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Zusammenfassung 

Thema dieser kumulativen Dissertation ist die Oberflächenmodifikation, Funktionalisierung und 

Biokonjugation anorganischer kolloidaler Nanopartikel. Solche Partikel besitzen einen Durchmesser 

zwischen ca. 1 und 100 nm und bestehen aus einem anorganischen, kristallinen Kern, der 

üblicherweise durch eine Schicht organischer Ligandenmoleküle bedeckt ist. Diese Ligandenmoleküle 

kontrollieren einerseits das Wachstum der Nanokristalle bei der Synthese und stabilisieren 

andererseits die Partikel in Lösung gegen Aggregation. Neben dem Kernmaterial bestimmt die 

Oberfläche maßgeblich die Eigenschaften der Nanopartikel, in Hinsicht auf das Verhalten im 

umgebenden Medium sowie die chemische und biologische Funktionalität, die durch chemische 

Gruppen und Biomoleküle modifiziert werden kann. 

Ziel dieser Arbeit war es, die Oberfläche von kolloidalen Nanopartikeln kontrolliert zu 

funktionalisieren und mit Molekülen zu versehen, die die Partikel in biologisch relevanter, wässriger 

Umgebung stabil halten und ggf. eine spezifische Wechselwirkung mit biologischen Systemen 

ermöglichen. 

Zunächst wurden hydrophobe Nanopartikel aus z.B. Gold oder CdSe/ZnS mit Hilfe eines amphiphilen 

Polymers von der organischen in die wässrige Phase überführt. Das Polymer besitzt 

Carboxylgruppen, die die Partikel durch elektrostatische Abstoßung stabilisieren und als 

Ankergruppen für die weitere chemische Funktionalisierung dienen. Neben der direkten 

Funktionaliserung des amphiphilen Polymers in organischer Lösung konnten verschiedene Moleküle 

an die Nanopartikel mit Polymerhülle in wässriger Lösung angebunden werden, unabhängig vom 

Kernmaterial der Partikel. Mit Hilfe von Polyethylenglycol (PEG), einem inerten linearen Polymer, 

konnten die Partikel zusätzlich sterisch stabilisiert werden. Ein bifunktionales PEG mit verschiedenen 

funktionellen Endgruppen erlaubte es, die Partikel mit neuen chemischen Funktionen zu versehen. 

Bei hinreichend großen PEG Molekülen konnte durch Gelelektrophorese eine Trennung von 

Partikeln mit genau einer oder zwei reaktiven funktionellen Gruppen erreicht werden. Für die 

Größencharakterisierung von Nanopartikeln wurden verschiedene komplementäre Methoden 

miteinander verglichen. Das System wurde auf verschiedene Kernmaterialien und funktionale 

Moleküle erweitert. 

Komplementär dazu wurden citrat-stabilisierte Goldpartikel mit thiol-modifizierter DNA versehen 

und durch Gel-Elektrophorese charakterisiert, was über den Partikeldurchmesser Rückschlüsse auf 

die DNA Konformation ermöglichte. Zusätzlich wurde im Rahmen einer Kollaboration gezeigt, dass 

solche DNA-modifizierte Partikel dazu verwendet werden können, DNA-Oligomere durch Laser-

induziertes Aufschmelzen von Partikelaggregaten nachzuweisen.  



Abstract 
Subject of this cumulative dissertation is the surface modification, functionalization and 

bioconjugation of inorganic colloidal nanoparticles. Such particles have a diameter of about 1 – 100 

nm and consist of an inorganic, crystalline core that is commonly covered by a shell of organic ligand 

molecules. These ligand molecules control the growth of the particles during synthesis and also 

stabilize the particles in solution against aggregation. Besides the core material, the particle surface 

determines the properties of the particles, as to their interaction with the surrounding medium and 

to chemical and biological functionality that can be modified by reactive groups and biomolecules. 

This work aimed to functionalize the surface of colloidal nanoparticles in a controlled fashion and to 

modify the particles with molecules that provide stability in biological relevant, aqueous 

environment and that possibly also provide specific interaction with biological systems. 

First hydrophobic nanoparticles, e.g. made of gold or CdSe/ZnS, were transferred from organic to 

the aqueous phase by means of an amphiphilic polymer. The polymer consists of carboxylic groups 

that stabilize the particles by electrostatic repulsion and provide anchor groups for further chemical 

functionalization. Besides the direct functionalization of the amphiphilic polymer in organic solution, 

different molecules could be bound to the polymer shell in aqueous solution, regardless to the core 

material. By means of poly(ethylene glycol), PEG, an inert linear polymer, the particles could be 

sterically stabilized. Bifunctional PEG with different functional groups allows for modification of the 

particles with new chemical functions. By means of sufficiently large PEG molecules, a separation of 

particles with exactly one or two reactive functional groups could be achieved by gel 

electrophoresis. For the size characterization of nanoparticles, different complementary methods 

were compared. The system was applied to particles of different core materials and different 

functional molecules. 

Complementary to this, citrate-stabilized gold nanoparticles were modified by thiol-modified DNA 

and characterized by gel electrophoresis which provided information about the DNA conformation. 

In a collaborative work it was demonstrated that such DNA-modified particles can be used for the 

detection of DNA oligomers by laser-induced melting of nanoparticle aggregates. 
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Preface  
 

This cumulative work consists of two parts, a general introduction and the collected publications. The 

introduction is a review about the surface modification of colloidal nanoparticles, with a focus on 

inorganic core materials, in particular gold and semiconductor quantum dots. After particle synthesis, 

different strategies like ligand exchange or additional coating layers for phase transfer are discussed, 

as well as the modification of nanoparticles with chemical functional groups. Bioconjugation of 

nanoparticles with peptides, proteins or DNA yields to hybrid materials with combined functionality 

and a number of applications for biolabeling and sensing.  

In section 6, the author’s publications[1-14] contributing to the field are briefly summarized and the 

personal contribution is outlined. As appendix [A1] – [A12], the corresponding papers are attached. 

1 Introduction 
Colloidal nanoparticles, e.g. inorganic nanocrystals, are very small, nano-scale objects dispersed in a 

solvent. Already synthesized of gold at the times of Faraday, they generated ever-increasing interest 

since with the development of high resolution transmission electron microscopy, the ability to 

synthesize those particles of desired size in a controlled fashion and finally the advent of a broad 

range of different material systems that have come up in the last few decades. Depending on the 

material they consist of, nanoparticles can possess a number of different properties such as high 

electron density and strong optical absorption (e.g. metal particles, in particular Au), 

photoluminescence in form of fluorescence (semiconductor quantum dots, e.g. CdSe or CdTe) or 

phosphorescence (doped oxide materials, e.g. Y2O3), or magnetic moment (e.g. iron oxide or cobalt 

nanoparticles). 

Nanoparticles with those properties originating from the core material are then used as building 

blocks for larger, more complex structures, or for hybrid materials e.g. in polymer blends. Besides 

this, so-called biological applications have gained in importance because they combine the unique 

properties of inorganic, synthetic nanoparticles with complex biomolecules or biological systems 

such as cells or even organisms; the most prominent application being labeling for microscopy. 

Prerequisite for every possible application is the proper surface functionalization of such 

nanoparticles which determines their interaction with the environment. These interactions 

ultimately affect the colloidal stability of the particles, and may yield to a controlled assembly or to 

the delivery of nanoparticles to a target, e.g. by appropriate functional molecules on the particle 

surface. 

This work aims to review different strategies of surface modification and functionalization of colloidal 

nanoparticles with a special focus on inorganic nanocrystals, in particular the material systems gold 

and semiconductor nanoparticles, such as CdSe/ZnS. However, throughout the article the discussion 

also includes other materials as many of the analyzed principles and strategies are often of general 

nature and apply in the same way to other nanoparticles. Naturally, surface modification starts with 

an existing surface and yields a new surface with possibly new properties, the area of surface 

modification taking place between the particle synthesis and final possible applications. 
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Figure 1: Top left: Scheme of crystal growth over time and typical setup for synthesis in a three-neck flask (taken from 
reference[15]). Bottom left: CdSe nanoparticles under high resolution transmission electron microscopy (TEM). On the left 
image, the crystal structure of a single nanoparticle is seen, the smaller image shows a 2D assembly of particles on the TEM 
grid (taken from reference[16]). Images on the right: Gold nanoparticles of different shapes, grown under different synthetic 
conditions (TEM and SEM pictures, taken from reference[17], details about the syntheses are found therein). 

1.1 Particle synthesis 
Nowadays nanoparticles of a large variety of different materials, differing in their elemental 

composition, size, shape, and physical or chemical properties, can be synthesized.[15, 18] Colloidal 

nanoparticles are dispersed in a solvent which can be either water-based or an organic solvent for 

hydrophilic or hydrophobic particles, respectively, while amphiphilic nanoparticles can be dispersed 

in both kinds of solvents. The term nanoparticles usually applies to particles between 1 – 100 nm, 

small particles consisting of only a few to some hundred atoms are often called clusters, and due to 

their small size which is similar to molecules, the terms dispersion and solution are often equally 

used. 

Gold nanoparticles,[19] maybe the most common class of such nanoparticles, are generally 

synthesized by the reduction of gold salts, resulting in nucleation and growth of metallic particles in 

solution. Aqueous synthesis is nowadays commonly carried out by the citrate-reduction route[20] that 

yields gold nanoparticles with a narrow and monomodal size distribution, the average particle 

diameter can be controlled between about 2 – 200 nm by the stoichiometry of the reagents, i.e. 

precursor salt and reduction agent. The particles are stabilized by citrate ions bound to the surface of 

the nanoparticles, resulting in negatively charged particles that repel each other by electrostatic 

repulsion. 

Alternatively, gold nanoparticles can be synthesized by reduction of Au salts in presence of other 

molecules that bind to the particle surface, control particle growth and provide stability against 

aggregation. Examples include dimethylaminopyridine – DMAP,[21] mercaptosuccinic acid,[22] 

methoxy-PEG-thiol,[23] peptides[24] or dendrimers,[25] just to name a few. Common to all these 

 

Gold nanoparticles of different shapes  
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approaches is that the additive molecules have a chemical moiety which is able to bind to the 

nanoparticle surface, slow down particle growth and eventually yield to a preferred size of the 

particles induced by the geometry of the micelle-like arrangement of ligand molecules around the 

inorganic nanoparticle core. In contrast to the citrate method, in these systems particle size can be 

controlled only in a rather narrow range, depending on the ligand molecules used. 

The same principle applies for the synthesis of gold nanoparticles in organic solvents, as pioneered 

by Brust et al.,[26] where the Au-containing precursor salt is first transferred to the organic phase by a 

quaternary ammonium salt. The reduction step takes place in a two-phase system, in which the 

nanoparticles nucleate in the organic phase inside inverse micelles of the phase transfer agent 

only[27] or additional ligand molecules such as dodecanethiol.[26] The particles usually obtained are 

monodisperse with a size of typically between 3 – 6 nm, controlled by stoichiometry or reaction 

conditions, and hydrophobic due to the hydrocarbon chains of the stabilizing ligand molecules. 

Variations include other thiol-containing ligand molecules,[28, 29] peptides,[30] amines[31] or different 

solvent systems.[32-34] 

Other syntheses for Au nanoparticles in a single-phase organic solvent employ alkylamines[35-37] that 

also can bind to the gold surface of the particles, though not as strong as thiols.[31] Also other ligand 

molecules like cetyltrimetylammonium bromide – CTAB,[38] block copolymer micelles,[39, 40] 

thioethers,[41, 42] poly(ethylene glycol)[43] or other polymers[44-46] have been demonstrated. A special 

system are clusters of gold[47, 48] or other metals,[49] very small particles often consisting of a defined 

number of gold atoms and ligand molecules,[50-52] the most prominent species probably being Au55.[53] 

Recently, also photoluminescent properties have been reported for certain, mostly very small gold 

nanoparticles.[9, 54-57] 

The next major class of nanoparticles is semiconductor nanocrystal quantum dots, exhibiting unique 

fluorescent properties. The energy bandgap and thus emission maximum not only depends on the 

semiconductor material but also on the particle size, the so-called quantum confinement shifts the 

energy levels further apart when the particles size is decreased,[58, 59] as already qualitatively 

described by a simple electron-in-a-box model with the dimensions of the particle core, hence the 

term “quantum dot”.[60] By this, fluorescent probes that span a certain range of the optical 

spectrum[61] can be generated by particles of the same material, only differing in size. Figure 2 shows 

typical absorption and emission spectra of a series of CdSe/ZnS quantum dots, and the bandgap 

energy spanned by a number of different materials. Synthesis is usually carried out by thermal 

decomposition of organometallic precursors in a coordinating solvent which provides a micelle-like 

ligand shell that controls the growth of the particles. A common setup is shown in Figure 1 on the top 

left, a common material system is CdSe in trioctylphosphine/oxide – TOP/TOPO serving as the 

solvent and surfactant. Alternatively, there are other cadmium-based[62-64] or different material 

systems such as ZnS,[65] InP,[66, 67] HgTe[68] or tertiary alloys[69, 70] and synthesis routes taking place in 

aqueous solution, e.g. for CdS[71, 72] or CdTe[73] nanoparticles. In order to increase the fluorescence 

quantum yield commonly an additional shell of a material with a larger band gap is grown around the 

nanoparticles which better confines the exciton wave functions and avoids recombination via surface 

defect states or other non-radiative mechanisms. Beside the popular CdSe/ZnS core/shell quantum 

dots[74, 75] also other materials,[76, 77] multi-shell systems[78-81] and doped nanocrystals have been 
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reported,[82, 83] a more detailed discussion about the synthesis and properties of quantum dots can be 

found in dedicated reviews.[18, 84] 

For completeness, other material systems should be mentioned such as different metal nanoparticles 

(e.g. Ni[85] Ag/Pd,[86] Fe/Au,[87]), various alloys,[88] silicon,[89] silica[90, 91] or phosphorescent 

nanoparticles based on rare-earth-doped materials[92] such as NaYF4[93, 94] or related oxides.[95] 

Another class are magnetic materials, including iron oxide (Fe2O3 or Fe3O4),[96-103] cobalt[104-106] or 

others.[107-109] Such small nanoparticles consist only of a single magnetic domain and exhibit 

superparamagnetic behavior, further details can be found in review articles.[110, 111]  

Besides the most commonly found spherical nanoparticles, also other shapes like rods,[112, 113] 

tetrapods[114, 115] or other branched particles,[116, 117] hollow shells[118, 119] or other shapes[120-122] can be 

synthesized. Usually these are only found for certain core materials and ligand systems that allow the 

preferred anisotropic growth along certain crystal axes, e.g. by stronger binding of the ligand to 

certain crystal facets, as discussed in greater detail and with more examples in a number of 

reviews.[16, 17, 123-129] On the right-hand side of Figure 1, differently shaped Au nanoparticles are 

shown. 

Recently, also composite particles with domains of different materials have been demonstrated,[130-

135] e.g. heterodimers of CdS and FePt,[136] Co/CdSe[137] and others,[138-140] that can possess e.g. both 

fluorescent and magnetic properties. 

 

 

 

Figure 2: Left: Optical absorption (broken lines) an emission spectra (continuous lines) of different CdSe/ZnS quantum dots 
samples. Normalized data, same samples drawn in same color. Right: Size-dependent band gap energy of semiconductor 
quantum dots for different material systems, ranging from 3 nm (triangles on top) via 10 nm particles (lower triangles) to 
the bulk bandgap (spherical markers, graph taken from literature[61]). 
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Figure 3: Nanoparticle of 5 nm core diameter with different hydrophobic ligand molecules both drawn to scale. The particle 
is idealized as smooth sphere, the schematic molecule structures above are not to drawn to scale. Left to right: TOPO 
(trioctylphosphine oxide), TPP (triphenylphosphine), DDT (dodecanethiol), TOAB (tetraoctylammonium bromide). The 
spatial conformation of the molecules is only shown schematically as derived from their chemical structure and space-filling 
models. 

1.2 Stabilization against aggregation 
The ligand molecules bound to the nanoparticle surface not only control the growth of the particles 

during synthesis, but also prevent aggregation of the nanoparticles. The repulsive force between 

particles can in principle be due to electrostatic repulsion, steric exclusion or a hydration layer on the 

surface. Depending on the particle system, i.e. the core material, and the solvent in which the 

particles are dispersed, the choice of the right ligand might yield to stable particles. First the ligand 

molecules have to be bound to the particle surface by some attractive interaction, either 

chemisorption, electrostatic attraction or hydrophobic interaction, most commonly provided by a 

head group of the ligand molecule. Various chemical functional groups possess a certain affinity to 

inorganic surfaces, the most famous example being thiol to gold. In many cases, this principle is 

already exploited during synthesis, as briefly pointed out before. As to the interaction of the ligand 

molecule with the solvent, polar or charged ligand molecules provide solubility in polar or aqueous 

solvents while nanoparticles with apolar ligand molecules such as hydrocarbon chains are only 

soluble in apolar organic solvents, e.g. in hexane, toluene or chloroform. Certain amphiphilic ligand 

molecules, e.g. poly(ethylene glycol), possess amphiphilic properties, and nanoparticles with those or 

other ligand molecules can be soluble in a number of solvents with intermediate polarity. 

In organic solvents, the nanoparticle surface is covered by hydrophobic ligand molecules that prevent 

aggregation of the particle cores. However, the bonds between the inorganic nanoparticles surface 

and e.g. an electron-donating end group of a ligand molecule, such as thiol,[141-143] amine or 

phosphine,[31] undergo dynamic binding and unbinding processes.[144, 145] This yield to the important 

consequence that the ligand molecules can get off, e.g. by excessive washing or mass action by 

another incoming ligand, which might compromise the stability of the nanoparticles that ultimately 

aggregate and precipitate. In particular, in case of fluorescent quantum dots, irradiation with light 

can enhance oxidation of the inorganic particle surface[146] and photo-oxidation may eventually result 
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in aggregation caused by desorption of the stabilizing ligands.[146-148] Figure 3 displays some 

commonly used hydrophobic ligand molecules drawn to scale with a 5 nm particle. 

In aqueous solution, the ligand-nanoparticle interaction is basically the same but a number of 

different effects important for stability arise. Most commonly, hydrophilic nanoparticles are 

stabilized by electrostatic repulsion by the equally charged ligand molecules on the particle surface. 

However, in presence of high salt concentration the electric field is shielded and the nanoparticles 

can come close to each other until eventually attractive forces cause the particles to agglomerate, as 

e.g. induced dipole interaction, i.e. van-der-Waals force, or hydrogen bonds.[149] Depending on the 

isoelectric point (pI) and the pH of the solution, nanoparticles can also lose or change the sign of 

their charge. While this is in principle well understood and described by theory, nanoparticles are 

often quite complex objects with properties different to simple model systems: The particles are not 

spherical hard objects but covered with a soft organic ligand shell of which the charge distribution is 

in most of the cases not known.[150] Heterogeneity in the surface coverage can result e.g. in 

hydrophobic patches on the nanoparticle surface, or the ligand shell can undergo conformational 

changes dependent on external factors. Furthermore, bi- or multivalent, oppositely charged ions or 

polyelectrolytes can bridge the particles by electrostatic attraction, again causing aggregation. 

 

Figure 4: Nanoparticle of 5 nm core diameter with different hydrophilic ligand molecules drawn to scale. The particle is 
idealized as smooth sphere, the schematic strctures of the molecules above are not to drawn to scale. Left to right: MAA 
(mercaptoacetic acid), MPA (mercaptopropionic acid), MUA (mercaptoundecanoic acid), MSA (mercaptosuccinic acid), 
DHLA (dihydrolipoid acid), bis-sulfonated triphenylphosphine, mPEG5-SH, mPEG45-SH (2000 g/mol), short peptide (CALNN). 

As already pointed out, the possible choice of ligand molecules can depend on the material of the 

nanoparticle core, the particle size and the solvent. Generally, it is found that strongly binding 

molecules forming a dense layer stabilize particles better than weakly binding ones, in particular in 

further processing and purification steps after the particle synthesis. In aqueous solution, strongly 

charged ligand molecules, containing e.g. carboxylic or sulfonic acid groups, are found to stabilize the 
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particles for longer time and also at more elevated salt concentrations. Finally, ligand molecules 

providing steric stabilization are found to be much more resistant to high salt concentrations than 

electrostatically stabilized nanoparticles,[23] provided they are strongly bound to the nanoparticle 

surface, while in the few cases of nanoparticles that are not stabilized by ligand molecules, often 

poor stability to external factors is observed. Also a combination of electrostatic and steric 

stabilization is found, e.g. in case of certain polymers[151, 152] or dendrimers.[25, 153] 

1.3 Ligand exchange  
In order to improve the stability of given nanoparticles, the ligand molecules on the surface can be 

exchanged by others that can possibly provide new properties or functionality to the particles. In 

most cases, the incoming ligand molecule is binding more strongly to the inorganic nanoparticles 

surface.  

A common example is Au nanoparticles in aqueous solution synthesized by citrate reduction. The 

resulting nanoparticles have negatively charged citrate ions adsorbed on their surface and are thus 

stabilized by electrostatic repulsion. While such colloids may be stable for years in the as-synthesized 

solution, they can not be concentrated well and aggregate irreversibly e.g. in the presence of salts. 

The citrate layer can be replaced by ligands binding stronger to the particle surface, popular 

examples include sulfonated phosphines or mercaptocarboxylic acids, common examples being 

mercatoacetic acid (MAA), mercaptopropionic acid (MPA) or mercaptoundecanoic acid (MUA).[142] 

Modifying the nanoparticles with phosphines already allows for achieving highly concentrated 

particle solutions, the particles can be precipitated by salt-induced aggregation and redissolved again 

as single particles in low-salt buffers. Then, thiol-containing ligand molecules can be added to again 

replace the phosphine, a strategy that is commonly employed for the attachment of thiol-modified 

DNA to nanoparticles. If the particles are not completely saturated with the new ligand molecule, the 

remaining phosphine molecules covering the surface help to stabilize the nanoparticle. 

In organic solution, Au nanoparticles are commonly synthesized by the Brust two-phase method 

employing tetraoctylammonium bromide and dodecanethiol as stabilizing ligands that also control 

the size of the resulting nanoparticles. Alternatively, the nanoparticles can also be synthesized in the 

absence of the thiol ligand, solely with the organic quaternary ammonium ion. In this way, synthesis 

and final capping of the nanoparticles become independent steps in the synthesis process and the 

commonly used dodecanethiol can be substituted by a variety of other molecules[154] in order to vary 

the surface properties and functionalization of the nanoparticles generated by this synthetic route. 

Thiol groups are considered to show the highest affinity to noble metal surfaces, in particular to gold 

(~ 50 kcal/mol).[143] While this binding is often termed “chemisorption”, sometimes also noted as 

covalent bond, the exact processes and the microscopic nature are still subject to research and 

discussion. Contrary to the case of SAMs on a well-defined planar crystal face, the surface of a 

nanoparticle consists not only of a number of different crystal facets but also to a large part of edges, 

terraces and vertices,[155] resulting in binding sites with different affinities for the ligand molecules. 

This complicates the characterization of the ligand shell compared to “classical” self-assembled 

monolayers (SAM), like the well-studied Au-thiol system.[143] In addition, bound ligands appear to be 

mobile on the surface, i.e. able to diffuse to some extend on the particle surface after having 

bound.[155] In aquous phase, the replacement of ligand molecules may be facilitated by additional 

detergents,[156] and the incoming, stronger binding ligand may render the particles more stable in 
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regard to possible aggregation at high salt concentrations or acidic pH.[141, 157] Ligands with two thiol 

moieties also have been reported.[158] 

The same principles hold for semiconductor quantum dots,[159] CdSe and CdSe/ZnS among others, 

that are often stabilized by trioctylphosphine – TOP, or its oxdide – TOPO, binding preferentially to 

the Cd or Zn atoms of the nanocrystals. Also in these systems, binding dynamics and surface diffusion 

is found,[160] the surface coverage may depend on the particle size and the geometric shape of the 

involved ligand molecules.[161] Besides TOP and/or TOPO, also hexadecylamine or other amines are 

commonly used ligands for CdSe quantum dots,[145] which can also be replaced by stronger binding 

molecules, e.g. with one or more thiol groups.[144, 162] In case of quantum dots, the ligand shell may 

influence the fluorescence properties of the particles,[145, 163-165] in particular the quantum yield, 

especially in aqueous phase as discussed in the following section. 

Furthermore, ligand exchange has also been demonstrated with dendrimers[153, 166] and thiol-

containing peptides in case of gold nanoparticles,[167] and as well with proteins binding to quantum 

dots by replacing mercaptoacetic acid on the surface.[168] The same principles also apply to Au rods, 

where the replacement of the CTAB double layer by thiol-containing PEG has been reported.[169, 170] 

These considerations imply that for ligand exchange, the new ligand molecules should have an 

affinity as strong as possible to the inorganic core in order to quickly and effectively replace the 

original surfactant molecules. In addition, the molecular geometry of the ligands in relation of the 

particle diameter is a factor that influences how densely the molecules are packed around the 

particles, which in turn influences ultimately the colloidal stability of the particles. 

However, ligand-coated nanoparticles differ from simple micelles consisting of the ligand molecules 

alone which are only held together by intramolecular forces, in that on nanoparticles, ligand 

molecules are additionally attached to the nanoparticles surface, in most cases of a chemical 

functional group. This bond can be electrostatic, e.g. for gold nanoparticles capped with 

tetraoctylammonium bromide or covalent-like as for instance the gold-thiol bond. Naturally, ligand 

molecules that are strongly bound to the nanoparticle surface or more tightly to each other will be 

less subject to get off the particles’ surface.[30, 171] In analogy to the concept of critical micelle 

concentration (CMC), such ligand molecules bind dynamically to the particle surface and are thus 

subject to mass action and may be washed off by continued purification of the nanoparticles.[142] 
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Figure 5: Different strategies for phase transfer of nanoparticles. Left: Ligand exchange, the incoming ligand has one head 
group binding to the nanoparticles surface (red), the other end (blue) is e.g. hydrophilic. Center: Additional layer of ligand 
molecules adsorbing e.g. by hydrophobic interaction. Left: Amphiphilic polymer with hydrophobic side chains (red) and a 
hydrophilic backbone (blue). 

2 Phase transfer 
Nanoparticles dispersed in a given solvent A can be transferred to a different, non-miscible solvent B, 

either from apolar organic solvents to the aqueous phase or vice versa.[172] This process is termed 

phase transfer. 

Since many types of colloidal nanoparticles are synthesized in organic solvents, for certain possible 

applications they have to be transferred to aqueous solution, e.g. to be compatible with biological 

systems. For other applications hydrophobic nanoparticles are required to be compatible with a 

given solvent/or material system, e.g. for polymers blends,[5, 173] even though the particles might have 

been synthesized in aqueous solution. In these cases, phase transfer becomes necessary if the 

desired particle type can not be synthesized with the corresponding ligand on the surface. 

In general, for phase transfer in both directions there exist three strategies: Ligand exchange, ligand 

modification and additional layers of molecules that stabilize the particles in the desired phase. In 

addition to these approaches, silanization is also used for surface modification and phase transfer, 

representing a case in between this classification. 

2.1 Ligand exchange 
In the ligand exchange strategy, the molecules stabilizing the particles in one phase are replaced by 

other ligands that allow the transfer to the second phase and provide colloidal stability there. 

Generally, the ligand molecules compatible with phase A are not compatible with phase B, and the 

ligand molecules required to solubilize the nanoparticles in phase B are not soluble in phase A. So a 

prerequisite for the exchange to occur is a higher affinity of the new ligand molecule to the surface of 

the nanoparticle. In this case, the ligand molecules of phase B bind to nanoparticles present on the 
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phase boundary, replacing the original ligand molecules of phase A. Due to the higher binding 

affinity, finally the ligand molecules are quantitatively replaced and the particle is eventually 

transferred from phase A to phase B, because the new ligand molecules only solubilize the particle in 

the desired phase B, but not in A. One the left side of Figure 5 the ligand exchange strategy is 

sketched. 

Commonly used ligand molecules include thiol groups that bind strongly to inorganic surfaces of 

nanoparticles, e.g. Au and Ag[174] or CdSe, replacing the weaker bound ligands the nanoparticles 

usually have from synthesis.  

