a Malvern Zetasizer nano
ZS DLS setup.

10.3. Laser Doppler Anemometry. As pointed out in
Section 10.1 and Section 10.2, the surface charge of colloidal
NPs provides colloidal stability due to electrostatic repulsion
forces. Effective surface charge depends on many variables such
as solvent type and its pH. In the case of NPs with known
surface chemistry and geometry, titration curves (cf. Section
10.4) can be used to estimate the number of charged groups on
the surface of a single NP. Alternatively, and most commonly
used, the so-called zeta-potential ζ156,157,164 of the NPs can be
measured. The zeta-potential describes the electric potential of
the NPs at the distance of the electrostatic screening length
(which depends on the ionic strength of the aqueous solution).
While in principle electric potential and electric charge are
coupled via the Poisson−Boltzmann equation, the complicated
geometry of NPs with inorganic core, organic shell, and
adsorbed counterions, in general, does not allow for deriving
the surface charge from the zeta-potential. However, the sign of
the surface charge can be concluded from the sign of the
measured zeta-potential. In addition, the magnitude of the zeta-
potential provides a good indicator of the NP colloidal stability.
Generally, zeta-potential values |ζ| > 20−30 mV are required to
maintain colloidal stability and prevent NP aggregation.
One way to measure zeta-potentials is laser Doppler

anemometry (LDA). An electric field is applied and the
velocity of charged NPs in this field is detected via the Doppler
effect. From this the electrophoretic mobility, defined as the
quotient of the drift velocity and the applied electric field, can
be calculated. By using different models from electrophoretic
mobility the zeta-potential can be estimated.157 Often DLS and
LDA are combined in the same setup, such as in the Zetasizer
from Malvern. Note that for LDA special cuvettes are required,
which comprise electrodes to apply the electric field. Note also
that during measurements NP suspensions must cover these
electrodes, and thus before measurement it has to be made sure
that electrodes are functional, and if required the cuvette needs
to be changed. In Figure 108 the distribution of the zeta-
potential is shown for PMA-Au NPs. The zeta-potential is then
taken as the mean value from the distribution function.
In Figure 109 results for zeta-potential measurements for Au

and Ag NPs with different surface coatings at different pH
values are shown. Due to the coupled system of an autotitrator
and a Zetasizer, it was possible to use the same cuvette for dh
(DLS, cf. Section 10.2) and zeta potential (LDA) measure-
ments before adding more acid and pursue the titration (i.e.,
lowering of the pH). Thus, the NP concentrations and volumes
of added acid are the same as those shown in Section 10.2, as
DLS and LDA measurements were performed simultaneously.
The data indicate that according to eq 46 at low pH values the
negatively charged −COO− groups get protonated, the zeta-
potential thus becomes less negative, and thus the colloidal
stability of the NPs is decreased.

10.4. pH Titration. Acid−base titration is a well-established
chemical method in which pH is measured as a function of the
amount of added acid or base. The resulting plot is called the
titration curve, which can be used to determine the pKa of the
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NPs and, more importantly, the surface density of acidic or
basic ligands. Here, the principle is demonstrated for NPs with
−COOH groups present on their surface. In order to
determine titration curves over a large spectrum and to
guarantee fully deprotonated carboxylic moieties, the NPs were
first diluted in NaOH (aq) (pH = 11). The basic NP
suspension was then titrated using HCl (aq) (cf. Figure 110).
First, added H+ (from HCl) can react with free OH− (from
NaOH) in suspension. This leads to the first plateau followed
by the first steep drop and equivalent point (ep1 in Figure 110).
Upon consumption of all free OH− ions, the carboxylates
present on the NP surface become protonated, resulting in the
second plateau (buffer plateau). Further addition of HCl leads
to the second steep drop and equivalent point (ep2 in Figure
110). Further addition of HCl leads to the third plateau at low
pH. To determine the pKa the pH value of the halfway point of
the second plateau needs to be considered (∼7 in this case). In

Figure 108. Distribution N(ζ) of the zeta-potential ζ as measured in
water from a sample of ≈4 nm core diameter PMA-Au NPs with cNP=
10 nM. The obtained mean value for the zeta potential is −48.07 ±
1.16 mV.

Figure 109. Titration of Ag and Au NPs suspended in 1.5 mM NaOH (aq) with a concentration of cNP = 8.6 nM (■) and cNP = 25 nM (●), with a
total volume of 10 mL. HCl (aq) with a concentration of 12 mM was chosen as titrand and was added using a Malvern MPT-2 autotitrator within a
pH range from 11 to 4. The zeta-potential ζ is plotted against the pH. These measurements were done simultaneously to the DLS measurements
shown in Figure 107. ≈4 nm core diameter Ag NPs (cf. Section 1.3) (A) overcoated with PMA (cf. Section 6.3), (B) after ligand exchange with MPA
(cf. Section 5.2), and (C) after ligand exchange with MUA (cf. Section 5.2). ≈4 nm core diameter Au NPs (cf. Section 1.2) (D) overcoated with
PMA (cf. Section 6.3), (E) after ligand exchange with MPA (cf. Section 5.2), and (F) after ligand exchange with MUA (cf. Section 5.2). ≈5 nm core
diameter (G) Cit-Au NPs (purchased from BBI) and (H) after ligand exchange to bis(p-sulfonatophenyl)-phenylphosphine (cf. Section 3.2). ≈10
nm core diameter (I) Cit-Au NPs (purchased from BBI) and (J) after ligand exchange to bis(p-sulfonatophenyl)-phenylphosphine (cf. Section 3.2).
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this experiment, NPs were suspended in aqueous NaOH
solution (1.5 mM, VNaOH_sol = 10 mL) to a concentration of cNP
= 8.6 nM. HCl solution (2.5 mM) was added in 100 μL steps to
the vigorously stirring NP suspension using the Malvern MPT-
2 autotitrator. The resulting volume of the solution is Vsol =
VNaOH_sol + VHC_sol. After the addition of each volume of acid
the solution was given 5 s to equilibrate, and then the pH was
measured using a Sartorius (PP 50) pH meter. The
experiments were repeated after 24 h to confirm the data and
ensure reproducibility. The pKa value of the NPs was found to
be around ≈7 as per the titration curve in Figure 110. By
adding more acid the charged groups became saturated with
protons, until the pH led to aggregation of the NPs at a pH of
around 4−5 due to the loss of surface charge. Examples of
titration curves with determined pKa values for various NPs
with different surface chemistries are shown in Figure 111.
If the concentration of NPs (cNP) is known, the number of

carboxyl groups on the surface of a single NP can be estimated
as described by Charron et al.61 For example, from Figure 111,
the volume of HCl (ΔVHCl_sol) used to protonate R−COO− on
the surface of the NPs can be determined as the length of the
buffer plateau.

Δ = −_ _ _V V V(ep ) (ep )HCl sol HCl sol 2 HCl sol 1 (56)

Since the concentration of HCl (cHCl) and the volume of initial
NP suspension (VNP_sol = VNaOH_sol) are known, the
concentration of all carboxylate ions on NPs (cR−COO−) can
be calculated as follows:

× = × Δ− _ _−c V c VR COO NP sol HCl HCl sol (57)

The number of acid groups per NP (NR−COO−
/NP) thus should

be

=−
−

−
−

N
c

cR COO /NP
R COO

NP (58)

In the case of PMA-coated NPs, NR−COO−
/NP can be compared

with NP/NP as described in Section 8.6. Each polymer monomer
unit in a fully deprotonated state bears one or two negative
charges, in the case the PMA backbone is linked to a side chain
or hydrolyses, respectively.114

= − ×− −N R N(2 )R COO /NP chain/mon P/NP (59)

While in Figure 111D the second equivalence point is not in
the measured pH range, roughly ΔVHCl_sol ≈ 2 mL. With cHCl =

2.5 mM, cNP = 8.6 nM, and VNP_sol = VNaOH_sol = 10 mL (cf.
Figure 111), this leads to NR−COO−

/NP = ((cHCl × ΔVHCl_sol)/
VNP_sol)/cNP = ((2.5 × 10−3 M × 2 mL)/10 mL)/ 8.6 × 10−9 M
≈ 58 000. In Section 8.6 TGA analysis of similar PMA-Au NPs
(ca. 4 nm core diameter) yielded NP/NP = 270. Thus, with
Rchain/mon = 0.75, this leads to NR−COO−

/NP = (2 − Rchain/mon) ×
NP/NP = (2 − 0.75) × 270 ≈ 338. The discrepancy in values can
be explained by the different degrees of purification. While the
PMA-Au NPs in the case of TGA analysis had been purified by
ultracentrifugation (NR−COO−

/NP = 338), the PMA-Au NPs in
the case of titration analysis (NR−COO−

/NP = 58 000) had been
purified by gel electrophoresis only, which may result in some
remaining polymer micelles, which contribute to the amount of
COO− groups. These number examples point out again the
necessity of applying different characterization techniques.

■ CONCLUSIONS

Synthetic protocols in this contribution described the
preparation of hydrophobic NPs of different types (Au, Ag,
FePt, Fe3O4, Sn, CdSe, and CdSe/ZnS). Moreover, preparation
of hydrophilic Au and Ag NPs of various shapes (spheres, rods,
stars) and sizes (5−100 nm) are detailed. The prepared NPs
showed good monodispersity as evident from the correspond-
ing TEM analysis. Surface functionalization strategies including
ligand exchange and polymer overcoating were employed on
selected NPs to control their hydrophobicity, hydrophilicity,
and colloidal stability. For example, ligand exchange on
citrated-capped Au NPs with alkylamine induced phase transfer
from water to chloroform. On the other hand, ligand exchange
on alkanethiol-capped gold NPs with 3-mercaptopropionic acid
molecules facilitated the phase transfer of these NPs into
aqueous phase from chloroform. Similarly, a carefully designed
amphiphilic polymer was capable of overcoating alkanethiol-
capped Au NPs and rendering their surface hydrophilic,
allowing facile transfer into aqueous phase from chloroform.
Purification of one type of NPs (namely, PMA-g-dodecyl-

capped Au NPs ≈ 4 nm diameter, cf. Section 1.2, Section 6.3)
was evaluated using various methods: syringe filtration,
ultracentrifugation, size exclusion chromatography, and gel
electrophoresis. These results showed different purity levels for
different purification methods (for example, ultracentrifugation
resulted in fewer free polymer micelles as compared to gel
electrophoresis), highlighting the importance of optimizing the
purification process for a specific synthesis.
Various characterization techniques confirmed the ability to

probe the structural, photophysical, and colloidal properties of
NPs. For example, visualization of PEG-capped Au NPs with
TEM coupled to negative staining confirmed the NP core
dimension and, more importantly, a well-defined polymeric
shell surrounding each NP. Thermogravimetric analysis of
dodecanethiol-capped Au NPs confirmed the presence of the
organic shell on NPs and allowed for quantifying its weight
percentage per NP. FTIR and NMR analysis confirmed
overcoating of dodecanethiol-capped Au NPs with PMA
polymer, highlighting the importance of these analytical
techniques to follow surface functionalization of NPs. UV/vis
absorption was employed successfully to quantify the
concentration of Au NPs, to follow their salt- or pH-induced
aggregation by monitoring the plasmon peak shift and
broadening and to quantify the loaded dye per single NP.
Finally, effective surface charge analysis as measured by laser
Doppler anemometry upon acid−base titration allowed for the

Figure 110. Illustrative titration curve of carboxylate stabilized NPs
suspended in NaOH (aq) with the original volume VNaOH_sol against
HCl (aq), of which the volume VHCl_sol has been added. The figure is
adapted and modified with permission from Charron et al.61 Copyright
2012 American Chemical Society.
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determination of the acidity/basicity, pKa, and number of acidic
or basic groups on a single PMA-g-dodecyl-capped Au NP.
On purpose discrepancies in quantitative results as obtained

with different characterization techniques are presented. In fact,
different characterization techniques analyzed different param-
eters, and to relate them idealized models, like the sketches in
Figure 47, have to be used. Also the degree of purity plays a
major role in quantitative analysis.
To the end there is no “optimum” characterization

technique. In this contribution an overview was presented
about the characterization techniques routinely used in one
selected laboratory and which quantitative information can be
obtained from them. Collectively, the described details in this
contribution should shed light on important corners in the field

of inorganic NP synthesis, characterization, and surface
functionalization.
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Figure 111. pH titration of Ag and Au NPs with different surface chemistries originally suspended in 1.5 mM NaOH (aq) with a concentration of
cNP = 8.6 nM and a total volume of VNaOH_sol = 10 mL. HCl (aq) with a concentration of 2.5 mM was chosen as titrand and was added in steps of
ΔVHCl_sol = 100 μL to the NP suspension under vigorous stirring. After the first titration at t = 0 h (■) the experiments were repeated at t = 24 h
(●). The NP samples are the same as those used in Figure 107 and Figure 109: ≈4 nm core diameter Ag NPs (cf. Section 1.3) (A) overcoated with
PMA (cf. Section 6.3), (B) after ligand exchange with MPA (cf. Section 5.2), and (C) after ligand exchange with MUA (cf. Section 5.2). ≈4 nm core
diameter Au NPs (cf. Section 1.2) (D) overcoated with PMA (cf. Section 6.3), (E) after ligand exchange with MPA (cf. Section 5.2), and (F) after
ligand exchange with MUA (cf. Section 5.2). ≈5 nm core diameter Au NPs (G) citrate coated (purchased from BBI) and (H) after ligand exchange
to bis(p-sulfonatophenyl)-phenylphosphine (cf. Section 3.2). ≈10 nm core diameter Au NPs (I) citrate coated (purchased from BBI) and (J) after
ligand exchange to bis(p-sulfonatophenyl)-phenylphosphine (cf. Section 3.2).
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Manshian, B. B.; Soenen, S. J.; Riedel, R.; Hampp, N.; Parak, W. J.
Basic Physicochemical Properties of Polyethylene Glycol Coated Gold
Nanoparticles that Determine Their Interaction with Cells. Angew.
Chem., Int. Ed. 2016, 55, 5483−5487.
(57) Soliman, M. G.; Pelaz, B.; Parak, W. J.; del Pino, P. Phase
transfer and polymer coating methods toward improving the stability
of metallic nanoparticles for biological applications. Chem. Mater.
2015, 27, 990−997.
(58) Lista, M.; Liu, D. Z.; Mulvaney, P. Phase Transfer of Noble
Metal Nanoparticles to Organic Solvents. Langmuir 2014, 30 (8),
1932−1938.
(59) Serrano-Montes, A. B.; Jimenez de Aberasturi, D.; Langer, J.;
Giner-Casares, J. J.; Scarabelli, L.; Herrero, A.; Liz-Marzan, L. M. A
General Method for Solvent Exchange of Plasmonic Nanoparticles and
Self-Assembly into SERS-Active Monolayers. Langmuir 2015, 31 (33),
9205−9213.
(60) Chan, W. C. W.; Nie, S. Quantum Dot Bioconjugates for
Ultrasensitive Nonisotopic Detection. Science 1998, 281, 2016−2018.
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Müllen, K.; Nienhaus, G. U.; Klapper, M.; Parak, W. J. Polymer-
Coated Nanoparticles Interacting with Proteins and Cells: Focusing on
the Sign of the Net Charge. ACS Nano 2013, 7 (4), 3253−3263.
(116) Hagel, L. Gel Filtration. In Protein Purification. Principles, High
Resolution Methods and Applications, 2nd ed.; Janson, J.-C.; Ryden, L.,
Eds.; John Wiley & Sons: New York, 1998; pp 79−143.
(117) Amersham_Pharmacia_Biotech. Gel filtration - Principles and
Methods, 8th ed.; Amersham Pharmacia Biotech: 2001.
(118) Parak, W. J.; Gerion, D.; Zanchet, D.; Woerz, A. S.; Pellegrino,
T.; Micheel, C.; Williams, S. C.; Seitz, M.; Bruehl, R. E.; Bryant, Z.;
Bustamante, C.; Bertozzi, C. R.; Alivisatos, A. P. Conjugation of DNA
to silanized colloidal semiconductor nanocrystaline quantum dots.
Chem. Mater. 2002, 14 (5), 2113−2119.
(119) Zanchet, D.; Micheel, C. M.; Parak, W. J.; Gerion, D.;
Williams, S. C.; Alivisatos, A. P. Electrophoretic and Structural Studies
of DNA-Directed Au Nanoparticle Groupings. J. Phys. Chem. B 2002,
106 (45), 11758−11763.
(120) Harris, J. R. Negative Staining of Thinly Spread Biological
Particulates. In Electron Microscopy Methods and Protocols; Humana
Press: 1999; Vol. 117.
(121) Carpenter, A.; Jones, T.; Lamprecht, M.; Clarke, C.; Kang, I.;
Friman, O.; Guertin, D.; Chang, J.; Lindquist, R.; Moffat, J.; Golland,
P.; Sabatini, D. CellProfiler: image analysis software for identifying and
quantifying cell phenotypes. Genome Biology 2006, 7 (10), R100.
(122) Borchert, H.; Shevchenko, E. V.; Robert, A.; Mekis, I.;
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Polyelectrolyte hollow capsules are versatile platforms typically used for encapsulation of a wide variety
of macromolecules in their cavity. The polymer shell of these capsules as composed by alternating layers
of oppositely charged polyelectrolytes also allows for adding additional functionalities. The properties of
the shell can be for example engineered by trapping different nanoparticles in-between the shell layers
and/or by attaching bioactive molecules such as antibodies to the outermost layer. Herein, iron oxide NPs
were inmobilized into the shell of polyelectrolyte capsules and the outermost layer of the shell was
covalently modified with anti peroxidase antibodies. These capsules act as prototype model system, aim-
ing to obtain a microstructure with the potential capability to specifically recognize and separate macro-
molecules. Due to the magnetic nanoparticles in the capsule shell, the capsules together with the
attached target might be extracted by magnetic field gradients. Here we verified this approach by
extracting horseradish peroxidase from a solution through magnetic separation with capsules bearing
antibodies against horseradish peroxidase. The bioactivity of the capsules and the high degree of specific
antibody functionalization were confirmed and quantified through an enzymatic reaction mediated by
the extracted horseradish peroxidase.
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1. Introduction functionalization with superparamagnetic iron oxide NPs (IONPs).
Layer by layer (LbL) assembly has been applied for coating
surfaces with polyelectrolyte polymer layers since several decades
[1–3]. Apart from coating planar surfaces this technique can be also
used for coating of surfaces of colloidal entities [4–6]. When sacri-
ficial spherical cores are wrapped with polyelectrolytes using this
technique, hollow polyelectrolyte capsules (PC) can be created
upon core dissolution [7,8]. These hollow structures are suitable
containers for carrying poor soluble drugs, degradation-sensitive
molecules (e.g., RNA), enzymes, etc [9–11]. Their potential to work
as drug carriers has been demonstrated in vitro by delivering differ-
ent macromolecules such as green fluorescence protein (GFP) or
siRNA, among others [9,12]. Their interaction with cells, in partic-
ular the uptake pathway have been characterized, as well as the
scale-time in which this interaction happens [13]. In addition,
these containers can be used to trap sensing macromolecules,
e.g., pH-sensitive fluorophores such as seminaphtharhodafluor
(SNARF) or fluorescein, which can work as a colorimetric pH sensor
[14–16] and thereby allow to obtain valuable information (local
pH) regarding the environment of the SNARF-loaded capsules
(i.e., distinguishing whether capsules are located outside/inside
cells, etc.) over time [13,17]. These containers can be synthesized
in the micrometric range, which allows for both a high drug-
loading capacity, and the possibility of trapping nanoparticles
(NPs) within the capsule wall [18]. Yet, this micrometer size range
is still suitable to investigate capsule interaction (uptake, intracel-
lular location, delivery, etc.) with micrometric entities such as cells
[13,19–22].

In general, entrapping NPs within the capsule’s wall (i.e., in-
shell NPs) can be used to translate the properties of the NPs (e.g.,
fluorescence, magnetism, optical activity) to the PCs [9,23]. For
instance, by entrapping gold NPs, PCs can be transformed into plas-
monic materials which thus, can be opened by external triggers
such as light, microwaves or ultrasounds, enabling release of their
cargo [9,23–26]. Likewise, cargo release can be triggered by alter-
nating magnetic fields if PCs functionalized with superparamag-
netic NPs are used instead [18]. In a similar way incorporation of
superparamagnetic NPs into the walls of the PCs provides them a
magnetic moment which yields contrast for magnetic resonance
imaging (MRI) [27] as allows for local accumulation mediated by
magnetic field gradients [9,28]. In microbiology and molecular
biology, similar magnetic micromaterials (i.e., magnetic microbe-
ads rather than PCs) have been used to purify proteins, to extract
bacteria, to isolate cells, etc., by magnetic sedimentation [29–31].
In first approximation, the magnetic responsiveness to magnetic
field gradients of such magnetic micromaterials is proportional to
the number of magnetic NPs entrapped within the structure
(neglecting coupling between the individual NPs). For instance,
let us consider one magnetic microcapsule and one magnetic
microbead having ca. 4 and 1.2 lm in diameter, respectively. Fol-
lowing basic geometric considerations, the capsule or the
microbead can accommodate a maximum number of ca. 7.1 � 104
NPs, having 30 nm in diameter, in the shell or in its volume, respec-
tively. Both materials will be equally magnetic responsive to mag-
netic field gradients because they have the same number of
nanomagnets. However, the surface area of the microcapsule is
tenfold larger than the area of the microbead. Thus, in case these
systems are to be used as extraction systems, at equal magnetic
responsiveness, capsules will be more efficient than microbeads.
Nevertheless, given the same diameter, solid microbeads will have
equal surface and better magnetic responsiveness.

In this study, we propose the development of an extraction and
detection system based on the use of PCs modified with a model
antibody (anti horseradish peroxidase, Anti-HRP) and in-shell
- P14
Although the system described herein is merely a proof of concept
using Anti-HRP as a model antibody (Ab), the ultimate use of the
proposed system would be the detection and isolation of spores,
bacteria, proteins or cells from liquids. The recognition capability
of the linked Abs was confirmed using an enzymatic test. The main
advantage of using PCs is their versatility, since their composition
can be easily and fully customized according to the following
points: (1) the polymer’s nature (degradable or not degradable
polymers) [8,11]; (2) the stiffness by controlling the number of
polyelectrolyte bilayers [13]; (3) the charge and the type of func-
tional groups exposed on the surface [23]; (4) the structure (hollow
[13] or solid [32]); (5) the possibility of loading the capsules with
different macromolecules [9]; (6) in-shell incorporation of NPs
with different composition, size and in different quantity [18,33];
(7) different bioactive macromolecules can be linked to the PCs’
surface for the recognition (e.g., Abs [34], oligonucleotides [35]).

We have synthesized hollow spherical PCs of a few microns (ca.
4.1 lm diameter) with in-shell IONPs. The deposition of IONPs
between the polymer layers transforms the PCs into magnetic
materials, which can be used for a subsequent separation of the
PCs under an external magnetic field gradient (magnetic separa-
tion). This magnetic behaviour is required for high volume extrac-
tion of the PCs. In addition attachment of Abs on the capsule
surface provides the possibility for specific recognition (cf. Fig. 1).
The example of spore extraction mentioned above is used to illus-
trate the potential use of the described system, though our exper-
iments are limited to a proof-of-concept level. Yet this
methodology could be applied to similar fields such as cell isola-
tion, cancer marker detection, protein purification, water extrac-
tion, etc.
2. Materials and methods

2.1. Synthesis of PCs and NPs trapping

The PCs were fabricated by the LbL technique, using alternate
deposition of positive and negative polyelectrolyte polymer layers
on sacrificial cores [40,41]. As polyelectrolytes, poly(sodium 4-
styrenesulfonate) (PSS, Mw = �70,000 g/mol, Sigma-Aldrich
#243051) and poly(allylamine) hydrochloride (PAH, Mw = �5
8,000 g/mol, Sigma-Aldrich, #283223)wereused asweakpolyanion
and polycation, respectively. 2 mg/mL polymer solutions were pre-
pared with 0.5 M NaCl (Carl Roth, #HN00.2) concentration and
adjusted to pH 6.5 with 50 mM NaOH (Carl Roth, #6771.1) and
50 mM HCl (Carl Roth, #7476.1) solutions.

Sacrificial CaCO3 cores were produced by mixing 615 lL of
0.33 M CaCl2 (Sigma-Aldrich, #223506), 615 lL of 0.33 M Na2CO3

(Sigma-Aldrich, #S7795), and 770 lL milli Q water under vigorous
stirring for 30 s at room temperature. The reaction was kept with-
out stirring for 4 further minutes, and the cores were then precip-
itated by centrifugation at 800 relative centrifugal force (rcf) for
10 s. The sample was resuspended in 1 mL milli Q water. This pro-
cedure was repeated 4 times, and then the cores were dried. For
LbL coating the dried cores were mixed with 1 mL of 2 mg/mL
PSS in 0.5 M NaCl solution, sonicated for 2 min, and stirred for
10 min. To remove the excess of PSS, the sample was washed by
precipitation at 800 rcf (10 s; 3 washes). For addition of a PAH shell
the now PSS coated sample was then resuspended in 1 mL of 2 mg/
mL PAH in a 0.5 M NaCl solution, and the washing procedure was
repeated. After the addition of an extra bilayer (1 PSS and 1 PAH)
following the same depositions steps the coated cores were modi-
fied with IONPs (see details about synthesis [42], surface coating
[43], and concentration calculation of the IONPs in the supporting
information). 400 lL of 0.4 lM IONPs in milli Q water were added
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Fig. 1. Global scheme of the process. Polyelectrolyte (PE) multilayer capsules
modified with Ab-coating and IONPs inside the PE layers are initially added into a
solution with horseradish peroxidase, HRP (1). Herein, Abs on the PC surface
specifically interact with the HRP in the medium, leading to specific binding of HRP
to the capsules (2). After incubation, the capsules (now with the attached HRP) are
magnetically collected and they are washed two extra times (3). Capsules are
transferred into a solution of 2,20-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)
(ABTS) and H2O2 and the colour development due to the oxidation of the ABTS is
measured via UV–vis absorption spectroscopy (4). The rate at which the ABTS is
oxidized is directly proportional to the HRP content, since HRP acts as the
regulation enzyme of the reaction [36,37]. With this method it is possible to
demonstrate magnetic extraction of HRP from solution by anti-HRP modified PCs
with integrated IONPs. In this way the presence of functional Abs on the surface of
the capsules has been demonstrated [38,39]. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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and incubated for 30 min with moderate shaking. Samples were
washed 3 times as described before, and two more bilayers were
added, leading to the following shell geometry: (PSS/PAH)/(PSS/P
AH)/IONPs/(PSS/PAH)/(PSS/PAH). Finally, the CaCO3 cores were
dissolved by complexation with ethyenediaminetetraacetic acid
(EDTA, Carl Roth, #CN06.2). 1 mL of EDTA solution (0.2 M,
pH = 5.5) was added. The obtained PCs were washed three times
by centrifugation (30 min at 800 rcf per cycle) using 1 mL milli Q
water and finally stored at 4 �C. The empty PCs were characterized
by laser Doppler anemometry (LDA), transmission electron micro-
scopy (TEM, cf. Fig. 2), optical microscopy, and inductively coupled
mass spectrometry (ICP-MS).
2.2. Ab linkage

Ab oxidation: To oxidize the sugar residues (carbohydrates con-
taining cis-diols groups) of the Ab molecules, NaIO4 was used as
oxidizing agent for anti-HRP (polyclonal Ab � 150 kDa, Sigma
Aldrich, #P7899). As negative control, a primary Ab H4A3 pro-
duced in mouse against lysosomal-associated membrane protein
1 (DSHB at the University of Iowa, #CD107a) was used. Both
anti-HRP and H4A3 Abs were initially quantified via Coomassie
protein assay. Once adjusted to the same protein concentration
(1.8 mg/mL) an identical amount of Ab sample was added to a
specific amount of capsules (3.3 � 108 total PCs per sample). Notice
that theoretically, the maximum number of Abs per capsule is ca.
3.0 � 105 Ab/PCs (if one considers the surface area of PCs having
4100 nm in diameter and the Ab circular cross section of 15 nm
in diameter [44,45]). 97.6 lL of 0.2 M NaIO4 (Sigma Aldrich,
#S1878) was mixed with 270 lL of anti-HRP (1.8 mg protein/mL)
in presence of 132.4 lL 100 mM sodium phosphate buffer pH = 7
(NaH2PO4, Sigma Aldrich #S5011 & Na2HPO4, Sigma Aldrich
#S3264), having a final volume of 500 lL. The obtained solution
was incubated for 2 h at room temperature. The sample was then
poured into a PD-10 molecular exclusion column (GE Healthcare,
- P147 
#52-1308-00), collecting 2 mL of Ab solution after the removal of
the NaIO4 excess [46].

PC modification: Prior to the PC-Ab reaction, the PC concentra-
tion was determined by counting in a hemocytometer camera,
using exactly the same procedure as for cell counting. In order to
saturate the PCs’ surface with Abs, we used a large excess of Abs
per PC, i.e., Ab to PC ratio of ca. 3.6 � 108. For this purpose 75 lL
of the dispersion of IONP-functionalized PCs (4.3 � 108 PCs/mL)
were added to the 3.5 mL of as prepared solution of oxidized Ab
and the resulting mixture was incubated for 2 h at low constant
stirring and room temperature. In this step, the aldehyde groups
reacted with the amino groups from the outer polyelectrolyte layer
of the PCs to form a carbon-nitrogen double bonds upon Schiff base
formation [47]. After this, 31.4 mg of sodium cyanoborohydride
(Alfa Aesar, #87839) were added in 750 lL of 10 mM NaOH (Carl
Roth, #6771.1) solution with the aim of having a final cyanoboro-
hydride concentration of 0.25 M. Hereby the carbon-nitrogen dou-
ble bonds are reduced to a secondary amide linkage. The solution
was left for 30 min incubation at room temperature and constant
stirring. The sample was then washed for three times by centrifu-
gation at 800 rcf. After the last wash, the sample was redispersed in
10 mM 2-(N-morpholino) ethanesulfonic acid (MES) pH 6 buffer
(Sigma Aldrich, #M3671). Subsequently, 3 mL of 1% w/v bovine
serum albumin (BSA, Sigma Aldrich, #A9647) solution 10 mM in
MES buffer pH 6 was added and incubated overnight at 4 �C to pas-
sivate the PCs’ surface to avoid nonspecific binding of proteins to
the PC surface. The day after, the sample was washed three times
(30 min, 800 rcf) and 3 extra times via magnetic separation
(strength of magnetic field of 3.2 � 10�4 T). Finally the PCs were
resuspended in 3 mL of 100 mM potassium phosphate pH 7 (KH2-
PO4, Sigma Aldrich #P5655 & K2HPO4, Sigma Aldrich #P5504) and
quantified using a hemocytometer chamber under a microscope in
phase contrast mode. The sample concentration was determined to
be 2.6 � 108 PCs/mL.

2.3. HRP recognition experiments

228.6 lL of 2.6 � 108 Ab-functionalized PCs/mL (in total 6 � 107
PCs, 1 � 10�16 mol) in 738.1 lL potassium phosphate buffer
50 mM, pH 7.4, were incubated for 2 h at room temperature under
constant stirring with 33.3 lL of 150 mg/mL (1.1 � 10�10 mol;
6.8 � 1013 HRP molecules/mL) HRP solution. The final volume of
each sample was 1 mL. Triplicates of all the samples were per-
formed. The final HRP concentration in the reaction solution was
CHRP = 5 lg/mL. The HRP concentration was obtained by using the
Coomassie reagent plus (Thermofisher, #23236) [48] (cf. the sup-
porting information). After the incubation, the HRP not linked to
the PCs was washed away using magnetic separation (3 times).
In this process, the vials were left close to a magnet (strength of
magnetic field value of 3.2 � 10�4 T) for 10 min, time enough for
PCs to be attracted to the vial wall. First (w1) and last (w3) washes
supernatants were kept to check the HRP activity to ensure that the
HRP content on the PCs was not due to an insufficient washing pro-
cedure. The purified PCs with attached Abs were then suspended in
1 mL of 50 mM potassium phosphate buffer, pH = 7.

2.4. HRP activity tests

To quantify the amount of HRP linked to each PC, the HRP activ-
ity was measured. The assay to probe the enzymatic activity of the
HRP is based on measuring the oxidation rate of 2,20-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS) in the presence of
H2O2. For that, the absorbance at 414 nm versus time was mea-
sured for all the samples. 1 mM of ABTS (Sigma Aldrich #A1888)
solution in 50 mM sodium phosphate, pH = 6, was prepared. Also
a solution of 0.1 M H2O2 (Sigma Aldrich, #21676-3) in milli Q water

-



Fig. 2. Transmission electron microscopy (TEM) micrographs of (a and b) IONPs after their synthesis; (c and d) PCs with IONPs in their walls, after the core removal. The
magnetic behaviour of the PCs is demonstrated under an external magnetic field gradient (e) before and (f) after applying the magnet.
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was prepared. The 25 lL of the H2O2 solution were added to 2.5 mL
of the ABTS solution. Then, 0.5 mL of this mixture was poured into
a spectrophotometer cuvette together with 50 lL of the sample
(either PC, first (w1) or last (w3) PC washes) and the changes in
the absorbance at 414 nm were recorded using UV/vis absorption
spectroscopy (Agilent 8453 UV/vis) (cf. Fig. 3 and the Supporting
Information). A kinetic study was performed by continuous
spectrophotometric rate determination (cf. Fig. 3 and the Support-
ing Information). The activity rate k was determined by the value
of the slope in the linear range of the measurement k = DA414/Dt.
Then the activity rate, k [min�1], was plotted versus the HRP
concentration from 0 to 5 lg/mL (Fig. 3 and Supporting
Information).
- P14
3. Results and discussion

We have synthetized PCs with the LbL technique using CaCO3

microspheres of 4.1 ± 0.4 lm diameter as template. 4 bilayers of
PSS and PAH were deposited as capsule wall, and in the second
bilayer, prior to the addition of the following negative polymer
layer, polymer-coated IONPs of ca. 29 nm core size (cf.
Fig. 2a and b) were added. These IONPs are highly negatively
charged (cf. the Supporting Information for a full characterization)
and thus, they were readily adsorbed on the PAH layer. LDA shows
the polymer deposition with changes in the f–potential of the PCs
upon the addition of each polymer layer, verifying the LbL
assembly (cf. the Supporting Information for the data). After the
8 -



Fig. 3. (a) Schematic representation of the HRP activity test based on probing ABTS oxidation after magnetic separation [38,39], together with the expected results for (1) Ab-
PCs incubated with HRP (HRP/Ab-PCs) and (2) PCs modified with a control Ab as negative control (HRP/Ab Control-PCs). (b) Calibration curve of the HRP activity rate k as
determined with free HRP at different concentrations CHRP. The data were fitted by a lineal function: k [min�1] = 39.34 � cHRP [lg/mL] � 0.019; the regression coefficient R2

was equal to 0.999. (c) Results of the activity measurements of the purified samples (PC) and the supernatants of the last washes (w3) during PC purification. The activity
results from the first washes (w1) are shown in the Supporting Information. The resulting activity rates are enlisted in Table 1.
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template’s removal, the PCs were characterized by TEM
(cf. Fig. 2c and d). Although not exploited here, the hollow structure
of these capsules would allow to increase the versatility of the sys-
tem proposed by for instance, encapsulation of sensors (e.g., pH
[15], enzymatic reactions [10], etc.). The presence of the IONPs
trapped in the walls of the PCs can be clearly seen in the micro-
graph, and is also supported by the brownish colour of the PC solu-
tion (cf. Fig. 2e). The magnetic behaviour of the PCs was confirmed
using an external magnet. Ca. 3 min after having approached the
magnet to the PC solution the PCs formed a pellet in the part of
the falcon tube closest to the magnet (cf. Fig. 2f). To quantify the
amount of IONPs per PC ICP-MS measurements were performed.
Based on the iron content detected, we determined that ca. 2800
IONPs were incorporated per PC (cf. the Supporting Information
for the experimental data).

To provide the PCs with biomolecular recognition capability,
Anti-HRP as a model Ab, or the primary Ab H4A3 as negative con-
trol, was linked to the outermost polymer layer on the PC surface.
To keep intact the Ab activity, and to ensure the highest recogni-
tion rate (2 HRP per Ab), the Abs should be linked in an oriented
- P149 
manner to the PC surface. In the literature there are many
approaches that aim at linking Ab in an oriented way without
interfering with their active binding sites [49,50]. Such approaches
comprise using thiol bonds and binding anchor, controlling the pH
during the linkage process, or oxidizing the carbohydrate residues
located in the Fc region of the Ab. In the present work this last
approach was selected for two reasons: (1) amines are present as
reactive groups in the last layer of PAH, and (2) carbohydrate resi-
dues are only located in the Fc region which is the common region
to all the Ab, which is not involved in the antigen recognition pro-
cess. The linkage methodology used here thus can be in principle
extended to any other Ab. As we discussed before, the carbohy-
drate residues are mainly located in the Fc region and thus, the
Fab region remains intact to specifically react with the HRP
epitope.

With the aim of ensuring the specific immobilization of the Abs
onto the PCs, we selected a colorimetric assay based on HRP activ-
ity. Accordingly anti-HRP functionalized PCs (Ab-PCs) were incu-
bated with HRP solution. As further control, functionalized PCs
with the control Ab (Ab Control-PCs) were incubated with HRP.
-
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In Fig. 3b a calibration curve obtained with free HRP in solution is
shown, in which the determined activity rate k [min�1] = (DA414/
Dt) is plotted versus the HRP concentration CHRP. The activity assay
was then applied to the PCs with attached HRP after three times
magnetic purification (HRP/Ab-PCs), as well as to the supernatants
containing the unbound HRP after the three subsequent washing
steps (w1 - w3). The spectroscopic data DA414 (A414(t) � A414(0))
are plotted in Fig. 3c. The corresponding activity rates k [min�1]
= (DA414/Dt) are enlisted in Table 1. Note that the initial HRP con-
centration in the HRP/Ab-PC mixture, before magnetic separation
was CHRP = 5 lg/mL. According to the calibration curve shown in
Fig. 3b a corresponding concentration of free HRP possesses the
activity rate k = 0.125 ± 0.003 min�1.

By evaluating the activity rate values obtained from the cat-
alytic assay, it is clear that the HRP recognition process was fully
specific, the surface blocking with BSA was successful and there
was no detectable unspecific adsorption of HRP in Ab Control-PC.
Indeed, the kPC value obtained using the Ab Control-PCs (HRP/Ab
Ctrol-PC) incubated with HRP is two orders of magnitude lower
that the kPC value obtained for the Ab-PCs incubated with HRP
(HRP/Ab-PCs). This difference in the activity rate proves that the
HRP recognition occurs via specific interactions. The first wash
supernatant kw1 value for Ab Control-PCs is ca. twice the kPC values
of the Ab-PC sample. In the original HRP/Ab-PC mixture the HRP
concentration was 5 lg/mL. According to the calibration curve
obtained for free HPR (cf. Fig. 3b) this would correspond to an
activity rate of k = 0.13 ± 0.0035 min�1. Thus most of HRP
remained in the supernatant after the first magnetic separation
washing step for Ab Control-PC. Remarkably, the activity found
in the first washing kw1 for the Ab-PC equals to 7.1 � 10�2 min�1,
which is ca. the 55% of the total activity. This value confirms the
high extraction capacity of the Ab-PC observed in the kPC. The
results using the last washing supernatant, i.e., kw3, show almost
no free HRP activity indicating that purification of the Ab
Control-PCs from unbound HRP based on magnetic separation
was successful.

By using the obtained kPC value for the Ab-PC sample, the HRP
amount selectively extracted through the PCs can be quantified.
According to the calibration curve given in Fig. 3b, a value of
kPC = 5.0 � 10�2 min�1 corresponds to a HRP concentration of
1.93 lg/mL. By scaling with Avogadro’s number NA = 6.022 � 1023 -
mol�1 and themolecularweight ofHRPof 44 kDa, this concentration
is equal to 6.022 � 1023 mol�1 � 1.9 � 10�6 g/mL/44 kDa � 2.6 � 1013 -
HRP molecules/mL. In the experiments we used 1 mL of solution
(PCs and HRP) with a concentration of �6 � 107 PCs/mL. Thus, each
PC extracted specifically 2.6 � 1013 mL�1/6 � 107 mL�1 � 4.4 � 105
molecules of HRP. Assuming that each Anti-HRP Ab is able to recog-
nize two HRP molecules at the same time in agreement with the
selected linkage strategy, this information provides that there are
at least 2.2 � 105 active Ab present per PC. In order to calculate the
maximum number of Abs which can be geometrically present on
the surface of each PC, we assume that the Abs are attached by the
Fc region and estimate that the Ab cross-section is 176.7 nm2 (area
of a circle with 7.5 nm as radius) [44,45]. The maximum loading
capacity of these PCs (which with their diameter of 4.1 lm have a
surface of 5.3 � 107 nm2) will be ca. 5.3 � 107 nm2/176.7 nm2 -
� 3.0 � 105 Abmolecules. This number corresponds to themaximum
Table 1
Slopes values k of the A414(t) absorption kinetics curves of the ABTS oxidation determined
first and third washing step as performed by magnetic separation (kw1 and kw3); and the

kPC [min�1] CHRP,PC [lg/mL] kw1 [min�1]

HRP/Ab-PC 5.0 � 10�2 ± 2.3 � 10�3 1.93 7.1 � 10�2 ± 2
HRP/Ab Control-PC 6.4 � 10�4 ± 3.4 � 10�4 0.01 0.13 ± 2
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number of Abs which can theoretically be present of the surface of
one individual PC. Our results based on the activity of the Ab-PC
sample indicate that PCs were functionalized with 2.2 � 105 active
Abpresent per each PC,which corresponds to 73.4%of themaximum
capacity of 3.0 � 105 Abs per PC based on geometrical considerations.
We can consider that the unspecific adsorption of HRP is negligible
in the light of the activity of Ab Control-PC, which after HRP incuba-
tion show no activity. This data supports both, the high extraction
capability of this system for recovering smallmolecules such as pro-
teins, and the successful linkage strategy. Clearly if one wanted to
extract objects in the micrometric range, loading will be limited by
the object size and PC size ratio. Nevertheless, the strategy explored
in the present work illustrates the potential use of the PCs for sepa-
ration processes, which could be interesting in fields such as micro-
biology or food technology, where alternative extraction methods
are desirable.

4. Conclusions

IONPs with an inorganic core diameter of ca. 29 nm were suc-
cessfully incorporated into the shell of hollow PCs, thereby provid-
ing the PCs with magnetic properties. The density of the in-shell
IONPs and the micrometer size of the PCs (diameter of ca.
4.1 lm) were well suited to produce hybrid magnetic micro-
spheres with high magnetic moment, with sufficient magnetic
retention for magnetic separation experiments. The magnetic
properties of the PC were complemented with bio-recognition
capabilities via functionalization with anti-HRP Abs (Ab-HRP) and
with the anti-lysosomal-associated membrane protein 1 Ab H4A3
produced in mouse (Ab Control-HRP), thereby providing a platform
for specific horseradish peroxidase (HRP) recognition, extraction
and detection.

To bind Abs covalently and in an oriented manner the carbohy-
drates chains from the Fc regions of Abs specific for HRP were
reduced and linked to the amino groups of the positive polyelec-
trolyte PAH forming the outer PC shell. To demonstrate that the
Abs were correctly attached onto the PC surface, Ab-PCs were incu-
bated with HRP with a subsequently three-step magnetic separa-
tion and washing with buffer. With the aim of detecting the
amount of functional HRP extracted with the Ab-PCs, we proved
the catalytic properties of HRP. This was carried out by following
the kinetics of the oxidation of ABTS in the presence of H2O2, hav-
ing as a result a coloured product (oxidized ABTS) that could be
detected via absorption spectroscopy. In this way it was proven
that the biological activity of the Anti-HRP Abs attached to the sur-
face of the PC remained active. The washing process and the Ab-PC
selectivity towards HRP were found to be so effective that the
residual activity found in the solution with Ab Control PCs (i.e.,
with attached control Ab) was negligible. Also, the activity found
in the supernatants of the last washing step (w3) was negligible.
These results prove both, that the major part of attached Abs is
active after binding to the PCs, and that the recognition process
is highly selective, because negligible nonspecific adsorption of
HRP was observed during the test of the Ab Control-PC. In addition,
a significant part of the PC surface can be decorated with Abs.

A method for extraction has been proposed and demonstrated
with HRP as a model, which could be extended also to
in the purified HRP/Ab-PC samples after washing (kPC), and in the supernatants of the
corresponding HRP, CHRP, concentrations in lg/mL.