Examples include the transfer of TOP/TOPO-coated CdSe/ZnS quantum dots to aqueous solution by 

replacing the phosphine-based hydrophobic ligands with a hydrophilic thiol-based molecule, often 

mercaptocarboxylic acids (e.g. mercaptopropionic acid, mercaptoundecanoic acid, etc.). Variations 

include derivatives with multiple moieties, e.g. mercaptosuccinic acid (two carboxliyc groups),[146] 

lipoic acid (or dihydrolipoic acid, resp., with two sulfhydryl groups).[175, 176] Optionally, the free end of 

the ligands can also be modified with different residues,[162] e.g. with poly(ethylene glycol) as 

demonstrated for Au nanoparticles[33] or quantum dots,[177] and often a mixture of different ligand 

molecules is employed, e.g. to introduce additional functional groups to the particle surface.[178]  

For the transfer of hydrophilic particles to the organic phase the same concept applies, this time one 

chemical group has to bind strongly to the nanoparticle surface in order to replace the original ligand 

molecules, the other end has to be of hydrophobic character. Examples include the phase transfer by 

linear hydrocarbon molecules with e.g. a single thiol or amino group[179] or molecules with more then 

one hydrocarbon chain and as well possibly multiple anchor groups,[158] like dihydrolipoic acid[175] or 

other ligands.[180, 181] Other examples include Au nanoparticles with resorcinarene,[181] platinum 

nanoparticles have been transferred to the organic phase by dodecylamine,[182] as well as CdS 

particles with octadecanethiol.[183]  

Molecules like mercaptocarboxylic acids that are used to stabilize nanoparticles in the aqueous phase 

are often readily soluble in organic solvents, e.g. toluene or THF.[184] Thus transfer from organic to the 

aqueous phase often occurs spontaneously,[33, 176] while the transfer of nanoparticles from the 

aqueous to the organic phase is often more difficult because ligands for the organic phase are often 

very poorly soluble in the aqueous phase. 

In order to facilitate the contact of the nanoparticles with the phase boundary, additional 

components can be added, e.g. acetone that decreases the surface tension at the interface[185] or a 

strong acid[186-188] or base[182] that protonates the negatively charged groups (or deprotonates 

positively charged amino groups), rendering the particle less charged and thus less oleophobic. For a 

few weakly binding ligands also spontaneous transfer without the help of additional agents has been 

reported.[21] 

In addition, ligand exchange protocols with amphiphilic molecules have been reported which allow to 

dissolve the same particles in both polar and apolar solvents. Examples include small molecules that 

can change their orientation depending on the surrounding solvent[189] or polymers that can be either 

nonionic[190] or ionic like poly(ethylene imine) (PEI)[191] and poly(acrylic acid),[192] in which the 

positively or negatively charged moieties can bind to the inorganic particle surface and render the 

surface of the whole particle polar. In those approaches the ligand exchange takes place in the same 
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phase in which the nanoparticles are already present but the new ligand molecules are then able to 

disperse the particles in other solvents. 

An important issue in regard to ligand exchange and phase transfer is the stability of the optical 

properties in case of fluorescenct quantum dots. Especially when brought to the aqueous phase, 

both the particle surface and possibly the thiol group of the ligands are prone to oxidation. Often the 

fluorescence quantum yield is reduced and desorption of the ligand molecules can eventually yield to 

aggregation. This effect can be further enhanced by irradiation of the particles with light.[147, 148] 

Hydrophobic nanoparticles of different core materials have been transferred to the organic phase by 

different polyelectrolytes adsorbing to the inorganic particle surface,[193] stabilizing the particles by 

electrostatic repulsion, or by ligand exchange with a PEI-PEG copolymer.[194] 

2.2 Ligand modification 
An alternative approach to phase transfer is ligand modification: The ligand molecule stabilizing the 

nanoparticles in phase A is rendered hydrophilic or hydrophobic to transfer and stabilize the particles 

in phase B. Hydrophilic nanoparticles stabilized by a mercaptocarboxylic acid can be modified for 

instance by a hydrophobic molecule that is chemically bound to its carboxylic terminal groups (e.g. 

dicyclohexylamine to mercaptoacetic acid[195]), or by modification with a compound that can change 

its polarity e.g. by stripping off a capping agent (cyclodextrin rings complexing octadecanethiol,[196] or 

by formation of a complex of cyclodextrin with oleic acid present on the nanoparticle surface[197]), or 

by covalent attachment an amphiphilic, V-shaped ligand.[198] The concept of ligand modification 

might provide efficient phase transfer because the particles are modified with a new ligand in the 

same phase they are already in. However, it is restricted to certain systems that are compatible with 

each other and where the colloidal stability of the nanoparticles is maintained during the reaction.  

2.3 Additional coating layers 
The third strategy for phase transfer is an additional molecular layer on the particles that adsorbs on 

the original ligand molecules and changes the surface properties accordingly. In this way, a ligand 

bilayer is formed that allows to transfer hydrophilic particles from the aqueous phase to organic 

solvents[199, 200] and as well hydrophobic nanoparticles to water.[201-203] The molecules acting as phase 

transfer agents have to be amphiphilic, comprise a hydrophobic and a hydrophilic part, commonly 

one or more aliphatic chains and a polar, often charged, end group. This approach is sketched in 

Figure 5 (center) for small molecules and on the right for oligomeric or polymeric molecules. 

One common class of such surfactants for the transfer from aqueous to organic phase are quaternary 

ammonium salts in which four hydrocarbon chains are bound to a nitrogen atom that is thus 

positively charged, the counter-ions usually being chloride or bromide. Those molecules are known 

as classical phase transfer agents and are also used in colloidal science not only for the phase transfer 

of ionic precursors, e.g. AuCl4
-, to the organic phase (two-phase synthesis, see section 1.1) but for the 

transfer of hydrophilic nanoparticles to the organic phase as well. The ammonium salt is dissolved in 

the organic phase and can adsorb electrostatically onto the negatively charged surface of 

nanoparticles. The actual kind of hydrophilic ligand molecule is not important, the phase transfer can 

work well with nanoparticles coated with e.g. citrate, sulfonated phosphines or mercaptocarboxylic 

acids. The quaternary ammonium salts employed for phase transfer include tetraoctylammonium 

bromide,[204] cetyltrimethylammonium chloride[205] and others. After phase transfer, the ligand shell 
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can again be replaced by strongly binding ligands, like dodecanethiol in the case of Au nanoparticles. 

In another example, octadecyl-p-vinyl-benzyldimethylammonium chloride has been used of which 

the vinyl moiety can be employed for the covalent embedding of particles in a polymer matrix.[206] 

A similar procedure can be applied for transfer of hydrophobic particles to the aqueous phase, for 

example with cetyltrimetylammonium bromide (CTAB) and dodecylamine-capped Au,[207] in which 

the now the hydrocarbon chains of the CTAB adsorb on the octadecylamine layer by hydrophobic 

interaction while the positively charged ammonium moiety points outwards into solution. 

The same approach utilizing an additional ligand layer for phase transfer applies also to lipids that 

have been used for the coating of hydrophobic nanoparticles.[89, 208-211] The additional layer conserves 

the native environment of the inorganic nanoparticles because the original ligand molecules are not 

replaced. This might be beneficial e.g. to prevent sensitive core materials from oxidation. Due to the 

additional layer bound by hydrophobic interactions, this coating strategy can be applied regardless of 

the material of the inorganic particle core. Variations include the embedding of hydrophobic 

quantum dots into the lipid bilayer of vesicles and liposomes[212] and paramagnetic lipids that yield 

fluorescent nanoparticles with additional magnetic properties.[213, 214] 

Naturally, by any additional layer the nanoparticle size is increased, and due to the nature of organic 

molecules these organic shells appear to be rather soft. In the following, the coating of nanoparticles 

with amphiphilic and other polymers will be pointed out in more detail. 

2.4 Polymer coatings 
Although there are a number of well-established variations of phase transfer by ligand exchange, in 

particular mercaptocarboxylic acid-based ligands for the transfer of nanoparticles from the organic to 

the aqueous phase, this approach suffers from several drawbacks: i) Small ligands with one head 

group binding to the nanoparticle surface can easily desorb and impair the stabilization of the 

particles, especially in solutions free of excess unbound ligands. ii) Although thiol-containing ligands 

bind relatively strong to various metal particles and quantum dots, in general the ligand molecule has 

to be carefully chosen to the given core material which is reflected in the large variety of reported 

protocols. 

In contrast, an additional amphiphilic coating layer that adsorbs by hydrophobic interaction to the 

hydrophobic ligand molecules of the nanoparticles has the advantage that it does not depend on the 

inorganic core material (and possibly not even on the exact type of ligand molecules) since the 

adsorption is solely based on hydrophobic interaction of hydrocarbon chains and van-der-Waals 

forces between the molecules. In case of amphiphilic polymers, many contact points between the 

ligand molecules and the polymer prevent facile desorption of the polymer molecule from the 

particle, e.g. by thermal fluctuations. Finally, the coated particles have the same physical and 

chemical surface properties independent of their core material. One the right side of Figure 5 the 

approach of an additional shell of polymer molecules is sketched. 

One common example includes a poly(acrylic acid)-based polymer with hydrophobic side-chains. 

Poly(acrylic acid) is a highly charged linear polyelectrolyte, its carboxylic groups can be modified with 

aliphatic amines via an amide bond.[215] For the phase transfer of nanoparticles, poly(acrylic acid) 

with a molecular weight of 2000 g/mol modified with 40 % octylamine (in respect to the number of 
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carboxylic groups) has been used by Bruchez and coworkers[216] and is probably also used for 

commercial water-soluble quantum dots. The comb-like polymer is soluble in organic solvent and can 

be added to hydrophobic nanoparticles, e.g. quantum dots with TOP/TOPO ligands. After 

evaporation of the solvent, the solid can be dissolved in an aqueous buffer, yielding stable, single 

nanoparticles. In order to increase the stability, the polymer shell has been further cross-linked with 

lysine by EDC chemistry.[216] The same kind polymer has been used to disperse quantum dots in 

ethanol.[217] A longer poly(acrylic acid) backbone has been modified with a mixture of octylamine and 

isopropylamine.[218] Recently the grafting density and length of the hydrophobic side-chains has been 

studied in great detail,[219] as well as the modification with aminopentanol[220] or crosslinking of the 

shell with diamino propanol,[221] which resulted in a large number of hydroxyl groups on the particle 

surface.  

Interestingly, also the synthesis of CdTe/CdSe quantum dots has been carried out in presence of 

poly(acrylic acid) with 40 % modification with dodecylamine,[222] yielding amphiphilic nanoparticles 

which were soluble in a number of organic solvents as well as in water, where the polymer is 

assumed to form a double layer around the particles. 

Another closely related class of amphiphilic polymers is based on poly(maleic anhydride) copolymers 

that are synthesized by copolymerization of maleic anhydride with olefins, resulting in alternating 

copolymers. When coming into contact with water, the maleic anhydride rings hydrolyze and open, 

forming two carboxylic groups each. Compared to modified poly(acrylic acid), the hydrophobic side 

chains are not randomly grafted and the density of carboxylic groups is higher. The phase transfer of 

hydrophobic nanoparticles of a variety of different core materials has been demonstrated by 

Pellegrino et al.,[223] using commercial poly(maleic anhydride alt-1-tetradecene) which is no longer 

available. The still available analogue poly(maleic anhydride alt-1-octadecene) can be used with an 

adopted procedure.[224] A similar commercial derivative with tertiary amino groups has also been 

used for nanoparticle coating and phase transfer[225] saving the step of postmodification with 

dimethylethylenediamine and EDC.[226] 

An extremely useful property of the maleic anhydride moieties is their spontaneous reactivity 

towards primary amines (and to alcohols under acidic conditions) which can be exploited for a pre-

modification of the polymer before it is used for particle coating.[2] Each maleic anhydride ring yields 

a free carboxylic group after reaction with the amine. This has been demonstrated for poly(ethylene 

glycol)[227] resulting in nanoparticles with increased stability, e.g. in biological environment.[228] 

Recently, another design for amphiphilic polymer has been presented combining the advantage of 

maleic anhydride moieties for pre-modification and custom modification with side-chains.[2] 

Hydrophobic side-chains consisting of dodecylamine are grafted to a poly(maleic anhydride)-based 

backbone, leaving a part of the anhydride rings intact. If desired, additional functional molecules like 

fluorescent dyes, sugars, biotin or PEG can be covalently grafted to the polymer if they exhibit an 

amine function. This again saves the additional steps and purification of postmodification with 

additional crosslinkers. 

The discussed comb-like amphiphilic polymers used for nanoparticle are made up of either an 

alternating or random sequence of building blocks that consist commonly of aliphatic chains as 

hydrophobic elements and charged groups as hydrophilic parts. The hydrophobic side chains cover or 
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intercalate the hydrophobic ligand molecules of the nanoparticles while the hydrophilic backbone is 

exposed to the outside aqueous environment. Even though the attraction between polymer and the 

particle is due to rather weak van-der-Waals forces between the aliphatic chains, the hydrophobic 

interaction and the large number of contact points by the several side-chains of the polymer result in 

a very stable coating. By this, the thickness of the shell is increased by only one additional monolayer 

of polymer and, due to the nature of the interaction, this coating approach works in principle for any 

hydrophobic nanoparticles regardless of the inorganic core material.[2, 7, 223] 

Nanoparticles can also be directly synthesized in presence of such polymers,[222] or other weakly 

adsorbing species like poly(vinyl pyrilidone), PVP.[229] Furthermore the particle modification by 

adsorption of polyelectrolytes has been reported, either as additional layer[230] or replacing the 

original surfactant[192, 193] of different core materials. As shown by Nann, quantum dots coated with 

branched poly(ethylene imine), PEI, could be dispersed in both aqueous and organic solution,[191] the 

primary amino groups either binding to particle surface or pointing outwards to solution. 

A variety of other multi-dentate polymer has been demonstrated to coat nanoparticles by direct 

binding to the inorganic particle surface: Hydrophilic and hydrophobic oligomers with phosphine 

anchor groups[173] and a PEG-modified polymeric variant with phosphine oxide that can be used for 

phase transfer of different core materials to aqueous solution.[231]  

Other comb-like polymers contain a mixture of simple aliphatic side-chains and others with primary 

amines at their ends. The polymer can bind to the nanoparticle surface via the amino groups, 

additionally, it was modified by fluorescent dye molecules.[232] A similar polymer was used to transfer 

negatively charged quantum dots to organic solution, after electrostatic adsorption of the polymer 

by its amino groups.[233] Also a polymer with tertiary amines and pyrene as fluorescence marker[234] 

has been shown to stabilize quantum dots in organic solution. In addition, poly(acrylic acid) modified 

with free thiol and amino groups at the ends of the side chains has been demonstrated as coating for 

quantum dots, resulting in a relatively thin shell with apparently little effect on the quantum yield of 

the particles after transfer to the aqueous phase.[235]  

Alternatively to coating particles with amphiphilic or other polymers, nanoparticles with a polymer 

shell can be obtained by lateral crosslinking or polymerization of the small molecules forming the 

ligand shell,[29, 236-238] or in an alternative approach by growing a polymer off the particle surface from 

the attached ligands.[239]  

Yet another class of again amphiphilic polymers used for the coating of nanoparticles is block-

copolymers, consisting in general of a hydrophobic and a hydrophilic part, the latter potentially a 

polyelectrolyte. These polymers form micellar structures with their hydrophilic or hydrophobic part 

inside, in contrast to the respective solvent in which they are dispersed. Such structures can be used 

for the synthesis of nanoparticles,[240-242] coating[243] and for phase transfer; certain copolymers were 

also laterally cross-linked.[244, 245] The thickness of the polymer shell can be adjusted by the choice of 

polymers with appropriate block lengths.[246] In a number of cases, the coating by block-copolymer 

micelles does not yield individual particles but a few to many particles inside the same micelle,[247] 

which in turn can be exploited for the generation of multifunctional objects in case of nanoparticles 

of different materials.[248] Besides of the few examples given here, a much more detailed discussion 
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of block-copolymers, the grafting-from approach and other polymers used for nanoparticle coatings 

and composite materials can be found in a recent review.[249] 

Finally, dextran-coated nanoparticles, in particular iron oxide, are readily obtained by the synthesis 

carried out in presence of the polymer, as already mentioned in a previous section, as well as 

nanoparticles with dendrimer shells. Nanoparticles coated with poly(ethylene glycol) will be 

discussed in Section 3.2 about chemical surface modification, if not already mentioned previously in 

the case of PEG-containing small ligands. 

2.5 Silanization 
Nanoparticles of different core materials can also be modified with a silica shell, which can be 

considered as an inorganic polymer. The method comprises first a ligand exchange procedure in 

which a first layer of silanes is bound to the nanoparticle surface. Then, using this first layer, a 

polymeric, cross-linked inorganic silica shell is deposited on the particles which can be further 

derivatized. Nanoparticles of different materials,[250-252] in particular noble metals[253] (Au,[254, 255] 

Ag[256]), fluorescent quantum dots (CdSe/ZnS[257-259]), phosphorescent[92] and magnetic nanoparticles 

(e.g. Fe,[260] Co,[261] CoFe2O4
[108]) and particles of different shapes have been coated with silica shells. 

This technique is outside the focus of this work, however, in the following sections many concepts 

and techniques equally apply to silica-coated nanoparticles as well, since the inner material 

composition is in principle not important for further conjugation steps. More detailed descriptions of 

successfully applied silanization techniques can be found in the work of the different groups cited 

above.  

2.6 Comparison and remarks 
The described methods for phase transfer reflect general strategies which, however, may not be 

applicable to any particular or given particle system. The critical issue of the phase transfer of 

colloidal nanoparticles is their colloidal stability. Nanoparticles are stabilized in one phase A and shall 

be transferred to another, non-miscible phase B, where the particles are at first not able to disperse. 

In the process of the phase transfer, e.g. by ligand exchange, modification or additional coating, the 

particles might partially lose their surface properties to be stably dispersed in phase A, while not yet 

being ‘compatible’ with phase B. This is the moment in which aggregation and precipitation of 

particles can occur, possibly in an irreversible manner.  

These considerations imply that for phase transfer, as well as for ligand exchange in 1.3, the binding 

affinity of the ligand molecules and their geometric shape in relation of the particle diameter has a 

strong influence on how rapidly the particle surface is changed and how densely the ligand molecules 

are packed on the particle surface, respectively. Both factors ultimately determine how efficient the 

phase transfer works and how stable the nanoparticles will be in the new phase.  
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3 Particle Functionalization 

3.1 Chemical functional groups 
Ligand particles stabilizing the nanoparticles against aggregation can simply consist of an inert 

molecular chain (hydrocarbon chain or PEG) or have functional groups which are in most cases 

terminating linear molecules (see above). In the case of water-soluble nanoparticles these functional 

groups are often carboxylic acids stabilizing the nanoparticles by electrostatic repulsion, and can be 

exploited for the conjugation of other molecules to the particles. Common examples include Au 

nanoparticles or quantum dots stabilized with mercaptocarboxylic acids. 

In the same way, other functional groups can be introduced to the nanoparticle by their ligand 

molecules or a mixture of different ligands. Already in the organic phase, for instance the 

dodecanethiol monolayer of Au nanoparticles can be modified with bifunctional ligands by place-

exchange reactions to introduce e.g. bromide, ferrocene, hydroxyl , carboxyl functional groups.[48, 51] 

This strategy can also be applied for phase transfer by ligand exchange, when the incoming ligand 

already contains the desired functional group, as demonstrated for hydrophobic CdSe/ZnS quantum 

dots and ligands comprising e.g. –COOH, –OH, –NH2,[262-264] or CdTe and for instance a mixture of 

MPA and aminoethylthiol.[265] 

Quantum dots in aqueous solution stabilized with mercaptoacetic acid have been modified by co-

adsorption of thiol-containing PEG and short peptides.[266] In the case of lipid-coated quantum dots a 

part of the lipids can carry e.g. amino groups or PEG[208] in order to add additional functionality and 

steric stabilization. 

Iron oxide nanoparticles with (di)mercaptosuccinic acid have been shown to exhibit both carboxylic 

and thiol functional groups.[267, 268] 

Another interesting case are quantum dots stabilized with mercaptoacetic acid to which a protein 

(BSA) was adsorbed. The amino groups of the protein could then be exploited for further conjugation 

chemistry.[168] 

Alternatively, functional groups present on the nanoparticle surface can be converted to other 

functional groups by bifunctional molecules. Especially in case of nanoparticles dispersed in aqueous 

solution the reaction conditions may harm the stability of the nanoparticles, so often rather mild 

reactions have to be chosen like they are applied for the chemical modification of biomolecules 

(bioconjugation chemistry), a large number of bifunctional molecules are commercially available.[269] 

The commonly found carboxylic groups can be reacted with primary amines by means of a 

condensation reaction to yield amide bonds. For this, a water-soluble carbodiimide (e.g. EDC) is 

commonly used, cf. Figure 6. After forming an intermediate compound with the carboxylic moiety, 

the activated group is reactive towards primary amines. In case of primary amines present on the 

particle surface, active ester compounds (N-hydroxy-succinimide, NHS) can be used to equally form 

amide bonds, one example is SMCC containing a NHS group reacting with primary amines, converting 

them to maleimides that are reactive towards thiols,[270] as sketched on the right of Figure 6. There 

are a number of other crosslinker molecules and different derivatives available, for instance with 
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sulfo-NHS functionality and/or hydrophilic spacer arms of different length to improve water-

solubility. 

The majority of ligands molecules or additional amphiphilic coatings stabilize the nanoparticles by 

negatively charged carboxylic groups. These can be converted e.g. to hydroxyl groups[221] or tertiary 

amines.[226] Primary amines are commonly introduced by partial conversation of functional groups, 

for instance carboxylic acids, by (partial) ligand exchange or adsorption of polyelectrolytes.[178, 193, 230, 

262, 263, 265, 271, 272] At pH values below the pK value of the amines, the particles are positively charged 

and can be prone to aggregation during the modification steps, e.g. by ligand exchange. Silica 

coating, however, seems to yield very robust nanoparticles functionalized with primary amines.[255, 

273] 

In the last few years, click-chemistry attracted much attention[274, 275] and has also been applied to 

nanoparticle derivatization in both organic[276, 277] and aqueous solution,[278-280] as well as to e.g. 

polymer nanoparticles[281] and carbon nanotubes.[282] The concept of click-chemistry consists of 

“spring-load”-like chemical reactions that occur spontaneously and with high yield and selectivity 

between stable functional groups under mild conditions,[283] the perhaps most common example 

between alkyne and azide moieties in presence of a catalyst.[284] 

 

Figure 6: Left: Common conjugation reaction for particles with carboxylic acid function: The water-soluble carbodiimde EDC 
forms an unstable intermediate, a so-called “activated” carboxylic group. This can either hydrolyze or react with a primary 
amino group under formation of a stable amide bond. Optionally, the it can be reacted with NHS or sulfo-NHS, the active 
ester has an extended halflife and reacts also with primary amines. Right: Particles with primary amino groups can be 
reacted with active ester compounds to form amide bonds. Sulfo-SMCC is a heterobifunctional crosslinker with an sulfo-
NHS group and a maleimide function on the other end that is reactive towards thiol groups. 

Common to all chemical surface modification schemes involving functional groups that are present 

on the nanoparticle surface is that they solely depend on the ligand shell or surface coating, not on 

the actual inorganic core material. Therefore, provided that the nanoparticles are stable under the 

reaction condition and subsequent purification, the same chemical routes for functionalization apply 

for Au nanoparticles, quantum dots or magnetic particles,[270-272] as well as for silica nanoparticles.[285] 
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Since the surface of nanoparticles is covered by a large number of ligand molecules ranging from 

some tens for small clusters to hundreds or thousands, the number of functional groups per particle 

generally exceeds a few, is given by a statistic distribution and not always easily accessible by analytic 

methods. Due to the multivalency of nanoparticles, only rather simple structures like particles 

surrounded by molecules or other particles can be easily generated, or inter-particle crosslinking can 

occur in experiments with other multivalent objects. 

For a number of applications, monovalent particles or particles with a defined number of functional 

groups are desirable, and several strategies to prepare such particles have been found in the last 

years. The principle difficulty is that nanoparticles consist of many identical atoms and a number of 

equal surface facets, so in the first instance all particle modification will be subject to statistics 

involving competing equivalent binding sites. One obvious approach is therefore dilution or 

stoichiometric control, i.e. to adjust the experimental conditions in a way that only a minor fraction 

of nanoparticles reacts at all to a certain molecule with the desired function, leaving the other 

particles unmodified and eventually only a negligible fraction that has two or more modifications. 

One way is then to separate the modified particles from the unmodified majority, as shown e.g. by 

Levy et al.,[171] where Au nanoparticles modified with a polypeptide could be immobilized on an 

affinity column by a oligohistidine domain present in the peptide. After washing out all unbound 

particles, the immobilized particles could be eluted by addition of imidazole yielding particles 

modified with a single peptide with a single amino group at its terminal end. 

Another way uses methods from solid-phase peptide synthesis where the solid phase (a resin-packed 

column) is modified with a cleavable, thiol-terminated molecule at very low grafting density.[286-288] 

When the distance between two thiol-terminated molecules is (in average) orders of magnitudes 

larger than the particle diameter, every gold nanoparticle binding to the resin via a thiol-gold linkage 

is only bound by one single molecule. After washing out all unbound particles, the linker arm is 

cleaved and the nanoparticles are eluted from the column, each particle carrying one single fragment 

of the linker arm exhibiting a single free functional group. A variation of this concept includes ligand 

molecules electrostatically adsorbed on the solid phase.[289, 290] 

Alternatively, there are a number of systems and separation methods that allow the statistical 

binding of a few ligand molecules to the nanoparticles and the subsequent separation according to 

the number of attached molecules. For this, each attached molecule has to change at least one 

property of the particle sufficiently in order to allow separation, e.g. by size or electric charge. This 

concept probably has been first developed for small gold clusters of which fractions with a different 

number of e.g. amine-containing ligands could be separated by ion exchange chromatography.[291] 

Monofunctional gold clusters prepared by this method have already been commercially available for 

several years. 

As shown for larger gold nanoparticles modified by single-stranded DNA oligomers with a thiol 

function, particles with exactly 0, 1, 2, 3... attached DNA molecules could be separated by gel 

electrophoresis.[292] The attachment of each additional DNA molecule renders the Au nanoparticle 

significantly larger, so that the fractions appear as discrete bands on the gel. Depending on the 

nanoparticle size, this effect appears above a certain molecular weight or number of base pairs of the 

DNA, resp. Dependent on the agarose concentration, separation is observed for instance with 43 

bases in case of 10 nm but not of 20 nm nanoparticles,[4] or by means of a long extension strand 
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hybridized to the short first one.[293] The fractions of particles can be extracted from the gel and the 

defined number of functional groups (here: DNA molecules) has been probed by the controlled 

assembly of particle groupings.[293-295] The restriction to DNA molecules of a certain size that allow 

the complete separation of the different fractions has recently been elegantly overcome by ion 

exchange chromatography,[296] demonstrating the separation of 20 nm Au nanoparticles with a 

defined number of short DNA molecules (15 bases).  

Separation by gel electrophoresis has been applied to polymer-coated nanoparticles which have 

been modified with poly(ethylene glycol).[1] When the PEG had a molecular weight ≥ 5000 g/mol, 

discrete bands could be separated by gel electrophoresis, and by employing bifunctional PEG 

nanoparticles with a defined number of chemical reactive groups could be prepared (cf. Figure 7). 

Based on the same principle, quantum dots with a defined number of maltose binding protein[297] 

and a single monovalent streptavidin molecule have been demonstrated recently,[264] which allowed 

the preparation of quantum dots conjugated with single antibodies. 

Finally, it is worth to mention two other concepts have recently developed, one exploiting a general 

topological feature for the attachment of two functional groups by exchanging two ligands at singular 

positions of the nanoparticle surface[298, 299] the other by polymerizing the vinyl-thiophenol ligand 

molecules attached to the nanoparticle surface, resulting in nanoparticles with only one single 

carboxylic group left, and only smaller fractions or particles with two or more groups.[300] 

  

Figure 7: Left: Gel electrophoresis of polymer-coated, PEG-modified Au and CdSe/ZnS conjugates. Stoichiometric ratio of 
EDC/NP was increased from top to bottom, yielding to nanoparticles with an increased number of covalently bound PEG 
molecules. With a molecular weight of ≥ 5000 g/mol, discrete bands of particles with exactly 0, 1, 2, 3 …. PEG molecules are 
resolved. At very high EDC concentrations, the nanoparticles are saturated with PEG and migrate towards the negative 
electrode. Right figure: With bifunctional PEG molecules, this allows for preparation of nanoparticles with controlled 
valency, i.e. a defined number of functional groups. Nanoparticles modified with H2N-PEG-NH2 yield nanoparticles with 
exactly one or two amino groups, separated by gel electrophoresis.[1]. 