CHRP,kw1 [lg/mL] kw3 [min�1] CHRP,kw3 [lg/mL]

.8 � 10�3 2.76 1.1 � 10�3 ± 2.2 � 10�4 0.02

.4 � 10�4 5.17 4.0 � 10�4 ± 5.4 � 10�5 0.00
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micrometer-sized structures like spores and bacteria. Due to its
versatility in terms of functionalization (e.g., IONPs and Abs), it
seems feasible that the proposed system (Ab-modified accord-
ingly) may be used in the future to extract not only proteins but
bacteria or spores from different samples such as contaminated
waters, food, biological samples, etc. by using targeting of the pro-
teins on their wall. The versatility of PCs in terms of size, composi-
tion of the polymer shell (e.g., ‘‘hard” or ‘‘soft” polyelectrolyte
polymers, biodegradable polymers, number of bilayers, etc.) and
functionalization (i.e., NPs in the shell, loading of different macro-
molecules within the PC’s cavity and attachment of macro-
molecules with affinity for different targets) makes functional PC
a suitable alternative to commonly used systems for magnetic sep-
aration such as aggregates of IONPs.
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Exploration of MOF nanoparticle sizes using
various physical characterization methods – is
what you measure what you get?†
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While the size of nanoparticles (NPs) seems to be a concept established in the field of NPs and is com-

monly used to characterize them, its definition is not that trivial as different “sizes” have to be distinguished

depending on the physical characterization technique performed to measure them. Metal–organic frame-

works (MOFs) are known for their crystallinity, their large variety of compositions due to a huge number of

inorganic building blocks that can be combined with almost endless organic linkers, their tunable pore

structure, their ultrahigh porosity, and the different ways their backbones can be functionalised. The com-

bination of these features with the nanoworld offers manifold perspectives for the synthesis of well-

defined MOF nanoparticles (NPs), whose size attribute should be accurately determined as it strongly influ-

ences their physicochemical properties (at this length scale). In order to elucidate size determination, we

synthesised zirconium fumarate metal–organic framework nanoparticles (Zr-fum MOF NPs) and character-

ized them using various common characterization methods. Herein, we compare the results of different

solid-state methods, including powder X-ray diffraction (PXRD), atomic force microscopy (AFM), scanning

electron microscopy (SEM) and transmission electron microscopy (TEM) to data obtained from dispersion-

based methods, such as fluorescence correlation spectroscopy (FCS) and dynamic light scattering (DLS). In

doing so, we illustrate the challenge of finding the appropriate method for obtaining a MOF NP size that is

meaningful in the context of the desired application. Moreover, we demonstrate the importance of apply-

ing multiple complementary techniques as soon as the MOF NP size is considered. Throughout this paper,

we highlight and define some reasonable recommendations of how the MOF NP size should be explored.

Introduction

Metal–organic frameworks (MOFs) are organic–inorganic hy-
brid crystalline compounds consisting of inorganic metallic
clusters, also referred to as nodes, that are connected by or-
ganic linker molecules, i.e. spacers.1–3 Owing to the many pos-
sible combinations of organic linkers and metal ions, a vast
number of MOF structures, now up to more than 20 000, have
been reported so far.3 Over the last few years, MOFs have
attracted considerable scientific interest due to their wide
structural and chemical tailorability,4–6 their high surface
area,7–10 as well as the many possible different ways to

functionalise their surface.11–17 These characteristics have
allowed for broad applications in various fields such as sepa-
ration,18 storage,19–22 catalysis,23–28 sensing,29–31 drug deliv-
ery,32,33 diagnosis32,33 and ionic conduction.34 Furthermore, it
has been shown that MOF crystal size can be controlled at
the nanometre level to build MOF nanoparticles (MOF
NPs).35–45 Owing to the modular synthesis approach, together
with spatial control of chemical moieties within the crystal-
line framework MOF chemistry offers, MOF NPs appear as a
promising new class of functional NPs amongst the already
existing NP material classes.

Control of MOF crystal size at the nanometre level results
in MOF NPs whose properties are no longer determined by
their inner surface only, but also by their outer surface prop-
erties, due to their high external surface-area-to-volume
ratio.46–50 When bulk materials are reduced to the nanometer
size, their properties and their behaviour often become size-
and shape-dependent. Examples of downsized MOF NPs and
the resulting effects on their crystal structure and sorption
behaviour are reported elsewhere.51–53 Hence, the
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determination and the knowledge of both the size and shape
of NPs are of paramount importance.54 However, the obvious
but important question – What is the “size” of a NP? – is not
straightforward to answer as the “size” of a NP differs
depending on what characterization technique is used and in
which state the NP size is measured.55 Various techniques re-
lying on different physical principles and data processing
methods are available to determine particle size and each
one has its own advantages and drawbacks. In particular,
once dissolved in solution, NPs interact with the solvent, e.g.
by hydration, ion-adsorption,56 or agglomeration,57 and thus
their effective size may significantly change.58

In this article, the most widespread physical methods in
the field of nanomaterial characterization, i.e. solid state
methods, including X-ray diffraction (XRD), atomic-force
microscopy (AFM), scanning electron microscopy (SEM) and
transmission electron microscopy (TEM), as well as
dispersion-based methods, such as dynamic light scattering
(DLS) and fluorescence correlation spectroscopy (FCS), were

applied to characterize and determine the size of zirconium-
fumarate (Zr-fum) MOF NPs.59,60 Fig. 1 summarises the char-
acterization techniques that contribute to determine the size
of Zr-fum MOF NPs. The Zr-fum MOF NPs were synthesised
based on a synthesis route reported by Behrens and co-
workers (structural details of the Zr-fum MOF structure can
be found in the ESI†).61 In that report, the authors showed
that particle size could be controlled using formic acid as a
modulator. The spherical morphology of the Zr-fum MOF
NPs and the associated facile definition of the particle size
(i.e. diameter) make the compound a prime example to show-
case the various size determination methods.

In this work, we briefly discuss the physical principle of
each size characterization method and show each method's
practical advantages and disadvantages in NP size assess-
ment. Then, we compare the various “sizes” obtained for the
Zr-fum MOF NPs using the different techniques and finally,
we discuss the meaning and appropriateness for MOF NP
characterization in general.

Fig. 1 | Overview of the methods used to determine the size of Zr-fum MOF nanoparticles (atomic-force microscopy (AFM), X-Ray diffraction
(XRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM), dynamic light scattering (DLS) and fluorescence correlation
spectroscopy (FCS)).
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Results

The Zr-fum MOF NPs were synthesised using the same ap-
proach used by Behrens and co-workers.61 The synthesis is
carried out solvothermally in water using ZrCl4 substrates
and fumaric acid (see the ESI† for more details). In the sub-
sequent section, we first display the results of solid-state
based methods such as SEM, TEM, AFM and XRD. Even for
those methods, the experimental conditions of measure-
ments may be very different. While TEM requires operation
in vacuum, for example, AFM could be carried out in a fluid
cell on NPs adsorbed on a surface. In addition to determina-
tion of particle size, all the techniques offer some different
advantages of identifying Zr-fum MOF NPs, such as
confirming their crystallinity and determining their 2- or
3-dimensional morphology. Thereafter, the outcomes of
dispersion-based methods such as DLS and FCS, which need
to be carried out in the liquid phase, are showcased. Those
techniques are suitable for studying NP properties such as
their aggregation behaviour and their hydrodynamic diame-
ters, which are specific to dispersions.

Scanning electron microscopy (SEM)

Scanning electron microscopy is one of the most widely used
techniques to characterise nanomaterials. This method relies
on the use of an electron beam, whose energy is around 5
keV, that scans the surface of a solid sample. The electrons
of the focused incident beam impinge on the sample surface
and generate secondary electrons, which are collected using a
detector and used to create the sample image. SEM analyses
were performed on a sample that was prepared by drying an
ethanol-based dispersion of Zr-fum MOF NPs followed by car-
bon-sputtering. They reveal the spherical morphology of the
NPs, as shown in Fig. 2a. The size distribution of the Zr-fum
MOF NPs was determined by measuring the diameter of ap-
proximately 1000 NPs (Fig. S4†). The resulting values were
plotted in a histogram and fitted with a Gaussian function
(Fig. 2b) centred on an average NP diameter of dSEMZr‐fumNPs =
62.0 ± 18.9 nm. It is worth noting that SEM requires conduc-
tive substrates in order to avoid charging effects, and thus a
non-conductive Zr-fum MOF NP sample should be sputtered
with a conductive film before being analysed.

Transmission electron microscopy (TEM)

In the transmission electron microscopy experiment, a high-
energy electron beam (E ∼200 keV) is focused on a thin sam-
ple (typically less than 200 nm) made of a carbon grid on
which a droplet of a NP suspension has been evaporated. The
electrons passing through the sample, in other words being
transmitted, are scattered at different angles and are then fo-
cused with a lens system on a detector to achieve micrographs
with a high lateral spatial resolution. TEM offers the important
advantages of high magnification, ranging from 50 to 106 and
the ability to provide both image and diffraction pattern infor-
mation. The latter one is especially crucial for MOF NPs, as it
proves the crystallinity of the structure. A typical TEM micro-

graph of Zr-fum MOF NPs is depicted in Fig. 2c and proves the
spherical shape of the NPs. Moreover, this picture also shows
that the NPs are interconnected via necks. The histogram
shown in Fig. 2e reports the distribution of NP diameter,
which was measured on approximately 1000 individual speci-
mens (Fig. S9–S13†). The adjustment of this distribution with
a normal law gives rise to an average NP diameter with a
standard deviation of dTEMZr‐fumNPs = 29 ± 12.9 nm.

Fig. 2d shows the electron diffraction pattern of the Zr-fum
MOFNP sample. The radial distance of the apparent spots indi-
cates the lattice distance in reciprocal space. A comparison
among the tabulated values for the Zr-fum MOF crystal struc-
ture shows very good agreement (see Table S4†). Although no
crystal fringes are displayed in Fig. 2c, the Debye–Scherrer rings
shown in Fig. 2d prove the crystallinity of the sample. Upon
prolonged exposure to the high-energy electron beam (200
keV), the Debye–Scherrer rings gradually disappear over an ex-
posure time of around 30 s (Fig. S6–S8†). This indicates that
the sample is damaged resulting in loss of the Zr-fum MOF NP
crystallinity (Fig. 2c). However, the electron diffraction pattern
shown in Fig. 2d was generated from a larger sample area,
causing the rate of the impinging electrons to be lower and the
sample to be destroyed much slower.

Atomic force microscopy (AFM)

In atomic force microscopy, the sample is analysed by
rasterising its surface with a sharp tip attached to a cantile-
ver. In our case, the measurements were performed in a
closed loop tapping mode in air, in which the cantilever is ex-
cited to vibrate close to its resonance frequency using a pie-
zoelectric device. The interactions between the cantilever-tip
and the sample surface, i.e. repulsive Coulomb forces and at-
tractive van der Waals forces, change the amplitude of the
cantilever oscillation. A feedback loop constantly adjusts the
height of the cantilever to maintain a defined oscillation am-
plitude, whose variations are used to generate a topographic
image of the sample. Fig. 2f displays the AFM micrograph of
a Zr-fum MOF NP sample prepared by drying an ethanolic
NP-dispersion on a SiO2 slide. Apart from individual NPs, we
also observe agglomerated NPs, which can come from the
sample preparation. In order to obtain the size of individual
particles, the measurements were realised in the outermost
periphery of the dried droplet were the density of the parti-
cles is minimised. From the AFM images, particle sizes have
been determined statistically using the particle and pore
analysis tool integrated in the Scanning Probe Image Process-
ing (SPIP) (see the ESI†). The NP height distribution is plot-
ted in Fig. 2g. The Gaussian curve fit is centred on an average
NP diameter of dAFMZr‐fumNPs = 68 nm with a standard deviation
equal to 15 nm.

X-Ray diffraction (XRD)

In X-ray diffraction experiments, the elastic diffraction of
X-rays on the atoms of a solid sample is used to identify its
atomic and molecular structure. The Scherrer equation re-
lates the broadening of a peak in a powder diffraction pattern
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to NP size and is therefore applied to calculate NP diameter
(see the ESI†). As MOFs are crystalline materials, the determi-
nation of crystallite size and its comparison to particle size is
of interest, since it can be used to estimate if single crystals
or polycrystals are dominant in a sample.

The powder X-ray diffraction (PXRD) patterns of the Zr-fum
MOF NP samples feature well-defined reflections across the en-
tire measurement range, indicating the formation of well-
ordered frameworks (Fig. 2h and Fig. S14†). Moreover, the exper-
imental reflection intensities match the simulated pattern based
on the reported Zr-fum structure61 (blue line in Fig. 2h) very well,
thus confirming the formation of a cubic Zr-fumMOF.

Analysis of PXRD data is commonly performed via Pawley
fitting.62 This method compares a theoretical diffraction pattern

derived from a structure model to the corresponding experimen-
tal data, and varies unit cell parameters and peak profiles until
convergence criteria are reached. Unlike the Rietveld method,
Pawley fitting treats peak areas as variables, thus rendering this
method also applicable to patterns recorded in reflection geome-
try, at the cost of not being able to refine atomic positions. We
used the Pawley method to extract the lattice parameter a from
the reflection positions and the average crystal domain size d
from the peak broadening (see the ESI† for details).

Pawley fitting using the above mentioned structure model led
to a lattice parameter a ranging from 17.88 ± 0.03 Å to 17.91 ±
0.03 Å for the Zr-fum MOF NP samples (ESI,† Fig. S14), which are
very similar to the lattice parameter of 17.91 Å that has been
reported for the bulk material.61 We then extracted the average

Fig. 2 | Characterisation of Zr-fum MOF NPs with different methods: (a) SEM micrograph; (b) particle size distribution of Zr-fum MOF NPs from
SEM images (Fig. S4†); (c) TEM micrograph; (d) electron diffraction pattern of Zr-fum MOF NPs; (e) particle size distribution of Zr-fum MOF NPs
from TEM images (Fig. S9–S13†); (f) AFM micrograph; (g) particle size distribution of Zr-fum MOF NPs from AFM images; (h) experimental PXRD pat-
tern of the Zr-fum-3 MOF NPs (black symbols), Pawley fit (red), Bragg positions (green symbols) and the difference between the Pawley fit and the
experimental data (dark green). The observed reflection intensities are in very good agreement with the simulated PXRD pattern (blue) based on
the Pn-3 symmetry of the Zr-fum MOF structure model.53
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crystal domain size d from the peak broadening taking into ac-
count the instrument broadening and the line shapes (see Section
2 “X-ray Diffraction” in the ESI† for details). This domain size
ranges from dXRDZr‐fumNPs = 42 ± 5 nm to 60 ± 5 nm.

In contrast to the other methods discussed above, XRD analy-
sis provides the size of crystalline domains rather than the geo-
metrical shape. In the case of defect-free single-crystalline NPs,
these two quantities would be identical. In reality, a fraction of
NPs will feature grain boundaries or other defects that disrupt
the periodicity of the crystal. The average domain size of the NP
powder sample will thus be smaller than the average particle
size as determined by TEM, for example.

With the presentation of the results stemming from the
solid-state based methods being finished, the outcomes of the
dispersion-based methods are broached in the following para-
graphs. It is worth noting that the results of these methodsmay
strongly depend on the solvent in which the NPs are dispersed.

Dynamic light scattering (DLS)

Dynamic light scattering is probably the most frequently used
technique for determining the hydrodynamic diameter of parti-

cles, which is defined as the “size” of a hypothetical homoge-
neous hard sphere that diffuses in the same fashion as that of
the particle being measured. The working principle of DLS re-
lies on measuring the intensity fluctuations caused by interfer-
ence of laser light that is scattered by diffusing particles. Tem-
poral evolution of the fluctuations depends on the particle
movement caused by Brownian motion. It is therefore corre-
lated to the diffusion coefficient of NPs, which depends on
their size. When tracing this intensity over time, it is possible
to plot a second order autocorrelation function. From this auto-
correlation function, the diffusion coefficient of a particle can
be retrieved using a fitting model. However, caution should be
taken as the resultant computed hydrodynamic diameter is de-
pendent on the chosen fit model, which typically is hidden as a
black-box in a machine.63 In our study, the average hydrody-
namic diameter of Zr-fum MOF NPs was first determined in
water (see Fig. 3b (black)) to have a good comparability with
similar FCS measurements (see next section). Subsequently,
the particles were examined in ethanol (see Fig. 3b (red)) to
show the NPs behaviour in such a typical solvent (see the ESI†).
Diluted dispersions of the NPs were analysed, and the resulting

Fig. 3 | DLS correlation data (a) and size distribution (b) of Zr-fum MOF NPs in ethanol (red) and water (black) as well as averaged and normalised
FCS autocorrelation curves (c) of Alexa Fluor 488 (green) and labelled Zr-fum MOF NPs in water (black), greyed out curves are underlying single
measurements. GDM fit (dashed blue curve) results in a size distribution (d) at a peak diameter of 135 nm, considering finite size correction.56
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autocorrelation function was fitted using the “method of
cumulants” (formoredetails, see the ESI†). Inwater, this resulted
in NPs featuring a hydrodynamic diameter of dDLSZr‐fumNPs = 42 nm
with a standard deviation of σ = 46 nm. In ethanol, their hydro-
dynamic diameter was equal to dDLSZr‐fumNPs = 130 nm and with a
standard deviation of σ = 48 nm.

Fluorescence correlation spectroscopy (FCS)

Fluorescence correlation spectroscopy is a fluorescence-based
method which is used to determine the hydrodynamic diame-
ter of labelled NPs.64,65 In this method, a laser is confocally
focused into a liquid sample containing fluorescently labelled
NPs. Fluorescence intensity fluctuations, resulting from NPs
traversing an excitation volume, are recorded using an ava-
lanche photodiode and used to calculate the time autocorre-
lation function. FCS data analysis yields the diffusion coeffi-
cient as well as the concentration of fluorescent particles (see
the ESI†). Using the Stokes Einstein relation, the NP hydrody-
namic diameter is calculated from the measured diffusion co-
efficient. Three samples of Zr-fum MOF NPs were labelled
with the dye Alexa Fluor 488 (absorption at 488 nm and emis-
sion at 519 nm) and were examined with FCS. The
normalised autocorrelation functions, shown in Fig. 3c, cor-
respond to one of the labelled Zr-fum MOF NP samples
(black). For comparison, the autocorrelation of free Alexa
Fluor 488 is shown in green. Normalisation helps to clearly
visualise that the autocorrelation function of the dye-labelled
NPs is shifted towards higher correlation times with respect
to the free Alexa Fluor 488 molecules. This indicates slower
diffusion of the particles due to the larger hydrodynamic di-
ameter of the NPs. Using a single component fit model (see
the ESI†) results in an apparent diffusion time of 3.68 ms,
which corresponds to a hydrodynamic diameter of dFCSZr‐fumNPs

= 135 nm after using the finite particle size correction for hol-
low spheres presented by Wu et al.66 The fit (not shown) is
reasonable at lag times τ < 10 ms but deviations from the
data show that the model of the monodisperse particles is
not satisfactory and indicate that there is a broad distribu-
tion of the particle size. Thus, the Gaussian Distribution
Model (GDM)67,68 was used to fit the data. The GDM fit
(dashed blue line in Fig. 3c) results (again, after finite size
correction) in a peak diameter of dGDMFCS

Zr‐fumNPs = 135 nm and a
FWHM of 17 nm (see Fig. 3d).

Discussion

As stated in the introduction, the concept of the “size” of a
NP is intangible since each characterization technique pro-
vides its own NP size, which differs from one method to an-
other. This concept becomes clearer when considering on the
one hand the different physical principles governing the
methods and on the other, the state of the analysed sample.

Herein, the employed characterization techniques were di-
vided into two categories, depending on whether the samples
are analysed in the dry state or in a dispersion (Fig. 1). Mea-

suring NPs in the dry state, i.e. as a powder, has the crucial
disadvantage that it is hard to distinguish between aggre-
gated NPs resulting from the sample preparation itself or ag-
glomerates that were already present before. The agglomera-
tion of NPs is energetically favoured as it minimizes surface
areas and can saturate bonds and coordination sites.69 There-
fore, one should exercise caution when determining the NP
size distribution from powder based-techniques and assum-
ing the existence of individual NPs. In particular, in the case
of promising biomedical applications of MOF NPs as nano-
carriers or diagnostic agents or even both, non-agglomerated
and colloidally stable MOF NPs are required and thus, their
characterization in the liquid state is mandatory to clarify
their aggregation state.

SEM, TEM and AFMmicroscopy techniques provide an image
of NPs from which the diameters as well as the shape of NPs are
easily extracted. All the microscopy techniques revealed the
spherical shape of Zr-fum MOF NPs (Fig. 2). To give a representa-
tive insight into the NPs' diameter, a statistical study must be
performed on a sufficient number of NPs, independent of the
used technique. In this work, the diameter of 1000 NPs for TEM
and SEM and of 500 NPs for AFM has been measured on the
recorded images (see the ESI† Fig. S4, S9–13). A difficulty en-
countered in the SEM images is the identification of individual
particles (see Fig. S4†). Small particles are easily overlooked,
which might shift the resulting NP diameter distribution to
higher values. TEM allows the detection of smaller NPs due to
its larger spatial enhancement compared to SEM. In the TEM
pictures of Zr-fum MOF NPs (Fig S9–13†), it is clearly visible that
the NPs are connected together via thin necks, which were not
taken into account to evaluate the NP diameter. However, one
may argue that neck-connected NPs actually originate from ag-
glomeration. Moreover, NPs featuring diameters smaller than
the diameter of the thin necks, which connect larger NPs, may
be overlooked when two-dimensional TEM images are analysed.

In high quality TEMmicrographs of MOF NPs, it is normally
possible to detect crystal fringes showcasing the crystallinity of
the respective MOF structures.45 In the case of the Zr-fumMOF
NPs, this was not feasible due to beam damage. However, the
crystallinity of MOF NPs was unambiguously proven using
HRTEM by examining electron diffraction patterns (Fig. S8–S10
and Table S4†). Beam damage of a sample is a known problem
in TEM mostly with high-energy electron beams (E > 100 keV).
Further, it can be stated that the Zr-fum MOF NPs are highly
beam sensitive, since theMOF NPs lose their crystallinity over a
time frame of 30s (Fig. S8–S10†). Loss of the MOF NP crystallin-
ity goes together with shrinking, which also explains the shift
of the particle size distribution to lower values when comparing
the TEM and SEM results (Table 1). Therefore, for the Zr-fum
MOF NPs, TEM analysis is not suitable for measuring the size
distribution, but suitable to confirm the crystallinity of the
sample (Table S4†).