3.2 Poly(ethylene glycol) 
Poly(ethylene glycol), PEG, is a linear polymer consisting of repeated units of CH2-CH2-O, depending 

on the molecular weight the same molecular structure is also termed poly(ethylene oxide) or 

polyoxyethylene, PEO or POE, respectively. The polymer is well soluble in a number of organic polar 

and apolar solvents, as well as in water where it is heavily hydrated, forming random coils with 

diameters much larger than proteins of comparable molecular weight. Due to its simple structure 
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and chemical stability, it is a prototype of an inert, biocompatible polymer. The inertness and non-

toxic properties of PEG give rise to a number of applications in medicine, chemistry or biotechnology: 

PEG is used for nonionic surfactants and as additive in cosmetics, pharmaceuticals and food. When 

bound to surfaces,[301] PEG repels other molecules by steric effects, the incoming molecule is not 

attracted by e.g. electrostatic force and can not penetrate the hydrated PEG layer. This results in 

inert hydrophilic surfaces with less “stickyness”. The same applies for molecules or particles: PEG-

modified proteins[302] or drugs show increased water solubility and decreased immunogenicity in 

organisms, antibodies bind much less to the drug or protein, resulting e.g. in an increased half-life in 

the blood stream. PEG-modified nanoparticles are more stable at high salt concentrations and in 

biological environments, they show less nonspecific binding to proteins and cells.[178, 303-306] 

The modification of other molecules with PEG is often called “PEGylation”, for proteins, PEG with 

functional groups is coupled to certain amino acids, most commonly lysine and cysteine, exhibiting 

amino and cysteine groups, respectively. An increasing variety of mono-, homo- and 

heterobifunctional PEG reagents is commercially available, with different functional groups, 

molecular weights and multiple arms.[307] Those reagents can be used for the PEGylation of synthetic 

nanoparticles in the same way as for proteins and coupled to available functional groups on the 

nanoparticle surface, provided by the ligands or additional shells.[304, 308] 

While monofunctional PEG molecules, e.g. with a methoxy group at the free end, yield basically more 

stable and inert particles,[169, 309] bifunctional PEG molecules can be used to introduce new functional 

groups on the surface, like with bifunctional crosslinkers in conjugation chemistry.[310] In particular 

mixed PEG layers of mono- and bifunctional molecules are useful because they stabilize the particles 

by sterically by PEG molecules without free functional end and provide a number of new functional 

groups by the bifunctional PEG molecules.[1, 170, 178] Again, the conjugation chemistry used for 

PEGylation and the further modification does not depend any more on the material of the particle 

cores and applies in the same way for other particle species.[311, 312] 

Apart from the post-modification approach by covalent chemistry, PEG-modified nanoparticles can 

be also obtained by ligand molecules that contain a block of PEG[177, 263, 264] or entirely consist of PEG 

with a functional group that can bind to the nanoparticle surface.[305, 313] Again, particle synthesis can 

already be carried out in presence of these ligands,[23, 43] new PEG-containing ligands can be 

introduced by place-exchange reactions or added as additional molecules like lipids[208, 211] or 

polymers[194] that have been modified with PEG before used for the coating process.[2] As already 

discussed, such PEG-containing ligands can be used for phase transfer of nanoparticles,[33, 314] and due 

to the solubility of PEG itself also PEG-coated nanoparticles can be dispersed in polar organic solvents 

like chloroform, methanol, DMSO and DMF.[166] 

As for any additional shell, the overall particle diameter is increased by PEG modification. Increasing 

grafting density and molecular weight of the employed PEG molecules yields to thicker shells that 

can be found in order of a few to tens of nanometers,[3] the thickness of about the order of the 

hydrodynamic diameter of a free PEG molecule that forms a random coil.[315, 316] In Figure 8 (left), PEG 

with a MW of 2000 and 5000 g/mol is drawn to scale with a 10 nm nanoparticle (core: 5 nm). 
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Figure 8: Relative size of nanoparticles and biomolecules, drawn to scale. Schematic representation of a nanoparticle with 5 
nm core diameter, 10 nm shell diameter, with PEG molecules of 2000 g/mol and 5000 g/mol (on the left, light grey), 
streptavidin (green), transferrin (blue), antibody (IgG, purple), albumin (red), single-stranded DNA (20mer, cartoon and 
space-filling). Proteins are crystal structures taken from Protein Data Bank (http://www.rcsb.org), PEG and DNA have been 
modeled from their chemical structure and space filling. 

 

3.3 Biomolecules 
Bioconjugation of colloidal nanoparticles is the “natural” extension of the described concepts of 

ligand exchange and chemical functionalization to biomolecules. Nature offers a large variety of 

organic molecules of different composition, size and complexity that serve to provide structure and 

function to biological process and organisms. Examples include on the one hand small molecules like 

lipids, vitamins, peptides, sugars and larger ones such as natural polymers including proteins, 

enzymes, DNA and RNA.  

Conjugation of inorganic nanoparticles to biomolecules generates hybrid materials that can be used 

to let the nanoparticles interact specifically with biological systems. On the other hand, biomolecules 

can be seen as ordinary, though sometimes complex, molecules or polymers that can be exploited 

for the functionalization or spatial assembly of nanoparticles. Nanoparticle-biomolecule conjugates 

bring together the unique properties and functionality of both materials, e.g. fluorescence or 

magnetic moment of the inorganic particles and e.g. the ability of biomolecules for highly specific 

binding by molecular recognition. 

The strategy for the conjugation of biomolecules to nanoparticles generally falls into four classes:  

 Ligand-like binding to the surface of the inorganic particle core, commonly by chemisorption 

of e.g. thiol groups 

 Electrostatic adsorption of positively charged biomolecules to negatively charged 

nanoparticles or vice versa 



24 

 

 Covalent binding by conjugation chemistry, exploiting functional groups on both particle and 

biomolecules and 

 Non-covalent, affinity-based receptor-ligand systems, as discussed in the following. 

Besides the first three approaches, affinity-based systems found in nature have attracted increasing 

attention during the last years. Maybe the most well-known example in the last several decades is 

the avidin-biotin system:[317-320] Based on molecular recognition, the system consists of a ligand, the 

small molecule biotin (vitamin H), and a receptor, the protein avidin that is present e.g. in egg white. 

The globular protein avidin is made up by four identical subunits, yielding four binding pockets that 

specifically recognize and bind to biotin (Figure 9, left). The dissociation constant is of the order of 

10-15 M and the bond, though not covalent, is found to be extremely stable, resisting harsh chemical 

conditions and elevated temperature. Besides the natural glycoprotein avidin (pI ~ 10), analogue 

proteins expressed in bacteria or recombinant proteins without carbohydrates and a near-neutral pI 

are available, the most common streptavidin and neutravidin. Also monomeric streptavidin with 

however reduced affinity to biotin has been reported[321] and by genetic modification resulting in 

deactivated binding pockets, a tetrameric but monovalent streptavidin derivative with only one 

single binding site for biotin has also recently been demonstrated.[322] 

 

 

 

Figure 9: Left: Structure of biotin (top) and streptavidin (bottom). Streptavidin is a ~ 53 kDa protein of four identical barrel-
like subunits, each tetrameric protein has four binding sites for biotin. Right: Schematic drawing of NTA-Ni2+ attached to a 
nanoparticles forming a complex with a protein with two terminal histidine residues (image of NTA-histidine complex 
adopted from literature[323]). All objects are not drawn to scale in respect to each other. 

The strong bond and specificity of the biotin-avidin system has allowed to employ it for a large 

number of applications in bio(nano)technology, and a large variety of biotinylation reagents and 

biomolecules like DNA oligomers, peptides, antibodies and fluorescent dyes readily modified with 

biotin or avidin (or one of its derivatives) are commercially available. Nanoparticles modified with 

biotin or avidin enable these materials to be used within the technologically already well-established 

conjugation platform. 
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So-called protein tags are another class of such affinity-based systems and commonly used for 

protein purification: Proteins can be expressed with additional fusion proteins or short amino acid 

sequences by genetic engineering in order to manipulate the desired protein by this handle-like tag. 

One example is the protein hAGT that binds specifically and eventually by a covalent bond to 

benzylguanine.[324] Another well-known system is polyhistidine, commonly introduced by six or more 

histidine residues to one of the terminal ends of a protein. Polyhistidine is found to bind strongly and 

specifically to nitrilotriacetic acid (NTA) via a chelating complex with Ni2+ or other bivalent metal ions, 

as sketched in Figure 9 (right). This system is widely used for affinity purification of proteins that have 

been expressed with this polyhistidine tag: These proteins are specifically immobilized on a column 

with Ni-NTA. After washing out other unmodified molecules, the desired protein is eluted with an 

excess of imidazole that competes with polyhistidine in binding to the Ni-NTA complex. Systematic 

studies with two, three or more NTA groups[325] revealed that three NTA moieties can bind to a 

strand of six histidines, resulting in a stable bond of higher binding energy compared to other 

stoichiometries. 

A more detailed review about the NTA-polyhistidine system can be found in the seminal work of 

Hainfeld et. al. who modified small Au clusters with NTA-terminated ligands[323] which were then 

used to label proteins by their polyhistidine tag for electron microscopy. In the following, also larger 

Au nanoparticles[326] and quantum dots[327, 328] have been modified with NTA-containing ligands, as 

well as silanized iron oxide nanoparticles[273] by conjugation of amine-containing NTA to carboxylic 

groups on the particle surface. After loading the NTA groups with bivalent ions, the modified 

particles could be used for conjugation to proteins with polyhistidine residues. It remains to be noted 

that in many of the systems mentioned here in fact several single NTA moieties were present that 

could bind together to the same oligohistidine residues of the proteins. 

Mattoussi et al. reported the specific and strong binding of polyhistidine-containing proteins to 

CdSe/ZnS nanoparticles with a DHLA ligand layer[175] without NTA or bivalent ions present. Recently it 

was shown that the polyhistidine moiety can directly bind to the inorganic particle, apparently to Zn 

atoms present in the ZnS shell[329] as demonstrated by control experiments with different target 

molecules and ligands without NTA or free carboxylic groups. In this seemingly robust self-assembly 

approach, no conjugation chemistry and only few purification steps are necessary which led to the 

conjugation of quantum dots with a number of different proteins for a variety of applications.[178, 330] 

3.3.1 Biotin, Avidin and Derivatives 

The biotin-avidin system consists of a small molecule (biotin) and a protein either with (avidin) or 

without carbonhydrates (streptavidin, neutravidin and other derivatives). Here, in order to avoid 

later redundancy, both species serve as examples for the discussion of different conjugation 

strategies of small and large biomolecules to nanoparticles, which apply accordingly to a number of 

different biomolecules such as DNA, antibodies, peptides or generic proteins. Afterwards, the linking 

of those different classes of biomolecules to nanoparticles by the same strategies, including the 

biotin-avidin system itself in addition to NTA-polyhistidine, will be reviewed. 

Biotin as a small molecule with one free carboxylic group, also readily available with a number of 

modifications such as –NH2 or –NHS, is covalently bound to nanoparticle by conjugation chemistry[314, 

331] or directly to the inorganic particle surface by accordingly modified ligand molecules,[332] as 

discussed previously. For the conjugation, only physicochemical properties such as solubility, charge, 



26 

 

or functional groups of the biotin molecule are of importance, not necessarily the biological 

functionality or related consequences. 

Avidin, streptavidin and other variants are regular proteins, characterized by their molecular weight, 

isoelectric point, hydrophobicity and available functional amino acid residues commonly consisting of 

carboxylic acids, amino groups and thiols.  

As zwitterionic molecules, proteins are positively charged at pH values below their isoelectric point 

and negatively above. This offers the possibility to adsorb avidin electrostatically to negatively 

charged nanoparticles, while streptavidin and neutravidin having a lower pI were reported to bind 

significantly less.[333, 334] To improve the stability of the nanoparticle-protein complex, an additional 

covalent crosslinking has been performed on a similar system.[335] 

By exploiting the functional groups on the protein surface, streptavidin has been covalently linked to 

quantum dots with carboxylic groups[173, 216, 336] or primary amines,[178] commonly by EDC/NHS. 

Alternatively streptavidin has been bound by direct adsorption to the inorganic quantum dot surface 

via a polyhistidine tag,[178] also in the case of monovalent streptavidin.[264] 

Naturally, biotin-modified nanoparticles can be decorated with an additional shell of streptavidin[314, 

332] when added in excess. As demonstrated by the authors, nanoparticles modified with larger 

number of biotin molecules can form large aggregates with streptavidin by inter-particle crosslinking, 

due to the multivalency of both the nanoparticles and streptavidin. This effect is not only found for 

nanoparticles with biotin-avidin but presents a general problem in case of two or more all 

multivalent binding partners, as well as for covalent conjugation where often both nanoparticles and 

target molecules have a larger number of reactive functional group, e.g. carboxylic acids and amines, 

as also in the case of proteins.  

3.3.2 DNA 

Deoxyribonucleic acid – DNA, is a linear polymer containing the genetic information of organisms in 

form of the sequence of the four oligonucleotides being the monomeric building blocks, as 

analogously for RNA. Besides its biological function, DNA and RNA can be employed as generic 

polymeric molecules of which the most prominent feature, duplex formation with a strand of 

complementary sequence, presents a very specific mechanism of molecular recognition. As this 

mechanism depends on the simple linear sequence of nucleotides, DNA can be used as 

“programmable” object with a very large number of possible sequences and conformations, and 

exploited e.g. as building block and structural element for the assembly of artificial structures, as it 

will be discussed later. 

Synthetic DNA oligomers of arbitrary sequences and with a large variety of functional end groups, 

which are commercially available, can be conveniently attached in aqueous solution to gold 

nanoparticles by a thiol-gold bond, in the same way as a place-exchange reaction already discussed 

for other ligand molecules.[337-340] DNA oligomers are usually added in quite large excess to the gold 

particles and spontaneously bind to the nanocrystal surface. Variations include DNA oligomers 

modified by a cyclic steroid derivative with two thiols groups[341] or by up to three mercaptohexyl 

linkers.[342] 
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The same strategy of ligand exchange has also been applied to Au rods,[343] silver nanoparticles,[344] 

mercaptopropionic acid-stabilized CdSe/ZnS quantum dots,[345, 346] and Pt nanoparticles have 

decorated with amino-modified DNA.[182]  

Even under optimized conditions,[347] the binding of DNA to nanoparticles does not occur 

quantitatively, however the DNA density can be influenced by adjusting the excess ratio or by 

dilution with other ligands, e.g. short “spacer” oligomers.[348] In the case of rather long DNA strands, 

attachment of a single DNA molecule increases the size of the Au-DNA conjugate sufficiently to 

separate discrete bands by gel electrophoresis, consisting of nanoparticles with exactly 0, 1, 2, 3... 

DNA molecules per particle.[293] Recently the separation of such conjugates has been demonstrated 

by ion exchange chromatography, enabling the separation of nanoparticles with a defined number of 

shorter DNA oligomers. 

While double-stranded DNA forms its characteristic double helix structure by Watson-Cricks 

basepairing, single-stranded DNA is more flexible[349] and can take a curved or coiled conformation. In 

Figure 8 (bottom left), a 20mer ssDNA strand is displayed in scale with a 5 or 10 nm nanoparticle, 

respectively. Single stranded DNA attached to nanoparticles is found to undergo a stretching when 

an increased surface coverage induces steric pressure, or when it is hybridized with a complementary 

strand, which results in a stiffer double helix.[4, 348, 350] 

Due to the large numbers of different possible sequences for a DNA or RNA strand of given length, 

there also exists an even larger variety of possible conformations (in terms of secondary and tertiary 

structure) of these linear molecules. It has been found that certain sequences can strongly bind to a 

target molecule by molecular recognition, determined by geometric matching of the surfaces of the 

two molecules and which is mediated by electrostatic, hydrophobic van-der-Waals forces or 

hydrogen bonds. This can be exploited to generate so-called aptamer sequences to a given target 

molecule by molecular evolution, technically realized by multiple randomization, selection and 

amplification of strongly binding sequences, resulting in an optimized strand of DNA, RNA or peptide 

for the target molecule with affinities comparable to antibodies.[351-353] Aptamers have been attached 

to gold nanoparticles via a thiol function,[354, 355] to quantum dots or silica-coated Au particles by 

covalent conjugation chemistry,[356, 357] to avidin-modified magnetic nanoparticles,[335] as well as 

biotinylated DNA apatamers to quantum dots with streptavidin.[358]  

Due to its phosphate backbone, DNA is negatively charged and effectively a polyelectrolyte molecule. 

Naturally, this results in electrostatic adsorption of DNA to positively charged surfaces, such as 

nanoparticles with quaternary amines,[359-361] as of RNA to nanoparticles with tertiary amines.[225, 226] 

However, also nonspecific, i.e. generally unwanted, adsorption of DNA to nanoparticles has been 

found, especially when incubated at high stoichiometric excess,[4, 350] also in case of single 

nucleotides.[362] 

Besides the ligand-like direct binding of DNA to the nanoparticle surface, also conjugation chemistry 

can be employed to covalently bind the DNA to functional groups available on the nanoparticle 

surface. This has been carried out with EDC chemistry to bind amino-functionalized DNA to 

nanoparticles with carboxylic groups, and thiol-modified DNA to maleimide groups.[211, 363] 

Alternatively, nanoparticle derivatization can be carried out in organic solution[364] prior to the 

coupling to amino-modified DNA oligomers, or the 5’ end phosphate group of DNA can reacted with 
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EDC and imidazole to primary amino groups[269] present on the particle surface.[314] Apart from 

covalent conjugation chemistry, the non-covalent receptor-ligand system avidin-biotin has also been 

used for the binding of DNA to nanoparticles, both with biotin-modified DNA[358] and biotin-modified 

nanoparticles.[365] In Figure 8, a strand of 20mer ssDNA is drawn to scale a 5 or 10 nm nanoparticle, 

respectively. 

3.3.3 Peptides, Proteins, Enzymes and Antibodies 

Peptides and proteins are polymeric compounds of amino acids, linked to linear sequences by amide 

bonds. Short sequences, peptides consisting usually of up to 50 – 100 amino acids, are commercially 

available by custom synthesis, while proteins are usually found in form of larger poly-amino acids. 

However, there are also rather small proteins and there is no general and well-defined 

differentiation between those terms. Special classes of proteins comprise enzymes and antibodies, 

enzymes being highly specialized molecules with reactive centers that catalyze biochemical reactions 

and are responsible for metabolism. Antibodies, also known as immunoglobulins, are large Y-shaped 

proteins with important functions in the immune system. They have the ability to specifically bind 

with their active region to an antigen, in principle an arbitrary target molecule, mediated by 

molecular recognition. Other proteins are used by the cell e.g. for signaling or structure formation. 

Proteins are made up by a sequence of generally 20 different standard amino acids (in addition to 

other naturally occurring or synthetic amino acids) which are linked together by amide bonds and 

which possess different side chains residues. Naturally, each peptide or protein has one carboxylic 

and one primary amino group at its ends, while the amino acid side chains introduce additional 

functional groups or other properties depending on their molecular structure. The amino acid 

sequence determines the unique properties of each of a large number of possible structures, i.e. 20n 

for a sequence of n amino acids, in terms of charge, polarity and hydrophobicity. These in turn 

determine the secondary and tertiary structure that a protein is folding into and that ultimately 

results in the functional biomolecule. In many cases, the specific function of a protein (enzyme, 

antibody) is determined by is geometric and physicochemical properties of the outer surface, given 

by the almost arbitrary motifs of the folded amino acid sequence. Often the inside of a protein is 

hydrophobic while hydrophilic amino acid side chains tend to point outwards into solution, while e.g. 

membrane proteins generally have a partially hydrophobic surface. Cysteine residues, even if far 

apart in the sequence, can come spatially close to each other in folded proteins and form stabilizing 

disulfide bonds. The thiol group of a terminal cystein residue can also be exploited as anchor group 

for the attachment of a peptide to the surface of nanoparticles. 

The above said clearly makes peptides and proteins interesting objects to be combined with 

inorganic nanoparticles, both for basic research and applications that make use of the specific 

functions of these biomolecules. 

Peptides as rather small molecules with a “programmable” sequence of amino acids allow the 

rational design of ligand molecules that are optimized to stabilize nanoparticles,[366] introduce various 

functional groups,[367-369] besides examples for particle synthesis[24] and phase transfer[247] with the 

help of peptides. Making use of the biological functionality of certain peptides, the specific uptake of 

nanoparticles by cells can be optimized by conjugation of nanoparticles with the corresponding 

peptide, as reported for Au nanoparticles[167, 305, 370] or quantum dots[332] by ligand exchange with 

cysteine-containing peptides. Also coating of quantum dots with lipids pre-modified with e.g. TAT 
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petide has been reported.[210] Peptide modification can also be carried by covalent conjugation 

chemistry, as demonstrated for qantum dots with amino groups[371] or magnetic iron oxide 

nanoparticles.[272, 372, 373] In addition, quantum dots modified with streptavidin (that is also 

commercially available) have been conjugated to different biotinylated peptides.[374-377] Small 

monofunctional Au cluster have been modified by conjugation chemistry with a peptide containing a 

polyhistidine tag that bound to the inorganic surface of CdSe/ZnS quantum dots,[329, 378] or 

alternatively to quantum dots modified with NTA.[273] Figure 4 illustrates the relative size of a short 

peptide (five amino acids) in respect to a 5 nm nanoparticle, Figure 8 shows a number of different 

proteins in comparison with a 5 or 10 nm nanoparticle. 

There are several strategies for conjugation of proteins to nanoparticles available, including enzymes 

or antibodies. First, “nonspecific” adsorption can be employed: The nanoparticles are incubated with 

the protein which adsorbs to the particles, either by electrostatic attraction if both partners are 

oppositely charged, by van-der-Waals forces, hydrogen bridges, gold-thiol bonds (from cysteine 

residues) or by hydrophobic interaction, e.g. when the pH is close to the pI of the protein or the 

nanoparticle so that the electrostatic repulsion is reduced. After adsorption, the protein can be 

irreversibly immobilized by those forces or a combination of them.[379] Potentially, the protein can get 

into intimate contact with the particle surface by partial or complete denaturation,[168] giving rise e.g. 

to hydrophobic interaction of the inner part of the protein and/or an increased contact area between 

the binding partners. Electrostatic binding has been demonstrated e.g. for protease to MPA-modified 

quantum dots,[380] and desorption of proteins can be triggered by increasing the electrolyte 

concentration that effectively shields the attractive electrostatic interaction.[381] Traditionally, these 

effects have been exploited for the preparation of so-called immunogold, small Au nanoparticles 

conjugated with antibodies that have been used as labels for immunostaining in electron 

microscopy[56, 382-386] and that have already been commercially available for many years. A related 

issue is surface passivation or “blocking”, carried out with inert proteins or with such that do not 

interfere with the assay aimed-at, which bind to “sticky” surface spots and prevent thus undesired 

binding of functional proteins. Common examples are serum albumins (bovine or from other 

sources[387]), which have also been used to functionalize nanoparticles with amino groups originating 

from their lysine residues.[168] 

Examples of modification of nanoparticles with proteins by covalent conjugation chemistry include 

transferrin on quantum dots[237, 388, 389] or rods,[390] bungarotoxin,[391] also magnetic nanoparticles 

posessing amino groups have been modified by enzymes.[270] By click-chemistry, lipase has been 

conjugated to Au NP,[279] as well as peptides to gold rods.[392] 

Streptavidin-functionalized nanoparticles have been used to label the biotinylated motor protein 

kinesin with quantum dots,[393] or biotinylated epidermal growth factor.[394] 

Proteins with a polyhistidine modification have been bound to nanoparticles modified by NTA, e.g. 

adenovirus know protein to small Au clusters,[323] the enzyme glutathione S-transferase[328] to 

quantum dots or by direct binding of the polyhistidine tag to the Zn-containing inorganic surface of 

CdSe/ZnS quantum dots as discussed before, e.g. for maltose binding protein[175, 330] or fluorescent 

proteins.[395] 
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Antibodies, besides adsorbed to gold nanoparticles as mentioned above, have been conjugated to 

quantum dots covalently by EDC,[216, 396] as well to magnetic-fluorescent composites[397] and by 

bifunctional crosslinkers to thiol-conatining, silianzied CdTe quantum dots.[398] Antibody fragments 

possessing free thiol groups have been bound to free amino groups of quantum dots by means of a 

heterobifunctional crosslinker,[310] and biotinylated antibodies to streptavidin-modified quantum 

dots.[399] More protocols and a comparison of the different approaches are also available.[400] 

Silica-coated nanoparticles of different core materials with amino groups have been modified with 

antibodies by bis-NHS reagents.[252] As shown by Weissleder et al.,[401] dextran-coated magnetic iron 

oxide nanoparticles can be covalently conjugated with peptides,[372] oligonucleotides,[402] proteins 

and antibodies.[403] 

Gold nanorods have been modified first with methoxy-PEG-thiol and thiolated antibodies,[404] or PEG 

with free biotin or thiol groups to which then streptavidin or other gold spheres could be bound.[170] 

Small biomolecules include quantum dots modified with dopamine via EDC chemistry,[146, 405] with 

serotonin via a PEG spacer[406] or gold nanoparticles decorated with sugar molecules.[407] 

Further examples can be found in a number of reviews about bioconjugation of gold 

nanoparticles,[408] quantum dots,[409] or nanoparticle-enzyme conjugates,[410] and in the other works 

mentioned in section 5.1 about biological applications. In Figure 8, different proteins and an IgG 

antibody are drawn to scale with a 5 or 10 nm nanoparticle, respectively. 

3.4 Fluorescent dyes and other functions, multifunctional particles 
Apart from chemical functional groups or biomolecules, nanoparticles have also been modified with 

a number of other functionalities. Common examples include fluorescent dyes[6, 346, 411, 412] or 

fluorescent proteins[395] that can be used for fluorescence labeling of non-fluorescent particles,[272, 369] 

or to generate systems exhibiting energy transfer. Common examples include fluorescent dyes which 

are quenched by gold nanoparticles, or which can be excited by fluorescence resonant energy 

transfer via a quantum dot serving as donor.[178, 413] Such systems will be discussed further in section 

5.1 about sensors. Other functions include paramagnetic ligand molecules[213] or chelator molecules 

for radionuclides.[414, 415] 

In summary, nanoparticle synthesis, phase transfer, functionalization and bioconjugation all have 

some common aspects and overlap, e.g. in regard to the binding of organic ligand molecules to the 

inorganic particle surface, and often there is no clear distinction possible since those ligands often 

introduce chemical functionality, as finally do complex molecules that again may change the physico-

chemical properties of the particles as well. 

The motivation for particle modification is the control over the interaction of the particles with their 

environment, which is naturally taking place at the particle surface. By appropriate modification, 

phase transfer, specific and non-specific binding to target molecules or surfaces, biomolecules or 

cells can be tuned, e.g. for the controlled targeting or assembly of nanoparticles. Furthermore, more 

functionality can be added to the properties the particle inherently has from its core material, e.g. for 

biological impact (for drug delivery or therapy) or fluorescence emission for non-luminescent 

materials. For multifunctional particles, three approaches can be identified: i) composite materials 

generated in-situ during synthesis, e.g. by growing nanocrystals with domains of different functional 
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materials[136, 137, 140] ii) post-modification of particles with functional molecules, e.g. fluorescent 

quantum dots with paramagnetic organic molecules[213, 416] or non-fluorescent nanoparticles with 

fluorescent dyes[356, 417-419] or bio-functional molecules[272, 335, 369] or iii) assembly of composite 

materials e.g. by combination of different nanoparticles with different functionality,[397] or e.g. 

microbeads or capsules loaded with a mixture of different classes of nanoparticles or functional 

molecules.[420, 421] 

While in the first approach certain material properties, e.g. differences in lattice parameters, might 

be limiting for the crystal growth, the second offers great flexibility for the price of finding robust 

systems and the appropriate conditions for the nanoparticle modification, the third usually results in 

objects rather large compared to single nanoparticles. 



32 

 

4 Characterization techniques 
Nanoparticles as objects on a length scale between macroscopic (µm) objects and small molecules 

are not resolved by standard imaging microscopy, nor are they strictly monodisperse like a bulk of 

identical small molecules. There are, however, a number of techniques “borrowed” from the classical 

disciplines physics or (bio)chemistry that allow for accessing certain properties of the nanoparticles. 

Here the focus is put on single nanoparticles of about 2 – 50 nm diameter and a narrow size 

distribution, in contrast to “technical” particles found in form of clay, concrete, ceramics etc. 

Classically, nanoparticles are characterized by transmission electron microscopy (TEM) down to 

atomic resolution, or scanning electron microscopy for particles larger than 15 nm. The de-Brogli 

wavelength of electron beams depends on the acceleration voltage and is much shorter than the 

wavelength of light, allowing much higher resolution down to single atoms. Though electron optics is 

relatively demanding in terms of apparatus design, electron microscopy is an imaging technique that 

allows to directly “see” the particles and their morphology. However, contrast is only good for 

materials with high electron density, in fact gold nanoparticles were the first objects studied with this 

technique, limiting TEM to inorganic materials, preferably heavy elements. Organic material is not 

directly visible, but can be negatively stained by addition of heavy metal salts to the sample on the 

grid.[208] TEM images can be evaluated statistically to get average size and size distribution, generally 

of the inorganic particle core. As to ligands, the situation is complicated by the organic nature of 

those molecules that are not directly visible and soft. Theoretically, the overall particle diameter is 

the core diameter plus two times the thickness of the ligands shell, however, it is found that the 

inter-particle distance is not a good measure for the thickness of the ligand shell because the ligand 

molecules can interdigitate with those of adjacent particles.[27] In addition, due to the dry preparation 

of the sample on the grid, all solvent is evaporated causing shrinking of the organic shell compared to 

the native state in a solvent. Besides many avaialabe techniques that are however often limited to 

the characterization of the material composition or size of the core and first ligand layer (XRD, 

XPS,[161] NMR,[422] NIR,[423] SERS,[424] ICP-MS[425, 426] and others), in the following a number of other 

techniques will be discussed that have been applied for the size characterization of more complex 

(bio-)conjugated nanoparticles, i.e. particles with rather thick organic shells. 

4.1 Size characterization 
Maybe the most basic property of a nanoparticle, besides its material composition, is its size. When 

dispersed in a solvent, this size is not only the diameter of the hard inorganic particle core but 

includes its organic ligand shell, possibly other, more complex molecules on the particle surface, and 

solvent molecules. This yields to an effective, hydrodynamic diameter that is characterized by the 

diffusion of the particle in its solvent, by a number of different techniques, the diffusion constant can 

be determined from which then the hydrodynamic diameter is calculated via the Stokes-Einstein 

relation. 

In dynamic light scattering (DLS), the thermal diffusion of particles causes intensity fluctuations of the 

light scattered by the particles. From the auto- or cross-correlated signal the diffusion constant can 

be derived, and with appropriate models the particle size distribution. This well-established method 

is fast and convenient to perform, it has been applied extensively to nanoparticles.[228, 262, 264, 297, 305, 

313] However, the scattering cross-section strongly depends on the particle diameter, so large 
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particles contribute with a strong weight to statistics, and the transition from an intensity 

distribution to a volume or number distribution should to be performed with care. Furthermore, the 

organic ligand layer is often neglected, as are thicker organic coating shells or biomolecules, yielding 

to a composite system with different optical properties and their size relation, e.g. in case of small 

inorganic nanoparticles of given size with possibly several organic layers of varying thickness. 

Fluorescence correlation spectroscopy (FCS) is based on the diffusion of fluorescent particles or 

molecules into and out of the focal volume of a confocal optical microscope. By the confocal setup, 

only fluorescent light from particles in the focal volume is detected, at high dilution single particles 

cause intensity fluctuations, of which the dynamics is characterized by the autocorrelation, from 

which the diffusion constant can be derived. By principle, this method is limited to fluorescent 

nanoparticles but has been applied with great success to quantum dots of different materials.[427-429] 

Thermophoresis is the effect that small particles move along a temperature gradient, commonly 

towards to cooler regions as it has been explained by solvation energy.[430] For particle sizing, a laser 

can be used to heat a small spot in a flat cuvette, resulting in a static radial temperature gradient in 

which the particles are depleted. While recording the spatial distribution of the fluorescent particles, 

the heat gradient is switched off and the nanoparticles diffuse back resulting in an isotropic 

distribution. The diffusion constant can by derived from the dynamics of the spatial particle 

distribution, in a way very similar to the technique of fluorescence recovery after photobleaching 

(FRAP) that has been used to study the lateral diffusion in cell membranes.[3] 

Another related technique is based on single particle tracking, where the diffusion movement of 

nanoparticles is directly observed under an optical microscope.[431-433] Analysis of the particle tracks 

and statistic evaluation allows for calculation of the diffusion coefficient and hence the particle size. 

All these techniques are based on free diffusion of the nanoparticles, interacting only with their 

solvent. A number of other techniques rely on a force field applied to the nanoparticles, or a solid 

matrix that interacts with the particles in solution. 

Analytical ultracentrifugation exploits particle sedimentation for the size characterization. 

Sedimentation velocity depends on the different mass densities of particles and medium, and on the 

particle size. While this method works well for homogenous particles of known density, the density 

of more complex core/shell nanoparticles strongly depends on the thickness of organic shell, which 

has to be taken into account for the model applied to derive the particle size.[434, 435] Alternatively, 

magnetic sedimentation has been applied.[436] 

Size exclusion chromatography (SEC), also known as gel filtration or gel permeation chromatography 

(GPC), is a technique commonly used for the characterization of polymers and proteins. The 

separation by particle size takes place in a column packed with a porous gel as matrix, termed 

stationary phase. The sample is applied under a flow of a solvent, termed mobile phase. While 

passing the column, small particles can diffuse into the pores of the stationary phase while larger 

particles are sterically excluded. This results in the retention of small particles that spend more time 

in diffusing into the pores and out again, while large particles come out first. The stationary phase is 

characterized by its pore size which allows separation of particles of a certain size range, and size 

characterization after calibration with standards of known size, e.g. polymers or globular proteins, 

which allows for an universal calibration based on the particle volume, in contrast to molecular 
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weight.[437, 438] Size exclusion chromatography has been applied to a number of nanoparticles of 

different materials in both organic solvents[234, 439-442] and aqueous phase,[3, 209, 228, 235, 264, 332, 443, 444] in 

some cases also in preparative scale. In addition, the separation of nanoparticles of different shapes 

by SEC has been reported.[445] Often, this method is limited by the colloidal stability of the particles 

which can irreversibly aggregate or adsorb to the stationary phase by loss of ligand molecules or 

reduced electrostatic repulsion in presence of salt. Therefore, additional free ligand molecules or 

other surfactants are commonly added to the mobile phase.[442, 446] 

Electrophoresis is the movement of particles in presence of an electric field, also termed 

electrokinetic phenomena.[447] Charged particles are attracted by the oppositely charged electrode, 

the electric field is mediated by an electrolyte as conductive medium that also causes a 

hydrodynamic drag on the particles, resulting in a constant velocity in a constant electric field. 

Qualitatively, small negatively charged particles migrate faster to the positive electrode than large 

ones, as do stronger charged particles, while positively charged particles will move towards the 

negative electrode. Quantitatively, electrophoresis is under certain restrictions described by Henry’s 

equation, relating electrophoretic mobility to particle size, charge (zeta potential) and ionic strength 

of the surrounding medium. However, real systems are often found in the intermediate regime 

where simple approximations such as the Hückel and the Helmholtz-Smoluchowsky limits for low and 

high ionic strength, respectively, may not be valid, or the shell of ligand molecules is found to 

strongly influence the mobility.[150, 448] 

Free electrophoresis is used for separation of nanoparticles by capillary electrophoresis,[449-453] where 

small amounts of samples can be analyzed with high resolution. Gel electrophoresis employs usually 

poly(acryl amide) or agarose,[454] a polysaccharide extracted from algae, to form a gel with the 

conductive medium. The gel avoids flow in the medium, e.g. by convection, and secondly serves as 

separation matrix by a sieving effect due to the pores.[455] Agarose gel electrophoresis is commonly 

used for water-soluble nanoparticles because it allows analysis of a large number of samples in 

parallel and direct comparison to each other by convenient optical detection, i.e. a camera. In 

addition, the separation is sometimes superior to other methods (e.g. SEC) allowing for the 

separation of nanoparticles with a discrete number of attached molecules, as discussed previously. 

So far, quantitative analysis of particle size and possibly the conformation of molecules to the 

nanoparticles has been addressed in different systems, however, the validity of the applied models 

and approximations should be confirmed carefully.[456] Colloidal nanoparticles, in particular if 

decorated with large, soft and complex molecules, are not ideal rigid spheres with a certain 

homogenous surface charge as commonly assumed, only recently also soft shells have been 

described theoretically.[457, 458] In real systems, the charge distribution around the particles is not 

known, and little is known about dynamic effects in presence of an electric field or gel matrix (which 

might by itself be hard to characterize),[455] in particular for complex nanoparticle-biomolecule 

conjugates.[295] While it is clear that separation is based on both size and charge of the particles, the 

experimental data can often not be fully interpreted quantitatively[150, 453] or even qualitatively, as in 

the case for nanoparticles modified with poly(ethylene glycol), a neutral polymer, in which the 

particles migrate towards the negative electrode, implying a positive net charge (cf. Figure 7, left). 

While this effect has been observed by several groups even for methoxy-terminated PEG,[1, 305, 456] no 

well-supported explanation seems available so far. While gel electrophoresis is mostly applied to 

nanoparticles for analytical purposes,[4, 350, 448, 459, 460] nanoparticles can be also extracted from the gel 
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for further experiments[1, 293, 294] and also column electrophoresis with continuous elution has been 

reported.[461] 

Depending on the nanoparticle material, the particle size often directly affects other physical 

properties that can be used for size characterization. Maybe the most prominent example is optical 

spectroscopy: The characteristic plasmon peak of gold nanoparticles depends on the nanoparticle 

size, by its position in the absorption spectrum in terms of energy or wavelength, the particle size can 

be calculated according to Mie scattering theory.[462] While the experimental spectra fit well to model 

calculations for large nanoparticles, the size-dependence of the spectral position of the plasmon 

absorption decreases for nanoparticles around or smaller than 10 nm in diameter,[463] which is 

attributed to increasing surface effects, besides the influence of the refractive index of the 

surrounding medium.[464] In Figure 10, absorption spectra of spherical gold nanoparticles with 

different diameters are displayed. Plasmon resonance is also found for other metal particles like 

silver, and for rod-shaped particles that exhibit two peaks resulting from a longitudinal and 

transversal mode. Recently, the absorption of rods and other shapes has been modeled theoretically 

with excellent agreement to experimental data.[465] In fluorescent semiconductor nanoparticles, 

spatial confinement of the wave functions of electron and hole of an exciton results in a size-

dependent quantization of the energy levels, and thus size-dependent absorption and emission 

spectra. Being one of the key features of colloidal quantum dots, this effect can also be used to 

estimate the size of such particles from their optical spectra by means of empirically found 

calibration curves.[466] However, for core/shell particles such as CdSe/ZnS there is no such data 

available, thus commonly the e.g. ZnS shell is neglected which, in fact, is equal to the assumption of a 

larger, homogenous CdSe particle. 

 

 

Figure 10: Optical absorption spectra of gold nanoparticles of different size. The spectral position of the plasmon peak 
changes very little for small particle diameters. The peak width is influenced by the size distribution of the sample in the 
cuvette, single-particle spectroscopy yields to more narrow peaks. All spectra shown have been normalized. 

Together with gravimetric methods, i.e. drying and weighting the mass of a sample after recording 

the absorption spectrum, and with the particle diameter from TEM, optical absorption spectroscopy 

is commonly used for concentration measurements, by applying the empirical extinction coefficient 

to Beer’s law. While this approach works reasonably well, is convenient in application and yields 
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reproducible results, often additional organic shells are neglected (despite in thermogravimetry) 

which can result in deviations of a few to several ten percent in regard to absolute numbers for 

concentrations. 

In addition, scanning probe microscopy including AFM (atomic force microscopy) have been used for 

the characterization of nanoparticles immobilized to flat surfaces.[264, 467-469] In combination with 

fluorescence microscopy, single quantum dots exhibiting differences in quantum yield and the 

presence of dark quantum dots could be accessed.[470] 

Small-angle x-ray and neutron scattering (SAXS[471-473] and SANS[474]) have as well been employed for 

colloidal nanoparticles, the size and possibly also the core/shell architecture of nanoparticles can be 

derived by means of a layer model with known parameters. 

 

Figure 11: Nanoparticles saturated with PEG of different molecular weight, “0 g/mol” are plain polymer-coated 
nanoparticles, hydrodynamic diameter determined by different techniques. Dotted lines are theoretical values consisting of 
a hypothetical core diameter (10, 15 or 20 nm) plus two times the thickness of the PEG layer that depends on the molecular 
weight (hydrodynamic diameters for PEG from literature, determined by SEC, data for particles plotted from reference[3]). 

To summarize, there are a number of different techniques with different measurement strategies 

available that have been successfully applied to the size determination of nanoparticles and to the 

characterization of particle modification based on the change in size e.g. due to additional molecules 

or coating layers. However, when absolute values of different methods are compared, often 

deviations are found that are larger than expected. In Figure 11, diameters of nanoparticles with PEG 

of different molecular weight is shown, determined by different methods. The observed deviations 

may be due to the fact that “size” is measured by means of different physical effects, involving 

possibly different physical properties of the particles, e.g. by interaction of a matrix, or when dry 

particles vs. particles in solution are compared. Secondly, depending on the method, deviations 

contribute differently to statistics, as data is collected in completely different ways, i.e. in ensemble 

or single-particle measurements. Naturally, reliably results are obtained by application and 

comparison of several complementary methods.[3, 178, 297] 
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Finally, a number of techniques are limited to certain classes of particles, i.e. inorganic particles 

(TEM) or fluorescent particles (FCS, thermophoresis), while others offer the additional benefit of 

optional preparative or semi-preparative separation, as found for gel electrophoresis, SEC and 

ultracentrifugation, in contrast to purely analytical methods. 

4.2 Stability, surface and conjugates 
Apart from nanoparticle size, also other physicochemical properties as colloidal stability under 

influence of increased salt concentration or different pH values, the optical stability of fluorescence 

emission, or the number of functional groups or attached molecules are of special interest for 

characterization. 

In case of fluorescent nanoparticles, quantum yield is one of the important parameters which 

determines, in combination with the extinction coefficient at the excitation wavelength, the 

brightness of a fluorescent probe. Quantum yield is influenced by the quality of the inorganic core or 

core/shell system and the local environment of the nanoparticle, in particular the organic ligand 

shell. Ligand exchange can lead to a decrease and for some systems also to an increase in 

fluorescence quantum yield, depending on how the organic ligand molecules influence the electron 

density in the outer regions of the nanocrystal, i.e. how they change the possibly present trap states 

that can yield to non-fluorescent recombination of excitons. 

For fluorescent ligand molecules attached to the nanoparticles, energy transfer can occur, yielding to 

a distance-sensitive change in emission of the donor in respect to the acceptor molecule. This can be 

exploited to gain information about e.g. the distance between particle and fluorescent ligand 

molecule, or binding/unbinding events commonly used for sensor systems. 

Gold and other metal nanoparticles show a plasmon resonance in the absorption spectrum. If 

nanoparticles aggregate, the plasmons of different adjacent particles can couple, yielding to an 

effective larger particle size and therefore to a remarkable red shift of the plasmon resonance.[475] 

While solutions of single small Au nanoparticles have a ruby-red color, aggregated particles show a 

blue to grey color. This color shift can be used to probe the colloidal stability of nanoparticles under 

variation of the environmental conditions, e.g. pH, salt concentration, ligand binding,[141, 157] or 

exploited for sensor systems where the assembly or disassembly of particle aggregates is triggered 

by the presence of analyte molecules. 

Characterization of the nanoparticle surface in regard to bound ligand molecules provides 

information about basic physicochemical properties of the nanoparticles, such as size and electric 

charge, and possibly about the conjugation with new ligand molecules or biomolecules. Beside the 

particle size, electric charge can be measured in terms of the particle zeta potential, which is the 

electric potential at the slipping plane of the electric double layer of ions around the particle, 

commonly realized by a combined setup of DLS and electrophoresis.[238, 448] It should be noted that, 

despite of an explicit theoretic description for idealized cases, real systems might be more complex 

e.g. in regard to the charge distribution in multiple soft ligand shells, resulting in deviations between 

different methods, e.g. DLS and gel electrophoresis. The resulting absolute numbers should be taken 

with care and if possible always compared to control samples acquired with the same setup. 
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As to chemical functional groups, there are a number of colormetric assays reported that allow for 

the quantification of amine groups, thiols, and others.[304, 310] Possibly, a chromophore released by 

the reaction with the target analyte[373] has to be separated from the nanoparticles because of 

overlapping absorption spectra. Furthermore, the binding of ligand molecules to metal nanoparticles 

can be probed by surface-enhanced Raman scattering (SERS).[392] 

Other functional molecules, in particular biomolecules, present on the particle surface can be 

assayed by their specific function, e.g. binding capability to a substrate, as demonstrated for target 

molecules immobilized on flat surfaces or microbeads in solution. Again, the attachment of larger 

biomolecules can be observed by the increase of the total particle size as discussed before. In 

combination with organic fluorophores conjugated to the molecule of interest, the presence of those 

molecules on the particle surface can be accessed by the absorption or fluorescence emission,[336, 338, 

347, 476] or by stepwise photobleaching of the organic dye.[391]  
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5 Applications, Outlook 
Applications of colloidal nanoparticles, in particular of those discussed in the present work, fall three 

classes: 

 Labeling, tracing, imaging 

 Sensing and detection 

 Active elements, e.g. for heat mediation, optical sensitizing or delivery vehicles 

Naturally, the material of the particles often plays the key role in applications by providing unique 

inherent properties like strong optical absorption or scattering, fluorescence emission or magnetic 

moment. Secondly, the particle surface and its modification determine particle stability, interaction 

with the particle environment, and possibly controlled assembly or targeting. 

5.1 Biological applications 
Biological applications of gold nanoparticles go back several decades when antibody-conjugated Au 

nanoparticles were used to specifically stain tissue sections for electron microscopy.[382] Further 

examples include immunoassays in which the strong scattering of Au nanoparticles binding to 

antibodies was used for detection,[477, 478] instead of absorbing products of enzymatic reactions as in 

classical ELISA formats. Variations include post-reaction silver enhancement[479] or electrochemical 

read-out.[480] The light-scattering properties of gold nanoparticles can be exploited in dark-field 

microscopy;[392, 481] in photothermal imaging light is absorbed by gold nanoparticles which then 

dissipate the energy to their local environment, causing a change of temperature which induces a 

change in the refractive index of the surrounding medium, which can consequently be seen in phase 

contrast.[482] In photoacoustic imaging contrast is produced by sound waves generated by the 

absorption of light by Au nanoparticles, by the local expansion of the surrounding medium again by 

dissipated heat, this technique has been applied for imaging in animals.[483] In surface-enhanced 

Raman scattering (SERS) spectroscopy,[484] inelastic scattering of light on molecules can be greatly 

enhanced in close proximity to a curved metal surface, i.e. a metal nanoparticle, by plasmon 

resonance resulting in a locally enhanced electric field. This effect can be used for the detection of 

biomolecules[485] or other trace analytes[485] and also for bioimaging.[486, 487] Besides, Au nanoparticles 

have been used as X-ray[488] contrast agent, and neutron-activated Au nanoparticles can be used as 

radioactive tracers.[13, 489] 

Similarly, fluorescent quantum dots have been widely used as light-emitting labels in biological 

systems.[490] Their size-dependant narrow emission spectrum paired with a broad absorption allows 

for multiplexed detection with a single excitation light source, rendering quantum dots an attractive 

system for simultaneous labeling of different target molecules or cellular structures in biology.[56, 178, 

216, 310, 491-493] In particular for applications in biological environment, i.e. under physiological 

conditions, appropriate surface modification and functionalization is crucial for particle stability and 

targeting. Besides staining for fluorescence microscopy in regard to imaging, also single-particle 

tracking has been employed to study dynamic processes inside living cells.[393, 399] Especially here, the 

unique spectral characteristics and long-term stability of fluorescence make the advantage of 

inorganic semiconductor quantum dots compared to “classic” organic dyes, a more detailed 
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discussion can be found in a recent review article.[494] In the same way, also phosphorescent 

nanoparticles of different materials can be used as light-emitting labels, as well as fluorescent gold 

nanoparticles have been reported.[9, 55, 56] The same applies for other, intrinsically non-fluorescent 

nanoparticle materials such as organic polymers or silica which can be doped with fluorescent 

organic dyes for labeling applications.[495] While for cells or thin tissue samples nanoparticles emitting 

in the whole visible spectrum can be employed, for imaging applications in animals[208, 266, 304, 308, 371, 

496] the near infrared (NIR) spectrum is more appropriate[497, 498] because of the reduced optical 

attenuation in tissue, allowing for imaging of deeper layers below the skin. Two-photon excitation 

has also been demonstrated for this purpose.[390, 499] A more detailed discussion and more examples 

are found in several dedicated reviews.[500-503] Furthermore, quantum dots have been used as 

fluorescent labels in flow cytometry,[504] see also below about microbeads and multiplexing. 

Magnetic nanoparticles are mainly used in magnetic resonance imaging (MRI) where they are 

introduced as contrast-providing agents,[505] or in fluorescence microscopy when conjugated with 

organic fluorophores.[272, 419] Here again, surface functionalization is crucial if specific targeting is part 

of the desired application. Both surface modification and applications of magnetic iron oxide 

nanoparticles have been reviewed recently.[506-509] 

 

  

Figure 12: A solution of single gold nanoparticles exhibits red color. When the particles agglomerate due to increased salt 
concentration or change in pH, the inter-particle distance is decreased, the plasmon oscillations can couple between 
adjacent particles, resulting in red-shifted optical absorption and thus blue-to-grey color when observed from outside. 
Depending on the surface coating of the particles, this effect can be reversible and/or specific to analyte molecules. 

As to sensors, the general principle is detection by a change of some physical property of the particle 

or particle system triggered by the presence of an analyte. Perhaps the most common example is 

gold nanoparticles that change their optical properties upon aggregation[475] (cf. Figure 12), as 

pioneered by Mirkin and coworkers,[337, 510, 511] Au nanoparticles can be modified with single-stranded 

DNA, and the nanoparticles can be cross-linked by an additional strand of complementary linker 

DNA. The resulting particle aggregates show a strong red-shift of the plasmon absorption; this effect 

can be exploited in a variety of different detection schemes:[512-517] Aggregation only occurs in 

presence of the linker DNA, so the system can be used for detection of a certain DNA sequence by 

modifying the nanoparticles with the complementary partial sequences. By raising temperature, the 

double strands linking the nanoparticles together will melt, while the melting transition, i.e. the 

melting temperature is sensitive to base-pair mismatches.[340] With laser-induced optical heating, a 

single base mismatch can be identified in a linker strand of 30 bases.[10] Similar systems include 
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enzyme detection, e.g. for nucleases that digest the DNA strands linking the nanoparticle aggregates 

together. Alternatively, silver particles can be employed for such systems,[344] and also DNA-mediated 

aggregates of magnetic particles have been demonstrated for detection DNA cleavage by NMR.[518] 

The assembly and disassembly of such DNA-mediated nanoparticle aggregates can also be controlled 

to some extend by enzymes, which cut or extend the DNA,[410, 519, 520] or proteases which cut e.g. 

peptides or proteins linking the particles.[521] Besides such systems based on aggregation, also a 

change of the refractive index in proximity of the nanoparticle can be detected by the spectral shift 

of the plasmon resonance. This has been demonstrated for single gold particles in dark-field 

microscopy where the binding of proteins to the particles could be monitored.[522] 

The strong optical absorption of gold nanoparticles is also exploited in lateral flow assays which are 

used e.g. for the detection of hormons in already well-established commercial applications. [523] 

A second class of nanoparticle-based sensor systems makes use of fluorescence resonant energy 

transfer (FRET) consisting of a donor and an acceptor, commonly fluorescent nanoparticles of which 

the fluorescence energy is transferred to an organic dye with red-shifted emission, or dye molecules 

on the surface of gold nanoparticles which quench the emission of the dye. In this way, the emission 

of the FRET system is shifted from the wavelength of the donor to that of the acceptor, or for 

quenching, the emission intensity is reduced (cf. Figure 13).  

 

Figure 13: When a quantum dot (green) is conjugated to a fluoresent dye (red), the emitted light at its native wavelength 
(top left) is decreased in intensity due to fluorescence resonance energy transfer (FRET) to the dye (bottom left). The 
spectral overlap of donor emission with absorption of the acceptor (right image, dotted lines), the spatial distance and the 
stoichiometry between donor and acceptor determines the efficiency for energy transfer. Ideally, the FRET acceptor shows 
no absorption at the excitation wavelength used for the donor. 

In a FRET process, energy transfer is described by Förster theory, the strong distance-dependency of 

the transfer rate (∝ r⁻⁶) offers a number of possible sensor configurations: The presence of an 

analyte can change the distance of the acceptor in respect to the donor, e.g. by conformational 

changes or by release of e.g. the dye molecule from the particle, e.g. by enzymatic reactions or 

competitive binding. In the latter cases, energy transfer will be reduced or not occur any more and 

the donor will emit fluorescent light at its native wavelength, or not quenched, respectively.[6, 356, 358, 

368, 377, 524, 525] In Figure 14, the basic principle of a FRET-based sensor system is sketched. 
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Figure 14: FRET system consisting of a quantum dot (donor, green) and organic dye (acceptor, red). a) The analyte (e.g. 
enzyme) breaks the linker molecule (e.g. peptide or DNA), the dye is released. Hence, FRET does no longer occur, the 
quantum dots emit at their native wavelength. b) The non-covalently bound acceptor dye is released by competitive 
binding of the analyte. This process depends on the binding energies between the partners and mass action, and allows for 
quantification in the range between no and complete replacement of the acceptor dye. Other configurations can consist of 
a conformational change of the linker molecule, or the analyte itself acts as FRET acceptor or quencher. 

The key issue for these kinds of applications is the functionalization of nanoparticles with receptor 

molecules that allow the interaction with the analyte molecules and a matching FRET partner. 

Further examples of such sensor systems for the dectection of analyte molecules can be found in 

review articles.[11, 526, 527] 

For the third class of applications, nanoparticles act as active elements, e.g. as heat-mediating 

elements. Gold nanoparticles, spherical or rod-shaped, strongly absorb light of equal or higher 

energy than their plasmon resonance. After excitation, the energy is dissipated into the environment, 

yielding to an elevated temperature around the particle. Beside optical excitation, gold nanoparticles 

can be excited to oscillations by electromagnetic fields, also yielding to heat dissipation in their 

surrounding, as it is carried out with magnetic nanoparticles.[528-530] This heating effect can be 

exploited for hyperthermia as cancer therapy, in which nanoparticles are localized in tumor tissue 

which is then destroyed by slightly elevated temperatures mediated by the nanoparticles,[531, 532] or 

for laser ablataion.[309] The key issue for this application is the specific targeting of tumor cells, 

yielding to an accumulation of nanoparticles in the malignant cells or tissue, the condition for 

selective therapy that does not harm benign cells or tissue. In principle, tumor targeting can be 

achieved “macroscopically” by external forces, e.g. a magnetic field directing magnetic particles to a 

tumor close to the magnet, or by biochemical targeting of nanoparticles functionalized with 

appropriate molecules allowing for molecular recognition of malignant cells and ligand-receptor-

based binding of nanoparticles to the desired target. Here again, this only can be achieved by proper 

surface functionalization also taking into account the colloidal stability of nanoparticles in a biological 

environment. Recent reviews about magnetic nanoparticles can be found elsewhere.[533-535] 

Uptake by cells can occur either unspecifically, i.e. by electrostatic adsorption of the particles to the 

outer cell membrane, or by specific binding to receptor molecules on the membrane.[536] In both 

cases, the particles are internalized by the cell in vesicles. From there, they can enter into the 

cytoplasma by disruption of the vesicle, or the particles can be forced into the cell from outside by 

electroporation or other techniques.[537] For specific uptake, the nanoparticles have to be 

functionalized with appropriate biomolecules that provide the desired interaction, and assure the 

colloidal stability under physiological conditions. Nanoparticles can be used as carriers for drug or 

gene delivery,[538] in which drugs, DNA or RNA molecules are immobilized on the particle that 

facilitates the uptake by cells. Once in the cell, the drug or genes are taken off the particles by the 

cell itself or the release can be triggered from outside, e.g. as demonstrated for the light-induced 
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melting of microcapsules loaded with gold nanoparticles.[539] Quantum dots have also been 

demonstrated to act as pH sensor inside cells.[540] 

Finally, oxide[541] and silver nanoparticles[542] were found to have anti-microbial properties, allowing 

for possible application as a modifier for adhesive plasters or textiles.[543] 

General reviews about the application of nanoparticles in biological systems can be found in a 

number of articles,[544, 545] focusing on analytics,[517, 523] gold particles,[12, 546] quantum dots[503, 547-550] or 

magnetic nanoparticles.[508] 

5.2 Technical applications 
As in biological systems, nanoparticles can also be used for imaging and sensing also in technical 

applications, as fluorescent markers or e.g. by the color change of aggregated Au nanoparticles or 

quenching of fluorescence emission, as demonstrated for the detection of mercury ions.[551, 552] CdSe 

quantum dots have been used as sensors for the detection of cyanide[553] and copper ions.[554] 

Antibody-conjugated quantum dots have been used for the detection of non-biological molecules, 

like TNT in a competitive FRET-based system.[555]  

As simple fluorescent markers, quantum dots have been utilized as tracers for flow velocimetry in 

microfluidic devices,[556] the temperature-dependent emission allowed for sensing the temperature 

of the environment[557] as well as for pH sensors[220, 558] or gas sensors.[559] A combined system of Au 

nanoparticles and quantum dots has been reported in which the fluorescence emission varied with 

the distance of the particles as a function of temperature.[560] 

Semiconductor nanoparticles have been used for electric devices such as single-electron 

transistors,[561] photodiodes, solar cells[562-565] or light-emitting diodes,[566-569] also stimulated emission 

of quantum dots has been investigated.[570] TiO2 nanoparticles serve as the matrix of dye-based solar 

cells.[571, 572] 

Another broad field are nanoparticle-based composite materials, e.g. organic polymer blends[567] or 

inorganic oxide matrices[217, 570] that have been used in some of the above applications or for 

electrospinning.[5] SiO2 nanoparticles are employed as additive in polymer composites,[573, 574] i.e. in 

order to provide scratch resistance to thin polymer films. 