The NP diameter distribution obtained using AFM is in
good agreement with the one obtained from SEM measure-
ments (Table 1). Contrary to SEM and TEM techniques, the
contrast between the Zr-fum MOF NPs and the object slide
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(SiO2) was sufficient to analyse the size of individual particles
via an imaging software. Another advantage of AFM over SEM
and TEM is the gentle nature of this method, which relies on
the interaction of a cantilever tip with the particle surface in-
stead of using a high electron energy beam.

Comparing the results of the X-ray diffraction experiments
to the AFM and SEM results, similar diameters are measured.
In contrast to SEM, TEM and AFM, which all result in NP di-
ameter distributions, X-ray diffraction gives the average size
of the sample crystalline domains, which are not necessarily
equal to the NP size. Since the resulting value is an average
only, no particle size distribution is obtained. The various
possible NP species, which may lead to this average value,
are not taken into account. In theory, the average crystalline
domain size could result from two sample species, each fea-
turing a uniform size. Alternatively, the average crystalline
domain size may result from a broad particle size distribu-
tion. If all sample particles are not expected to be single crys-
tals due to the presence of an amorphous material, one
would expect the crystalline domain size to be shifted to-
wards smaller values in comparison to NP diameter.

Additionally, defects in the crystal structure result in peak
broadening. Since the crystalline domain size is calculated
from the width of these peaks, this causes the former to shift
towards smaller values. The good agreement among AFM,
SEM and X-ray diffraction results suggests the presence of
highly crystalline Zr-fum MOF NPs, whose crystal domain
size is similar to the NP diameter. Finally, the sharp reflec-
tions and very small background observed in the X-ray dif-
fraction experiments also prove the high crystallinity of the
sample, complementing the results of TEM measurements.

The outcome of DLS and FCS is a distribution of diffusion
coefficients D, which is then transformed into a distribution
of hydrodynamic diameters, i.e. diameters of those spheres
that yield the same D-values. Therefore, the hydrodynamic di-
ameter does not describe the morphology of a particle but
the chosen fitting model assuming a solid sphere or another
ideal geometric shape, which has the same diffusion proper-
ties as the measured particle. As the Zr-fum MOF NPs feature
a rather good spherical morphology, and as no additional or-
ganic surface capping is used, the values obtained from the
dispersion-based methods should to some extent be compa-
rable to those obtained from the powder methods. However,
the hydrodynamic diameter of the Zr-fum MOF NPs deter-

mined using DLS and FCS is significantly larger than the NP
diameters determined with the powder-based methods
(Table 1).

In the case of DLS measurements, substantial absorption
of laser light (λ = 633 nm) by a sample itself, which causes a
systematic measurement error, can be ruled out by our white
Zr-fum MOF NPs. Hence, the differences in the measured NP
size values can be explained by the presence of small aggre-
gates. FCS measurements reveal hydrodynamic diameters
close to those obtained using DLS but with a narrower distri-
bution. This can be explained by different fitting models.
However, both methods disclose the presence of agglomer-
ates of the Zr-fum MOF NPs in solution as the NP diameter
determined by the solid techniques is significantly smaller.
Functionalisation of MOF NPs with appropriate organic sur-
face cappings, providing either electrostatic or steric repul-
sion, could help reduce the amount of aggregates.

Conclusion

One of the key issues in NP research is that the product of a
chemical synthesis of NPs is a colloidal dispersion, which ex-
hibits a polydisperse distribution of sizes and shapes, rather
than a collection of identical NPs. This is the main reason
why the reproducibility of NP synthesis results is so difficult
to ensure, even if the same person carries out the synthesis
under the same experimental conditions. For this reason, a
careful and extensive NP characterization is required. More-
over, future NP database will collect physical dispersion data
together with the chemical composition of NPs. Such kind of
database is important as it allows researchers to compare dif-
ferent NP data sets and also to put their own results in place.
For this reason, recommendations for MOF NP characteriza-
tion using standard physical characterization tools have been
introduced. Zr-fum MOF NPs appeared as ideal candidates to
reach this fixed target owing to their perfect spherical shape.
In our work, we applied six characterisation methods on Zr-
fum MOF NPs and the obtained results were discussed and
compared based on the underlying physical process of the
characterisation device.

When choosing techniques to characterise a nanomaterial,
it is important to bear in mind the later usage of the respec-
tive compound. Powder characterisations with SEM, TEM or
AFM are essentially sufficient when considering solid based-

Table 1 | Summary of the average diameters of spherical Zr-fum MOF NPs obtained using three different microscopy tools and three different spectro-
scopic methods. The standard deviation is also reported

Method Type of sample Measured quantity Average diameter (nm) Standard deviation (nm)

Microscopy SEM Dried on a carbon support Diameter 62 18.9
TEM Dried on a carbon grid Diameter 29 12.9
AFM Dried on a silica slide Height 68 15.0

Spectroscopy XRD Powder Domain diameter 42–60 —a

DLS Dispersion (H2O) Hydrodynamic diameter 142 46
FCS Dispersion (H2O), labelled Hydrodynamic diameter 135 17 (FWHM)

a This method does not give a particle size distribution but results in a mean size assuming a single species.
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applications of MOF NPs. However, in solution-based applica-
tions such as drug delivery, colloidally stable NP solutions
are required, which must thus be characterised in solution
with DLS and/or FCS, for instance. Since these methods do
not give insight into the morphology of NPs, it is therefore
advantageous to complement these techniques by an image-
providing technique such as TEM, SEM or AFM.

In the case of MOF NPs, the determination of crystallinity
and in particular the quantification of the crystalline domain
size is an important parameter. However, the XRD patterns of
MOF NPs need to be carefully analysed as high-crystallinity or
even the existence of a MOF structure cannot always be stated
due to the potential broadening of peaks in an XRD pattern.
For example, the crystallinity of MIL-101ĲCr) and MIL-100ĲFe)
NPs is unequivocally proven by TEM analysis only.48 In com-
parison to the tested Zr-fum MOF NPs, the respective MOF
NPs in those cases were more beam stable. The difficult char-
acterisation of MOF NPs that are sensitive to the electronic
beam of TEM could be overcome with the new versions of
TEM instruments operating at lower voltage (e.g. 60 keV).

TEM analysis usually appears as the most suitable method
to determine the size of isolated MOF NPs in the dry state
due to its high spatial resolution. However, as shown in the
case of the Zr-fum MOF NPs, beam damage can spoil the out-
come, making TEM no longer appropriate. SEM represents a
good alternative to TEM because it operates at a much lower
voltage even if small NPs (<20 nm) of a sample can be hardly
detected since they are hidden by bigger ones. TEM and SEM
pictures were used to manually determine the Zr-fum MOF
NP size distribution. Although this is time consuming, this
approach is sufficient when having spherical NPs but cannot
be applied to non-spherical NPs.

Many MOF NP applications need dispersions of colloidally
stable MOF NPs. Even though most researchers target
solution-based NP applications (e.g. drug delivery), they often
do not furnish evidence on the colloidal properties of MOF
NPs. This enigma comes from agglomeration issues often
met with nanomaterials. The chemistry of every NP material
class, including MOF NP, faces the challenge of synthesising
colloidally stable NPs. The saturation of a MOF NP surface
immediately after MOF NP nucleation, either by electrostatic
repulsion or steric stabilisation, can avoid this agglomeration
issue. A stable MOF NP suspension can be easily
characterised by DLS analysis, whereby caution should be
paid to the automatic evaluation of the size distribution of
the instrument. An alternative solution to DLS is FCS, as
demonstrated in this article. FCS is based on evaluation of a
autocorrelation function to obtain the diffusion coefficient of
fluorescence-labelled NPs. Although FCS has the disadvan-
tage of requiring dye labelled NPs, meaning that they are
chemically modified, in many applications, such as drug de-
livery or diagnosis, NPs need to be labelled for the applica-
tion itself, e.g. to carry out cell uptake studies. In these cases,
FCS is an excellent characterisation technique due to its high
spatial and temporal resolutions and its ability to analyse ex-
tremely low NP concentrations (nM to pM concentrations) in

a very small volume (∼0.1 fL). Consequently, a low amount of
sample is needed to precisely determine the hydrodynamic
diameter of labelled NPs. Moreover, FCS measurement simul-
taneously provides information about the concentration (in-
verse correlation height) of the investigated sample.

In summary, we presented comprehensive physical charac-
terization of the size, shape and bulk properties of Zr-fum
MOF NPs. Evidently, the structural properties of MOF NPs
provide a large set of parameters allowing for a thorough as-
sessment of MOF NP quality. Future applications that will ex-
ploit MOF NPs as hosts, delivery vehicles or catalytic agents
rely on the full knowledge of their physical NP properties.
The caveats and peculiarities in NP size characterisation
discussed here might help for standardisation and better
comparability of MOF NP properties.
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ABSTRACT: Dual enzymatic reactions were introduced to
fabricate programmed gemcitabine (GEM) nanovectors for
targeted pancreatic cancer therapy. Dual-enzyme-sensitive
GEM nanovectors were prepared by conjugation of matrix
metalloproteinase-9 (MMP-9) detachable poly(ethylene
glycol) (PEG), cathepsin B-cleavable GEM, and targeting
ligand CycloRGD to CdSe/ZnS quantum dots (QDs). The
GEM nanovectors decorated with a PEG corona could avoid
nonspecific interactions and exhibit prolonged blood
circulation time. After GEM nanovectors were accumulated
in tumor tissue by the enhanced permeability and retention
(EPR) effect, the PEG corona can be removed by
overexpressed MMP-9 in tumor tissue and RGD would be
exposed, which was capable of facilitating cellular internalization. Once internalized into pancreatic cancer cells, the
elevated lysosomal cathepsin B could further promote the release of GEM. By employing dual enzymatic reactions, the
GEM nanovectors could achieve prolonged circulation time while maintaining enhanced cellular internalization and
effective drug release. The proposed mechanism of the dual enzymatic reaction-assisted GEM delivery system was fully
investigated both in vitro and in vivo. Meanwhile, compared to free GEM, the deamination of GEM nanovectors into
inactive 2′,2′-difluorodeoxyuridine (dFdU) could be greatly suppressed, while the concentration of the activated form of
GEM (gemcitabine triphosphate, dFdCTP) was significantly increased in tumor tissue, thus exhibiting superior tumor
inhibition activity with minimal side effects.

KEYWORDS: gemcitabine, programmed targeting, tumor microenvironment, pancreatic cancer therapy, enzyme sensitive

With a 5-year survival rate of 5% and a median overall
survival of 6 months, pancreatic cancer is known as
one of the most lethal malignancies in the world.1−3

Gemcitabine (GEM) has been the first line drug available for
clinical treatment of pancreatic cancer since 1997. However, the
clinical performance of GEM is severely compromised by its
inefficient delivery and rapid metabolic inactivation.4,5 In order
to increase the biostability and bioavailability of GEM in
pancreatic cancer therapy, the use of GEM prodrug nano-
particles (NPs) provides a powerful strategy to enhance the in
vivo therapeutic efficacy.4,6,7

NP-based drug delivery systems have received much
attention in cancer chemotherapy for decreased adverse effects
and improved therapeutic efficacy.8−11 An ideal drug nano-

vector should have long blood circulation time, high
accumulation in tumor tissue, enhanced cancer cell internal-
ization, and subsequently efficient intracellular drug re-
lease.12−16 Accordingly, “stealthy” PEGylated drug nanovectors
are well developed to achieve long blood circulation time and
efficient accumulation at tumor sites by the enhanced
permeability and retention (EPR) effect.17,18 However,
PEGylated drug nanovectors are always suffering from reduced
internalization by cancer cells. In order to enhance the
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internalization of nanovectors by cancer cells, one of the most
effective strategies is modifying the nanovectors’ surface with
targeting moieties.19,20 Unfortunately, the addition of targeting
ligands, e.g., RGD peptide, can greatly influence the circulation
time and passive targeting ability.21 How to achieve long
circulation time while maintaining enhanced cancer cell uptake
is still a big challenge for drug nanovectors. To this end, a
programmed targeting strategy was recently developed by
fabrication of drug nanovectors that can “turn off” the
internalization ability during circulation while allowing for
“turn on” in tumor tissue. One optional strategy is to shield or
bury the targeting ligands during circulation to suppress the
nonspecific interactions.22−25 Moreover, the shield could be
easily removed and the targeting ligands could be specifically
activated to achieve enhanced internalization when exposed to
a specific tumor microenvironment.16,26,27

Taking advantage of specific microenvironments of tumor
tissues and cancer cells, such as acidosis, hypoxia, and
dysregulated enzymes, endogenous stimuli-sensitive drug
nanovectors were designed for intended optimal cancer
therapy.28 Compared to other tumor microenvironments that
might also exist in some other specific lesions, for example, a
mild acidic environment also happens in an inflammation
region, the dysregulation of some specific enzymes is a more
striking character for many types of tumors.29,30 For example,
matrix metalloproteinases (MMPs) are overexpressed in an
extracellular tumor microenvironment and play a critical role in
tumor progression and metastasis.31 The up-regulation of the
lysosomal protease, cathepsin B, is observed in many types of

cancer cells including pancreatic cancer cells.32 Therefore, it will
be particularly attractive to fabricate enzyme-sensitive drug
nanovectors to achieve programmed tumor targeting and
effective intracellular drug release.6,33−35

In this research, taking advantage of dual enzymatic reactions,
a proof-of-concept trial was presented as a programmed GEM
delivery strategy for targeted pancreatic cancer therapy. The
BxPC-3 tumor model was utilized in this research since both
MMP-9 and cathepsin B are overexpressed in the xenografts
using BxPC-3 cell lines.36 CdSe/ZnS QDs were used as dual-
enzyme-sensitive nanovectors owing to the small size and
potent fluorescent properties (Scheme 1). GEM was
conjugated to the quantum dots (QDs) via cathepsin B
substrate peptide GFLG.6,33 CycloRGD (C(RGD)fk) was
decorated on the QDs as a tumor-homing motif. Meanwhile,
poly(ethylene glycol) (PEG) was conjugated to the QDs as a
protection layer via the peptide sequence GGPLGVRGK-NH2,
which can be selectively cleaved by MMP-9.16 The PEG shield
layer endows the nanovectors with long circulation time and
high accumulation at tumor sites. Afterward, the shield layer
PEG would be removed by overexpressed MMP-9 in the
pancreatic tumor microenvironment, leading to the exposure of
targeting ligand RGD and subsequently enhanced internal-
ization by cancer cells. After cellular uptake, GEM would be
released in the presence of up-regulated cathepsin B in the
pancreatic cancer cells. As is known, high intercellular
glutathione concentration and low lysosomal pH also exist in
normal cells, which might limit the potential applications of
pH- and glutathione-responsive drug nanovectors because of

Scheme 1. Dual enzymatic reaction-assisted GEM nanovectors were used to achieve multistage tumor cell targeting and efficient
drug release during the GEM-transporting process. (a) Schematic illustration of the preparation of nanovectors and their
enzyme-sensitive behavior. (b) Schematic illustration of the nanovectors delivering GEM to pancreatic cancer cells.
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the lack of tumor specificity.29 The dual enzymatic reaction-
assisted GEM nanovectors might provide a more specific and
efficient strategy for targeted drug delivery since such enzymatic
reactions can occur only in tumor tissues and tumor cells.

RESULTS AND DISCUSSION

In order to examine the proposed mechanism of dual enzymatic
reaction-assisted drug delivery systems, small-sized CdSe/ZnS
core−shell QDs were utilized as GEM nanovectors in this
research owing to their potent fluorescent properties.37

Hydrophobic QDs were transformed to carboxylated QDs (c-
QDs) by overcoating with an amphiphilic polymer with a good
batch-to-batch reproducibility.38,39 The diameter of the c-QDs
was 4.7 ± 0.9 nm, as determined by transmission electron
microscopy (TEM) (Figure S1). In order to achieve
programmed tumor targeting ability, the dual-enzyme-sensitive
GEM nanovectors were prepared by a one-pot amide reaction
of carboxylated QDs with GEM-GFLG-NH2, PEG-
GGPLGVRGK-NH2, and c(RGD)fk as shown in Scheme 1.
The obtained dual-enzyme-sensitive QDs (d-QDs) could be
well-dispersed in phosphate-buffered saline (PBS) and had a
near-spherical morphology with a hydrodynamic diameter of
12.8 ± 3.6 nm (Figure S3, 1a). They were stable in PBS for at
least 3 months without notable aggregation. High-performance
liquid chromatography (HPLC) analysis showed that there
were approximately 562 GEM molecules, 87 RGD molecules
(∼6 nm2 per RGD), and 52 PEG molecules (∼9.8 nm2 per
PEG) being grafted to each QD. In addition, the zeta potential
of the d-QDs decreased from −28.8 mV to −8.4 mV after
surface modification (Figure 1b), owing to the shielding ability
of the PEG shell. The d-QDs had a maximal fluorescent
emission at 602 nm and retained 24.5% fluorescent intensity

with a quantum yield of 6.4% after surface modification
compared to hydrophobic QDs (Figures S2, S4). Meanwhile,
the MMP-9-sensitive QDs without cathepsin B responsiveness
(mmp-QDs) were synthesized using the same method unless
GEM-GFGG-NH2 was used instead of GEM-GFLG-NH2. The
cathepsin B-sensitive QDs without MMP-9 responsiveness (cb-
QDs) were synthesized by replacing of PEG-GGPLGVRGK-
NH2 with PEG-GGPGGVRGK-NH2. The nontargeted d-QDs
without RGD molecules (d-QDs(nr)) were synthesized
similarly unless RGD peptide was not added.
It is well known that MMP-9 is overexpressed in pancreatic

tumor sites.40,41 In order to evaluate MMP-9-sensitive
deshielding of PEG, d-QDs were incubated with MMP-9 for
24 h and the solution was analyzed with HPLC. As shown in
Figure 1c, a peak at a retention time (tR) of 13.2 min appeared
after d-QDs were incubated with MMP-9, which was in good
agreement with MMP-9-treated peptide PEG-GGPLGVRGK-
NH2. However, if d-QDs were incubated in the absence of
MMP-9, no peak could be observed in the HPLC chromato-
gram. Therefore, PEG could be cleaved from d-QDs with the
help of MMP-9. In addition, the zeta potential of d-QDs
increased from −8.4 mV to −17.6 mV after incubation with
MMP-9, which further confirmed the deshielding of the PEG
shell (Figure 1b).
The intracellular release of the conjugated drug is crucial for

drug delivery. Since GEM was conjugated to QDs via the
cathepsin B-sensitive GFLG peptide sequence, the release of
GEM in the presence of cathepsin B was investigated by HPLC
as well. After GEM-GFLG-NH2 was incubated with cathepsin B
for 24 h, the peak of GEM-GFLG-NH2 at a tR of 15.3 min
disappeared (Figure 1d). Meanwhile, a new peak at a tR of 7.2
min appeared, which indicated the successful cleavage of GFLG

Figure 1. (a) Hydrodynamic diameter of d-QDs. (b) Zeta potential of c-QDs and d-QDs treated with or without MMP-9. HPLC
chromatograms of (c) MMP-9 responsive cleavage of PEG from d-QDs and (d) cathepsin B-responsive release of GEM from d-QDs.
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peptide. As expected, HPLC results revealed that GEM could
not be released from d-QDs in the absence of cathepsin B.
After d-QDs were incubated with cathepsin B, a peak at tR = 7.2
min was observed, indicating successful release of GEM from
the nanovectors.
To investigate the tumor microenvironment activatable

targeting ability of d-QDs, the level of uptake of the QDs
into cells was determined by fluorescence microscopy. Human
pancreatic cancer (BxPC-3) cells were used as a cell model for
their high expression of MMP-9 and cathepsin B.36 As shown in
Figure 2, strong intracellular red fluorescence of QDs could be
clearly observed after BxPC-3 cells were incubated with d-QDs
for 4 h, demonstrating that d-QDs were taken up by BxPC-3
cells in large quantities. This might be ascribed to the hydrolysis
of the GPLGVRG peptide sequence by MMP-9 secreted by
BxPC-3 cells, leading to the deshielding of the PEG shell and
exposure of the targeting RGD motif. However, if BxPC-3 cells

were pretreated with MMP inhibitor 1,10-phenanthroline, only
very weak red fluorescence was observed in BxPC-3 cells after
incubation with d-QDs for 4 h, indicating that much fewer QDs
were taken up by BxPC-3 cells. Meanwhile, if BxPC-3 cells were
incubated with cb-QDs with an uncleavable PEG shell or d-
QDs(nr) without RGD targeting ability, the intracellular red
fluorescence of QDs was also very weak, owing to the lack of
RGD-mediated enhanced cellular uptake. Furthermore, flow
cytometry was used to quantitatively investigate the internal-
ization ability of GEM nanovectors by BxPC-3 cells, and the
results are presented in Figure 3a. Compared to the mean
fluorescence intensity (MFI) values in BxPC-3 cells incubated
with cb-QDs with an uncleavable PEG shell or d-QDs(nr)
without RGD targeting ability, there was more than 2-fold MFI
increase in BxPC-3 cells incubated with d-QDs. However, if
BxPC-3 cells were pretreated with MMP inhibitor to down-
regulate the level of MMP-9 before d-QDs were added, PEG

Figure 2. Fluorescence microscopy images of BxPC-3 cells incubated with d-QDs in the (a) absence or (b) presence of MMP inhibitor, (c) cb-
QDs, and (d) d-QDs(nr) with a concentration of 200 nM QDs for 4 h. The scale bar is 200 μm.
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could not be cleaved because of the lack of MMP-9. Therefore,
the MFI value in BxPC-3 cells would be significantly decreased.
All the flow cytometry results were in good agreement with
fluorescence microscope imaging results in Figure 2. Therefore,
the stealth PEG shell could be removed by MMP-9, leading to
the exposure of targeting ligand RGD and subsequently
enhanced uptake by BxPC-3 cells.
As is known, GEM is unable to cross the cell membrane

directly, and a specific transporter, hENT1, is needed.4 Since
GEM was covalently conjugated to QDs, the internalization
pathway might be changed. It is believed that RGD-targeted
nanoparticles can be internalized into cells by αvβ3 integrin-
mediated endocytosis. The endocytosis process is an energy-
dependent process and can usually be inhibited by incubating
cells at low temperature (4 °C instead of 37 °C) or in ATP
(adenosine triphosphate)-depleted environments such as
pretreating with NaN3.