Quantum dots with different emission wavelengths can be embedded into polymeric microbeads, 

the relative intensities allow a barcode-like library of microsized objects that can be used for high-

throughput applications. Due to the unique optical properties, nanoparticles of all emission 

wavelengths can be excited by a single light source and their narrow emission spectra allow for a 

large number of different species and hence possible combinations of relative intensity.[168, 500, 575-577] 

Polymer beads with incorporated magnetic nanoparticles can be used for magnetoseparation.[397] 

As to basic research, the self-assembly of nanoparticles to more complex structures is studied, aiming 

for possible applications e.g. in electronics. Regular 3D assemblies of nanoparticles have been 

demonstrated,[578] also 2D lattices of nanoparticles on surface, e.g. by the Langmuir-Blodgett or other 

layer-by-layer techniques,[205, 579-581] and the linear arrangement of nanoparticles[582] along template 

molecules. Assembly of particle groupings with a well-controlled number of constituents and/or 

geometry has been achieved with DNA-modified nanoparticles[293, 295, 363, 519, 583] or chemical 
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derivatization.[170, 287, 299, 378, 584] Particles of different materials yield to multifunctional structures[397] 

with e.g. magnetic moment and fluorescent properties. More examples of the assembly of 

nanoparticles are found in a number of reviews.[408, 585-587] 

Finally, due to the extremely high surface-to-volume ratio of nanoparticles, they are ideally suited for 

catalytic purposes as recently summarized in a review.[588]  

5.3 Concerns about toxicity 
For completeness, concerns about possible toxic effects of nanoparticles[589-592] should be mentioned. 

In principle, this toxicity can be either due to the material itself in terms of toxic chemical elements, 

the most prominent example being cadmium-based nanoparticles such as CdSe or CdTe. Or, toxicity 

can be caused by size and shape of nanoparticles, i.e. by their physical presence, as known for fibrous 

materials such as asbestos. Indeed, the release of Cd2+ ions and related toxic effects are reported for 

CdSe quantum dots in cell culture, decreased effects for CdSe/ZnS core/shell particles and silica-

coated CdSe particles, respectively. This suggests that leeching of toxic materials can be reduced by 

additional coating layers,[591] beside the fact that for many applications the actual concentrations are 

very low, assumingly not causing acute toxicity. The same holds true for inherently inert, 

biocompatible materials like gold nanoparticles. However, there are reports in which cell viability 

depends on the surface coating of gold nanoparticles, and recently also the binding of small gold 

clusters to the major groove of DNA causing toxic effects has been reported.[592] 

As for cells, the same principles also apply to tissue[593, 594] and higher organisms, to which 

nanoparticles can be applied e.g. for labeling/imaging[595-597] or therapy.[598, 599] Here an additional 

aspect is the distribution of nanoparticles after e.g. oral or intravenous application and their fate in 

regard to degradation or excretion.[600, 601] First studies suggest that nanoparticles are mostly 

accumulated in liver and spleen, as e.g. probed with radiolabeled nanoparticles.[414] Common surface 

modification consists of PEGylation of the nanoparticles in order to increase their inertness and thus 

half-life in the blood circulation,[208, 304] and possibly other molecules for specific targeting.[266, 308] 

Eventually, also the toxicity of the ligand molecules has to be taken into account, as e.g. for CTAB, the 

commonly used ligand for the synthesis of gold rods.[169] In contrast, certain oxide materials or 

organic polymers are found to degrade completely in the body, suggesting these systems as really 

biocompatible.[602, 603] 

Taking into account the foreseen large-scale production of nanomaterials in the near future, their 

impact on the environment, i.e. whole eco systems, needs to be studied to a great extent in order to 

gain knowledge about the long-term effects in air, water and soil.[604] There, big differences are 

expected between the effects of single dispersed particles and those of aggregates. 
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5.4 Conclusion and Outlook 
Today, nanoparticles of a large number of different core materials and sizes can be synthesized, and 

their surface can be modified by a number of different techniques in order to increase the stability of 

the particles in solution, or to taylor the surface chemistry, e.g. in regard to specific interactions with 

biological molecules. Compared to existing systems, the unique properties of the different particles 

including strong fluorescence, magnetic moment or optical absorption are expected to bring a real 

advantage for a number of applications. 

As to the uptake of nanoparticles by cells, cytotoxicity, or the fate of nanoparticles in the 

environment, still very little is known, and a major task for the future will be to draw a general 

picture of  the effects of particles of different size, shape and material composition. One prerequisite 

for that is standardization that would allow a comparison of the results acquired in different studies 

for different particles and possibly different systems they are interacting with. 

More standardization is also needed in particle characterization, e.g. for the size measurement. 

Many methods are limited to certain particle species, e.g. fluorescent particles, and different 

techniques often probe different physical properties of the particles in order to derive the particle 

size. 

Finally, the systems used for many proof-of-principle experiments have to be transferred to larger 

scale and robustness which both are, besides standardization and safety, important issues in regard 

to real applications or possible products. However, for analytical in vitro assays the routine use of 

nanoparticles in real applications seems already possible in close future. 
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6 Publications 
For the cumulative thesis presented here, the publications contributing to the field of research are 

attached and shortly summarized, and the author’s contributions to each publication are outlined 

below. The published papers or submitted manuscripts are attached as Appendix A1 – A12. The in 

some cases extensive Supporting Information has been omitted, it can be found on the web. 

6.1 Nanoparticle modification and functionalization 
Hydrophobic nanoparticles can be transferred to the aqueous phase by means of an amphiphilic 

polymer, regardless of the core material. The comb-like polymer consists of hydrophobic side chains 

(hydrocarbon chains) and an amphiphilic backbone (maleic anhydride) that forms carboxylic groups 

in aqeous solution. In this work, the covalent attachment of molecules to the polymer was 

developed. Poly(ethylene glycol), an inert polymer, was used as prototype for large, hydrophilic 

molecules. By agarose gel electrophoresis, nanoparticles with exactly 0, 1, 2… attached molecules 

could be separated. In this way, employing bifunctional PEG molecules, monofunctional 

nanoparticles can be prepared. The terminal functional group retains its reactivity, as shown by the 

attachment of a second PEG molecule. This approach allows for the generation of monofunctional 

nanoparticles that are expected to serve as molecule-like building blocks for larger constructs, 

preventing inter-particle crosslinking due to a larger number of reactive sites. 

 [A1][1] R. A. Sperling, T. Pellegrino, J. K. Li, W. H. Chang, W. J. Parak: "Electrophoretic 

separation of nanoparticles with a discrete number of functional groups", Advanced 

Functional Materials 2006, 16, 943-948. 

 Patent: W. H. Chang, J. K. Li, R. A. Sperling, T. Pellegrino, W. J. Parak, US020070134679 A1, 

2007, "Method for separating nanoparticles with a controlled number of anchor points".  

o All experiments, development of protocols, data evaluation 

A custom design of a comb-like amphiphilic polymer was developed. Starting with a commercially 
available poly(maleic anhydride butylene) as backbone, hydrophobic side chains like dodecylamine 
can be statistically grafted to the backbone. The amine group reacts spontaneously with the maleic 
anhydride moieties, and by appropriately chosen stoichiometry a part of the maleic anhydride can be 
left unreacted and intact. To these reactive groups, other functional molecules can be coupled in an 
additional step, as demonstrated for fluorescent dyes, galactose, biotin and PEG. Alternatively, the 
particles can be modified in aqueous solution after phase transfer, as with other particle surface 
coatings. 

 [A2][2] C.-A. J. Lin*, R. A. Sperling*, J. K. Li, T.-Y. Yang, P.-Y. Li, M. Zanella, W. H. Chang, W. J. 
Parak: "Design of an amphiphilic polymer for nanoparticle coating and functionalization", 
SMALL 2008, 4, 334-341. 

 Patent: W. H. Chang, C.-A. J. Lin, J. K. Li, M. Oheim, A. Yakovlev, A. Feltz, C. Luccardini, M. T. 

Fernández-Argüelles, R. A. Sperling, W. J. Parak, "Amphiphilic polymer, method for forming 

the same and application thereof", Taiwanese and US patent submitted.  

o Polymer design, part of characterization (*both authors contributed equally) 
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6.2 Nanoparticle characterization 
Polymer-coated nanoparticles (Au and CdSe/ZnS) were modified with poly(ethylene glycol) of 

different molecular weight. The particle size was characterized by different methods including 

transmission electron microscopy (TEM), agarose gel electrophoresis, size exclusion chromatography 

(SEC), thermophoresis and fluorescence correlation spectroscopy (FCS). While each method yielded 

consistent results, e.g. increasing particle diameter with increasing molecular weight of the PEG, the 

absolute numbers showed differences when compared to each other. The different methods are 

either based on free diffusion or include an interaction with a matrix (gel electrophoresis, SEC), or are 

sometimes limited to fluorescent particles. Furthermore, particles modified with PEG have a soft 

shell with a thickness of several nanometers that complicates exact quantitative analysis, which 

implies that absolute numbers for the size of nanoparticles should be taken with care. 

 [A3][3] R. A. Sperling, T. Liedl, S. Duhr, S. Kudera, M. Zanella, C.-A. J. Lin, W. Chang, D. Braun, 

W. J. Parak: "Size determination of (bio-) conjugated water-soluble colloidal nanoparticles - a 

comparison of different techniques", Journal of Physical Chemistry C 2007, 111, 11552 -

11559. 

o Preparation of samples, main part of characterization and data evaluation 

 

Citrate-stabilized gold nanoparticles were conjugated with thiol-modified single-stranded DNA of 
different length. The electrophoretic mobility in agarose gel electrophoresis was evaluated in 
dependence of agarose concentration, DNA length, particle diameter and number of attached DNA 
molecules per particle. Data evaluation was performed by Ferguson analysis for different gel 
concentrations and alternatively by calibration of the gels with nanoparticles of known size. Both 
methods yielded similar diameters of the conjugates, the second method with reduced experimental 
effort. The scattering of the resulting data was partially attributed to the thick soft shell of DNA 
molecules interacting with the gel matrix. However, quantitative analysis allowed for deducing 
conformational changes of the DNA molecules from a stretched conformation at high grafting density 
and short molecules, to a more coiled form for longer DNA and lower grafting densities, respectively. 

 [A4][4] T. Pellegrino*, R. A. Sperling*, A. P. Alivisatos, W. J. Parak: "Gelelectrophoresis of 

Gold-DNA Nanoconjugates", Journal of Biomedicine and Biotechnology 2007, 2007, article ID 

26796. 

o Data evaluation (*both authors contributed equally) 
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6.3 Collaborative work 

6.3.1 Materials science 

Hydrophobic gold nanoparticles were modified with dodecanethiol by ligand exchange, resulting in 

stable particles that could be dispersed in a polymer matrix. In the lab of our collaboration partner 

Dr. Gyeong-Man Kim (Halle), a PMMA solution containing the nanoparticles of about 4 nm diameter 

was used for electrospinning. Depending on the process parameters, the resulting polymer fibers had 

a diameter of 20-100 nm, by means of TEM it was found that the nanoparticles were arranged in 

chain-like structures that were formed during the spinning process. 

 [A5][5] G.-M. Kim, A. Wutzler, H.-J. Radusch, G. H. Michler, P. Simon, R. A. Sperling, W. J. 

Parak: "One-Dimensional Arrangement of Gold Nanoparticles by Electrospinning", Chemistry 

of Materials 2005, 17, 4949-4957. 

o Preparation of gold nanoparticles, surface modification by ligand exchange with 
dodecanethiol that is compatible with desired polymer for electrospinning. 

 

Quantum dots were transferred to aqueous solution by means of an amphiphilic polymer that had 

been modified with a fluorescent dye. Due to the spectral overlap of the emission of the quantum 

dots and the absorption of the organic dye in the polymer shell, fluorescence energy transfer was 

observed, resulting in reduced QD emission and increased emission of the dye. The fluorescent dye 

served as a model for a calcium-sensitive dye that is intended for a future FRET-based sensor system 

for application inside cells. 

 [A6][6] M. T. Fernández-Argüelles, A. Yakovlev, R. A. Sperling, C. Luccardini, S. Gaillard, A. S. 

Medel, J.-M. Mallet, J.-C. Brochon, A. Feltz, M. Oheim, W. J. Parak: "Synthesis and 

characterization of polymer-coated quantum dots with integrated acceptor dyes as FRET-

based nanoprobes", NanoLetters 2007, 7, 2613-2617. 

o Part of sample characterization 

 

The amphiphilic polymer coating approach was extended for the transfer of hydrophobic mangan 

ferrite nanoparticles to aqueous solution. The polymer-coated nanoparticles were compared to other 

coating strategies and the influence of the surface coating on the magnetic relaxation in regard to 

magnetic resonance imaging was studied. 

 [A7][7] U. I. Tromsdorf, N. C. Bigall, M. Kaul, O. T. Bruns, M. S. Nikolic, B. Mollwitz, R. A. 

Sperling, R. Reimer, H. Hohenberg, W. J. Parak, S. Förster, U. Beisiegel, G. Adam, H. Weller: 

"Size and Surface Effects on the MRI Relaxivity of Manganese Ferrite Nanoparticle Contrast 

Agents ", Nanoletters 2007, 7, 2422-2427. 

o Preparation and characterization of part of the samples 
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Yttrium oxide nanoparticles were prepared by a sol-gel method and doped with Eu3+ and Tb3+. The 

nanoparticles were found to be partially aggregated due to the high-temperature doping process. 

The particles could be partially dispersed in organic solution by means of addtition of TOPO or other 

surfactants and sonication, or in aqueous solution by means of dichloroacetic acid and sonication. 

TEM revealed that the particles consisted mostly of small clusters and primary particles. 

 [A8][8]  A. Pandey, M. K. Roy, A. Pandey, M. Zanella, R. C. Sperling, W. J. Parak, H. C. Verma: 

"Chloroform- and water-soluble sol-gel derived Eu+++/Y2O3 (red) and Tb+++/Y2O3 (green) 

nanophosphors: synthesis, characterisation and surface modification ", Nanotechnology 

2007, submitted. 

o Surface modification and characterization (in part) 

 

Small gold nanoclusters were prepared by synthesis in organic solution and an additional etching 

step. The particles were transferred to the aqueous phase by dihydrolipoic acid (DHLA), the resulting 

diameter was smaller than 2 nm and nanoparticles exhibited red fluorescence emission. Though the 

quantum yield was considerably less than for typical semiconductor quantum dots, these very 

compact and cadmium-free probes are an interesting alternative in regard to biolabeling 

applications. The DHLA-modified nanoparticles were conjugated with single biotin moieties and used 

for fluorescence labeling of cells. 

 [A9][9] C.-A. Lin, R. A. Sperling, M. Zanella, W. Chang, J. Li, T.-Y. Yang, J.-L. Shen, H.-I. Yeh, W. 

Parak: "Synthesis, Characterization and Bio-conjugation of Fluorescent Gold Nanoclusters 

toward Biological Labeling Applications", ACS Nano 2008, submitted. 

o Part of sample characterization 
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6.3.2 Biological systems 

Citrate-stabilized gold nanoparticles with a diameter of 10 nm were conjugated with thiol-modified 
single-stranded DNA. Particles modified with strand A and particles with strand B were mixed, by 
addition of a linker strand with one end complementary to A and the other end to B, the 
nanoparticles could be cross-linked. The nanoparticle aggregates exhibited a blue-shifted optical 
absorption that could be used to generate DNA melting curves of which the melting temperature is 
decreased in case of a DNA mismatch. By employing a pulsed laser for optical heating, the melting 
transition could be observed in microseconds, resulting in a significant reduction of analysis time 
compared to temperature ramps of minutes to hours as in conventional experiments. 

 [A10][10] J. Stehr, C. Hrelescu, R. A. Sperling, G. Raschke, M. Wunderlich, A. Nichtl, D. 

Heindl, K. Kürzinger, W. J. Parak, T. A. Klar, J. Feldmann: "Gold Nano-Stoves for Microsecond 

DNA Melting Analysis", Nanoletters 2008, 8, 619-623. 

 Patent: J. Stehr, T. Klar, J. Feldmann, C. Hrelescu, W. Parak, G. Raschke, R. Sperling, M. 

Wunderlich, K. Kürzinger, D. Heindl, A. Nichtl, "Genotypisierung mittels optisch geheizter 

Nanopartikel-Aggregate", German patent submitted.  

o Preparation of DNA-modified nanoparticles, purification and characterization. 

In a short review article, the application of quantum dots for biolabeling and bioanalytics was 

discussed. 

 [A11][11] C.-A. J. Lin, T. Liedl, R. A. Sperling, M. T. Fernández-Argüelles, J. M. Costa-Fernández, 

R. Pereiro, A. Sanz-Medel, W. H. Chang, W. J. Parak: "Bioanalytics and Biolabeling with 

Semiconductor Nanoparticles (Quantum Dots)", Journal of Materials Chemistry 2007, 17, 

1343-1346. 

 

In a review article, biological applications of gold nanoparticles were summarized, including 

biolabeling, imaging, sensing, drug or gene delivery or hyperthermal therapy.  

 [A12][12] R. A. Sperling, P. R. Gil, F. Zhang, M. Zanella, W. J. Parak: "Biological Applications of 

Gold Nanoparticles", Chemical Society Reviews 2008, 37(9), 1896 - 1908. 

 

In regard to the biodistribution of nanoparticles in organisms, a series of experiments in rats was 

carried out. Gold nanoparticles with a core diameter of 5 nm were administered via the lungs, guts or 

by intravenous injection. Prior to application, the nanoparticles were rendered radioactive in a 

neutron reactor and after incubation of 1 to 24 h, the animals were sacrificed and the organs were 

dissected. The analysis of radioactivity enabled the sensitive and quantitative detection of the 

relative particle concentration in the different organs. In this study, gold nanoparticles with 

sulfonated phosphine, polymer-coating and different length of poly(ethylene glycol) were compared. 
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 [13] W. G. Kreyling, J. Lipka, S. Takenaka, A. Wenk, R. A. Sperling, W. J. Parak, M. Semmler-

Behnke: "Quantitative biokinetics of PEGylated and phosphine-coated 5 nm gold 

nanoparticles administered either to the lungs, circulation or gut of rats", 2008, in 

preparation. 

o Preparation of gold nanoparticles with different surfaces, purification and 

characterization. 

 

Certain leukemia cells or cells infected by a leukemia-inducing virus have been found to be affected 

by an antioxidant mixture consisting of vitamins, amino acids and trace elements. The proliferation 

and invasiveness of the cancer cells is reduced by this nutrition mixture. The effect of gold 

nanoparticles on this mechanism has been studied, comparing the impact of polymer-coated and 

PEGylated nanoparticles on different cell types. 

 [14] E. Baydoun, S. Sharakeh, R. A. Sperling, P. R. Gil, A. Meinhardt, W. J. Parak: "Gold 

nanoparticles affect the antiproliferative effect of SNS on HTLV-1 infected cells", 2008, in 

preparation. 

o Synthesis and modification of gold nanoparticles with different surface coatings, 

purification and characterization of the particles. 

. 
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Electrophoretic Separation of Nanoparticles with a Discrete Number
of Functional Groups**

By Ralph A. Sperling, Teresa Pellegrino, Jimmy K. Li, Walter H. Chang, and Wolfgang J. Parak*

1. Introduction

For many experiments, nanoparticle labels with a discrete
and controlled number of attached ligands (or even more gen-
eral, functional groups) would be very desirable. Depending on
material, size, and shape, nanoparticles can exhibit different
functional properties, such as fluorescence, optical absorption,
or magnetic moments, and can thus be detected using different
techniques.[1–6] Ligand molecules attached to the surfaces of
such nanoparticles will specifically bind to their corresponding
receptors. Such constructs, e.g., gold or semiconductor nano-
particles decorated with oligonucleotides, streptavidin, or anti-
bodies, have been successfully used in life sciences to trace the
position of single proteins within the membranes of living
cells,[7–9] and to visualize the structure of artificially created
nanoassemblies.[10,11] In addition, similar constructs have been
used in materials science for the assembly of nanoparticles into

well-defined structures. In pioneering work, the groups of
Alivisatos and Mirkin have demonstrated that oligonucleotide-
decorated gold nanoparticles can be organized in solution
through the high specificity of the hybridization between com-
plementary DNA strands attached to the nanoparticles.[12,13]

Whereas these first DNA-mediated assemblies of gold particles
were not very well defined in terms of their size and composi-
tion, successive work has demonstrated that, based on these
principles, precisely defined DNA-mediated groupings of gold
nanoparticles can be formed.[14–17] The grouping of gold nano-
particles has also been achieved using receptor–ligand pairs
other than complementary oligonucleotides, such as the biotin–
avidin system.[18]

One key issue for some of the above-mentioned applications
is the ability to control the number of ligand molecules bound
to each nanoparticle. By exactly controlling the number of
binding sites per nanoparticle, unwanted crosslinking effects
between the labels or between the structures to be labeled,
which eventually can lead to agglomeration, can be avoided.
For the controlled assembly of particle groupings, such defined
building blocks are a prerequisite. Apart from some excep-
tions,[19–21] so far it has not been possible to directly synthesize
such particles. Instead, functional groups have been attached to
the particles, after which the particles with the desired number
of functional groups have been sorted. For this purpose, gel
electrophoresis has been demonstrated to be a powerful tech-
nique. The idea of this strategy is simple: If the molecules
bound to a particle change their overall effective size (or
charge) sufficiently, particles containing different numbers of
molecules attached per particle can be separated. Such a proto-
col has been described for single-stranded DNA linked to Au
particles.[22,23] Au particles can be synthesized in aqueous solu-
tion with a weakly attached monolayer of ligands (citric acid or
phosphines). Therefore, the size distribution of Au particles is
excellent (each additional shell would make the size distribu-
tion worse) and DNA can be directly attached to the Au sur-
face via –SH groups. Each attached DNA molecule increases
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A concept is describe that facilitates the modification of colloidal nanoparticles of different materials with an exactly known
number of variable functional groups. In particular, a procedure for the surface functionalization of nanoparticles with a
controlled number of mono- or bifunctional poly(ethylene glycol) (PEG) molecules of suitable chain length is reported. Conju-
gates of nanoparticles with one, two, and three PEG molecules per nanoparticle could be separated using gel electrophoresis.
Molecules with additional functionalities could be conjugated to the free ends of the bifunctional PEG molecules. In this way
the PEG molecules act as convenient spacers that allow for the sorting of nanoparticles with a discrete number of functional
groups.
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the overall size of a DNA/Au-particle conjugate significantly.
As a result of this increment in size, Au particles with different
numbers of DNA molecules attached per particle can be sorted
and extracted using gel electrophoresis.[22] So far this process
has been limited to Au particles and thiolated DNA molecules
of at least 30 bases in length, because this length was needed in
order to produce a sufficient change in electrophoretic mobil-
ity.[24]

In order to extend this strategy to other types of nanoparti-
cles and molecules, three basic requirements have to be ful-
filled: i) The size distribution (or charge distribution) of the
plain nanoparticles must be sufficiently narrow in order to
result in a sharp band in gel electrophoresis, ii) the ligand
molecules have to be attached to the surfaces of the nanoparti-
cles with sufficient stability, and iii) the attachment of each
molecule must result in a change in conjugate size (or charge)
that is large enough to be resolved by the applied separation
technique. Nowadays, the first two of the three presuppositions

are state of the art. High-quality inorganic nanoparticles of
many materials with excellent size distributions, which have
been synthesized in organic solvents, can be transferred to
aqueous solution by embedding them in an amphiphilic poly-
mer shell (see Fig. 1a).[25,26] This process yields nanoparticles
with an excellent size distribution (i.e., the size distribution
does not get significantly worse because of the polymer shell)
that yield narrow bands in gel electrophoresis. On covalently
attaching bifunctional short poly(ethylene glycol) (PEG) mole-
cules to this polymer shell, the particles became very stable in
electrolytic solution.[27] This approach results in stable water-
soluble nanoparticles of different materials with identical sur-
face chemistry and many functional groups, e.g., –NH2 on the
free ends of PEG molecules. The covalent linkage of (biologi-
cal) molecules to the surfaces of such particles has been dem-
onstrated by using crosslinker reagents.[2,28] PEG molecules on
the particles’ surfaces simplify bioconjugation of the particles.
Nanoparticles are typically stabilized in aqueous solution by
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Figure 1. Gel electrophoresis of poly(ethylene glycol) (PEG)/Au conjugates: PEG molecules with one or two –NH2 groups were covalently attached to
polymer-coated 4 nm Au nanocrystals. a) NH2–PEG, molecular weight, M = 750 g mol–1; b) NH2–PEG, M = 2000 g mol–1; c) NH2–PEG, M = 5000 g mol–1;
d) NH2–PEG, M = 10 000 g mol–1; e) NH2–PEG–NH2, M = 897 g mol–1; f) NH2–PEG–NH2, M = 3000 g mol–1; g) NH2–PEG–NH2, M = 6000 g mol–1;
h) NH2–PEG–NH2, M = 10 000 g mol–1. The number of attached PEG molecules per Au particle was adjusted by changing the concentration of 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride (c(EDC)), in the following range: c(EDC)/c(Au particle) = 0, 31, 63, 125, 250, 500, 1000, 2000, 4000,
8000, 16 000, 32 000, 64 000, 128 000. Gel electrophoresis was performed on 2 % agarose gels for 80–90 min; the dashed line marks the positions on the
gels where the samples were loaded; the lanes from top to bottom show the samples with decreasing EDC concentration. Because of the increased num-
ber of attached PEG molecules with increasing c(EDC)/c(Au particle) ratio, the particles gain size and become more retarded on the gels.
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electrostatic repulsion. Since, in addition, many biological mol-
ecules are charged, repulsive interactions between the mole-
cule and the particle (for like-charged particles and molecules)
or electrostatic adsorption (for oppositely charged particles
and molecules) can occur. In order to suppress unwanted re-
pulsive interactions, salt can be added to screen the charge of
the particles and molecules. However, this eventually leads to
agglomeration of the particles, which do not repel each other
with sufficient force anymore. On the other hand, nanoparti-
cles modified with PEG on their surfaces repel each other by
steric interaction, and bioconjugation can be performed at high
salt concentrations.[29] In this way, PEG reduces the risk of par-
ticle agglomeration and enhances the binding yield.

The third prerequisite is the most complicated to meet. It is
not feasible to yield a sufficient change in size (or charge) for
separation when only small individual molecules (e.g., biotin or
–SH groups) are attached to the nanoparticles. For this reason,
it is not practicable to directly isolate nanoparticles with ex-
actly one small molecule (such as biotin) per particle by means
of gel electrophoresis (or size-exclusion liquid chromatogra-
phy), because the shift on the gel would be too small. There-
fore, we suggest a two-step process involving a so-called spacer
molecule. This spacer molecule must be either big enough in
size or sufficiently charged so that attachment of one individual
spacer molecule leads to a sufficient change that can be de-
tected by standard separation techniques (for separation by
charge or by size, such as gel electrophoresis or size exclusion
chromatography). The spacer molecule must have two func-
tional ends. On one end it must be reactive towards the surface
of the nanoparticles. The other end (pointing towards solution)
is either the desired functional group or must be reactive to-
wards a molecule bearing the functional group. In this work,
we demonstrate that PEG with a molecular weight higher than
a certain threshold (≥ 5000 g mol–1) can act as such a spacer
molecule.