43,44 As shown in Figure S5, the
intracellular fluorescence was much weaker if the cells were
incubated at 4 °C or pretreated with NaN3, which confirmed
that GEM nanovectors were internalized into cells by
endocytosis.
The 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium

bromide (MTT) assays were further used to investigate the
enzymatic responsiveness of GEM nanovectors since the
cellular internalization and intercellular drug release can greatly
influence the cell viability.42 First, we investigated if there was
any cytotoxicity induced by the nanovectors using the d-QDs
without GEM loading (Figure S6). As expected, the dose of
QDs used in this study was not toxic to BxPC-3 cells.
Subsequently, cytotoxicity of different formulations of QDs
with GEM loading against BxPC-3 cells was investigated.
Compared to the BxPC-3 cells incubated with d-QDs in the

presence of MMP inhibitor or cb-QDs with an uncleavable
PEG shell, the BxPC-3 cells incubated with d-QDs in the
absence of MMP inhibitor exhibited the lowest cell viability
(Figure 3b). This might be attributed to the MMP-9-sensitive
deshielding of the PEG shell and subsequent exposure of the
targeting ligand RGD, which is beneficial for enhanced cell
uptake and thereby inhibits the cell viability. The better
inhibition of cell viability after incubation with d-QDs in the
absence of MMP inhibitor was consistent with the cellular
internalization results in Figure 2, which again confirmed
MMP-9-triggered tumor targeting. Besides efficient cellular
internalization, the validity of intracellular GEM release is
another key factor to improve therapeutic efficacy. Since GEM
was conjugated to d-QDs via the cathepsin B-cleavable GFLG
peptide sequence, cathepsin B-sensitive drug release was further
studied by MTT assay. As illustrated in Figure 3c, BxPC-3 cells
incubated with d-QDs showed lower cell viability than that with
cathepsin B-nonsensitive mmp-QDs, owing to the cathepsin B-
sensitive release of GEM from d-QDs. Meanwhile, if BxPC-3
cells were pretreated with cathepsin B inhibitor CA-074Me to
down-regulate intracellular cathepsin B, the release of GEM
could be greatly inhibited after internalization of d-QDs, which
suffered from much higher cell viability. Therefore, after being
internalized by BxPC-3 cells, GEM can be selectively released
from d-QDs in response to the overexpressed cathepsin B. In
other words, dual enzymatic reactions were successfully applied
for programmed specific targeting and smart drug release in
vitro. Moreover, the dual-enzyme-sensitive GEM nanovectors
d-QDs were more efficient in inhibiting the proliferation of
BxPC-3 cells than free GEM (Figure 3d). The dose of d-QDs
required for 50% cellular growth inhibition (IC50) evaluated by
BxPC-3 cells was as low as 0.25 μg/mL.

Figure 3. (a) Flow cytometry analysis of BxPC-3 cells incubated with d-QDs(nr) (green), cb-QDs (blue), d-QDs in the absence (red) and
presence (orange) of MMP inhibitor, and the control (black). (b) Cell viability of BxPC-3 cells treated with cb-QDs and d-QDs in the absence
and presence of MMP inhibitor for 72 h. (c) Cell viability of BxPC-3 cells treated with mmp-QDs and d-QDs in the absence and presence of
CA-074Me for 72 h. (d) Cell viability of BxPC-3 cells treated with free GEM and d-QDs for 72 h. The dose of GEM and its equivalence was
from 0.01 to 3 μg/mL.
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The proposed mechanism of dual enzymatic reaction-assisted
drug delivery was further investigated in vivo, which is extremely
important whether it really happens in living animals. We
investigated the accumulation, retention, and specific uptake of
GEM nanovectors as well as their relationship to QD surface

modifications. Histological analysis of tumor tissue was carried
out to track the location of QDs. If d-QDs or mmp-QDs were
injected into the mice, the PEG corona could be removed by
overexpressed MMP-9 after accumulation in tumor tissue by
the EPR effect. The targeting ligand RGD could then be

Figure 4. Histological examination of QD uptake, retention, and distribution in tumor tissues. QDs in tumor after intravenous injection of (a)
d-QDs, (b) mmp-QDs, (c) cb-QDs, (d) d-QDs(nr), and (e) c-QDs at a dosage of 54 nmol/kg with a circulation time of 12 h. The scale bar is
100 μm.

Figure 5. Time course of dFdU concentration in plasma (a) and tumor (b) after intravenous injection of free GEM and d-QDs. (c) Mean
concentration of dFdCTP in tumor injected with free GEM, d-QDs(nr), mmp-QDs, cb-QDs, and d-QDs after 1, 6, 12, and 24 h. (d) Mean
concentration of GEM in tumor and normal organs after intravenous injection with d-QDs at 1, 6, 12, and 24 h. All the groups were treated at
a dosage of 8 mg/kg equivalent GEM. Each data point was the mean + SD (n = 3 mice per group).
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exposed, which was capable of facilitating internalization by
cancer cells. The QDs could therefore be retained in tumor
tissues. Strong red fluorescence was observed in tumor tissue as
shown in Figure 4a and b. In contrast, for cb-QDs and d-
QDs(nr) groups, even if they could be accumulated in tumor
tissue by the EPR effect, their internalization was rather weak
owing to the lack of RGD targeting ability. Meanwhile, the size
of the QDs was very small (only ∼12 nm by DLS). It has been
proved that small nanoparticles (<20 nm) can penetrate into
the surrounding tissues, re-enter the bloodstream, and deplete
the amount retained within tumors.45,46 Therefore, very weak
fluorescence of QDs was observed in tumor tissue owing to the
inefficient internalization ability and weak tumor retention
(Figure 4c,d). We also noted that the fluorescence of QDs was
extremely weak in tumor tissue if carboxylated c-QDs were
injected, which is likely due to the fast clearance by the
reticuloendothelial system, low efficient QD uptake, and weak
tumor retention (Figure 4e). On the basis of the location of
QDs in tumor tissues by histological analysis, MMP-9-triggered
enhanced cancer cell uptake was confirmed in vivo.
In order to demonstrate whether the therapeutic efficacy of

GEM against pancreatic cancer could be improved by dual
enzymatic reaction-assisted GEM nanovectors, we established
BxPC-3 xenograft models in nude mice. It is well known that
GEM is easily deaminized to its inactive metabolite 2′,2′-
difluorodeoxyuridine (dFdU) by cytidine deaminase in vivo,
which strongly compromises its clinical application.4 As shown
in Figure 5a and b, after intravenous administration of d-QDs,
the concentration of deactivated dFdU in plasma and tumor
was markedly lower than free GEM determined by HPLC,

indicating better metabolic stability. Therefore, the design of
dual enzymatic reaction-assisted GEM nanovectors can
effectively avoid the deaminization of GEM in vivo. Meanwhile,
GEM can be phosphorylated into its active metabolite
gemcitabine triphosphate (dFdCTP), which can incorporate
into DNA and induce apoptosis in cancer cells. As shown in
Figure 5c, a high and constant accumulation of active dFdCTP
in tumor tissue was achieved by d-QDs compared to free GEM,
which might be ascribed to effective accumulation in tumor
tissue, enhanced cellular internalization, and effective drug
release of d-QDs. The tumor area under the concentration time
curve (AUC) of d-QDs in 24 h was calculated to be 233.5 μg/g·
h, which was 3.8-fold higher than that of free GEM (61.6 μg/g·
h). The high concentration of active dFdCTP in tumor tissue is
very beneficial for cancer treatment in order to achieve
enhanced therapeutic efficacy with minimal side effects. For
the cb-QDs group and d-QDs(nr) group, the internalization
and retention of GEM nanovectors in tumor tissue was very
low owing to the lack of RGD targeting as discussed above. The
low internalization of GEM nanovectors could result in low
GEM release, leading to a low concentration of dFdCTP in
tumor tissue. For the mmp-QDs group, although mmp-QDs
and d-QDs showed similar internalization by cancer cells
(Figure 4b), the release of GEM from mmp-QDs might be a
big problem since GEM was conjugated to QDs via cathepsin
B-insensitive peptide. The concentration of dFdCTP in tumor
tissue was therefore very low after mmp-QDs were injected
compared to d-QDs, which confirmed cathepsin B-triggered
release of GEM from d-QDs in vivo. Meanwhile, since both
cathepsin B and MMP-9 widely exist in the body although the

Figure 6. (a) Normalized tumor growth curves in nude mice bearing BxPC-3 xenografts after intravenous injection of saline (control), GEM,
mmp-QDs, cb-QDs, and d-QDs. The mice were dosed intravenously with 8 mg/kg equivalent GEM twice per week. Each data point was the
mean + SD (n = 3 mice per group; no significance: n.s., *: p < 0.05, **: p < 0.01). (b) Tumor growth inhibition ratio. (c) Average tumor
weights after different treatments. (d) Average normalized change in mouse body weight during the study. The original tumor volume and
mouse body weights before treatment were set as 100% in both (a) and (d).
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concentration is much lower than that in tumor tissue and
tumor cells, whether GEM would be released from d-QDs in
normal organs was further investigated. As shown in Figure 5d,
only very low GEM release was detected in normal organs and
muscle, which was much lower than in tumor. These results
further confirmed that up-regulated cathepsin B and MMP-9
could increase the concentration of released GEM. However,
the release of GEM is very limited in normal organs because of
the relatively low concentration of cathepsin B and MMP-9.
In vivo therapeutic efficacy of GEM nanovectors after

intravenous administration is a key factor for potential
antitumor applications. The in vivo antitumor performance of
GEM nanovectors was assessed using BxPC-3 tumor-bearing
nude mice as the xenograft tumor model. Free GEM- and
saline-treated groups were used as controls. As shown in Figure
6a, rapid tumor growth was observed in mice that were treated
with saline only. The free GEM just slightly inhibited the tumor
growth due to the rapid metabolic inactivation and inefficient
cellular uptake of GEM, which was similar to widely reported
results.6,7 However, all of the GEM nanovector formulations
exhibited better antitumor activity than free GEM and saline
with a statistically significant difference (p < 0.01). The dual-
enzyme-sensitive nanovectors d-QDs had a much better tumor
suppression effect than mmp-QDs and cb-QDs. The tumor-
inhibition rate (TIR) of each group was then calculated on the
32nd day (Figure 6b). The TIR of the mice injected with d-
QDs was 71.8%, which was much higher than that of the mice
injected with mmp-QDs (47.8%), cb-QD (45.4%), and free
GEM (21.6%), suggesting significantly improved therapeutic
efficacy. The acclaimed therapeutic effect of GEM nanovectors
was further confirmed by the average tumor weights (Figure
6c). The significantly enhanced therapeutic efficacy of the dual-
enzyme-sensitive nanovectors could be ascribed to the long
circulation time benefiting from the PEG shell, MMP-9-
activatable tumor targeting for enhanced cell uptake, and
cathepsin B-responsive drug release. Meanwhile, the mean body
weight of mice treated with d-QDs did not change significantly

compared to the control group (Figure 6d), demonstrating
weak side effects on the tumor-bearing nude mice.
In order to further obtain insight into the antitumor effect of

the GEM nanovectors, the proliferation and apoptosis levels in
the tumor tissue after treatment with different formulations
were further analyzed by immunohistochemistry, including
hematoxylin and eosin (H&E) staining, Ki67 assay, and
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay. As shown in Figure 7, the histological H&E
staining results of tumors further indicated that the suppression
effect of d-QDs was much better than those of other groups.
Specifically, the percentage of proliferating cells measured by
Ki67 assay in tumors treated with single-dose d-QDs was less
than that with mmp-QDs or cb-QDs. Meanwhile, the
percentage of apoptotic cells measured by the TUNEL assay
in tumors treated with single-dose d-QDs was much higher
than that with mmp-QDs or cb-QDs. Significant high
proliferation and low apoptosis in tumors treated with single-
dose free GEM was also verified by Ki67 and TUNEL assays.
Therefore, the cell proliferation and apoptosis in tumors after
treatment with different formulations was consistent with the
TIR results. Taken together, these results demonstrated that
the dual-enzyme-sensitive programmed targeting strategy can
greatly induce apoptosis and inhibit proliferation in tumors,
thus providing an effective strategy for targeted pancreatic
cancer therapy.
On the other hand, there are some concerns about the long-

term toxic effect of CdSe/ZnS QDs on normal organs because
the material is made from heavy-metal elements. The long-term
toxicity of QDs on normal organs was investigated by
histological analysis. As shown in Figure S6, no histopatho-
logical abnormalities or lesions in liver, spleen, or kidneys were
observed after QDs without GEM loading were injected for 1
month. In this research, in order to confirm the proposed
mechanism of a dual enzymatic reaction-assisted drug delivery
system both in vitro and in vivo, it is necessary to track the
nanocarriers in real time by fluorescence technology.
Unfortunately, GEM is nonfluorescent. In order to track the

Figure 7. Representative H&E, Ki67, and TUNEL staining of tumor tissues after treatment with various formulations. In the H&E-stained
tumor sections, proliferating cells are indicated by black arrows, and apoptotic cells are indicated by red arrows. The Ki67-positive
proliferating cells and TUNEL-positive apoptotic cells were stained brown. The scale bar is 50 μm in all of the microscopy images.
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location of nanocarriers, CdSe/ZnS QDs might be ideal
candidates to fabricate drug naonvectors owing to their potent
fluorescent properties. At the same time, pancreatic cancer has
the hardest stroma and nanoparticles larger than 50 nm hardly
penetrate into pancreatic tumor tissues.47 The utilization of
small-sized nanoparticles has been proved to be an effective
strategy to avoid possible obstruction of the transportation by
the stroma.47 Therefore, the small-sized CdSe/ZnS QDs were
used as model systems for testing the new design of drug
delivery systems. Meanwhile, both MMP and cathepsin B are
almost universally overexpressed in most types of tumors. The
concept of dual enzymatic reaction-assisted drug delivery
systems can be applied to treat many types of tumors by
designing more biocompatible nanocarriers, such as magnetic
iron oxide nanoparticles, liposomes, and micelles.

CONCLUSIONS
In summary, dual enzymatic reaction-assisted GEM nano-
vectors were successfully fabricated using small-sized CdSe/
ZnS QDs as model systems for targeted pancreatic cancer
therapy. The anticancer drug GEM could be effectively
conjugated to the nanovectors and released in BxPC-3 cells
due to the overexpressed cathepsin B. Owing to the dual
enzymatic reaction-assisted drug delivery strategy, the deacti-
vation of GEM to dFdU could be greatly suppressed, while the
concentration of activated dFdCTP in tumor tissues was
significantly increased. Moreover, enhanced cell uptake was
achieved because of the removal of the PEG shell and exposure
of targeting ligand RGD by tumor microenvironment overex-
pressed MMP-9. Accordingly, reduced GEM deactivation
during blood circulation, high accumulation in tumor tissue,
enhanced cancer cell internalization, and specific intracellular
GEM release were achieved owing to the enzyme-triggered
programmed targeting strategy, exhibiting superior tumor
inhibition activity with minimal side effects. The proposed
mechanism of the dual enzymatic reaction-assisted drug
delivery system was extensively investigated and verified both
in vitro and in vivo. Since the dysregulation of some enzymes is
a more striking character, such dual enzymatic reaction-assisted
drug nanovectors might be more practical to reduce side effects
and improve the therapeutic efficacy.

MATERIALS AND METHODS
Synthesis of Dual-Enzyme-Sensitive QDs. The d-QDs can be

easily obtained by one-pot synthesis. In brief, 20 nmol of c-QDs, 16
μmol of GEM-GFLG, 5 μmol of PEG-GGPLGVRGK, 5 μmol of
c(RGD)fk, 25 μmol of EDC·HCl, and 25 μmol of NHS were added
into 5 mL of phosphate buffer (pH 7.4, 10 mM). The pH of the
solution was then adjusted to 5.5 and kept at room temperature for 24
h. Then the product was concentrated by centrifuge filters and
redissolved in PBS three times. Other controls were obtained with
different polypeptides in the same conditions.
In Vitro PEG Cleavage and GEM Release from d-QDs Treated

with MMP-9 and Cathepsin B. In order to investigate in vitro PEG
release from d-QDs, PBS (10 mM, pH 5.0) and a d-QDs solution (1.0
mM) were mixed with MMP-9 with a final concentrations of 10 μM d-
QDs and 2 μg mL−1 MMP-9. After incubation of the solution at 37 °C
for 12 h, 1.0 mL of the solution was taken out and passed through a
0.22 μm Millipore filter for HPLC analysis. Other groups were used as
controls.
In order to investigate in vitro GEM release from d-QDs, PBS (10

mM, pH 5.0) and a d-QDs solution (1.0 mM) were mixed with
cathepsin B (10 UN mL−1 stock solution) with the final
concentrations of 10 μM d-QDs and 0.5 UN mL−1 cathepsin B.
After incubation of the solution at 37 °C for 12 h, 1.0 mL of the

solution was taken out and passed through a 0.22 μm Millipore filter.
HPLC was employed to determine the free GEM. Other groups were
used as controls.

In Vitro Cellular Uptake. Fluorescence microscopy was used to
directly investigate the internalization of the GEM nanovectors.
Briefly, BxPC-3 cells were seeded in ⦶ 20 mm confocal dishes at 3 ×
104 cells per well and incubated for 12 h at 37 °C. Then, one group
was treated with 10 μM 1,10-phenanthroline monohydrate used as
MMP inhibitor for 2 h. After washing the cells with PBS, 1 mL of d-
QDs in fresh medium was added. Another three groups were treated
with 1 mL of cathepsin B-sensitive QDs without MMP-9
responsiveness (cb-QDs), dual-enzyme-sensitive QDs without RGD
targeting ability (d-QDs(nr)), and d-QDs in fresh medium,
respectively. These groups continued to be incubated for another 4
h. Subsequently, the medium was removed and the confocal dishes
were washed with PBS three times. The cells were fixed with 4%
formaldehyde for 15 min, and the cell nuclei were dyed with DAPI for
15 min. The cell fluorescent images were obtained by fluorescence
microscopy.

The quantitative evaluation of cellular uptake was performed by
flow cytometry (BD FACSAriaTM III). BxPC-3 cells were seeded in
24-well plates at 1 × 105 cells per well. Then, one group was treated
with 10 μM 1,10-phenanthroline monohydrate used as MMP inhibitor
for 2 h. After washing cells with PBS, 1 mL of d-QDs in fresh medium
was added. Another three groups were treated with 1 mL of cb-QDs,
d-QDs(nr), and d-QDs in fresh medium, respectively. These groups
continued to be incubated for another 4 h. Then the medium was
removed, and the cells were washed three times with cold PBS. All the
cells were digested by trypsin and collected in centrifuge tubes by
centrifugation at 1000 rpm for 5 min. The supernatant was discarded,
and the bottom cells were resuspended in 0.5 mL of PBS examined by
flow cytometry. Cells not treated with nanoparticles were used as a
negative control. The fluorescence scan was performed with 1 × 104

cells.
Endocytosis Mechanism Investigation. In order to investigate

the cellular internalization pathway of d-QDs, cell culture was carried
out at 4 °C or pretreated with NaN3 in parallel with regular incubation
conditions.42,44

Low-Temperature Incubation at 4 °C. BxPC-3 cells were seeded in
a⦶ 20 mm confocal dish at 5 × 104 cells per well and incubated for 12
h at 37 °C. The medium was replaced with 200 nM d-QDs in fresh
culture medium. BxPC-3 cells were then incubated at 4 °C, instead of
the regular 37 °C condition.

Incubation of Cells under ATP Depletion. For the ATP-depletion
studies, BxPC-3 cells were seeded in a ⦶ 20 mm confocal dish at 5 ×
104 cells per well and incubated for 12 h at 37 °C. The cells were
pretreated with 10 mM NaN3 and 50 mM 2-deoxy-D-glucose for 30
min at 37 °C. Then, the medium was replaced with 200 nM d-QDs in
fresh culture medium. After incubation with d-QDs for 3 h, the
medium was removed and the cells were washed with PBS three times.
The cells were fixed with 4% formaldehyde for 15 min, and the cell
nuclei were dyed with DAPI for 15 min. The fluorescence images of d-
QDs in cells were observed by fluorescence microscope.

In Vivo Assays. All animal experiments were performed according
to the “Principles of Laboratory Animal Care” (NIH publication no.
86-23, revised 1985) and the guidelines for Animal Care and Use
Committee, Zhejiang University. Healthy BALB/c nude mice (4−5
weeks old, weight around 15 g), which were purchased from the
animal center of Zhejiang Academy of Medical Sciences, were used as
a tumor model. BxPC-3 cells (3 × 106) in 0.1 mL of PBS were injected
subcutaneously into the right rear flank area of male nude BALB/c
mice of weight 20 g.

Plasma and Tissue Pharmacokinetics. The in vivo pharmaco-
kinetic study was performed on BxPC-3 xenografts divided into 2
groups (3 mice per group). The mice were injected with a single dose
of 8 mg/kg GEM and d-QDs (8 mg/kg equivalent GEM) via the tail
vein.

Blood samples were withdrawn from the retro-orbital plexus of the
mouse eye at various times (15 min, 30 min, 1 h, 4 h, and 8 h). The
blood samples were centrifuged at a speed of 10 000 rpm for 5 min.
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The obtained plasma was measured using HPLC.48 The mobile phase
consisted of 25 mM ammonium acetate buffer (pH 5) and acetonitrile
(95:5, v/v).
Tumors and normal organs were rapidly excised, rinsed in saline,

weighed, and homogenized in ammonium acetate buffer (pH 5) at
various times (1, 6, 12, and 24 h). Then the tumor samples were
centrifuged at a speed of 5000 rpm for 10 min. The obtained tumor
homogenate was measured using HPLC. The mobile phase consisted
of 25 mM ammonium acetate buffer (pH 5) and acetonitrile (95:5, v/
v).
The area under the concentration time curve was calculated

according to the trapezoidal rule.49

In Vivo Antitumor Efficacy Study. Once the BxPC-3 xenografts
reached around 100 mm3, mice were randomly divided into 5 groups
(3 mice per group) and intravenously administrated saline, free GEM,
mmp-QDs, cb-QDs, and d-QDs (8 mg/kg GEM equivalents) twice
per week for two consecutive weeks. After finishing drug injection,
tumor growth and body weight of the mice were checked twice weekly.
The tumor size was measured using a caliper, and the tumor volume
was calculated as 1/2 × length × width2.
Histological Analysis. In order to track the location of GEM

nanovectors in vivo, the tumor tissues were harvested at 12 h after
injection of mmp-QDs, cb-QDs, d-QDs(nr), and d-QDs (54 nmol/kg
QDs equivalents). Tissue samples were fixed in 4% neutral buffered
formalin, processed routinely into paraffin, sectioned into 4 μm, and
then imaged by a fluorescence microscope.
In order to investigate the proliferation and apoptosis levels in the

tumor tissue after treatment with different formulations by
immunohistochemistry, the tumor tissues were harvested at 24 h
after injection of saline, free GEM, mmp-QDs, cb-QDs, and d-QDs (8
mg/kg GEM equivalents). Tissue samples were fixed in 4% neutral
buffered formalin, processed routinely into paraffin, sectioned into 4
μm, and stained with H&E, Ki67 antibody, and TUNEL. The samples
were examined by an optical microscope.
In order to evaluate the long-term effect of QDs on normal organs,

QDs without GEM loading were injected into the mice with 4
injections (54 nmol/kg QD equivalents per injection). The mice were
sacrificed after 1 month, and major organs (liver, kidneys, and spleen)
were harvested. Organs were then fixed in 4% neutral buffered
formalin, processed routinely into paraffin, sectioned into 4 μm, and
stained with H&E.
Statistical Analysis. The results were expressed as the mean ±

standard deviation (SD). The differences between two groups and
multiple groups were analyzed by Student’s t test and one-way
ANOVA, respectively. The difference was considered as no
significance (n.s.), statistically significant (*p < 0.05) and very
significant (**p < 0.01).
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 In this Progress Report some recent trends and future perspectives towards 
the use of nanomaterials for smart food packaging and quality control of food 
are given. The examples and discussion are meant to illustrate the potential 
use of nanotechnology for food sustainability rather than to review the state 
of the art of nanomaterials in this area, which although expected to have a 
groundbreaking impact on food sustainability is still on an early stage. 