2. Results

Amino-modified PEG, bearing an amino group on only one
end of the PEG chain (in the following called NH2–PEG), has
been attached to –COOH groups on the surfaces of polymer-
coated Au nanoparticles via standard bioconjugation chemistry
using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride (EDC)[30] (all experimental methods can be found in
detail in the Supporting Information). The more NH2–PEG
molecules bound per Au particle, the bigger the resulting con-
jugate. This can be easily observed using gel electrophoresis:
Negatively charged polymer-coated Au particles migrate to-
wards the positive pole; they become more retarded the larger
the number of NH2–PEG molecules attached (see Figs. 1a and
b, and see also Supporting Information). If NH2–PEG with a
molecular weight ≥ 5000 g mol–1 is used, discrete bands can be
observed (see Figs. 1c and d). In analogy to DNA/Au-particle
conjugates,[22] we ascribe these bands to Au particles with zero,
exactly one, exactly two, etc. NH2–PEG molecules attached
per particle. To test this assumption, we performed the same

control experiments as have been used in the case of DNA/Au-
particle conjugates,[22] as will be described below. In order to
introduce functional groups as anchor points for further attach-
ment of biological molecules, PEG molecules with two modi-
fied ends were used. PEG molecules modified with amino
groups at both ends (in the following called NH2–PEG–NH2)
were covalently attached to the surfaces of polymer-coated Au
nanoparticles using EDC, as described above. An appropriate
choice of the relative concentrations prevented interparticle
crosslinking. This was confirmed by comparing the migration
of Au particles modified under the same conditions with
NH2–PEG and NH2–PEG–NH2 using gel electrophoresis
(Figs. 1e–h, see also Supporting Information). Particles modi-
fied with NH2–PEG–NH2 exhibit free amino groups on their
surfaces, so that molecules bearing an N-hydroxysuccinimide
ester (NHS) functionality can be directly attached via the
formation of an amide bond.[30] We demonstrated this for the
case of NHS–PEG–biotin, which resulted in biotin-modified
particles.

3. Discussion

In the following, the key experiments are described in more
detail.

3.1. Length Dependence

For short NH2–PEG molecules (molecular weight
< 5000 g mol–1) the change in size of a particle due to the addi-
tion of one single PEG molecule is too small to be detected
with gel electrophoresis. If more PEG is attached per particle,
the sizes of the conjugates get continuously bigger and the
bands on the gel are more retarded. At one point, the particle
surface is saturated with PEG, and the retardation of the parti-
cles in the gels remains constant (Fig. 1a). The higher the mo-
lecular weight of the PEG, the bigger the maximum retardation
of the conjugates (Figs. 1a–d, see also Supporting Information).
Because of steric hindrance, the maximum number of PEG
molecules that can be attached per particle will decrease with
increasing length of the PEG molecule. At molecular weights
≥ 5000 g mol–1, the change upon binding one PEG molecule to
the particle surface yields a size change big enough to be de-
tected as a discrete band on the gel (Figs. 1c and d). The higher
the molecular weight of the PEG, the bigger the retardation in
the gel upon the addition of one single PEG molecule (Figs. 1c
and d, see also Supporting Information). We have strong ex-
perimental evidence that, similar to DNA/Au-particle conju-
gates, the main cause of retardation of the bands in the gel
upon binding PEG to Au particles is the change in the overall
size of the particles: Upon attachment of each NH2–PEG mol-
ecule via bond formation between the –NH2 group of the PEG
and a –COOH group on the particle surface, one negative
charge on the particle surface (which originated from the
–COOH group) is lost. This effect does not depend on the
length of the PEG molecule. However, since retardation in the
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gel was found to increase with the length of the PEG mole-
cules, this retardation cannot be predominantly ascribed to the
loss of negative charge, because this effect does not depend on
the length of the PEG molecule. In the case of saturation of
particles with short-chain PEG (i.e., in the situation when the
maximum amount of PEG is attached per particle) the conju-
gates migrate towards the positive pole, which indicates that,
even in the case of saturation, PEG molecules were only at-
tached to a fraction of the –COOH groups on the particle sur-
faces. Upon saturation with long-chain PEG, the retardation of
the conjugates even leads to a change in the direction of migra-
tion (Figs. 1b–d). We speculate that this effect might be asso-
ciated with the complexation of positively charged ions with
the neutral PEG.[31]

3.2. Introduction of Discrete Functional Groups

NH2–PEG–NH2 molecules of varying molecular weight were
attached using EDC to the polymer surfaces of Au particles,
as described above for NH2–PEG. Gel-electrophoresis experi-
ments demonstrated that Au particles conjugated to
NH2–PEG–NH2 and NH2–PEG yield bands with comparable
retardation in the gel (Figs. 1e–h, see also Supporting Informa-
tion). This means that interparticle crosslinking, which would
only be possible in the case of NH2–PEG–NH2 if one PEG
molecule binds with both NH2 groups to two different particles,
can be neglected. In the case of interparticle crosslinking, the
bands for the Au particles conjugated to NH2–PEG–NH2

should be more retarded than for Au particles conjugated to
NH2–PEG. For both NH2–PEG and NH2–PEG–NH2 with a
molecular weight ≥ 5000 g mol–1, discrete bands could be ob-
served under gel electrophoresis (Figs. 1g and h). Since the
bands can be ascribed to Au particles with zero, exactly one,
exactly two, etc. PEG molecules per Au particle, these conju-
gates are, in fact, conjugates with a precisely controlled number
of reactive groups on their surfaces. Whereas the polymer sur-
faces of the Au particles comprise only accessible –COOH
groups, each attached NH2–PEG–NH2 bears one free –NH2

group at its end that points away from the particle. In this way,
conjugates with exactly one, two, etc. –NH2 groups per particle
can be obtained.

3.3. Stability of the Conjugates

As mentioned above, the retardation of the conjugates that
we ascribe to Au particles with one and two bound PEG mole-
cules increases with the length of the PEG molecule. The for-
mation of non-specifically formed Au-particle clusters, on the
other hand, should not depend on the length of the PEG mole-
cule. This fact strongly indicates that the discrete retarded
bands cannot be ascribed to non-specifically formed dimers
and trimers of Au particles. As a further control, we extracted
the particles within the discrete bands from the gel and per-
formed electrophoresis on the purified and re-concentrated
sample again in a second gel (Fig. 2, see also Supporting Infor-

mation). Most of the extracted conjugates were found to mi-
grate with the same speed as the original ones. Only a very
weak band in the gel was found at the position of Au particles
without PEG. This indicates that the conjugates are stable
upon extraction from the gel, purification, and re-concentra-
tion, and that the PEG is removed from the particles for only a
minor fraction of the conjugates.

3.4. Reactivity of the Discrete Functional Groups

As described above, conjugates of Au particles with exactly
one, two, etc. –NH2 groups per particle were synthesized.
Using standard bioconjugation chemistry, it should be possible
to convert the –NH2 groups to other functional groups or to at-
tach biomolecules. This possibility has been demonstrated for
biotin using NHS-modified biotin as the biomolecule. Every
biotin bearing an NHS group should be reactive towards the
discrete –NH2 groups of the conjugates. NHS–PEG–biotin
(5000 g mol–1) was added to Au particles with zero or exactly
one –NH2 group per particle. As can be seen in Figure 2, addi-
tion of NHS–PEG–biotin to Au particles with no NH2 group
did not result in any shift in the gel and, thus, it can be deduced
that non-specific adsorption of PEG onto the particles does
not play a major role (Fig. 2, lanes 2 and 7). In the case of Au
particles with exactly one NH2 group per particle, the addition
of NHS–PEG–biotin resulted in the formation of a second,
more-retarded band in the gel (Fig. 2, lane 5, see also Support-
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Figure 2. Polymer-coated Au nanoparticles were reacted with a 1:20
mixture of NH2–PEG–NH2 (M = 10 000 g mol–1) and NH2–PEG
(M = 750 g mol–1) and EDC. After the extraction and purification of parti-
cles with exactly 0 and 1 NH2–PEG–NH2 molecules, the particles were
reacted with biotin–PEG–NHS (M = 5000 g mol–1) to demonstrate the re-
activity of a single free –NH2 group and its conversion to biotin. Lane 1
(top lane): polymer-coated Au particles; lane 2: polymer-coated Au parti-
cles with biotin–PEG–NHS; lane 3: Au particles with covalently attached
short NH2–PEG and long NH2–PEG–NH2 molecules; lane 4: extracted
second band (from lane 3) with exactly one free amino group; lane 5: par-
ticles with exactly one free amino group (from lane 4), reacted with biotin–
PEG–NHS; lane 6: extracted first band (from lane 3) with no free amino
group; lane 7 (bottom lane): particles from lane 6 with biotin–PEG–NHS.
The samples were run for 60 min at 100 V on a 2 % agarose gel. The slight
retardation of the first bands (without attached NH2–PEG–NH2) in
lanes 3, 6 and 7 in comparison to the plain polymer-coated particles is
due to some attached short NH2–PEG molecules, while the appearance of
discrete bands indicates the attachment of a defined number of long
NH2–PEG–NH2 molecules.
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ing Information). This indicates that part of the Au particles
have reacted with the PEG, which in turn increased the size of
the conjugates and, thus, reduced the mobility in the gel. This
second band now corresponds to Au particles with exactly one
biotin group per particle. However, in addition to the second
retarded band, a band remains that has the same mobility as
the original particles with one NH2–PEG molecule per particle.
This means that the yield of the conversion of the –NH2 group
to biotin is not optimum. It must be pointed out that this re-
lates to a fundamental problem. Particles with a precisely con-
trolled number of functional groups have been synthesized, but
it is not known how many of these functional groups are acces-
sible for reactions. In the case of DNA, it is known that DNA
molecules can wrap around particles in a non-specific way.[24,32]

In a similar manner, it seems very plausible that some of the
PEG molecules have adopted a configuration that hinders the
access of potential reaction partners to the reactive groups on
their ends.

4. Conclusions

In previous work, it was demonstrated that by embedding
particles in a polymer shell particles of different materials
(such as fluorescent or magnetic ones) that have identical sur-
faces can be synthesized.[26] For this reason, the concept of the
attachment of individual molecules per particle is not restricted
to one type of particle, but should be applicable to particles of
most materials. To demonstrate this generalization, polymer-
coated fluorescent CdSe/ZnS nanoparticles have been conju-
gated with individual NH2–PEG molecules using the same pro-
tocols that have been applied for Au nanoparticles. As can be
seen in Figure 3 (see also Supporting Information), conjugates
of PEG with Au and CdSe/ZnS particles show the same behav-
ior upon gel electrophoresis, which demonstrates that the
conjugation reaction does not depend on the properties of the
inorganic nanoparticle inside the polymer shell. As a next step,
we tried to demonstrate that this concept should work also for
different functional groups, X. By conjugating polymer-coated
Au particles with NH2–PEG–X molecules for which the PEG
was of sufficient length (molecular weight of the PEG
≥ 5000 g mol–1) and running the conjugates on a gel, discrete
bands corresponding to particles with exactly zero, one, two,
etc. functional groups per particle could be obtained. This has
been demonstrated for the case of X = NH2 and for the case
without X (see Figs. 1g and h, and Figs. 1c and d, respectively).
Alternatively, by conjugating polymer-coated Au particles with
NH2–PEG–NH2 molecules made from PEG of sufficient
length (molecular weight of the PEG ≥ 5000 g mol–1), running
the conjugates in a gel, and extracting the discrete bands from
the gel, conjugates corresponding to particles with exactly zero,
one, two, etc. –NH2 groups per particle were obtained. In a
subsequent step, the discrete –NH2 groups could be converted
to functional groups by reacting them with NHS–X. We have
demonstrated this for the case of X = PEG–biotin (see Fig. 2).

The trick of the concept described here for the synthesis of
particles with a controlled number of functional groups per

particle is the division of “separation” and “functionalization”.
Either the spacer molecule (as shown here for PEG of suffi-
cient length) is first modified on one of its ends with the de-
sired functional group X, then attached via its other end to the
nanoparticle, and the different conjugates are sorted, e.g., by
electrophoresis, or, the spacer molecule is first attached on one
side to the nanoparticle, the different conjugates are sorted,
e.g., by electrophoresis, and the free end of the spacer is after-
wards converted to the desired functional group. By successive
application of the sorting process it should also be possible to
synthesize heterofunctional particles with a controlled number
of two different functional groups.

The next consequent step will be the formation of precisely
controlled particle groupings of mixed species, e.g., the forma-
tion of dimers comprising a fluorescent CdSe/ZnS particle with
exactly one functional group, X, and a magnetic CoPt3 particle
with exactly one functional group, Y, which is reactive towards
X. As already mentioned above, this step is not straightforward
because, first, the accessibility of the functional groups on the
particles’ surfaces has to be improved. We believe that the con-
cept described here is an important step towards the construc-
tion of advanced building blocks on the nanoscale.

5. Experimental

Colloidal nanocrystals were synthesized, coated with polymer [26],
and purified by high-performance liquid chromatography (Agilent
1100 with a self-packed internal diameter 16 mm × 70 cm Sephacryl
S-300 HR column, the mobile phase was 150 mM NaCl in 50 mM so-
dium borate pH 9.0).
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Figure 3. Gel electrophoresis of PEG/Au and PEG/CdSe/ZnS conjugates.
Amino-modified PEG molecules (NH2–PEG, M = 5000 g mol–1) were
added to a) polymer-coated Au nanoparticles (diameter ca. 4 nm, identi-
cal to Fig. 1c) and b) CdSe/ZnS nanoparticles (diameter of the CdSe/ZnS
core/shell particles: ca. 7 nm) and the number of attached PEG molecules
per particle was adjusted by using different concentrations of EDC:
c(EDC)/c(Au-particle) and c(EDC)/c(CdSe/ZnS-particle) = 0, 31, 63, 125,
250, 500, 1000, 2000, 4000, 8000, 16 000, 32 000, 64 000, 128 000. The
lanes in the gel correspond to samples with decreasing EDC concentra-
tions from top to bottom. By comparing Figures 3a and b, it can be seen
that the position of the bands on the gel does not depend on the nature of
the inorganic nanoparticle material that is embedded in the polymer shell.
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For all experiments, stock solutions of 6.0 lM polymer-coated nano-
particles (NPs) in 50 mM sodium borate buffer (pH 9.0) were prepared.
The same buffer was used to dissolve the methoxy–PEG–amine
(NH2–PEG) and diamine–PEG (NH2–PEG–NH2) reagents, and EDC
(1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride, Sigma
Aldrich).

For the coupling experiments shown in Figures 1 and 3, equal
amounts of the 6 lM nanoparticle solution and the 3 mM PEG solution
were mixed and split into 20 lL samples. To these, 10 lL of an EDC
solution of appropriate concentration was added to achieve ratios of
EDC molecules to particles, c(EDC)/c(NP), of 128 000, 64 000, 32 000,
... 31. The ratio of PEG molecules to particles was kept constant for all
samples at c(PEG)/c(NP) = 500. The large excess of PEG molecules
was chosen to prevent interparticle crosslinking in the case of NH2–
PEG–NH2. The samples were mixed with a pipette and allowed to re-
act for at least 90 min.

Prior to gel electrophoresis, about 6 lL of gel-loading buffer con-
taining Orange G and 30 % glycerol was added to each sample. 2 %
agarose gels were prepared with 0.5× TBE buffer and run for
60–90 min at 10 V cm–1.

For the preparation of a larger amount of nanoparticles with a few
functional groups, a 20:1 mixture of 3 mM methoxy–PEG–amine (mo-
lecular weight, M = 750 g mol–1, Sigma Aldrich) and 3 mM diamine–
PEG (M = 10000 g mol–1, Rapp Polymere) was prepared in 50 mM so-
dium borate buffer (pH 9.0).

1 mL of this mixture was added to 1 mL of polymer-coated 4 nm Au
nanoparticles and reacted with 1 mL of an EDC solution to yield
c(EDC)/c(NP) = 1000. After reaction the sample was concentrated and
run on a 2 % agarose gel for 90 min in order to separate nanoparticles
with a defined number of functional groups. The mixture of a long
monoamine–PEG and a short diamine–PEG was chosen to increase the
stability of the particles during the several concentration and purifica-
tion steps. Because of the attachment of short NH2–PEG molecules, all
reacted particles showed a slight retardation compared to the plain poly-
mer-coated particles, while the discrete bands were caused by a signifi-
cant shift resulting from the attachment of long NH2–PEG–NH2.

The bands consisting of nanoparticles with exactly 0, 1, or 2 attached
diamine molecules (and thus exactly 0, 1, or 2 free amino groups) were
cut out and immersed separately in 0.5× TBE buffer over night. The
buffer containing the extracted nanoparticles was replaced, and on the
next day the separately pooled samples were concentrated by ultrafiltra-
tion. The buffer was replaced by 50 mM sodium borate buffer of pH 9 on
a NAP25 gel column and the concentration was adjusted to 6 lM.

In order to investigate the reactivity of the free functional amino
groups, 10 lL of the extracted particles with one free amino group
(from band 1) were reacted with 10 lL of 6 mM solution of biotin–
PEG–NHS (M = 5000 g mol–1, Nektar) in 50 mM sodium borate buffer
(pH 9.0). As control experiments, the same experiment was carried out
with particles from band 0 and with plain polymer-coated particles.
The gel with the corresponding samples is shown in Figure 2.
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Inorganic colloidal nanoparticles, such as quantum dots or
Au nanoparticles, have been extensively investigated for
two decades in physics as well as in chemistry. Applications
in a variety of fields such as optics, electronics, and biology
are envisaged and important proof of concept studies have
been reported. In particular, with regard to biologically
motivated applications, colloidal stability is a key require
ment. Apart from nanoparticles stabilized with small ligand
molecules,[1 5] lipids, [6 8] and surface silanization,[9 13] amphi
philic polymers have been also used by several groups to
disperse originally hydrophobic nanoparticles in aqueous so
lution.[14 24] This class of amphiphilic particle coatings not
only enables the phase transfer of the nanoparticles from or

ganic solvents to aqueous solution, but also serves as a ver
satile platform for chemical modification and bioconju
gation of the particles because biological molecules can be
covalently linked to the polymer surface.[14,23,25] Because the
stability of the amphiphilic coating around the nanoparticle
solely depends on the hydrophobic interaction, this proce
dure is very general and does, for example, not depend on
the material of the inorganic nanoparticle core, as it is the
case for ligand exchange protocols. Because of the numer
ous contact points mediated by hydrophobic interaction, the
attachment of the polymer to the particle surface is highly
stable and can be improved further by crosslinking of the
polymer shell.[5,15,19] Nowadays quantum dots coated with
amphiphilic polymers and with various biological molecules
attached to their surface are commercially available (e.g.,
Invitrogen).

The amphiphilic polymers that have been used so far for
coating hydrophobic inorganic nanoparticles consist of hy
drophobic side chains for the linkage to the nanoparticle
surface and a hydrophilic backbone that provides water sol
ubility through charged groups (in general COO�) and also
acts as an anchor for the attachment of biological molecules
with bioconjugate chemistry. In this report, we introduce an
amphiphilic polymer which involves a third kind of building
block: functional organic molecules. The functional organic
molecules are linked to the hydrophobic side chains in a
similar way as the hydrophilic backbone and provide addi
tional functionality in the particle surface (Figure 1).

The amphiphilic polymer described here is based on a
poly(maleic anhydride) backbone. Reaction of a fraction of
the anhydride rings with alkylamines leads to the formation
of the hydrophobic side chains that are needed for intercala
tion with the hydrophobic surfactant layer on the nanoparti
cle surface. Another fraction of the anhydride rings is used
to link functional organic molecules to the backbone. Like
the alkylamines, organic molecules bearing amino groups
can be directly linked to the anhydride rings by reaction of
the anhydride with the amino group.[26] In this way alkyl
amines and organic molecules with amino terminations can
be linked to the polymer backbone in a one pot reaction.
The resulting amphiphilic polymer is then wrapped around
hydrophobic capped nanoparticles and the organic solvent
is replaced by aqueous solution according to our previously
published procedure.[15] By linking some of the remaining
anhydride rings with diamine linkers, the polymer molecules
around each nanoparticle are interconnected and, thus, the
shell is crosslinked. Upon phase transfer to aqueous solu
tion, the remaining anhydride rings open to yield negatively
charged carboxyl groups, which provide electrostatic repul
sion resulting in a stable dispersion of the nanoparticles.
Apart from negatively charged carboxyl groups, the polymer
surface of the nanoparticles also contains embedded func
tional organic molecules.

The strategy reported here has several advantageous
features: 1) The maleic anhydride moieties react sponta
neously with high yield with both amino modified hydro
phobic side chains (such as alkylamines) and functional or
ganic molecules with amino terminal groups. 2) No addition
al reagents are needed for the coupling. In comparison,
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crosslinkers such as EDC (1 ethyl 3 (3 dimethylamino
propyl) carbodiimide) have to be used in traditional ap
proaches for adding functionality to the particle surface.[25]

3) While EDC mediated coupling of functional molecules to
the polymer shell involves a post modification of already
polymer coated nanoparticles in aqueous solution, the pres
ent protocol is based on coupling functional molecules in or
ganic solvent to the polymer before the actual embedding
of the particles in the polymer shell. In this way, functional
molecules which are not soluble in aqueous solution, can be
introduced to the particle surface as the coupling is per
formed in organic solvents. 4) By variation of the amount
and type of the hydrophobic side chains, as well as of the
functional organic molecules within the amphiphilic poly
mer, tailored nanoparticle surfaces can be obtained with
one universal method.

The commercially available backbone, poly(isobutylene
alt maleic andydride), is an alternating copolymer consisting
of maleic anhydride rings connected by butylene residues
(Figure 1). Hereafter, one anhydride ring with butylene is
referred to as a monomer unit. Maleic anhydride moieties
react spontaneously with amines, resulting in an amide bond
and one free carboxylic group. As a first step, alkylamines
are added to the backbone in hot tetrahydrofuran (THF),

resulting in a transparent polymer solution when more than
50% of the maleic anhydride monomers are reacted with an
alkylamine. Usually, 75% of the maleic anhydride mono
mers of the backbone were modified with dodecylamine,
leaving 25% of the anhydride rings intact. Part of the re
maining anhydride rings were used in a second step for link
ing additional functional molecules (Figure 1) to the poly
mer. In practice, a large variety of different functional mole
cules can be used, as long as they have an amino terminal
and are soluble in an organic solvent that is miscible with
THF or chloroform. In this study, four different types of
functional molecules were chosen to demonstrate the con
cept: methoxy PEG amine, biotin PEG amine, aminophenyl
galactopyranoside, and fluorescein amine. All reactions
were carried out as one pot syntheses in water free solvents
(THF or CHCl3) to prevent hydrolysis of the anhyride
groups. Because of the quantitative reaction of the amines
with the maleic anhydride monomers, the resulting amphi
philic polymer could be used directly, without purification
from byproducts or unreacted species.

The resulting amphiphilic polymer showed excellent per
formance for the phase transfer of hydrophobic nanoparti
cles to aqueous solution. The coating process was independ
ent of the core material, as demonstrated for Au,[27] CdSe/

Figure 1. Scheme of the synthesis of the amphiphilic polymer and the coating of nanoparticles. In the center column the synthesis of the
amphiphilic polymer is shown. To the polymer backbone, poly(isobutylene alt maleic anhydride) (top line), alkylamine chains are linked by the
direct amidation between maleic anhydride and the amino ligand (middle line). In an additional step, functional groups (drawn in green) with
an amino terminal group are also linked to the polymer (bottom line). In the left column the amide linkage between the amino ligands and
the anhydride rings is shown in detail. Nanoparticles with hydrophobic capping (right column, top line) are coated with the amphiphilic poly
mer by hydrophobic interaction between the alkyl chains of the polymer and the surfactant molecules on the nanoparticles (middle line). This
works in the same way for polymers with (bottom) and without (middle) embedded functional molecules. Water solubility is provided by open
ing the anhydride rings (drawn in red) for carboxylic groups (drawn in blue) which introduces negative charge to the particle surface and leads
to electrostatic repulsion between the particles.
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ZnS,[28] and Fe3O4
[29] nanoparticles (Figure 2). Hydrophobic

purified nanoparticles dissolved in chloroform were first
mixed with appropriate amounts of the amphiphilic poly

mer, whereby the number of added polymer molecules
scaled linearly with the particle surface area. The organic
solvents were evaporated and the nanoparticles became
water soluble in alkaline buffer as a result of the repulsion
of the negatively charged carboxyl groups on the particle
surface (the carboxyl groups originate from maleic anhy
dride groups through hydrolyzation or linkage to amino
modified molecules, see Figure 1). Empty polymer micelles
(i.e. polymer without a nanoparticle inside) were subse
quently removed by size exclusion chromatography (SEC),
gel electrophoresis, or ultrafiltration.[30,31] Like our previous
ly published reports, the resulting polymer coated nanopar
ticles of various materials were found to be stable for
months in aqueous solution (as assessed by gel electropho
resis, SEC, and fluorescence correlation spectrosco
py[15,25,30,32]) and single PEG molecules could be attached
using EDC chemistry in a postmodification step according
to a previous protocol.[25] All experiments are described in
detail in the Supporting Information (SI). The results dem
onstrate that hydrophobic nanoparticles embedded in a
shell of amphiphilic polymers with incorporated functional
groups show the same colloidal properties as the previously
published nanoparticles that have no functional groups in
their shells.

PEG was chosen as the first example of a functional or
ganic molecule to be incorporated in the amphiphilic poly
mer. PEG is known to increase the colloidal stability of
nanoparticles in a salt containing solution due to steric re
pulsion of the hydrated, and therefore bulky, PEG chains

on the particle surface.[6,22,33] Furthermore PEGylated sur
faces offer reduced nonspecific interaction with biological
molecules and cells.[34,35] The more PEG that is attached to

the polymer shell, the bigger
the size of the resulting parti
cle.[30] The attachment of
amino modified PEG (Mo
lecular weight, Mw�
5000 g mol�1) with EDC
chemistry in a postmodifica
tion step using particles that
are already polymer coated
has been proven to yield big
enough changes in the parti
cle size for them to be re
solved as individual band
upon gel electrophoresis.[25]

Here we demonstrate that
PEG can also be directly in
corporated into the polymer
before the actual polymer
coating procedure and that
discrete bands of nanoparti
cles with a different number
of PEG molecules bound
per particle can be resolved
with gel electrophoresis
(Figure 2). The more the
PEG was incorporated in the
polymer, the bigger the poly

mer coated nanoparticles became and the more retarded
their bands were during gel electrophoresis. Retardation
during gel electrophoresis is a clear indication of the pres
ence of PEG molecules on the particle surface. A discrete
band resulting from particles with a controllable number of
PEG molecules were obtained for Au nanoparticles, quan
tum dots (CdSe/ZnS), and magnetic iron oxide nanoparti
cles (Fe3O4). This indicates the universality of the approach,
which does not depend on the material of the inorganic
nanoparticle. A similar study has been recently reported by
the Colvin group.[23] PEG molecules on the nanoparticle sur
face offer the possibility to reduce nonspecific interaction in
biological environments, but also allow for preparing parti
cles with a discrete number of free functional groups point
ing towards solution.

The streptavidin biotin system has extensively been used
to assemble particles on the nanometer scale[36, 37] and strep
tavidin (SA) modified nanoparticles are commercially avail
able, for example, quantum dots and magnetic nanoparti
cles. In these cases either biotin or SA was attached to the
surface of nanoparticles in a postmodification of particles
that were already soluble in aqueous solution. In the follow
ing we demonstrate that our approach allows us to directly
embed biotin into the amphiphilic polymer before the
actual polymer coating procedure. For this purpose PEG of
different molecular weights (Mw=720 g mol�1 and Mw=

5000 g mol�1) that has an amino group on one end and a
biotin group on the other was reacted with the polymer as
described above. Because the amino groups reacted with

Figure 2. PEG molecules with amino terminal groups (Mw 5000 g mol–1) were incorporated by amidation
into the amphiphilic polymer so that 0%, 0.25%, 0.5%, and 1% of the anhydride rings are reacted with
the PEG. Gold, iron oxide, and semiconductor nanoparticles were coated with these polymers and the
resulting water soluble particles were run on agarose gels. The arrows on the left indicate the wells
where the particles were loaded onto the gel and where they migrated to in the applied electric field.
For each material the conjugates with 0 (left lane), 0.25%, 0.5%, and 1% PEG (right lane) were run on
one gel. The horizontal arrow on the bottom indicates the direction in which the PEG/polymer ratio is
increased. The first lane (0 PEG) serves as a control and corresponds to particles with no PEG in the po
lymer shell. For increasing PEG/polymer ratios, discrete bands become visible on the gel that correspond
to particles with exactly one or exactly two PEG molecules bound per particle.
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the anhydride rings on the polymer backbone, the bio
tinylated ends of the PEG pointed away from the polymer
backbone. Gold particles coated with the biotin PEG modi
fied polymer were retarded in gel electrophoresis experi
ments compared to particles coated with the plain polymer,
which proves the binding of the biotin PEG to the particle
surface. In the case of biotin PEG molecules of sufficient
molecular weight (Mw�5000 g mol�1), nanoparticles with a
discrete number of attached biotin molecules could be iso
lated by gel electrophoresis.

Though gel electrophoresis clearly proved the existence
of biotin PEG in the polymer shell these experiments did
not reveal whether biotin was accessible on the particle sur
face and had therefore preserved its functionality. Biotin is
a small biomolecule that specifically binds with high affinity
to the natural protein avidin or derivatives such as streptavi
din or neutravidin. Because these proteins have four binding
sites for biotin, the addition of avidin leads to crosslinking
of biotinylated multivalent nanoparticles. In order to ex
clude uncontrolled binding of SA (additional experiments
with avidin and neutravidin are shown in the Supporting In
formation) to multivalent particles, we used gold particles
with no (Au 0), exactly one (Au 1 bio), and exactly two
biotin molecules (Au 2 bio)
per particle. For each of
these particles, a series was
prepared in which the Au
concentration was kept con
stant and different amounts
of SA were added. The Au
SA mixtures of each series
were then analyzed with gel
electrophoresis. An example
in which SA was added to
Au 1 bio particles is shown
in Figure 3, whereby the SA
Au 1 bio ration was in
creased from the left to the
right. Au 1 bio with almost
no added SA showed the
same electrophoretic mobili
ty as Au 1 biotin conjugates.
Upon addition of more and
more SA per Au 1 bio, first a
retarded band and then a
doublet of two shifted bands
appeared. By increasing the
SA Au 1 bio ratio the inten
sities within the doublet shift
from the less retarded to the
more retarded band. The
shifts were not visible in the
case of SA Au 0 mixtures
(see SI). This demonstrates
that the shifts in the band of
SA Au 1 bio mixtures are
caused by specific binding of
SA to the biotin protruding
from the polymer shell

around the Au nanoparticle. Under these experimental con
ditions nonspecific adhesion of SA to the surface of Au
nanoparticles can be neglected. When SA was added to Au
2 bio, bigger shifts on the gel were observed. In the case of
(divalent) Au 2 bio, networks of crosslinked particles can be
formed as each Au particle has two binding sites, whereas
the biggest possible conjugate in mixtures of SA and (mono
valent) Au 1 bio would be one SA molecule with four Au
particles attached (as a result of the four binding sites of SA
for biotin). An additional proof for the attachment of SA to
biotin containing Au was performed with fluorescence la
beled FITC SA. No fluorescence could be observed in the
unshifted bands of the Au particles, whereas fluorescence
could be observed in all shifted bands that were associated
to SA Au conjugates. Though we demonstrated specific at
tachment of SA to mono and divalent biotinylated Au
nanoparticles, we could not unequivocally identify the struc
ture of the conjugates. Transmission electron microscopy
(TEM) analysis of the conjugates that had been extracted
from the gel showed groupings of Au particles, but in our
opinion the data lacked the statistical significance needed to
associate the bands to one particular grouping. It also has to
be pointed out that the actual shift of the conjugates on the

Figure 3. Au particles with no (Au 0), exactly one (Au 1 bio), and exactly two (Au 2 bio) biotin PEG mole
cules per particle were run with 1% agarose gel electrophoresis (the samples were loaded in the wells
on the bottom of the gel and the particles migrated towards the positive pole that had been arranged
close to the top of the gel). The biotin terminal at the free end of the PEG is drawn in red. These three
control samples are shown on the three left lanes of the gel. The other lanes correspond to samples to
which streptavidin (SA, drawn in green) was added, in different molar ratios, to Au particles with exactly
one biotin functionality per particle. The lanes from the left to the right correspond to samples in which
the SA Au particle ratio has been increased (by a factor of 2 between two adjacent lines, max. 46 SA/
Au NP on the right), while the number of Au nanoparticles was kept constant for all samples. Upon bind
ing of SA to the biotinylated Au particles three different positions of retarded bands can be observed.
Though the gel data do not allow for a detailed analysis of the structures of the conjugates, the three
bands are in agreement with the following hypothesis: In the condition of a large excess of SA to Au 1
bio (right side on the gel), each SA molecule can be coordinated to at most one Au 1 bio particle (when
neglecting nonspecific adhesion). Because of the excess of SA, no Au 1 bio without SA is expected and
on the gel there are only retarded bands present (double bands at right of gel). Within the retarded
band on the right side of the gel the intensity of the more retarded band gets lower upon decreasing the
SA/Au 1 bio ratio. As more Au 1 bio per SA is present for lower SA/Au 1 bio ratios each SA molecule
might now be coordinated to two Au particles. On further lowering of the SA Au 1 bio ratio, at one point
there will be less SA molecules than Au 1 biotin particles. This means that each SA molecule can bind
up to four Au 1 bio particles, whereas the unbound Au 1 bio particles that remain will appear at the
nonretarded position.
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gel is caused by a complex interplay of changes in charge
and size. As the scope of this study is the modification of
particles with functional groups (such as biotin), we did not
focus on pursuing the defined assemblies of SA biotin medi
ated particle groupings further. Most importantly, we could
demonstrate that the biotin molecules, which are incorporat
ed in the polymer shell, are still reactive and specifically
bind to SA molecules. The universality of this approach was
again shown by performing similar experiment with differ
ent types of particles such as Au nanoparticles and colloidal
quantum dots. Nanoparticles with biotin on their surface
could be used as building blocks for common reactions
based on SA biotin linkages, as for example, for the biocon
jugation of biotinylated nanoparticles with biotinylated pro
teins or other biomolecules through SA.

As another model for a small biomolecule, an amine
containing sugar derivative (4 aminophenyl b D galactopyr
anoside) was directly bound to the polymer using the stan
dard synthetic process shown above. After the coating and
phase transfer to aqueous
buffers, the galactose poly
mer coated nanoparticles
could be detected by the re
versible aggregation of the
particles after the addition of
lectin that binds specifically
to galactose moieties.[38 40] By
the addition of an excess of
free galactose, these mole
cules compete against the
binding of lectin with the gal
actose attached to the nano
particles, resulting in the dis
solution of nanoparticle ag
gregates (Figure 4). Nanopar
ticle aggregation was experi
mentally determined using
UV vis absorption spectros
copy. Whereas freely dis
persed gold nanoparticles
formed a clear red translu
cent solution and did not
show absorption at longer
wavelengths, aggregated
nanoparticles ultimately re
sulted in dark red precipitate
and showed significant ab
sorption at longer wave
lengths due to light scatter
ing.[41,42] When aggregates
had been formed upon addi
tion of lectin to galactose
modified nanoparticles, the
aggregates could be dissolved
again by the addition of an
excess of free galactose mol
ecules, as the bond formation
of galactose and lectin is re
versible. Addition of an

excess of a different sugar, such as glucose, on the other
hand, did not dissolve the lectin mediated aggregates of gal
actose modified nanoparticles because glucose cannot dis
place galactose bound to lectin. Nanoparticles without gal
actose in their polymer shell did not show any signs of ag
gregation on addition of lectins. This demonstrates the in
corporation of galactose in the polymer shell and the preser
vation of the specific binding capability of galactose to
lectin. Nanoparticles with sugar molecules present on their
surface have, for example, been used for specific recognition
by cells.[43,44]

Fluorescein amine was incorporated into the amphiphil
ic polymer as an example of organic fluorophores. Au parti
cles coated with unmodified polymer did not exhibit any
fluorescence. Dye modified polymer without nanoparticles
was transferred to aqueous solution in order to form empty
micelles. After purification from unbound dye molecules by
ultrafiltration (100 kDa MW cut off), the polymer micelles
showed strong green fluorescence (Figure 5). Au particles

Figure 4. Au nanoparticles have been transferred to aqueous solution by embedding them in an amphi
philic polymer shell. The polymer that was used had 4% anhydride rings that were used to link galac
tose. These particles form a red translucent solution and have the regular UV vis absorption spectrum
of colloidal gold (sample a). Addition of lectin starts crosslinking the particles. This results in aggregates
and ultimately to a dark red precipitate and thus to absorption at longer wavelengths due to light scat
tering (sample b). Further addition of free excess galactose displaces the bonds between the galactose
incorporated in the polymer shell and the lectin and thus the aggregates dissolve again. This results in
the original red translucent solution and the normal UV vis spectrum of colloidal gold with no absorp
tion at longer wavelengths (sample c). The aggregated nanoparticles (sample b) were redispersed by
mixing with a pipette before measuring the spectrum.
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coated with the dye modified polymer were purified from
empty micelles by gel electrophoresis or SEC. While the
UV vis absorption spectrum of the Au particles coated with
the dye modified polymer is dominated by the absorption of
the Au particles, the characteristic peak of fluorescein was
found in the emission spectrum (Figure 5).

However, for fluorescein containing polymer shells with
embedded Au particles, the fluorescence was strongly
quenched (by around two orders of magnitude). This phe
nomenon indicates close proximity of dye to the Au surface.
Quenching of fluorophores close to Au surfaces has been in
vestigated in detail by several groups.[45 47] There are two po
tential applications for inorganic colloidal nanoparticles
with a fluorescent dye directly immobilized in their surface
coating. First, nanoparticles that do not quench dyes (as it
might be the case for magnetic insulators) could be directly
fluorescently labeled and visualized with fluorescence mi
croscopy. Second, colloidal quantum dots as donors
with acceptor dyes in the polymer shell could be used as
fluorescence resonance energy transfer (FRET) based sen
sors[31,48 51] because of the close proximity between acceptor
and donor.

In this report, a general approach for synthesizing an
amphiphilic polymer is described that can be used for the
coating of hydrophobic nanoparticles in order to transfer
them to aqueous solution. The amphiphilic polymer is based
on a poly(maleic anhydride) backbone that is modified with
hydrophobic side chains and functional organic molecules.

The amphiphilic polymer was used successfully to transfer
inorganic colloidal nanoparticles of different materials (Au,
CdSe/ZnS, Fe3O4) to aqueous solution. As the initial nano
particles were capped with different hydrophobic surfactant
molecules (e.g. trioctylphosphine oxide (TOPO), trioctyl
phosphine, dodecanethiol), this demonstrates the universali

ty of the approach, in which
the attachment of the poly
mer to the inorganic nano
particles is only mediated by
the hydrophobic interaction
and does not depend on the
particular surface chemistry
of the inorganic nanoparti
cles. The polymer coated par
ticles were found to have
good colloidal stability,
which was assessed by gel
electrophoresis. In accord
ance with previous reports
(bio ) molecules such as
PEG could be attached with
EDC chemistry to the parti
cle surface in a postmodifica
tion step. Most importantly,
the polymer could be directly
modified, before the coating
process, with functional
amine containing (bio ) mol
ecules without the need of
crosslinker reagents or subse
quent purification. This pre
functionalization, that is, the
attachment of functional
molecules in the polymer
before the actual polymer
coating, introduces new flexi

bility. Also (small) functional molecules, which are not solu
ble in aqueous solution, can be introduced to the particle
surface, as the linkage of the functional molecules to the po
lymer is performed in organic solvent. As the linkage is per
formed before the actual coating of the particles with the
polymer, the reaction can be performed at higher concentra
tion and, therefore, eventual colloidal instabilities during a
postmodification step under high salt condition can be cir
cumvented. We have demonstrated, in particular, the link
age of PEG, biotin, galactose, and fluorescein to the poly
mer. The functionality of the molecules incorporated in the
polymer shell around the particles was retained. However,
depending on their hydrophobicity, part of the molecules
might be inside the polymer shell and thus not accessible on
the particle surface. In summary, we introduced one addi
tional degree of control to colloidal nanoparticles. Apart
from the functional inorganic core that can be fluorescent
(CdSe/ZnS), magnetic (Fe3O4) or heatable (Au), additional
functionality can be incorporated in the polymer shell
around the particles, which can reduce nonspecific adhesion
(PEG), introduce specific binding sites (biotin, galactose),
or introduce fluorescence (fluorescein). We believe that

Figure 5. Au particles have been transferred to aqueous solution by an amphiphilic polymer coating in
which 1% of the anhydride rings were use to link fluoresceinamine. The normalized absorption and pho
toluminescence (PL) spectra as well as images of the solution with a digital camera under daylight and
upon UV excitation are shown in the top row. The UV vis absorption spectrum is dominated by the
absorption of the Au, which can be seen also in the red color of the translucent solution. Upon UV exci
tation, weak fluorescence can be observed. If the same polymer coating procedure is applied without
the addition of Au particles empty polymer micelles are obtained (middle row). As there is no Au pres
ent, the absorption originates from the fluorescein (yellow solution) and there is green fluorescence. As
a control Au particles were transferred to aqueous solution with a polymer that did not contain fluores
cein (bottom row). The absorption of this solution is again dominated by the Au particles, but there is
no fluorescence observed.
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such design of particle coatings might bring new impact to
bridge hydrophobic nanomaterials with biological and medi
cal applications.

Experimental Section

Polymer synthesis : All reactions were carried out at room
temperature and all organic solvents were purchased in anhy-
drous quality, unless stated otherwise. Polymer(isobutylene-alt-
maleic anhydride) (Mw�6000 g mol�1, Aldrich; corresponding to
roughly 39 monomer units per polymer chain) was vigorously
mixed with dodecylamine (Sigma) in THF solution (100 mL),
whereby the amount of added dodecylamine was sufficient to
react with 75% of the anhydride rings. The cloudy solution
became transparent upon heating for several hours (60 8C). After
evaporation of the solvent, the resulting polymer was redis-
solved in anhydrous chloroform. For the functionalization of the
polymer, appropriate amounts of either methoxy-PEG-amine
(Mw 5000 g mol�1 from Rapp Polymere or Mw 750 g mol�1

from Fluka) dissolved in chloroform, biotin-PEG-amine (Mw

5000 g mol�1 from Rapp Polymere (Germany) or Mw

720 g mol�1 from Sigma) dissolved in chloroform/THF, amino-
phenyl b-D-galactopyranoside (Sigma) dissolved in THF, or fluo-
rescein-amine (Aldrich) dissolved in THF were slowly dropped
into the diluted polymer solution and reacted overnight under
stirring. The amount of added molecules was calculated in such
ways that between 0.25% and 4% of the anhydride rings of the
polymer backbone were reacted. After evaporation of the organic
solvent (chloroform with or without THF) under reduced pressure,
the polymer was re-dissolved in chloroform.

Polymer coating: A polymer solution in chloroform and a so-
lution of hydrophobically capped nanoparticles in chloroform
were mixed for 30 min at room temperature. The amount of poly-
mer was calculated so that 100 monomers units per nm2 of
nanoparticle surface were used. After evaporating all the solvent
under reduced pressure, a solid thin film formed that was then
dissolved in alkaline sodium borate buffer (SBB) solution
(pH 12). After this phase transfer of the nanoparticles from
chloroform to aqueous solution, the buffer was exchanged for
one of moderate pH (SBB, pH 9) by two rounds of dilution and
reconcentration through a centrifuge filter. The residual polymer
was removed by size exclusion chromatography (Agilent 1100
HPLC system with a Sephacryl S-300 HR column, the mobile
phase was 150 mm NaCl in 50 mm sodium borate, pH 9.0) and
gel electrophoresis.

Experiments with functional polymer : The following mole-
cules were used for selective binding to the functionalized nano-
particle surface: streptavidin (Sigma S4762), streptavidin-FITC
(Sigma S3762), lectin RCA120 (Sigma L7886), galactose (Sigma–
Aldrich, G0625), glucose (Sigma–Aldrich, G5767).

A more detailed description of materials and methods is
available in the Supporting Information.

Keywords:
biomolecules · coatings · colloids · conjugation ·
quantum dots
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Size Determination of (Bio)conjugated Water-Soluble Colloidal Nanoparticles: A
Comparison of Different Techniques
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The size of inorganic colloidal nanoparticles coated with organic layers of different thickness has been measured
with different techniques, including transmission electron microscopy, gel electrophoresis, size exclusion
chromatography, fluorescence correlation spectroscopy, and thermophoresis. The results are critically compared,
and the advantages and disadvantages of the respective methods are discussed.

Introduction

In the past decades, improved synthesis techniques have
influenced significantly research and applications of inorganic
colloidal nanoparticles. This is mainly due to advances in the
control of particle growth. Nowadays, samples with very narrow
size distribution and controlled shape can be grown.1-3 Colloidal
stability is provided by a layer of organic molecules around
the inorganic particle core. This layer can be either hydrophobic
or hydrophilic, and the respective particles are soluble in organic
solvents or aqueous solution. Naturally, this layer contributes
to the overall diameter of the particles. Whereas the colloidal
stability of particles in organic solvents is usually achieved by
a monolayer of hydrophobic molecules,4 thicker (hydrophilic)
layers are often used to stabilize particles in aqueous solution,
which in turn results in significantly increased particle diam-
eters.5,6 The effective diameter of the particles increases further
when additional (biological) molecules are bound to the particle
surface in order to provide functionality. In particular, for
biological applications, it is important to know the effective
diameter of the particles, as bigger particles, for example, might
not be able to enter pores of a certain size. However, due to the
composite nature of the particlessa “hard” inorganic core and
a “soft” organic shell with attached biological moleculessthis
is not a trivial task. The problem is that some techniques are
more sensitive for the inorganic part, and others may eventually
influence the conformation and thus the size of the organic part.

The size of the first generation of colloidal semiconductor
nanoparticles was investigated extensively several years ago by
the group of Henglein and Weller.7-9 These particles were
directly synthesized in water, and the organic shell around the
inorganic cores comprised just a monolayer of mercaptocarbonic
acid molecules. In this study, we want to investigate the size of
more complex nanoparticles that first have been synthesized in
organic solvents, then have been transferred to aqueous solution
by embedding them in a hydrophilic polymer shell,10-13 and
finally have been modified by the conjugation of polyethylene
glycol (PEG) molecules with different molecular weight.14 These

particles represent the general case where the samples differ in
the thickness of a (soft) organic shell, while the (hard) inorganic
particle core is the same.

For this work, nanoparticle size was characterized by the
following methods: transmission electron microscopy (TEM),15-17

gel electrophoresis,9,18-24 size exclusion chromatography
(SEC),7,8,21,25-35fluorescencecorrelationspectroscopy(FCS),11,36-44

and thermophoresis.45-47These and other relevant methods not
used in this study are described in more detail in the Supporting
Information (SI).

Materials and Methods

Particle Synthesis.CdSe/ZnS core/shell nanoparticles were
synthesized in organic solvent according to standard proto-
cols48,49and transferred to aqueous solution by embedding them
in a shell of an amphiphilic polymer.11 All protocols are reported
in detail in the Supporting Information (SI §I.1-§I.5). The first
exciton peak in the absorption spectrum of the CdSe cores was
at 610 nm (corresponding to a diameter of the inorganic core
of 4.7 nm50) and, after overcoating with the ZnS shell, at
614nm (see Table 1). PEG molecules of different molecular
weight, which were modified with an amino group on one end,
were attached at different coverages by standard EDC chemistry
to the polymer shell around the nanoparticles14 (SI §I.6).
Sketches of the resulting particles are drawn in Tables 1-3.
For particles whose surfaces were saturated with PEG, unbound
excess PEG molecules were removed in five subsequent
purification steps with centrifuge filters. Mixtures of particles
with a discrete number of PEG molecules attached per particle
were first run on 1% agarose gels in order to separate particles
with zero, one, two, and three PEG molecules attached per
particle. After extraction of the particles from the gel, they were
purified on a desalting column. As additional samples, Au
nanoparticles16,51with the same modifications as those described
for the CdSe/ZnS particles were also used. Detailed protocols
have been published previously.11,14 We also measured the
diameter of commercially available quantum dots with and
without streptavidin modification (Table 4).

Transmission Electron Microscopy.TEM images of CdSe/
ZnS particles dissolved in chloroform and water were recorded
before and after embedding them in a shell of amphiphilic
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polymer. Drops of the particle solution were placed on TEM
grids, and images were recorded after evaporation of the solvent.
The distribution of the inorganic particle diameters and the
distances between the centers of adjacent particles were derived
from the images by an image analysis program (SI §II.1).

Gel Electrophoresis.CdSe/ZnS and Au particles saturated
with PEG molecules of different length were run on agarose
gels (1-2%, 1-2 h, 100 V). As a control, phosphine-stabilized
10 nm Au particles were also run on the same gel.19,20 After
running the particles on the gel, the bands of the CdSe/ZnS
and Au particles were identified by their fluorescence and red
color, respectively (see Figure 1) (SI §III). The mobilities of
the different particles were determined from their position on
the gel relative to the position where they had been loaded to
the gel.19,20 For CdSe/ZnS and Au particles with a discrete
number of PEG molecules attached per particle, a low amount
of PEG molecules of different length was reacted to the polymer-
coated CdSe/ZnS and Au particles, and the reaction mixtures
were run on agarose gels. After running the gel, discrete bands
corresponding to CdSe/ZnS and Au particles with no, exactly
one, exactly two, and exactly three PEG molecules bound per
particle were observed as individual bands on the gel (see
Figure 1).19,20 The bands were extracted from the gel, and the
obtained CdSe/ZnS- and Au-PEG conjugates with a different
number of PEG molecules attached per particle were purified
on a desalting column before using them for the SEC, FCS,
and thermophoresis experiments. From gel electrophoresis, the
mobilities m of all conjugates were then transformed in
corresponding effective diametersdeff by using a mobility-
diameter calibration curve created with phosphine-stabilized Au
nanoparticles20 (SI §III):

Here, m/m10nm,y refers to the electrophoretic mobility of the
conjugates (m) in relation to the mobility of 10 nm phosphine-
stabilized Au particles (m10nm,y) that have been run on a gel
with the same agarose concentrationy (y ) 1% or 2%).19,20

Size Exclusion Chromatography.CdSe/ZnS and Au par-
ticles saturated with PEG molecules of different molecular
weight were run on different high-performance liquid chroma-
tography (HPLC) size exclusion columns, and the elution
volumeVe (i.e., the total volume of the mobile phase when the
particles come out of the column) of the particles was measured
(similarly, elution timeste, i.e., the time after which the particle
fraction is eluted from the column, could have been measured)
(see Figure 2) (SI §IV). In order to normalize the data to one
universal curve, the elution volumesVe were transformed into
partition coefficientsKSEC.52,53 The partition coefficient corre-
sponds to the fraction of accessible pore volume for sample
particles and can obtain values 0e KSEC e 1. Very small
particles or molecules can occupy the total pore volume (as they
are small enough to fully penetrate the pores of the gel), and
KSEC ) 1. Very large particles are totally excluded from the
pore volume, andKSEC ) 0. In this way, theKSEC value is a
measure of the size of the particles: the smaller and larger the
particles are, the closer theirKSEC values come to 1 and 0,
respectively. In contrast to elution volumes or elution times,
theKSECvalues are normalized quantities and thus do not depend
in first order on experimental parameters such as sample volume,
flow rate, or column geometry (SI §IV):

The elution volume of the very small particles is referred to
as the total liquid volumeVt, and the elution volume of the very
large particles is referred to as dead or void volumeV0. In order
to experimentally obtainVt andV0, aceton (a very small particle)
and λ-DNA (a very big particle) were run, and their elution
volumes () Vt and V0) were measured. For generating a
calibration curve that relates partition coefficientsKSEC to
effective diametersdeff, protein standards were run through the
columns, and their elution volumes were determined from the
elution peak maxima and converted into partition coefficients.
The sizedeff of each protein standard was estimated as 2 times
the hydrodynamic radius of the protein.53 By plotting the
partition coefficients of different proteins versus their effective
diameter and extrapolating these data, a calibration curvedeff-
(KSEC) was obtained (see Figure 2). By using this calibration
curve, the partition coefficients derived for the CdSe/ZnS-PEG
and Au-PEG conjugates could be converted into effective
diameters. As for the gel electrophoresis experiments, the
effective diameters are obtained by a comparison with standard
samples of known diameter. In the case of the gel electrophoresis
experiments, phosphine-stabilized Au nanoparticles were used.
These particles could not be used for the SEC measurements,
as they got stuck in the columns. Therefore a series of globular
proteins had to be used as standard samples for the SEC
measurements.

Fluorescence Correlation Spectroscopy.Samples of CdSe/
ZnS-PEG conjugates were mounted on an Axiovert200 con-
focal microscope with a 40× water immersion objective (C-
Apochromat, NA) 1.2) and a ConfoCor2 FCS module (whole
setup: Zeiss, Germany). Fluorescence was excited with the
488 nm line of an Ar ion laser. The focal volume was calibrated
with Alexa488 (diffusion coefficientD ) 316µm2s-1, Molec-
ular Probes). The nanocrystals were diluted to a concentration

TABLE 1: The Inorganic Hard Core Diameter <d> and
the Effective Diameters<deff> of CdSe, CdSe/ZnS, and Au
Particles (Drawn in Gray) Determined with Optical Methods
and by TEM Images

particle
type

<d>abs

[nm]a
<d>TEM

[nm]b

<deff>TEM [nm]
before polymer

coating

<deff>TEM [nm]
after polymer

coatingc

CdSe 5.1 4.7 6.0
CdSe/ZnS 5.3 5.3 6.4 9.6
Au 4.6 5.6 9.0

a For the CdSe particles, the diameter was derived from absorption
spectra.50 b By analyzing the spacing between the particles in the TEM
images, the effective diameters<deff>, which comprise the inorganic
particles plus the organic layers (drawn in red and blue) attached to
their surfaces, were determined before and after coating the particles
with an amphiphilic polymer. Before the polymer coating, the particle
is just surrounded by the hydrophobic surfactant layer (drawn in red).
After the polymer coating, an amphiphilic polymer (with hydrophobic
tails drawn in red and a hydrophilic backbone drawn in blue) is also
wrapped around the particles.11,14 c These values have to be considered
as an approximation (see SI §II.2).

deff,1%(m) ) -85.0‚ln[(m/m10nm,1%)/1.05]+ 6 [nm]

deff,2%(m) ) -37.7‚ln[(m/m10nm,2%)/1.12]+ 6 [nm] (Formula 1)

KSEC(particle)) [(te(particle)- te(biggest particle)]/
[(te(smallest particle)- te(biggest particle)]

) [(Ve(particle)- Ve(biggest particle)]/
[(Ve(smallest particle)- Ve(biggest particle)]

) [(Ve(particle)- V0]/[V t - V0] (Formula 2)
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of ∼10 nM, which corresponds to roughly one particle per focal
volume. Time traces of the fluorescence intensity were recorded
with an avalanche photodiode with single-photon sensitivity.
From the fluorescence intensity traces, autocorrelation functions

were calculated (see Figure 3) (SI §V). By fitting the experi-
mentally obtained autocorrelation functions with model functions
for freely diffusing particles, the diffusion coefficients of the
particles were obtained as fit parameters.37-39,54The diffusion

TABLE 2: Effective Diameters deff [nm] of CdSe/ZnS-PEG Conjugates

a PEG molecules (drawn in green) of different molecular weightMw have been attached to the surface of polymer-coated CdSe/ZnS particles, as
already sketched in Table 1.14 Either zero, one, two, three, or as many as possible (“sat.”) PEG molecules were attached per particle, and the
effective particle diameter<deff> was measured with TEM, gel electrophoresis (“gel”,1% and 2% agarose concentration), FCS, SEC, and
thermophoresis (“Therm”). The particles with single PEGs attached per particle (first 13 samples) had been separated with gel electrophoresis with
subsequent extraction from the gel and purification before their diameters were measured with SEC, FCS, and thermophoresis.b This value has to
be considered as approximation.c These values are not realistic (as they are either too big or negative) due to limitations of the applied technique
(see SI §II.2).

TABLE 3: Effective Diameters deff [nm] of Au -PEG Conjugates

aPEG molecules of different molecular weightMw have been attached to the surface of polymer-coated Au particles.14 Either zero, one, two,
three, or as many as possible (“sat.”) PEG molecules were attached per particle, and the effective particle diameter<deff> was measured with gel
electrophoresis (“gel”,1% and 2% agarose concentration) and SEC.b These values cannot be taken into account (as they are too big or negative)
and demonstrate the limitations of gel electrophoresis for size measurements (see SI §II.2).
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coefficients were then converted into effective diameters by
using the Stokes-Einstein relation. In contrast to the gel
electrophoresis and HPLC measurements, the effective diameters
obtained with FCS measurements are absolute values and do
not depend on a direct comparison with standard samples of
known diameter. However, the setup has to be calibrated with
a dye of known diffusion constant for all measurements. Since
the Au-PEG conjugates do not fluoresce, they could not be
analyzed with FCS.