  1.     Food Sustainability 

 The true challenge for our generation is that of sustainability. 
The world population keeps increasing at a rapid pace. We are 
currently close to 7.5 billion and will be close to 10 billion in 
2050, which is only 35 years from now. [ 1 ]  This large world pop-
ulation will need energy, materials, and importantly food for 
itself and for generations to come. At present there are no solu-
tions on how to feed 10 billion people. This is quite obviously 
an important problem that has to be rapidly addressed. While 
in this short position paper we cannot address all aspects of 
food sustainability, we will rather focus on one important part 
of it. Despite feeding ∼6 of the 7.5 billion people in the world, 
we waste ∼30% of the total world food production. This means 
that yearly 1.3 billion tons of food are wasted. If we could avoid 
this waste, the world would make a giant leap towards feeding 
 everybody and allowing for true food sustainability. Among the 
many steps needed to address this problem, we need to have a 
better control of food quality, and we need to have intelligent 
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 Future Perspectives Towards the Use of Nanomaterials for 
Smart Food Packaging and Quality Control 

food packaging that slows the degradation 
process, but also determines when the food 
is truly rotten based on real data. Besides 
these global issues, also in so-called devel-
oped countries quality control during 
food processing, packaging and storage 
is paramount, as potentially the health of 
consumers may be endangered. This has 
lead already to legislation guidelines. [ 2 ]  
Politics and industry have developed sys-

tems to prevent food with undesirable conditions (microbio-
logical, chemical or physical) from reaching the fi nal consumer. 
The most practical approach hereby is a label on most products 
in which a theoretical “expiration date” is detailed. While this 
drastically reduces the risk that food in unacceptable conditions 
may mistakenly be sold, this approach is, however, some kind 
of “over-protective”, i.e. often impeccable food will be disposed, 
just because the expiration date has passed. Unfortunately, it 
is impossible to precisely calculate expiration dates, as these 
depend on a number of external parameters, which cannot 
always be controlled individually. More individual markers, 
i.e. indicators of spoilage, instead of general “expiration dates” 
might be an interesting and useful alternative to optimize the 
product shelf life. Naturally, they would need to be harmless, 
without any risk of food contamination, cheap, and consumer-
friendly. For the interested reader regarding smart packaging 
for monitoring of food quality, we refer to the review article 
by Kuswandi et al. in which the state of the art in this fi eld 
was reviewed with a strong focus on commercially available 
time-temperature indicators (TTIs) and radio frequency identi-
fi cation (RFID) tags. [ 3 ]  As already acknowledged by Kuswandi 
et al., the potential of nanotechnology to enhance current smart 
packaging systems or to motivate new approaches is impressive.  

  2.     Why Nanomaterials? 

 Nanotechnology has provided in the recent years an amazing 
set of new materials and devices, which nowadays are making 
their ways towards applications. [ 4 ]  Beginning from health and 
energy related applications, these materials also have  potential 
to impact everyday life consumer products, as we will describe 
herein in the case of food packaging/quality control. New 
 nanomaterials certainly could provide new impact in this 
 direction. [ 3,5 ]  Many products in the supermarket are packaged 
in standard plastic foils. They prevent direct contact of the food 
with the environment, and shield in particular bacteria. We 
envisage “smart” plastic foils, which provide feedback about 
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potential undesired decomposition / contamination of the food, 
and thus suggest that this product does not retain its optimal 
conditions and therefore should not be consumed anymore. 
Indeed sensors for monitoring of temperature, humidity, 
reducing and oxidizing gases, and volatile organic compounds 
have been successfully integrated on plastic foil. [ 6 ]  There has 
been an ever-growing number of reports on the integration of 
sensing nanostructures on fl exible substrates, [ 7 ]  which might 
have a groundbreaking impact on monitoring systems, for 
instance, in clothing and implants, and clearly in food industry, 
the topic of this report. In addition, nano-based sensors might 
be very useful for rapid in situ analysis of food at critical 
locations (e.g. customs, storage facilities, in situ control of 
food’s transportation, etc.). Last but not least, nanomate-
rials might not be only useful for detecting spoilage but also 
for prevention. Appropriate coatings with antibacterial prop-
erties could be used, as for instance, fi lms derivatized Ag 
nanoparticles (NPs). [ 8 ]  Obviously, biocompatibility, long-term 
stability, and toxicity remain major issues, which will have to be 
further characterized and optimized, particularly in the case of 
direct contact between nanomaterials and food. [ 9 ]  

 In the last years the range of functions which can be 
 performed by NPs has been greatly expanded including 
 antimicrobial activity, sensing of biomolecules and ions, 
tunable optoelectronic properties, light shielding, etc. The 
 versatility in terms of NP-based functionalities, in many cases 
completely novel and different from the bulk, have been 
achieved due to several important developments in colloidal 
chemistry with regards to controlling the size, shape, struc-
ture and  composition, as well as suitable surface coatings. [ 9,10 ]  
Those functional NPs can be easily incorporated in polymer 
matrixes, [ 11 ]  and thus could be readily integrated in plastic foils. 
Shoseyov et al. have made plastic foils from  nanocrystalline 
cellulose, which in combination with integrated ZnO NPs are 
currently introduced as air tight food packaging, which also 
eliminates IR and UV exposure. [ 12 ]  Appropriate surface coatings 
can provide these NPs the ability to sense their environment 
and report the results optically, for example by fl uorescence, [ 13 ]  
or simply by changes in transmitted or refl ected color, [ 14 ]  or 
by electrical readout. [ 15 ]  Thus, NPs could be used as reporters 
of a variety of basic parameters, which are indicators for 
ongoing decomposition, in particular for perishable food. More 
 importantly, nanotechnology allows for monitoring of these 
parameters in real-time.  

  3.     Sensing Spoilage 

 Sensing based on changes of the physicochemical proper-
ties of NPs, which are driven by target analytes, stand as one 
of the most widely explored applications of NPs in the con-
text of life sciences, including sensing of ions and small mol-
ecules, and bio-sensing, that is, detection of biomolecules 
such as proteins and nucleic acids. [ 16 ]  In those sensing nano-
platforms based on direct contact with the analyte, the surface 
of inorganic NPs is typically modifi ed with organic molecules 
such carbohydrates, [ 17 ]  nucleic acids, [ 18 ]  aptamers, [ 15b ]  anti-
bodies, [ 19 ]  combinations of hydrophilic and hydrophobic linear 
chains, [ 20 ]  etc., which have strong affi nity for a target analyte. 
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The analyte’s “catching” event can then lead to a change on the 
physicochemical properties of the NPs such as fl uorescence, 
surface plasmon resonance, conductivity, magnetic relaxivity, 
etc. Indeed, choosing the right composition, size and shape of 
the inorganic core, and the surface functionalization of the NPs 
allows for tailoring the response of nano-based sensing systems 
to specifi c stimuli and thereby, a variety of sensing nanoplat-
forms have been demonstrated. [ 10 ]  The possibilities of such sys-
tems are manifold, ranging from ultrahigh sensitive complex 
approaches [ 21 ]  to affordable easy-to-use alternatives, depending 
on the principle of detection and equipment required. Clearly, 
in the case of sensing spoilage, several indicators such as 
 time-temperature, pH, a variety of volatile compounds, etc. can 
be monitored using such nanosystems. Yet, approaches which 
are simple, easy-to-use, affordable, reliable (even at the cost of 
sensitivity) and which provide real-time signals are required if 
are to be used by the food industry, [ 22 ]  be it as an analytical tool 
for food control or as an element of the packaging. 

 One of the most straightforward and widely used nano-
sensing approach relies on the color change that solutions 
of metallic NPs undergo (directly or indirectly) in the pres-
ence of a particular analyte, i.e. colorimetric sensors based 
on plasmonic NPs. The colorimetric nanosensors are par-
ticularly appealing for sensing food spoilage because they 
are  cost-effi cient, fast and easy to use. In this direction one 
 particularly illustrative example was reported by Zhang et al. who 
proposed a TTI based on the color changes of Au nanorods 

Part. Part. Syst. Charact. 2015, 32, 408–416
- P176 -



© 2014  WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim410 wileyonlinelibrary.com

www.particle-journal.com www.MaterialsViews.com

P
R
O

G
R
ES

S
 R

EP
O

R
T

upon  incorporation of a Ag shell. [ 23 ]  The thickness of the Ag 
shell, which depends on the temperature, could be synchro-
nized with the growth of bacteria. The longer a perishable 
product is exposed to elevated temperatures (regardless of 
the detailed history), the higher is the probability that it will 
start to spoil. This spoilage can be microbiological (among 
others such as oxidation and enzymatic degradation), due 
to the growth of mesophilic bacteria such as  Escherichia coli, 
Listeria monocytogenes,  or  Staphylococcus aureus . All these 
bacteria cause food poisoning, since they are able to multiply 
in the intestine and have an optimum growth  temperature 
around 37 °C in common, in which they start to grow more 
rapidly. Based on this fact Zhang et al. could  correlate the 
change of color of core/shell Au/Ag nanorods with the growth 
of  Escherichia coli  ( E. coli ) bacteria. The longer these bacteria 
are exposed to elevated temperatures (regardless of the detailed 
history), the higher their growth rate becomes. Then the 
longer this system is exposed to elevated temperatures (again, 
regardless of the detailed history), the more the shell growth 
 progresses. The growth of the silver shell is directly correlated 
with a change of color (i.e. blue-shift in the surface plasmon 
band). Thus, the longer these NPs are exposed to elevated 
temperatures, the more their color in solution shifts from red 
to green. In this way, these NPs form a chronochromic TTI, 
which can be directly observed by eye. The more this indicator 
has been shifted from red to green, the longer the embedded 
product has been exposed to elevated temperatures and the 
higher the numbers of bacteria will be. [ 23 ]  A little color spot 
on the packaging foil, without any direct contact with the 
embedded food, thus could be an indirect indicator for the 
degree of bacterial contamination. 

 Besides overgrowth of Au NPs with Ag, also  agglomeration 
of Au NPs can be easily observed by naked eye, cf.  Figure    1  . 
This effect is due to the plasmon coupling of the adjacent 
NPs and this effect has been used for decades for molecular 
assays. [ 24 ]  In this direction plasmonic Au NPs have been applied 
to quantify contamination with mercury. [ 25 ]  Presence of Hg 2+  
causes a specifi c agglomeration of modifi ed Au NPs, as indi-
cated by the color change of the Au NP solution from red to 
blue, cf.  Figure    2  . With the same concept it was also possible to 
control the amount of proteins in milk products, to guarantee 
their quality. As pointed out, color changes of these particles 
offer a straightforward read-out, which can be observed with 
the naked eye. Milk and other dairy products are vital protein 
sources. A quick method to quantify the amount of proteins in 
milk is thus very useful for consumers, as well as producers 
and distributors. Zhu et al. have reported a convenient system 
based on functionalized gold NPs combined with click chem-
istry. [ 26 ]  The assay is based on the fact that the peptide chains 
of proteins can reduce Cu(II) to Cu(I), depending on the abso-
lute quantity of the peptide bond, and Cu(I) then catalyzes the 
click reaction between azide-/alkyne-functionalized gold NPs, 
cf.  Figure    3  . Presence of proteins thus results in the aggrega-
tion of the Au NPs, leading to the typical color change from 
red to purple. [ 27 ]  With this method, the amount of proteins can 
be quantifi ed within the range from 30 to 2500 µg/mL In the 
same direction, Song et al. reported on a colorimetric test based 
on Ag NPs for the detection of melamine, an illegal toxic addi-
tive in milk. [ 28 ]  The authors proposed Ag NPs functionalized 
with chromotropic acid, which in the presence of melamine 
induce NPs aggregation and thus, a color change from yellow 
to orange. 

Part. Part. Syst. Charact. 2015, 32, 408–416

 Figure 1.    Dispersed gold NPs have distinct color, as shown here for solutions of colloidal gold with NPs core NP diameters of 2, 5, 50, 100, and 
200 nm (from Tedpella, Inc). Their plasmon absorption peak (for Au NPs > 2 nm) lies in the green, and thus solution in refl ection appear red. Upon 
agglomeration the plasmons of adjacent NPs couple, which shift the plasmon absorption to the red, i.e. the solution appears more bluish. Parts of 
this image reproduced with permission from Faraday. 
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    In the same way agglomeration of Au NPs and the  subsequent 
red-shift of their absorption can be used for  detection of nucleic 
acids, following the classical approach by Mirkin et al. [ 29 ]  As 
example, for the detection of pathogenic  Vibrio cholerae   (foodborne 
pathogens responsible for cholera, a common diarrheal illness) 
in food samples, Guo et al. developed a sensitive method to 
detect nucleic acids with the use of the target oligonucleotide-
modifi ed Au NPs, which undergo target-induced Au NP dimer 
formation upon presence of the target nucleotide. [ 18 ]  This 
sensor turned out to be much more sensitive than a commonly 
used sensor fabricated using conventional strategies. This 
signifi cant improvement in sensitivity can be largely attributed 
to the Y-shaped DNA duplex upon hybridization, the formation 
of which enables two linked Au NPs to be pulled together to 
a very close distance, yielding a maximum color change. The 
ability of the sensor to rapidly detect unamplifi ed genomic DNA 
isolated from foodborne pathogens in a complex sample matrix 
might have important applications, in particular in the sense 
that this method might circumvent the need to  culture bac-
teria before any assay. The straightforward read-out shown 

in these assays makes them very convenient  indicators of 
food  contamination. It has to be noted, however, that in these 
 analytical assays (in contrast to the TTI based on Au/Ag 
nanorods) direct chemical contact of the sensor  components 
(Au NPs, Ag NPs, enzymes, substrates, etc.) in solution 
still is necessary, and therefore requires  additional steps for 
 incorporation into food packaging. 

 While the so-far mentioned examples are based on direct 
 colorimetric read-out, also fl uorescence is a signal that 
 conveniently can be detected. [ 30 ]  There is a variety of potential 
applications for such read-out. Upon their presence specifi c 
analytes can change the color and/or intensity of fl uorescence of 
NPs upon UV exposure, which provides and easily  detectable 
optical signal. This principle has been used for example for the 
direct detection of toxins, which are excreted from  bacteria. [ 31 ]  
Sapsford et al. modifi ed the surface of fl uorescent NPs 
 (so-called quantum dots) with specifi c peptide sequences that 
bear an additional organic fl uorophore at their free end. This 
fl uorophore is in resonance with the quantum dot, in a process 
called fl uorescence resonance energy transfer (FRET). Certain 
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 Figure 2.    Highly sensitive, colorimetric detection of mercury(II). Presence of Hg 2+  causes the specifi c agglomeration of Au NPs, which can be seen 
in the transmission electron microscopy images, as also in the change of color of the solution from red to blue. Reproduced with permission. [ 25 ]  
Copyright 2010, ACS.
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toxins, in this case botulinum neurotoxins, specifi cally cut the 
peptides, the fragment with the organic fl uorophore diffuses 
apart, and FRET is stopped, which can be observed as change 
in the fl uorescence color. [ 31 ]  While not as easy to observe as 
refl ected or transmitted color, also such kind of fl uorescence 
changes could be directly observed by a customer in a super-
market by holding the packaging foil against illumination, 
although again, direct contact of the sensor with the food would 
be required. Recently, such detection has been made possible 
with the camera of a smartphone. [ 30 ]  Please note, while changes 
in intensity would be hard to quantify, the here mentioned 
sensors are based on spectral changes, i.e. on changes in the 
color of fl uorescence. A variety of different surface modifi ca-
tions hereby allows for detection of several contaminants in 
parallel. [ 32 ]  

 In addition, combinations of both read-outs are possible 
as highlighted in the following example. Pesticides are widely 
used in the production of fruits and vegetables. They exert 
 toxicity on human health through their residues in  agricultural 
products and contamination of water. Organophosphorus 
compounds and carbamates are the pesticides most widely 
used in  agriculture. Liu et al. developed a sensitive assay with 
dual read-out (colorimetric and fl uorimetric) for these two 
classes of  pesticides, which uses rhodamine B-covered gold 
NPs and makes use of the inhibition of acetylcholinesterase 
(AChE) by organophosphorus and carbamate pesticides. [ 33 ]  The 
 fl uorescence of rhodamine B, which is pre-immobilized on the 
surface of the gold NPs, is quenched. Upon presence of AChE 
and acetylthiocholine (ATC) the solution turns from red (dis-
persed gold NPs) to blue (agglomerated gold NPs) and further-
more the green fl uorescence of rhodamine B can be observed, cf. 
 Figure    4  . The reason is that AChE converts ATC to  thiocholine, 

which has a higher binding affi nity to the gold NPs than 
rhodamine B, thus releasing rhodamine B into solution, where 
the quenched fl uorescence is recovered. Moreover, the gold 
NPs, now partly covered with rhodamine B and partly with 
 thiocholine, attract each other due to the opposite charges of 
rhodamine B and thiocholine, leading to agglomeration and 
thus blue color of the solution. In presence of organophosphorus 
or carbamate pesticides AChE is inhibited, leading to less 
 fl uorescence and agglomeration of the gold NPs in the  solution. 
Concentrations of the pesticides are determined using calibra-
tion curves of fl uorescence and absorbance. With this method, 
the lowest detectable concentrations for several types of 
pesticides including carbaryl, diazinon, malathion, and phorate 
were measured to be 0.1, 0.1, 0.3, and 1 µg/L, respectively. Most 
importantly, this assay also allows for  pesticide detection in 
complex samples such as agricultural products (tomatoes and 
cucumbers) and river water. 

  The advantage of using NP-based sensors as described above 
is the possibility for convenient direct optical read-out, either 
by naked eye or by very simple optical devices such as the inte-
grated camera of a smartphone. There are, however, also sev-
eral other detection schemes. Some contaminant molecules 
could also be detected directly, once they adsorb to the surface 
of gold or silver (i.e. plasmonic) NPs with an effect called sur-
face enhanced Raman scattering (SERS). [ 34 ]  For the interested 
reader, we refer to the review of J. Zheng and L. He about SERS 
for the chemical analysis of food, which covers the state of the 
art of SERS detection of small analytes in food, including food 
additives, pesticides, antibiotics and illegal drugs, melamine, 
illegal food dyes and small-molecule toxins. [ 35 ]  While read-out 
of SERS signals could not be done directly by eye, portable 
detectors in this direction will be available in the future. Due to 

Part. Part. Syst. Charact. 2015, 32, 408–416

 Figure 3.    Click-chemistry based assay for proteins. Presence of proteins reduces copper (II) to copper (I). Cu +  triggers agglomeration of Au NPs 
which can be observed as red-shift in the absorption spectra, i.e. in a color change of the solution from red to blue. Reproduced with permission. [ 26 ]  
Copyright 2012, ACS.
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the sharp Raman bands with this technique, potentially many 
different molecules can be detected in parallel, without the 
need to introduce any label. [ 36 ]  

 Besides optical read-out, also electrical read-out via small 
cost-effective devices created with printed electronics on pack-
aging foils can be foreseen. [ 6 ]  Classical routine methods for 
molecular analysis, such as fi eld-effect transistors (FETs) and 
electrochemiluminescence are somewhat limited in their 
application towards the direct customer-based analysis of food-
related samples. NPs, however, can drastically improve the 
effi ciency of such methods of detection. This offers a transi-
tion from large-scale devices to much smaller detectors. This 
is demonstrated for example by using carbon nanotubes for the 
detection of bacteria. [ 37 ]  Adsorption of bacteria can change the 
conformation and thus, electronic structure of nanomaterials, 
which in change can be electronically detected. [ 37 ]  The NPs can 
also allow for a local accumulation due to specifi c binding of 
the analytes. Cho et al. have shown in this direction a simple 
electric readout for very low levels of toxic ions in food. [ 20 ]  In 
order to better demonstrate the state-of-the-art of such devices 
two examples for quality control of mussels are given. Seafood, 
such as mussels, faces some serious contamination problems, 
such as heavy metals, toxins, etc. Mercury is one of the most 
common toxic heavy metals found in seafood, and its detection 
is important. An et al. described the fabrication and characteri-
zation of a liquid-ion gated FET-type fl exible graphene aptamer-
based sensor with high sensitivity and selectivity for Hg. [ 15b ]  
The graphene aptamer-based sensor had excellent sensing 
performance down to very low concentrations of 10 pM, which 
has been claimed to be 2–3 orders of magnitude more sensi-
tive than previously reported mercury sensors using standard 
electrochemical systems. The fl exible graphene aptamer-based 
sensor showed a very rapid response, providing a signal in less 
than 1 s, when the Hg ion concentration was altered in mussel 
samples. [ 15b ]  Another example of improved detection effi ciency 

is the detection of palytoxin (PITX, a very potent toxin) in sea-
food using electrochemiluminescence. Zamolo et al. developed 
an ultrasensitive electrochemiluminescence-based sensor for 
the detection of PITX, taking advantage of the specifi city pro-
vided by anti-PlTX antibodies, the good conductive properties 
of carbon nanotubes, and the excellent sensitivity achieved by 
a luminescence-based transducer. [ 38 ]  The sensor was able to 
produce a concentration-dependent light signal, allowing PlTX 
quantifi cation in mussels, with a limit of quantifi cation (LOQ = 
2.2 µg/kg of mussel meat). This is more than 2 orders of mag-
nitude more sensitive than that of the commonly used detection 
techniques, such as Liquid Chromatography Mass Spectrom-
etry (LC-MS) or other Mass Spectrometry techniques (MS). [ 38 ]  
These examples demonstrate that due to the excellent trans-
ducer properties of nanomaterials smaller devices are possible. 

 So far we have discussed detection of “direct” contaminants, 
such as bacteria, toxins, heavy metal ions. However, food 
spoilage upon storage can be also detected by several indirect 
indicators. One important cause of food spoilage is the oxygen 
content in the package. Increase in oxygen can lead to different 
effects, such as the decrease of the ascorbic acid content, enzy-
matic browning, the possibility of growth for aerobic bacteria, 
and the oxidation of unsaturated fatty acids, aromas and color-
ants. [ 39 ]  Although the food industry uses different techniques 
such as modifi ed atmospheres to avoid the initial headspace 
content of oxygen in certain products, there is always an 
increase of oxygen content over time due to the permeability of 
the package material. In order to monitor the oxygen content in 
food packages, the Mills group developed a colorimetric redox 
dye-based indicator that gradually changes the color with small 
amounts of oxygen using TiO 2  NPs mixed with methylene blue 
in water. [ 40 ]  This sensor must be activated by UV light exposi-
tion on the TiO 2  NPs to generate electron–hole pairs that oxi-
dize the sacrifi cial electron donor (in this case triethanolamine), 
which leads to an accumulation of the photogenerated electrons 
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 Figure 4.    Highly sensitive, dual-readout assay for organophosphorus and carbamate pesticides. Reproduced with permission. [ 33 ]  Copyright 2012, ACS.
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on the TiO 2  NPs. These electrons fi nally reduce the redox dye 
and thus change its color. Incorporation of such oxygen sensors 
in food packaging would allow for on-site indication of spoiled 
food. Most importantly, this sensor would not require direct 
contact with the food and could be integrated in an oxygen-per-
meable compartment within the package material. 

 As important as the oxygen content is the moisture inside the 
package, which can give an idea of the freshness of a product. 
Luechinger et al. designed a sensor using 20–50 nm carbon-
coated copper NPs dispersed on a several micrometer thick 
hybrid fi lm. [ 41 ]  This sensor was based on a surface plasmon res-
onance shift due to the water uptake of the fi lm, affecting the 
membrane thickness at high relative humidity. Once this fi lm 
was exposed to atmospheres with different water vapor con-
tent, it got sensitively colored with spectral shifts around 50 nm 
per % of relative humidity in a range of 70–80% relative 
humidity. At low humidity, the effect could be assigned to sur-
face plasmon resonance shifts, whereas thin-fi lm interference 
within a condensed water or solvent layer forming on top of the 
fi lm accounted for the intense coloration at higher humidity. 
The present results suggest use of such porous hybrid metal/
polymer fi lms as an economically attractive alternative to 
electronic-circuit-based humidity sensing. Again, this optical 
humidity detection principle would not require direct con-
tact with the food and could be integrated within a separated 
 compartment with water-permeable enclosure. Also pH can 
be an important indicator for the quality state of food. [ 42 ]  It can 
easily be detected optically with NPs, for example by changes in 
fl uorescence color, which can be observed under UV light. [ 13 ]  
However, in this case contact with the food is required. 

 Besides oxygen, moisture and pH, several volatile com-
pounds can be indicative of food spoilage, or even food fresh-
ness. [ 43 ]  For instance, some volatile compounds are directly 
related to the health and nutritional value of some vegetables 
(e.g. tomato [ 44 ]  whereas others (e.g. trimethylamine, dimeth-
ylamine, ammonia, esters, alcohols, ethylene, etc.) can be 
indicators of spoilage, for instance, in fi sh, [ 45 ]  meat, [ 46 ]  eggs [ 47 ]  
and fruits. [ 48 ]  As previously stated, nanotechnology and new 
printing technologies allows for integration of multiple gas 
sensors on plastic and fl exible substrates, thereby providing 
the foundations for cost-effi cient sensors, which could be used 
for real-time monitoring of several volatile indicators of food 
spoilage as well as temperature and humidity in parallel. [ 6 ]  
In this direction, Pandey et al. reported on a fl exible resistive 
nano-based sensor for ultrasensitive detection of ammonia, [ 49 ]  
one of the common volatiles resulting from microbial degra-
dation of food. [ 45 ]  The sensor relies on current changes upon 
adsorption of ammonia on fi lms of nanocomposites formed 
by Ag NPs and guar gum, a type of polysaccharide. Indeed, 
an optical sensor for ammonia based on this nanocomposite 
has been also demonstrated, though in this case in solution. [ 50 ]  
In contrast to other common gas sensors which require high 
temperature operation, the ammonia nanocomposite based 
sensor proposed operates at room temperature and further-
more, it presents fast response/recovery. Such a fl exible fi lm 
ammonia sensor could be readily integrated on food pack-
aging. Given the state of the art of printing & organic elec-
tronics, we envisage “smart” labels on food packaging, which 
by multiple nano-based sensors (temperature, humidity, and 

volatiles) can warn consumers, producers and distributors of 
potential food spoilage.  

  4.     Preventing Spoilage 

 Nanomaterials may help not only to detect contamination, but 
also to reduce it, which will be explained for the cases of bac-
teria, heavy metal ions, and oxygen as examples. While silver 
NPs with their antibacterial properties [ 51 ]  might not be wanted 
for food packaging due to potential cytotoxic effects by release 
of Ag +  ions (though they might be negligible), also other anti-
bacterial NPs are known, which are made from more biocom-
patible materials. Zhao et al. showed that also gold NPs can 
be potent antibiotics, particularly for multi-drug resistant bac-
teria. [ 52 ]  While they have not demonstrated their use in the food 
industry yet, it can be envisioned that using gold-based mate-
rials for killing germs in food might be safer than silver, as 
small amounts of gold are already approved and consumed as 
food in the form of gold foil. The group of Aaron Gedanken has 
pioneered the use of zinc oxide and titanium oxide NPs as anti-
bacterial agents, [ 53 ]  which have been used in many consumer 
products over years. While so far mainly used for textiles, [ 54 ]  this 
group has demonstrated that these NPs can be incorporated 
without problems in synthetic polymer fi lms. In order to mini-
mize any potential contamination of food, the packaging foil 
also could be built in double-layer geometry, thus preventing 
any direct contact of the sensor/antibacterial coating with the 
food. In the same direction, nanomaterials could also be used 
to (partly) remove toxic substances. For this, specifi c recogni-
tion leading to binding of the toxic molecules and thus to their 
removal is required. Due to their high surface-to-volume ratio, 
nanomaterials here offer clear advantages over bulk material. 
An example in this direction was given by Ojea-Jimenez et al., 
who used NPs to remove toxic ions from water. [ 55 ]  Also oxygen 
can be removed by oxygen scavengers, which is already used for 
food preservation. [ 56 ]  One of the most traditionally used oxygen 
scavengers is iron powder, which is separately packaged in small 
sachets in order to avoid direct contact with the food. Oxygen 
reduction is based on the oxidation of the iron. [ 57 ]  For the same 
purpose, iron NPs have been used as oxygen scavengers, in this 
case attached to one of the inner permeable polymer layers of 
the multilayered package, again in a way which prevents direct 
contact with the product. [ 58 ]  These Fe NPs were attached in kao-
linite forming micrometric structures, leading to the formation 
of active nanocomposites that act as passive barriers avoiding 
gas diffusion through the membrane and as reductants due 
to the reactivity of the Fe NPs. In this case the big surface-to-
volume ratio of the NPs is the key point. [ 58 ]  

 Last in this section, we want to acknowledge the pres-
ence in food industry of several products based on nanoclays 
(i.e. naturally occurring nanoparticles of layered aluminium 
 silicates), [ 59 ]  which are already commercially available, such 
as Imperm, Aegis, and Durethan. [ 60 ]  In these products, 
nanoclays are incorporated into plastics, which are used to 
produce  bottles, providing improved barrier properties for 
retaining CO 2  and keeping out O 2  (keeping beverages fresher 
and extending shelf life) and improved stiffness (nanoclays 
reinforcement).  

Part. Part. Syst. Charact. 2015, 32, 408–416
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  5.     Perspective 

 While the above mentioned examples clearly need to be seen 
as examples to illustrate a fi eld still in its infancy, we believe 
that smart nanomaterials offer the potential for many disrup-
tive technologies to be widely used in the future for food pack-
aging applications. Compared to existing methods, which are 
usually dependent on bulky instruments, and are thus not 
suitable for on-site detection, the illustrated approaches allow 
convenient protocols and straightforward read-outs. Read-outs 
of NPs, in particular optical read-out, which relates molecular 
events to colorimetric and fl uorimetric signals, [ 61 ]  can be pos-
sible with the naked eye or simple tools such as standard digital 
cameras. This, together with the fact that nanomaterials can be 
integrated into standard matrixes, in particular in the detection 
schemes where no direct chemical contact with the food sample 
is required, [ 23 ]  will allow for small and reasonably inexpensive 
integrated sensor devices. While nowadays customers upon 
inspecting a product in the supermarket look on the expiration 
date, in the future this might be a small and easily to under-
stand sensor integrated into the packaging foil, which by means 
of a color code indicates onset of decomposition or contamina-
tion. Clearly, smart nano-based packaging systems have a long 
way ahead in order to be incorporated by the food industry. 
Issues such as nanoparticle toxicity (e.g. release of toxic metal 
ions), nanoparticle ecotoxicity, recycling (e.g. plastic foils which 
contain NPs) and regulation of the use of NPs in food, are still 
to be addressed. As the population grows and food becomes 
increasingly more precious and sustainability becomes more 
accepted, maybe in the future intelligent web-connected pack-
agings will be used to detect the onset of degradation and pre-
vent waste of edible food.  
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The use of nanotechnologies involving nano- and microparticles has increased tremendously in the recent past.
There are various beneficial characteristics that make particles attractive for a wide range of technologies. How-
ever, colloidal particles on the other hand can potentially be harmful for humans and environment. Today, com-
plete understanding of the interaction of colloidal particles with biological systems still remains a challenge.
Indeed, their uptake, effects, andfinal cell cycle including their life span fate anddegradation in biological systems
are not fully understood. This is mainly due to the complexity of multiple parameters which need to be taken in
consideration to perform the nanosafety research. Therefore, we will provide an overview of the common de-
nominators and ideas to achieve universal metrics to assess their safety. The review discusses aspects including
how biological media could change the physicochemical properties of colloids, how colloids are endocytosed by
cells, how to distinguish between internalized versusmembrane-attached colloids, possible correlation of cellular
uptake of colloids with their physicochemical properties, and how the colloidal stability of colloids may vary
upon cell internalization. In conclusion three main statements are given. First, in typically exposure scenarios
only part of the colloids associated with cells are internalized while a significant part remain outside cells at-
tached to their membrane. For quantitative uptake studies false positive counts in the form of only adherent
but not internalized colloids have to be avoided. pH sensitive fluorophores attached to the colloids,which can dis-
criminate between acidic endosomal/lysosomal and neutral extracellular environment around colloids offer a
possible solution. Second, the metrics selected for uptake studies is of utmost importance. Counting the internal-
ized colloids by number or by volumemay lead to significantly different results. Third, colloids may change their
physicochemical properties along their life cycle, and appropriate characterization is required during the differ-
ent stages.
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1. Introduction
Due to the increased industrial usage of nanoparticles (NPs) andmi-
croparticles (hereafter, both will be simply referred as particles or col-
loids), our environment is increasingly exposed to such colloids (Mani
et al., 2015). Nowadays, a wide range of nanomaterials are engineered
for a variety of purposes, including medical applications. In addition to
that, a lot of waste is mechanically and biologically degraded into
small colloidal fragments (Sharma et al., 2015). Based on that, evalua-
tion of potential risk of colloids associated to human exposure, produc-
tion, fate, toxicity, etc., became important aspects to investigate. A
variety of studies addressing the interactions of colloids with cells and
mechanism of their toxicity are found. In order to understand how bio-
logical environment copes with exposure to colloids, it is important to
understand the basic mechanisms. A first step into this direction is to
correlate the physicochemical properties of colloids to their effects on
human health and environment, as well as for desired application.
Such particle-cell studies will also benefit the development of future
nanomedicines, i.e. providing guidelines facilitating specific delivery to
the target sides. One important aspect is the amount of internalized par-
ticles. One may assume that in general toxicity of particles is bigger for
internalized than for extracellular particles. Therefore, a better under-
standing of the uptake routes of colloids in cells is required, which will
lead to comprehend and develop the targeting strategies for successful
delivery systems.

Whilemany exposure scenarios are complex, studying the uptake of
colloids with well-defined properties with cell systems and to analyze
their effects in vitro are a good start towards a fundamental understand-
ing. Such approaches can be used for the investigation of main mecha-
nisms, but obviously the complexity of in vivo cell environments
cannot be emulated to a full extent. In otherwords, in basic in vitro stud-
ies complexity is sacrificed for simplicity.

In general, when cells are exposed to colloids of sizes ranging
from nanometer to lower micrometer scale, they take the majority
of these particles mostly through endocytosis-like mechanisms
(Nazarenus et al., 2014; Iversen et al., 2011; Sahay et al., 2010).
However, there are a few studies claiming that colloids could also
translocate through the cell membrane via a passive mechanisms,
such as transient pore formation. While under some restricted con-
ditions (i.e. very small size) such scenarios may exist, endocytosis is
the dominant pathway of particle entry in cells.

The sensing and entry portal responsible for the cellular uptake of
colloids depends, to some extend, on the physicochemical properties
of the materials (Lerch et al., 2013; Meng et al., 2011; Schweiger et
al., 2012). There are many basic physicochemical properties of col-
loids such as size, shape, surface charge, stiffness, catalytic reactivity,
etc. However, many of them are interconnected (Rivera Gil et al.,
2013). Changes in one physicochemical property can significantly af-
fect other properties of the colloids. In general it is thus not straight
forward to design studies in which only one physicochemical param-
eter is varied, while the others are kept constant. Furthermore, the
properties of particles may change over time (Bastus et al., 2008;
Casals et al., 2014, 2010; Soenen et al., 2015). This in particular be-
comes true in case colloids have been internalized by cells
(Kreyling et al., 2015; Feliu et al., 2016a). In this way the particle
properties are dependent on multiple parameters and for this rea-
son, knowledge is still not comprehensive (Krug, 2014). Those fac-
tors are very important to be consider when evaluating the
potential use of colloids for biomedical application, as well as for
evaluating their possible risks of usage (nanosafety profile). Still,
while in general conclusions on how physicochemical properties of
colloids relate with cellular effects, including uptake are reported
frequently in literature, we emphasize that further investigation on
nanoparticle-cell interaction is required (Torrano et al., 2013).

Also the metrics to define the amount of colloids to which cells are
exposed, is still subject to interpretation. On the other hand, themetrics
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to quantify the uptake of colloids by cells is crucial for quantitative anal-
ysis (Taylor et al., 2014; Feliu et al., 2016b; Oberdörster et al., 2005). In
fact different groups apply different metrics, which complicates meta-
analytic comparison among different literature results. In this review a
brief discussion of these aspects will be explored, with the aims to
find out a common denominators and ideas to achieve a universal met-
rics to assess the interaction of colloids by cells (see Scheme 1).

In the present review the toxicology responses of cells to particles
are not deeply discussed, neither targeting strategies for directing the
biodistribution of particles. Instead, focus is given about pointing out se-
lected fundamental concepts concerning the cellular uptake of colloids.
However the aspects discussed could be applied in the context toxicol-
ogy, targeting, etc.

2. Colloids are endocytosed by cells

On regard to endocytosis, there are many different endocytosis-
pathways that might be involved (Canton and Battaglia, 2012;
Mayor and Pagano, 2007; Conner and Schmid, 2003). Textbooks re-
port two main endocytic pathways occurring in cells. Phagocytosis
is mainly employed for phagocytic cells such as macrophages, or ep-
ithelial cells. Pinocytosis employs for most eukaryotic cells. This
endocytic pathway can be further divided in different subcategories,
such as macropinocytosis, clathrin- and caveolae-mediated endocy-
tosis, as well as clathrin- and caveolae-independent endocytosis
(Yameen et al., 2014). Endocytosis is the predominant pathway for
particle entry into cells. Importantly, colloids can also be exocytosed.
The intracellular localization and final destination of colloids will de-
pend on the uptake mechanisms (pathways) (Beddoes et al., 2015).
The pathway will be determined by the different properties such
size, shape, surface chemistry, etc. of colloids, and by the type of
cells that are exposed. Both, the synthetic and biological identities
of the material (Fadeel et al., 2013) have a key role in determining
how cells sense colloids and how this dictates their uptake mecha-
nisms (Florez et al., 2012; He et al., 2010). This applies for both, pas-
sive and active delivery strategies.We refer to passive cell delivery as
the “nonspecific” uptake processes that merely depends on the basic
physicochemical properties of the particles, whereas for active or
targeted delivery to cells, we refer to particles carrying specific delivery
agents, such as ligand, peptides, etc. (Yameen et al., 2014). Several ex-
amples in the literature showing the different uptake mechanisms
that occurs when NPs are exposed to or are in contact with cells are
summarized in Table 1.

Whilemechanistic insight into the cellular internalization of colloids
is essential for the development of successful nanotherapeutics, the best
approach on how to design colloids to control and dictate the uptake
mechanism by cells, is still under investigation. Nowadays there is still
an open discussion on the efficiency and efficacy of targeting motifs
on particles for achieving the desired target. In the light of the current
literature, it is still not possible to give a reliable prediction of the
most likely endocytic uptake pathways for a colloid with known physi-
cochemical properties. However, it is well established that after the
endocytic uptake of colloids, they are initially located and encapsulated
in highly acidic intracellular vesicles and not free in the cytosol
(Delehanty et al., 2010; Medintz et al., 2005), cf. Fig. 1. In general, endo-
cytosis of colloids frequently culminates with lysosome internalization
(Stern et al., 2012). There are some cases reporting that ultra-small col-
loids could enter cells via transient pores in the cell membrane and thus
directly enter the cytosol (Lin and Alexander-Katz, 2013; Wang et al.,
2012; Shi et al., 2011). However, those cases are exceptions based on
particular physicochemical properties as already stated above. For the
vast majority of colloids, they are engulfed first by membrane-based
vesicles, from which they can be in certain cases released. There are re-
ports about endosomal escape (Delehanty et al., 2010; Medintz et al.,
2005), which can lead to translocation of the particles to the cytosol.
The question remaining is to know how to control such processes and
6 -



Scheme 1. Overview of the differents aspects to be consider when evaluating quantitative uptake of colloidal particles by cell cultures.
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to learn about the transformation and effects of particles inside the ves-
icles. Several strategies liberate sequestered colloids (within vesicles)
have been proposed. For instance, Delehanty et al. demonstrated that
an amphiphilic peptide linked to quantum dots (QD) could mediate
the rapid QD uptake by endocytosis, followed by a slower efficient
endosomal release to the cytosol (Delehanty et al., 2010; Mattoussi et
al., 2012). However, the dynamic transformation process that occurs
to the particle inside the vesicles that determine its final fate remains
unknown. Efforts in that direction are needed to find out new strategies
that will allow studying such complex system.

3. Distinguishing internalized (endocytosed) versus membrane-
attached colloids

As colloids are generally incorporated by cells upon in vitro expo-
sure, protocols are required to quantify uptake. In principle, this looks
like a straight forward task. Based on the physicochemical properties
of the colloids such as the chemical composition, size, fluorescence,
etc., and on the cellular structure of interest several techniques have
been proposed including microscopic approaches and elemental analy-
sis. In the case of fluorescent colloids, their uptake can be quantified in
terms of intracellular fluorescence (Hühn et al., 2013), which is possible
by flow cytometry or optical microscopy. In the case of inorganic col-
loids their uptake can be quantified by transmission electron microsco-
py (TEM) or in terms of atomic concentrations of the inorganic elements
by mass spectrometry (Mahmoudi et al., 2013). For mainly organic or
polymeric particles TEM provides less contrast than for particles com-
prising high atomic weight compounds such as gold. Also mass spec-
troscopy is easiest to be performed on particles composed out of
elements which are not typically present in cells. Some of these
methods have no lateral or limited resolution. Classical element analysis
via mass spectroscopy does not provide any lateral resolution in case it
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is not combinedwith local ablation ofmaterial. Alsoflow cytometry typ-
ically does not provide information about the location of the particles, it
merely registers fluorescent event. Optical microscopy on the other
hand allows for lateral resolution, which however is limited by the re-
fraction limit of a few 100 nm. Therefore, in the particular case of
small colloids, it is most of the time not directly possible to discriminate
between the actual internalized colloids and the colloids just adherent
to the outer cellmembrane. Thorough rinsingmaynot be robust enough
to remove the adherent colloids before quantification measurements,
more rigorous purification techniques such as the use of enzymes (e.g.
trypsin) should be used. Etching of metal particles remaining attached
to the outer cell membrane has been used to improve rinsing (Braun
et al., 2014). Nevertheless, these techniques may have effects on the
cell membrane altering cellular behaviour. Therefore, additional strate-
gies to quantify uptake are desirable. Welsher and Yang recently devel-
oped amulti resolution three-dimensional methodology tomonitor the
cellular uptake of peptide NPs by using two-photon microscopy. The
technique allows for visualizing single NP uptake by cells and transport
in vesicles via live tracking. The authors evaluated and quantified the
deceleration of NP as they approached the cellular membrane, revealed
the details of the early cellular uptake dynamics of NPs, and in this way
demonstrated the feasibly of the technology (Welsher and Yang, 2014).
Further application and development on that directionwill enable valu-
able knowledge on NPs uptake and delivery.

Alternatively, as endocytosis-likemechanisms are responsible for in-
ternalization of colloids inside cells, this knowledge allows for
distinguishing between endocytosed and adhered colloids. First, upon
immunostaining of endosomes/lysosomes, co-localization analysis pro-
vides informationwhether colloids are inside these intracellular vesicles
and have been therefore internalized (Kastl et al., 2013; Parakhonskiy et
al., 2015), cf. Fig. 1b. Second, endocytosed colloids reside in acidic intra-
cellular vesicles. By using pH-sensitive fluorophores, internalization of
 -



Table 1
Mechanisms for cellular uptake of particles.

Reference Nanoparticles Size
(physical diameter)

Zeta potential
(mV)

Cell Exposure conditions Mechanism of uptake Comments

Zielinski et al. (2016) Silica-indocyanine 44
green/poly
(ε-caprolactone) (PCL)
NPs.

80–100 nm −19.9 ± 1.2 Murinemicroglial cells
(N9)

3.8·1010/mL particles in
DMEM

Macropinocytosis and
phagocytosis

The uptake of PLLA NPs was less
prominent compared to the
uptake of PCL particles in both
microglia cell conditions, which
is possibly due to differences in
the surface charge of the NPs.

Silica-indocyanine
green/poly
(ε-caprolactone-poly
L-lactide) 46 (PLLA) NPs.

−27.7 ± 1.5 3.3 × 1010 particles in
1 mL DMEM

Huefner et al. (2014) Citrate-capped spherical
Au NPs

40, 60 nm and 100 nm −27.7 ± 1.5 Undifferentiated (UDC)
and differentiated (DC)
SH-SY5Y cells, a human
neuroblastoma cell line.

Incubated with
citrate-capped spherical Au
NPs (40, 60 and 100 nm) at
a concentration of 200,000
particles per cell,
independent of particle
size for 24 h and 48 h.

Endocytosis The cellular uptake is dependent
on size and incubation time.

Gliga et al. (2014) Citrate coated Ag NPs 10, 40, and 75 nm Normal bronchial
epithelial cell line
(BEAS-2B)

Exposed to10 μg/mL of
each of the Ag NPs
dispersions for 24 h.

Endocytosis Small Ag NPs (10 nm) are
cytotoxic for human lung cells.
The toxicity observed is
associated with the rate of
intracellular Ag release, a ‘Trojan
horse’ effect.

PVP coated Ag NPs 10 nm
PVP uncoated Ag NPs 50 nm

Dalal et al. (2016) Polyacrylate coated folate
functionalized CdSe/ZnS
core-shell quantum dots
(QD) of varied
multivalency
such as:

Hydrodynamic diameter Human cervical cancer
cell line HeLa and KB
cells.

Incubated with 30 μL QD
samples for 3 h.

(Endocytosis) Lower multivalency (typically
b10) of NPs is important for
efficient subcellular targeting
and multivalency plays an
important role for cellular
endocytosis.

QD (folate)10 ~35–40 −20 Caveolae
QD (folate)20 ~40–45 −20 Caveolae and clathrin
QD (folate)40 ~45–50 −17 Clathrin
QD (folate)110 ~45–50 −14 Clathrin

Forte et al. (2016) Fluorescein
isothiocyanate PS NPs
(NP44)

44 nm −37.57 ± 0.46 Gastric adenocarcinoma
(AGS) cells

Incubated with 10 μg/mL
NP dispersions in
serum-free medium (1 h at
37 °C)

Clathrin-mediated
endocytosis pathway

NP44 accumulate rapidly and
more efficiently in the
cytoplasm of AGS as compared
to NP100Rhodamine PS NPs

(NP100)
100 nm −34.97 ± 0.62

Lai et al. (2015) Stem cell
membrane-camouflaged

141.1, 391.1, and 282.9
nm in DI H2O, 25%, and

TRAMP-C1 and
immortalized murine

STM-SPIO NPs were added
to the cells at final Fe

Phagocytosis A coating of STM on the SPIO
NPs significantly decreased the
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superparamagnetic iron
oxide NPs
(STM-SPIO NPs)

50% serum, respectively. macrophages (RAW246.7
cell)

concentrations of 10, 20 or
30 μg/mL and were then
incubated for 4 h.

macrophage uptake.

Russ et al. (2016) Hydrodynamic diameter RAW 264.7 Fullerene suspensions
were added at a
concentration of 4 μg/mL
and incubated for 3 h.

Diffusion Marginal uptake of C60 clusters
through
endocytosis/pinocytosis. Passive
diffusion into membranes
provides a significant source of
biologically-available
nanomaterial.

Tb@C60 fullerenes 99.31 nm −64.3
C60 fullerene NPs 91.13 nm −44.3

Cesbron et al. (2015) Au NPs assisted by
monolayer
functionalization with
HA2/TAT peptides.

5 and 10 nm HeLa cells, HeLa cells were incubated
with Au NPs (6 nM) capped
with 5% CALNN-TAT and
95% thiol-PEG (mole) for
10 min, 2 h, and 24 h.

Macropinocytosis Peptide-capped Au NPs
including either or both of TAT
and HA2 peptides within their
self-assembled monolayer lead
to increased cellular uptake.

Feuser et al. (2016) Superparamagnetic poly
methyl methacrylate NPs

Murine fibroblast (L929)
cells and chronic myeloid
leukemia cells in blast
crisis (K562)

MNPsPMMA and
MNPsPMMA-FA NPs were
incubated at a low
temperature (4 °C),
blocking
receptor-mediated
endocytosis mechanisms
and at 37 °C with a
concentration of 100 μg/mL
for 2 h.

Folate receptor-mediated
endocytosis

Cellular uptake assays showed a
higher uptake of
MNPsPMMA-FA than
MNPsPMMA in K562 cells when
incubated at 37 °C. On the other
hand, MNPsPMMA-FA showed a
low uptake when endocytosis
mechanisms were blocked at
low temperature (4 °C),
suggesting that the
MNPsPMMA-FA uptake was
mediated by endocytosis.

With folic acid
(MNPsPMMA-FA)

134 ± 3.5 nm −38 mV ± 4.5

Without folic acid
(MNPsPMMA)

104 ± 3.9 nm −37 mV ± 4.8

Cheng et al. (2015) Au NPs capped with
polyethylene glycol-5000
(PEG-5000)

(In DMEM) RAW 264.7 (phagocytic
cells) and Hep G2 cells
(nonphagocytic cells)

The dose of 50 μg/mL of Au
NPs was used and cells
were incubated for 24 h in
DMEM.

Caveolin-mediated
endocytosis major in
both cells (for 5.20 nm
NPs). Scavenger
receptor-mediated
endocytosis major in
RAW 264.7 cells (for 50
nm).
Caveolin-mediated
endocytosis major in Hep
G2 cells (for 50 nm).

As NP size increases, the protein
corona exhibits strong
inhibitory effect on the uptake
level of Au NPs. Additionally,
more significant inhibitory
effects of the protein corona on
the uptake level of Au NPs are
observed in phagocytic cells
than in nonphagocytic cells.

5.1 ± 1.1 nm −6.9 ± 0.7
20.5 ± 1.9 nm −6.7 ± 0.8
50.7 ± 5.6 nm −3.9 ± 0.3

(In c-DMEM) The dose of 50 μg/mL of Au
NPs was used and cells
were incubated for 24 h in
c-DMEM.

Caveolin-mediated
endocytosis major in
both cells (for 5.20 nm
NPs).
Clathrin-mediated
endocytosis major in
both cells (for 50 nm).

5.1 ± 1.1 nm −6.5 ± 1.1
20.5 ± 1.9 nm −4.8 ± 1.0
50.7 ± 5.6 nm −3.4 ± 0.9
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Fig. 1. Spontaneous internalization of colloids by adherent cell lines predominantly is mediated via endocytic pathways. a) Nanoparticles, as shown here, are green fluorescent colloidal
quantumdots are located in intracellular vesicles after their uptake by cells. Image adopted from Parak et al. (2002). b) Alsomicroparticles (colloids), as shownhere, are polymer capsules
with green fluorescent surface enter inside cell by endocytosis-like pathways and are finally located in intracellular vesicles. Here the cell membranes are stained red, nuclei in blue, and
lysosomal membranes forming the border of the intracellular vesicles in violet. Image adopted from Kastl et al. (2013).
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colloids could be detected based on pH changes in their local acidic en-
vironment (Kreft et al., 2007;Muñoz_Javier et al., 2008; Semmling et al.,
2008; Hartmann et al., 2015), cf. Fig. 2. Experimental data in this direc-
tion in fact indicate that colloids may reside a significant time adhered
to the outer cell membrane before being internalized (Semmling et al.,
2008; Hartmann et al., 2015).

4. The importance of metrics in the context of quantification of
internalized colloids

In order to assess the quantification of internalized colloids, it is im-
portant to select the appropriatemetrics and relevant doses for accurate
Fig. 2. Microparticles in the form of polymeric capsules with permeable shells were filled
fluorescence (here depicted in green false color) in case of acidic, and to red fluorescence
intracellular vesicles with acidic pH can be distinguished from presence of colloids in neut
colloids were investigated with flow cytometry, detecting intensities of forward scattering
fluorescence one can identify cells without associated colloids (Ncell_w/_caps(in)) from cells with
allowed for distinguishing cells with adhered (Ncell_w_caps(in)) from cells with internalized collo
with fluorescence image of cells exposed to colloids. After the microparticle first has touched
indicating neutral/slightly alkaline extracellular environment. Onset of endocytosis can be ob
fluorescence changes Ired/Iyellow allows for visualizing and quantifying of colloids and tracking
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risk assessment (Oberdörster et al., 2005). Strategies to develop stan-
dardized dosages for comparable nanosafety studies are important.
One approach that has been recommended for those evaluations it is
based on the use of surface-weighted particle dosing referenced to the
biologically relevant factor as for instance “per cell” or “per cell surface”
(Taylor et al., 2014).

An example for the importance of choosing the appropriate metrics
is shown in Fig. 3, where two typical uptake studies for colloids are pre-
sented. Even though both studies demonstrate that positively charged
colloids are more internalized by cells, still the data cannot be directly
compared. In one study (cf. Fig. 3a) the amount of particles is quantified
in terms offluorescence intensity, assuming that thefluorescence of one
with the pH-sensitive fluorophore seminaphthorhodafluor (SNARF) leading to yellow
in case of neutral or alkaline environment. In this way location of the colloids inside
ral/slightly acidic extracellular environment. a) Cells which have been incubated with
(IFSC), red fluorescence (Ired), and yellow fluorescence (Iyellow). Based on scattering and
associated colloids (Ncell_w_caps(out)). However, only the use of pH-sensitive fluorescence
ids (Ncell_w_caps(out)). Figure adopted from Semmling et al. (2008). b) Bright field overlaid
the cell it moves along the outer cell membrane, as demonstrated by its red fluorescence
served by the color change from red to yellow fluorescence. Analysis of time-dependent
the internalization process. Figure adopted from Hartmann et al. (2015).
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Fig. 3. Cellular uptake of colloids. a) Cells were incubated with gold nanoparticles (Au NPs) with negatively or positively charged polymer shell with an integrated fluorescence label.
Uptake of colloids was quantified in terms of time-dependent fluorescence intensity I(t) on cells. The image demonstrates that Au NPs, exposed in complete media (serum) are taken
up to a lower amount than in serum-free media. Under all comparable conditions, the positively charged Au NPs were incorporated in higher extend by cells than the negatively
charged NPs. Image adopted from Hühn et al. (2013). b) MDA-MB-435S and MCF-10A cell lines were incubated for 1 h with micrometer sized polymeric capsules. Then uptake of
capsules incorporated in each cell Ncaps(in) was determined and the cumulative distribution function p(Ncaps(in)) was calculated. The more right-shifted this function is, the higher the
amount of capsules per cell. Due to the micrometer size of the colloids, optical microscopy allowed to distinguish between internalized and outer adherent colloids. Image adopted
from Muñoz Javier et al. (2006).

825N. Feliu et al. / Science of the Total Environment 568 (2016) 819–828
cell scales linearlywith the number of incorporated colloids. In the other
study, the cellular uptakewas directly determined by the number of col-
loids internalized by each cell (cf. Fig. 3b). While both approaches are
based on reasonable metrics, they cannot be directly compared.
Fig. 4. Microparticles in the form of polymeric capsules with different aspect ratio R and caps
number of internalized capsules per cell Ncaps(in) was determined and displayed as a) cu
p(Vtot,caps(in)), with Vtot,caps(in) = Ncaps(in)·V. The image has been adopted from Parakhonskiy e
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Colloids of different size, ranging from ca 10 nm (cf. Fig. 3a) to a few
μm (cf. Fig. 3b) were used for these studies. It is important to empathize
that as the molar mass (besides the density) will scale with the volume
of the colloids, one incorporated “big” particles is equal in mass to
ule volume V were added to cells by colocalization with immuno-labelled lysosome. The
mulative distribution function p(Ncaps(in)), or b) as cumulative distribution function
t al. (2015).

 -
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several incorporated “smaller” particles. Thus, if the particle uptake is
quantified in terms of incorporated mass, a very different metrics is ap-
plied (Feliu et al., 2016b). This is demonstrated in Fig. 4 (Parakhonskiy
et al., 2015). In this study, colloids with different aspect ratio were in-
vestigated. Data shown in Fig. 4a demonstrate that colloids with high
aspect ratio (e.g. prolate ellipsoids) are incorporated to a higher extent
by cells than colloids with low aspect ratio (e.g. oblate ellipsoids), in
terms of internalized particles per cell Ncaps(in) used as metrics. This ef-
fect suggests that particle uptake increases with the aspect ratio. How-
ever, the colloids with different aspect ratio have different volume. For
delivery applications, the amount of delivered cargo will increase with
the total volume Vtot,caps(in) delivered per cell. This volume is defined
as the number of particles per cell, times the volume of a single particle.
In case the same data are plotted using the totally delivered volume as
metric, a different dependence is observed, cf. Fig. 4b. In this case parti-
cle uptake increases with particle volume. Thus, displaying the same
data with different metrics can suggest quite different correlation. In
this way, for all uptake studies, it is important to think about themetrics
that fits best with the application.

Even if the same metrics is being used, it remains difficult to com-
pare the different uptake studies. Often the read-out, such as the intra-
cellular fluorescence intensity after incorporation of fluorescent
colloids, will depend on the used set-up, the photo-physical properties
of the colloids, etc. Other parameters, such as the time needed for inter-
nalization may be a good measure, as times can be directly compared.
Having this in mind, one example in this direction has been recently
demonstrated, cf. Fig. 2b (Hartmann et al., 2015). As discussed, the use
of pH-sensitive fluorophores attached to colloids allows for determining
the pH of the local environment around the particles. Upon endocytosis,
the pH temporally decreases upon continuous fusion with highly acidic
vesicles with the intracellular vesicles inwhich the colloids are incorpo-
rated. Thus, read-out of the local pH around the particles can provide in-
formation about the “stage” of endocytosis of each particle. This allows
to determine whether the endocytosis “begins” or “is finished”, and
thus defining the characteristic times needed for particle endocytosis
can allow for a direct comparison of two different experiments
(Hartmann et al., 2015). By applying standardized experimental designs
the times for internalization could be compared for different types of
colloids, cell model systems, etc.

5. Correlation of cellular uptake of colloids with their
physicochemical properties

While, as mentioned above, in many studies some colloids only at-
tached to the outer cell membrane are counted as false positive in the
uptake assays (counted as internalized colloids), still there is an agree-
ment in the literature about some basic statements about correlation
of the uptake with some physicochemical properties (Nazarenus et al.,
2014). Obviously, colloidal stability plays an important role, as the phys-
icochemical properties such as effective size or shape of colloids drasti-
cally change upon agglomeration. For well-dispersed colloids in general
smaller colloids (Na few nm) are internalized to a higher extent than
larger ones (Chithrani et al., 2006). Also, the role of shape has been in-
vestigated extensively by many groups. In general, sharp elongated col-
loids are better endocytosed than flat colloids (Parakhonskiy et al.,
2015; Yoo et al., 2010; Shimoni et al., 2013). There are few studies
that demonstrated the influence of the stiffness of colloids on their up-
take by cells. Nevertheless, there is an indication that soft materials are
internalized faster (Hartmann et al., 2015; Bedard et al., 2009; Sun et al.,
2015). Another influential parameter is the charge. The influence of
charge has been investigated already for decades using biological mole-
cules asmodel colloids (Mutsaers and Papadimitriou, 1988; Ghinea and
Simionescu, 1985). In general, positively charged colloids are better in-
corporated by cells than negatively charged ones, which is true for a
large variety of colloids with different size, chemical composition, etc.
(Fig. 3) (Schweiger et al., 2012; Hühn et al., 2013; Muñoz Javier et al.,
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2006; Jiang et al., 2010), but there are exceptions too. For instance, in
a study by Zhang and Monteiro-Riviere it was found that negatively
charged carboxylic coated quantum dots (QDs) (QD655-COOH) were
internalized byHEK cells in greater extent than the respective positively
charged-PEG-amine coated QDs (Zhang and Monteiro-Riviere, 2009).
Conceptually, it could be discussed that systemically delivered colloids
that are less internalized by cells (in general negative or neutral col-
loids), could be longer retained in blood circulation (extended half-
live) than those colloids that are more internalized by cells (in general
positive colloids), and thus become potential candidates for specific de-
livery. In contrast, Kim et al. showed that by combining both, experi-
mental in vitro data and mathematical modelling, positive colloids
could be used successfully for drug delivery due to their higher internal-
ization by proliferating cells. Still, this study indicates that negatively
charged colloids may be better candidates for delivering drugs into
the tissue than the positively charged ones, because they diffuse faster
(Kim et al., 2010).

The presence of proteins upon exposure, such as under serum-con-
taining culture conditions, slows down the uptake of colloids (Hühn et
al., 2013; Muñoz Javier et al., 2006), cf. Fig. 3a. For relating particle up-
takewith the physicochemical properties of the particles, thus the phys-
icochemical properties of the particles under the used exposure
conditions need to be considered, as will be discussed in the following.

6. Immersion in biological fluids changes the physicochemical
properties of colloids

As described above, to some extent, the uptake of colloids by cells
can be correlatedwith the colloids' physicochemical properties. Howev-
er, most of the time physicochemical properties are dealt with in a static
way. Analysis of the interaction between biological fluids and colloidal
particles suggests that even if the particles are made of homogenous
material, they should be seen as an hybrid material, due to the possible
changes in their physicochemical properties upon interaction with the
biological medium (Rivera Gil et al., 2013). A large number of publica-
tions indicates that the protein corona tends to stabilize colloidal parti-
cles. For example, adsorption of human serum albumin (HSA, the most
abundant plasma protein) on the surface of gold nanoparticles prevents
particle aggregation, even at high temperatures (Goy-Lopez et al.,
2012). The formation of the protein corona depends on several factors,
some of them are physicochemical properties of colloids such as size
and charge. The size of the particles changes its surface activity and
thus can alter the nature of biologically active proteins (Goy-Lopez et
al., 2012; Lundqvist et al., 2008). The formation of the protein corona
can affect both the colloidal stability and the uptake of cells, as toxicity
(Westmeier et al., 2016a, 2016b. Cedervall et al. (2007) reported that
protein adsorption on the particle's surface depends not only on the
physicochemical properties of the nanoparticles, but also on the protein
affinity to the particles, the so-called protein identity. They showed that
albumin and fibrinogen associate and dissociate better thanmany other
proteins present in the biological systems. The authors proved that the
protein corona could be studied with the different techniques such as
surface plasmon resonance (SPR), isothermal titration calorimetry
(ITC), or size exclusion chromatography (SEC). External factors such
as temperature or incubation time of particles with the proteins also
play an important role (Mahmoudi et al., 2013; Weidner et al., 2015).
Higher amount of adsorbed proteinswere detected on the particle‘s sur-
face after longer incubation time (20 min). However, at higher temper-
atures, the incubation time seems to be less important. A possible
reasonmight be the denaturation of proteins during the incubation pro-
cess at high temperature.

To be colloidally stable, particles should present repulsive forces be-
tween each other. These forces can be produced by introducing charge
or steric repulsion (Takeuchi et al., 2013) on the surface of the particle.
Salts are one of themajor components of biological fluids. In contrast to
proteins, salts can be a reason for colloids to lose their stability. The
2 -
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negative surface charge of carboxylate groups (-COO−) can be screened
by the absorption of counter ion such as Ca2+. This leads to a loss of elec-
trostatic repulsion between the particles, resulting in particle aggrega-
tion (Boldt et al., 2006). Agglomerated particles have a bigger effective
size than individually dispersed particles, and thus these changed phys-
icochemical properties should be considered for correlative particle up-
take studies.

7. Stability of colloids upon internalization

Further changes in particle properties may happen upon interaction
with cells. Recentwork has demonstrated that physicochemical proper-
ties of colloids can undergo significant changes upon cellular uptake
(Kreyling et al., 2015). In fact, inorganic particles cores (Soenen et al.,
2015; Kolosnjaj-Tabi et al., 2015), organic particle components and sur-
face coatings (Kreyling et al., 2015), as well as the protein corona
(Chanana et al., 2013; Wang et al., 2013; Bargheer et al., 2015a,
2015b) may be subject to dissolution, exchange, or degradation pro-
cesses. This is demonstrated in Fig. 5. Here, nanoparticles andmicropar-
ticles were modified with ovalbumin (OVA). OVA hereby had been
conjugated with a fluorophores, whose emission was quenched before
incorporation by cells. However, onset of fluorescence could bedetected
after particle uptake by cells. This was referred to a partial digestion of
OVA by proteolytic enzymes, present in endosome/lysosomes, which
resulted in increased distance between the cleaved peptide fragments
and attached OVA conjugated, and thus to revoke the fluorescence
quenching (Chanana et al., 2013; Rivera_Gil et al., 2009). This example
clearly demonstrates that the properties of colloids can significantly
change upon their uptake by cells. In fact, the biological activity of
Fig. 5. a)Gold nanoparticleswere coveredwith fluorescence-labelled ovalbumin, of which
fluorescence is quenched. Upon cellular internalization proteolytic digestions of
ovalbumin results in cancelling fluorescence quenching. Image adopted from Chanana et
al. (2013). b) Polymer capsules with biodegradable shell were filled with fluorescence-
labelled ovalbumin, of which fluorescence is quenched. Upon cellular internalization
proteolytic digestions of the capsule shell and subsequently of ovalbumin results in
cancelling fluorescence quenching. Image adopted from Rivera_Gil et al. (2009).
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colloids should be rather correlated to their properties after than before
cellular incorporation. The ideal scenario will be to develop new ap-
proaches and techniques to evaluate and characterize the physicochem-
ical properties of colloids upon cell internalization such as surface
composition, size, degeneration, charge, etc. (Feliu et al., 2016a).

8. Conclusions

Despite a large variety of materials, sizes, etc. some general state-
ments about the in vitro interaction of colloids with cells can be made
(Nazarenus et al., 2014). These similarities were here examplified by
showing similar outcomes for nanoparticles and microparticles. Thus,
one can generally summarize the interaction of colloids with adherent
cell lines to the statement that colloids are endocytosed and depending
on the chemical nature of the colloids they might be degraded intracel-
lularly. This is true for most of the particles and cell lines. On the other
hand, details are more complex. The detailed uptake mechanisms, as
well as in quantity and kinetics, and the intracellular fate of the colloids
strongly depend on the individual properties of the colloids and cells to
an extent, that so far many details cannot be predicted in a comprehen-
sive way.
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