Thermophoresis. Strong local temperature gradients were
used to manipulate concentration patterns in solution, all
optically. Figure 4a shows the typical time course of an
experiment. A solution of nanoparticles was continuously
monitored by fluorescence microscopy, and the local fluores-
cence was used as measure for the particle concentration. An
infrared laser was then used to introduce an inhomogeneous
radial symmetric concentration pattern by inducing thermo-
phoretic motion. After a few seconds, when the concentration
in the center of the heat spot had decreased to at least 90% of
the initial condition, the heating source was turned off. The
temperature relaxed nearly instantaneously and was followed
by the much slower flattening of the concentration profile by

diffusion. These time-resolved concentration profile data were
compared with data obtained in a one-dimensional (1D) radial
simulation over time (Figure 4b). By comparison of the
experimental and simulated data, the mean diffusion coefficient
of the fluorescent particles in solution was obtained, and from
this the hydrodynamic diameter of the particles was derived
using the Stokes-Einstein relation (SI §VI). In contrast to the
gel electrophoresis and HPLC measurements the effective
diameters obtained with thermophoresis measurements do not
depend on a comparison with standard samples of known
diameter, but are absolute values. Since the Au-PEG conjugates
do not fluoresce, they could not be analyzed with thermo-
phoresis.

PEG Radius. The increase in size of particles with a PEG
shell should correspond to the dimensions of the PEG molecules.
The effective diameters of free PEG molecules can be calculated
from Formula 3, which was obtained by SEC,55 wherebyrh is
the hydrodynamic radius, andMw is the molecular weight of
the PEG:

Results and Discussion

Transmission Electron Microscopy. The results for the
TEM analysis on particles without PEG modification are
summarized in Table 1. However, these values have to be
considered as very rough estimates with only limited reliability
(SI §II.2). First of all, measurements had to be performed on
dried samples. While, in solution, the hydrophobic surfactant
chains repel each other, on a TEM grid, the particles can come
so close to each other that the surfactant chains intercalate. More
severe, the size distribution after the polymer coating, that is,
the size-distribution of the entire system inorganic core plus
organic shell, is by far not as good as that of the original particle
solution, and the particles therefore do not assemble anymore
nicely into two-dimensional lattices. Therefore, the particle-to-
particle distance curves are smeared out, and the derived
effective particle diameters have to be interpreted with care.
As the particles have to be measured in the dried state, the
effective diameters as determined by TEM do not contain any
interaction with the solvent (as, for example, a cloud of
counterions). Therefore, the values obtained for the effective
diameter for CdSe/ZnS as well as Au particles with TEM are
significantly smaller than the effective diameters determined
with methods in which the particles are dispersed in their
solvents (see first lines of Tables 2 and 3).

Gel Electrophoresis. In Figure 1, examples for particles
separated by gel electrophoresis are shown. As with SEC, not
only can the particle diameter be estimated, but the particles
can also be sorted and fractionated by size in small preparative
scale. In comparison to SEC, the size resolution of gel
electrophoresis is significantly better, as particles with zero, one,
two, and so forth PEG molecules can be clearly separated by
gel electrophoresis, but not with the columns used for SEC.
However, there are severe limitations for the determination of
effective diameters. The particles need to possess a very high
colloidal stability in the electrolytic solution, which is needed
to drive the current, otherwise they agglomerate and get stuck
on the gel. The biggest problem, however, is obtaining an
appropriate calibration curve that relates electrophoretic mobility
to effective size. As electrophoretic mobility depends on both
size and charge, any calibration curve for size can only be valid
for objects of similar charge. Furthermore, the physical proper-
ties such as stiffness and flexibility of the particles used to obtain

TABLE 4: Effective Diameters deff of Commercially
Available Quantum Dotsa,b

sample
<deff>gel,2%

[nm]
<deff>SEC

[nm]
<deff>Therm

[nm]
<deff>mean-value

[nm]

QD655 carboxyl 16.6 11.8 14.0 14.1( 2.4d

QD655 SA 133.0c 20.5 25.6 23.1( 1.6

a Quantum Dot Corporation, 655 nm emission, polymer shell with
carboxyl groups and with additional streptavidin (SA) modification
(Qdot655 ITK carboxyl, #2132-1, and Qdot655 streptavidin conjugate,
#1012-01).b The values were obtained with gel electrophoresis (2%
agarose gels), SEC (column with Sephadex S-400), and thermophoresis.
c This value cannot be taken into account due to charge effects (see SI
§II.2). d This value is in the same range as the diameter obtained from
Pons et al24 for particles with slightly smaller cores.

Figure 1. 1. Gel electrophoresis for polymer-coated CdSe/ZnS
nanoparticles. The “+” and “-” symbols indicate the direction of the
applied electric field, and the dashed line marks the position where the
samples have been loaded into the wells of the gel. (a) 2% agarose gel
with particles with no PEG and particles whose surface has been
saturated with PEG of 750, 2000, 5000, 10000, and 20000 Da molecular
weight. (b) 1% agarose gel of particles to whose surface only a few
PEG molecules of different molecular weight have been bound. The
particles with no, one, two, and so forth PEG molecules attached per
particle yield discrete bands on the gel.

deff,PEG) 2rh ) 0.03824Mw
0 559 (Formula 3)
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the calibration curve must be similar to those of the particles
that are to be investigated. Basically, two different types of
particles could be used in order to obtain calibration curves:
biological macromolecules or colloidal nanoparticles. We have
tried oligonucleotides19,20as well as proteins for calibration, but
both yielded very different mobility values compared to the ones
obtained for colloidal nanoparticles. As linear flexible molecules,
oligonucleotides can move in a different way through the pores
of a gel compared to rigid inorganic colloidal nanoparticles.
On the other hand, the surface charge density of oligonucleotides
is, in first order, constant, therefore oligonucleotides are sorted
by size and not by charge. In contrast to average oligonucle-
otides, proteins possess a secondary and tertiary structure and
can be thought of in crude approximation as elastic spherical
particles. However, proteins can have different surface charge
densities comprising the full spectra from negative to neutral
to positive. Because it is hard to find a set of proteins with
different sizes but with the same charge density as the particles
that are to be investigated, proteins are also not suited as standard
particles for obtaining a calibration curve that relates electro-
phoretic mobilities to size. Therefore we have chosen inorganic
colloidal nanoparticles of different size but with identical

negatively charged surface coatings (bis(p-sulfonatophenyl)-
phenylphosphine dihydrate) as size standards. There are known
problems for these standards as well. First, there is an inherent
uncertainty in the standard, as the effective hydrodynamic
diameter is not known and is assumed to be the hard core Au
particle diameter plus 2 times the length of the phosphine
molecules, without taking into account the cloud of counter-
ions.20 However, comparison with the literature data obtained
from dynamic light scattering shows that they are in good
agreement with the assumed values. Second, attached macro-
molecules (such as DNA20) form a soft shell around the hard
inorganic core, which can be compressed by the gel. This can
be seen in the data of Tables 2 and 3: the effective diameters
derived from 1% agarose gels are always larger than the ones
from 2% agarose gels, as the soft shell is compressed more on
gels of higher percentage. This difference in data obtained with
gels of different percentages has already been observed with
DNA-modified sulfonate-stabilized Au particles.20 Even in this
case where there is only a minor influence of charge on the
electrophoretic mobilities, the diameters obtained with gels of
different percentages differed significantly, whereby the differ-
ences were most significant for long DNA strands and particles
with a lot of attached DNA () thick soft shells). In this study,
PEG molecules were used for particle modification. As has
already been reported,14 attachment of sufficient amounts of
PEG to negatively charged polymer-coated particles can reverse

Figure 2. Size exclusion chromatograph (SEC) with a Sephacryl S-400 filled column of CdSe/ZnS nanoparticles whose surface is saturated with
PEG molecules of different molecular weight (no PEG, 2 kDa, 5 kDa, 10 kDa, 20 kDa). Plotted is the absorption of the eluted solution versus the
elution time. The bigger the particles are, due to the attachment of PEG of higher molecular weight, the earlier they are eluted from the column.

Figure 3. Autocorrelation functionsG(τ) obtained from the FCS data
for polymer-coated CdSe/ZnS particles whose surface is saturated with
PEG molecules of different molecular weight (750 g/mol, 2 kg/mol,
5 kg/mol, 10 kg/mol, 20 kg/mol). The curves for the respective particles
are shifted along they-axis for the purpose of better visualization. The
particles with no PEG attached are referred to as particles with PEG
of molecular weight 0 (bottom graph). The experimental data were fitted
with an analytical function (shown as gray lines), which yielded the
effective diffusion coefficient as one fit parameter (see SI §V).

Figure 4. Thermophoresis and back-diffusion of nanometer-sized
particles in solution. Thermodiffusion is used to form a concentration
gradient in solution by heating a micrometer-sized spot. (a) (experiment)
The graph shows the development of radial concentration averages over
time after the heating laser is switched off (black: low concentration;
gray: high concentration). As can be seen from the plot, the concentra-
tion inhomogeneity relaxes within 60 s. The data shown correspond to
a particle size of approximately 30 nm in diameter. (b) (theory) The
diffusion constantD is obtained by performing 1D finite element
simulations withD as a free parameter, until the theory in b matches
the experiment in a.
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the polarity of the particles to a positive net charge, so that
they migrate toward the negative electrode during gel electro-
phoresis (see Figure 1). This effect might be due to positive
ions adsorbed to the PEG.56 At any rate, this charge effect makes
the determination of effective diameters of PEGylated particles
with gel electrophoresis almost impossible. Due to the charge
effect, the derived diameters are too large, and, for particles
saturated with long PEG, no diameter can be derived due to
the change in polarity (see Tables 2 and 3). The more PEG is
attached per particle and the higher the molecular weight of
the PEG, the more unreliable the results become. Although, in
our experience, gel electrophoresis is the most sensitive of the
here-described methods to resolve changes in size (e.g., the
attachment of a single molecule), reliable absolute numbers of
effective diameters can be only derived under very restricted
conditions when the charge density of the sample to be
investigated is highly similar to that of the particles used as
size standards.

Size Exclusion Chromatography.Analogous to gel elec-
trophoresis, SEC is not only an analytical method, but particles
of different diameter can be fractionated on a preparative scale.
Here, sorting by size is also achieved by a porous matrix, but,
in contrast to gel electrophoresis where particles are driven by
an electric current and small particles run faster, in SEC smaller
particles are retarded because they can access a larger pore
volume of the column packing. For all the columns used in this
study, the resolution by size was lower for SEC compared to
gel electrophoresis, since, with SEC, particles with zero, one,
two, three, and so forth PEG molecules bound per particle could
never be separated, while this was easily achieved with gel
electrophoresis. Size measurements with both methods rely on
appropriate size standards. In SEC, charge effects, that is,
electrostatic interaction of charged particles with charges in the
gel, are typically reduced by a mobile phase with a high salt
concentration that screens residual charges of the column
material. Unfortunately, this rules out the use of the sulfonate-
stabilized Au particles that were used for gel electrophoresis as
size standards, as these particles tend to agglomerate at high
salt concentrations and get stuck in the columns. We therefore
used globular proteins as size standards, as we could exclude
charge effects as in the case of gel electrophoresis. Good
estimates for effective hydrodynamic diameters exist for many
proteins. On the other hand, the size range of available proteins
is limited. We were unable to find spherically shaped (globular)
proteins with a diameter as large as the largest of our PEG-
modified nanoparticles (ca. 40 nm). The derived effective
diameters for PEGylated nanoparticles from the extrapolated
calibration curve are therefore more reliable the smaller the
particles are (see Tables 2 and 3 and Figure 2).

Fluorescence Correlation Spectroscopy.Unlike gel elec-
trophoresis or SEC, FCS is a purely analytical method and does
not allow for separation and subsequent collection of fractions
of particles with different diameters. The effective diameters
derived from the FCS measurements (see Table 2 and
Figure 3) are consistent with our previous findings11,41and also
consistent within themselves. The more and the longer PEG is
added to the particles, the bigger the measured effective
diameters are. Since FCS is based on single-particle experiments,
each effective diameter reported in Table 2 corresponds to the
mean value of the diameters of hundreds of particles from each
sample. Within one sample series (i.e., different PEGs have been
attached to the same batch of polymer-coated particles and the
measurements were performed directly after each other with
exactly the same FCS setup conditions), even the attachment

of single PEG molecules could be resolved, that is, the resolution
limit is better than that for the increase in diameters for particles
upon attachment of zero, one, two, and three PEGs per particle
(see Table 2). However, the absolute values of effective
diameters that have been recorded on the same type of particles
but under different experimental conditions (i.e., when the
particles were extracted from different gels before the measure-
ments, when the FCS setup was recalibrated, etc.) vary
significantly. As an example, we take the mean diameters for
plain polymer-coated particles (i.e., zero PEGs per particle) from
the different series from Table 2. The mean effective diameter
and standard deviation of the five different samples (<deff,FCS>
) <20.5 nm, 20.1 nm, 25.0 nm, 22.2 nm, 19.4 nm>) is 22.0(
2.8 nm. The standard deviation has to be seen as an error bar
for absolute measurements. The error bar is in the same range
as the increase in the particle diameter upon the attachment of
individual PEG molecules per particle. We therefore conclude
that, although relative changes in the effective particle diameter
upon the attachment of molecules within the same batch of
particles and under the same setup conditions can be resolved
with good precision, there is a significant error of about 3 nm
in the determination of absolute effective diameters. There are
two main sources for systematic errors in deriving absolute
effective diameters: (i) Although FCS does not need a size
standard, the focal volume has to be calibrated for each set of
measurements with a dye molecule of known diffusion constant
and thus known hydrodynamic diameter. Each error of the
calibration is propagated to the results of the following
measurements. (ii) In contrast to organic fluorophores, colloidal
quantum dots exhibit no exponential triplet state decay but rather
blinking behavior on all time-scales, which influences the
recorded florescence intensity time traces. To our knowledge,
so far, no analytical expression has been derived to account for
this fact.11,41,42

Thermophoresis. The values obtained by thermophoresis
increase as expected with the molecular weight of the covalently
coupled PEG molecules. The method measures the mean
diffusion coefficients of the whole ensemble. Species without
or with less surface modification would, in principle, lead to a
higher overall diffusion coefficient and smaller radius, respec-
tively. The sizes obtained for nanoparticles saturated with PEG
molecules are listed in Table 2, and a typical experiment is
shown in Figure 4. In contrast to gel electrophoresis and SEC,
no calibration curve of size standards is needed to obtain the
effective diameters. Although thermophoresis, like FCS, is based
on obtaining effective diameters by measuring the diffusion of
the dispersed particles, the values obtained with both methods
differ significantly (see Table 2). The standard deviation in the
measurements between similar samples is in the same range as
that with FCS (polymer-coated CdSe/ZnS with no PEG:
<deff,Therm> ) <8.2 nm, 12.2 nm> ) 10.2( 2.8 nm; see last
column of Table 2; the deviations within one method are
attributed to variations in the sample, e.g., due to differences
in the gel extraction procedure). The difference in the effective
diameter of about a factor of 2 (<deff,Therm> ≈
10 nm; <deff,FCS> ≈ 22 nm) for plain polymer-coated nano-
particles as determined with thermophoresis and FCS can
therefore not be explained by the resolution limit due to sample
variations (≈3 nm) of both methods. Although we cannot
explain the origin of this discrepancy, we speculate that it might
arise from the different particle concentrations used for the
measurements. Whereas FCS is a single-molecule-based method
and thus requires extremely diluted particle solutions, thermo-
phoresis is an ensemble-based method, and typically more
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concentrated particle solutions are used in order to obtain signals
with sufficient intensity. Particle-particle interaction plays a
different role under both conditions. Also the statistical effect
of a certain amount of aggregated particles is different. We
estimate the relative concentration of aggregates to contribute
less than linearly to the diffusion coefficient measured by
thermophoresis, since larger particles are depleted more strongly
and the back diffusion is slower. Thus, the measured signal
stems mostly from single-particle diffusion. The role of particle
interactions will be analyzed in future experiments under
optimized conditions with particle concentrations of less than
10 nM. This would allow direct comparison with FCS experi-
ments. The values obtained with SEC in ensemble measurements
of relatively concentrated particle solutions for plain polymer-
coated particles correspond more to the values obtained with
thermophoresis than those obtained with FCS, which also gives
some indication about the importance of the particle concentra-
tion used for the measurements.

Thickness of Organic Coating Layers.In the following,
we focus on the polymer-coated particles according to our own
procedure (Tables 2 and 3). The mean value of all our different
methods for the effective diameters of polymer-coated CdSe/
ZnS is <deff,gel, (deff,FCS), deff,SEC, deff,Therm> ) <14.4, 12.6,
(19.5), 12.2> )13.1( 1.2 nm (14.7( 3.4 nm with the value
obtained with FCS), and, for Au nanoparticles, it is<deff,gel,
deff,SEC, deff,Therm> ) <12.5, 11.6> ) 12.0( 0.6 nm. The hard
core diameter as determined by TEM is 5.3 nm for CdSe/ZnS
and 4.6 nm for the Au nanoparticles. This leads to an effective
thickness of the organic shell of (13.1- 5.3) nm/2) 3.9 nm
in the case of CdSe/ZnS and (12.0- 4.6) nm/2) 3.7 nm in
the case of Au. Besides the values obtained with FCS, the values
derived with the other techniques correspond well, and we
conclude that, after polymer coating, the effective thickness of
the organic layer around the inorganic particle core is around
3.5-4.0 nm. Whereas this value for the plain polymer-coated
particles seems quite reliable, the uncertainties in absolute
size determination get higher the larger the molecules attached
to the polymer shell are. The addition of a saturated layer of
20 kDa PEG molecules to the polymer surface increases
the thickness of the organic layer by<∆deff,gel, ∆deff,FCS,
∆deff,SEC>/2 ) <(34.8- 12.6), (34.2- 19.4), (40.0- 12.2)>
nm/2 ) 10.8( 3.3 nm in the case of the CdSe/ZnS particles.

In Table 5, the thickness of the saturated layer of the PEG
molecules bound to the particle surface is compared with the
effective diameter of free PEG molecules as determined by
Formula 3, whereby the thickness of the PEG layer was
calculated as half of the difference in diameter of the PEG-

coated and plain polymer-coated particles. All obtained values
for the PEG molecules bound to the nanoparticles are slightly
larger than those of free PEG molecules. This finding can be
explained by a more stretched configuration of the random coil
of the PEG molecules when they are attached by one end to
the densely occupied surface of a saturated nanoparticle,
compared to the presumably more symmetric configuration of
PEG molecules in free solution. In any case, the agreement
demonstrates that relative increments in particle size can be
determined with much higher accuracy than absolute diameters.

Conclusions

The total particle diameter can be estimated by the core
diameter plus 2 times the thickness of the organic layer, which
is, for simple coatings, the length of the surfactant molecule.
While this eventually works well for short molecules when the
length of these molecules is small compared to the particle, it
becomes more complicated for longer and more complex
molecules or even complex polymer (multi)layers. Here the size
depends strongly on assumptions about the steric configuration
of the molecules on the curved nanoparticle surface. Further-
more, the effective hydrodynamic diameter also depends on
hydration: interaction of the particles with the solvent results
in larger effective sizes,57 even in the most simple case where
the stabilizer molecules form a monolayer around the inorganic
core. Although several studies exist in which the effective
diameters of particles have been measured, most of these studies
are either based on only one method or only one type of particle
surface.24,58,59A more detailed discussion can be found in the
Supporting Information.

The more molecules are attached and thus the bigger the
particles become, the more unreliable size measurements are.
First, the hybrid nature of the particles with a rigid inner
inorganic core and a soft organic shell becomes more pro-
nounced, which eventually leads to problems for the methods
in which the measurements take place in a matrix that can
compress the particles. Especially, a random coil of a linear
polymer such as PEG can be easily deformed depending on
the technique used for the size determination. Second, for the
methods using calibration with size standards, there is the
problem of a lack of appropriate size standards of sufficient
size. Third, the charge composition can also change (in
particular, if positively charged molecules are attached), which
leads to the failure of gel electrophoresis but might also affect
the other methods.

Thus, depending on the actual particle nature but also on the
intended application, the adequate method for measurement has

TABLE 5: Polymer-Coated Au and CdSe/ZnSe Nanoparticles Coated with Saturated Layers of PEG Molecules of Different
Molecular Weight Mw

a

Mw (PEG)
[g/mol]

<deff>SEC

[nm]
Au core

<deff>SEC

[nm]
CdSe/ZnS

core

<deff>FCS

[nm]
CdSe/ZnS

core

<deff>Therm

[nm]
CdSe/ZnS

core

1/2∆deff,SEC

[nm]
Au core

1/2∆deff,SEC

[nm]
CdSe/ZnS

core

1/2∆deff,FCS

[nm]
CdSe/ZnS

core

1/2∆deff,Therm

[nm]
Au core

1/2<∆deff>
[nm]

deff,PEG

[nm]

0 11.1 12.6 19.4 12.2
750 12.5 14.6 25.4 22.0 0.7 1.0 3.0 4.9 2.4( 2.0 1.5

2000 16.5 18. 3 25.6 23.6 2.7 2.9 3.1 5.7 3.6( 1.4 2.7
5000 21.0 23.9 27.6 25.0 5.0 5.7 4.1 6.4 5.3( 1.0 4.5

10000 28.8 26.2 30.2 30.0 8.9 6.8 5.4 8.9 7.5( 1.7 6.6
20000 34.8 34.8 34.2 40.0 11.9 11.1 7.4 13.9 11.1( 2.7 9.7

a The first line hereby corresponds to plain polymer-coated nanoparticles without PEG modification. In columns 2-5, the mean effective diameters
<deff> of the particles as determined with different methods are listed. These values originate from the data in Tables 2 and 3. The thickness of
the PEG layers of different molecular weight around polymer-coated particles are derived as half of the difference of the total diameters of the
PEG-coated and the plain polymer-coated particles: 1/2∆deff(Mw(PEG)) X) ) (<deff(Mw(PEG)) X)> - <deff(Mw(PEG)) 0)>)/2. These values
are listed in columns 6-9. In column 10, the mean thickness of the PEG layers (as the average value of the different methods) 1/2∆deff is given.
The last column shows the diameters of free PEG molecules as calculated with Formula 3.55

11558 J. Phys. Chem. C, Vol. 111, No. 31, 2007 Sperling et al.

[A3] 7



to be chosen with great care. For instance, when particles are
designed to enter into pores, the diameter determined by gel
electrophoresis or SEC might be better suited than the one
determined by free diffusion.

Different methods to measure effective sizes of colloidal
nanoparticles are based on different physical principles, resulting
in deviations of the resulting particle diameters between the
different methods. This finding is not surprising and points to
a general problem and uncertainty: although within one
measurement effective diameters can be determined in a
consistent way with relatively small errors, bigger discrepancies
arise between values obtained with different methods. This
implies that the comparison with control samples (e.g., before
and after a certain conjugation step) remains indispensable and
that all derived absolute numbers for nanoparticle diameters have
to be considered with care.
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Gold-DNA conjugates were investigated in detail by a comprehensive gel electrophoresis study based on 1200 gels. A controlled
number of single-stranded DNA of different length was attached specifically via thiol-Au bonds to phosphine-stabilized colloidal
gold nanoparticles. Alternatively, the surface of the gold particles was saturated with single stranded DNA of different length either
specifically via thiol-Au bonds or by nonspecific adsorption. From the experimentally determined electrophoretic mobilities, esti-
mates for the effective diameters of the gold-DNA conjugates were derived by applying two different data treatment approaches.
The first method is based on making a calibration curve for the relation between effective diameters and mobilities with gold
nanoparticles of known diameter. The second method is based on Ferguson analysis which uses gold nanoparticles of known di-
ameter as reference database. Our study shows that effective diameters derived from gel electrophoresis measurements are affected
with a high error bar as the determined values strongly depend on the method of evaluation, though relative changes in size upon
binding of molecules can be detected with high precision. Furthermore, in this study, the specific attachment of DNA via gold-thiol
bonds to Au nanoparticles is compared to nonspecific adsorption of DNA. Also, the maximum number of DNA molecules that
can be bound per particle was determined.
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1. INTRODUCTION

DNA-functionalized gold nanoparticles are an interesting
system with applications ranging from biological sensors to
the construction of self-assembled materials. Experiments
are based on attaching single-stranded DNA molecules via
thiol-gold bonds to the surface of Au nanoparticles and a
subsequent self-assembly process of these conjugates by mak-
ing use of base pairing of complementary DNA molecules
[1–5]. For example, by employing Au-DNA conjugates, sev-
eral groups have developed schemes to detect target DNA se-
quences [6] and to assemble nanoparticles into macroscopic
materials [7, 8]. DNA-functionalized Au nanoparticles are
the building blocks for the above-mentioned experiments.
Therefore, it is of great interest to investigate the properties
of these conjugates in detail.

Due to the high affinity of thiol groups to gold surfaces,
thiol-modified DNA molecules can be directly bound to the

T. Pellegrino and R. Sperling contributed equally to the work.

surface of citrate- or phosphine-stabilized Au nanoparticles
[9, 10]. Although commonly a random number of DNA
molecules are attached per Au nanoparticle [1], also parti-
cles with an exactly defined number of one, two, or three
attached DNA molecules per nanoparticles can be obtained
[11–15]. Certainly, several parameters have significant influ-
ence on the properties of Au-DNA conjugates, such as cov-
erage of the Au surface with DNA, configuration of the at-
tached DNA molecules, and hybridization efficiency of DNA
attached to Au surfaces. These parameters are strongly con-
nected. The degree of DNA coverage will influence the DNA
conformation, which, in turn, will affect the hybridization
efficiency. Also, nonspecific adsorption has to be considered.

A body of experiments investigating these parameters
has been reported for DNA attached to flat Au surfaces us-
ing different techniques such as atomic force microscopy
(AFM) [16–18], surface plasmon resonance (SPR) spec-
troscopy [19–21], radioisotopic techniques [22, 23], ellip-
sometry [23], and X-ray photoelectron spectroscopy (XPS)
[23]. These experiments allow for a detailed picture of DNA
bound to planar gold surfaces and the results have clarified
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the binding mechanism, the surface coverage, the hybridiza-
tion efficiency, and the role of nonspecific adsorption, all in
dependence of the length of the DNA.

Since the effect of surface curvature has to be taken into
account [24], the results obtained for planar Au surfaces may
be transferred to spherical Au nanoparticles only under cer-
tain restrictions. The surface coverage of Au nanoparticles
with DNA has been investigated using the displacement of
fluorescence-labeled DNA molecules with mercaptoethanol
[25] and by gel electrophoresis [26]. Also, the conformation
of bound DNA [27, 28], hybridization [29], and the role of
nonspecific adsorption [26, 28, 30] have been investigated for
Au nanoparticles.

In this report, we present a detailed study of elec-
trophoretic mobility of Au-DNA conjugates. With this study,
we want to determine the possibilities and limitations of
this technique. Besides our own previous work [27, 31], also
other groups [28, 32, 33] have recently reported about the
possibility to extract effective diameters for bioconjugated
colloidal nanoparticles from electrophoretic mobilities. The
aim of this study is, in particular, to investigate the limita-
tions of this analysis.

2. MATERIALS AND METHODS

2.1. Sample preparation

Citrate-coated gold nanoparticles of 5, 10, and 20 nm diam-
eter were purchased from BBI/TED Pella (Redding, Calif,
USA). In order to improve their stability in buffer so-
lution, the adsorbed citrate molecules were replaced by
a phosphine (bis(p-sulfonatophenil)phenylphosphine dehy-
drate, dipotassium salt) [11]. The concentration of the Au
nanoparticles was determined by UV/vis spectroscopy by
using the molecular extinction coefficient of their absorp-
tion at the plasmon peak. Thiol- and Cy5-modified and un-
modified single-stranded DNA were purchased from IDT
(Coralville, Iowa, USA) or Metabion (München, Germany).
All sequences can be found in the Supplementary Material
(available online at doi: 10.1155/2007/ 26796). The concen-
tration of the DNA was determined by UV/vis spectroscopy
by using the molecular extinctions coefficient of their ab-
sorption at 260 nm. The thiol-modified and plain DNA were
added to the phosphine-coated Au nanoparticles at pH = 7.3,
c (NaCl) = 50 mM, and samples were incubated for some
hours up to several days [11, 27]. Generally, in such exper-
iments, DNA is always added in large excess, thus that the
number of attached molecules is related but not fully con-
trolled by the stoichiometry of DNA:Au-NP because of the
rather low binding yield.

2.2. Gel electrophoresis experiments

The resulting Au-DNA conjugates were loaded on 0.5%–6%
agarose gels (agarose: Gibco BRL, number 15510-027; 0.5 ×
TBE buffer, pH 9) and run for one hour at 100 V [11, 27].
(Since 6% gels can be inhomogeneous due to their high vis-
cosity, the data obtained with these gels have to be interpreted
with care.) As reference, always unconjugated Au nanoparti-

cles of the same diameter were run on the same gel. In ad-
dition, gels with unconjugated Au nanoparticles of different
diameter and free DNA of different length were run. The
bands of the plain and DNA-conjugated Au nanoparticles
were directly visible by the red color of the Au colloid and
the free DNA was visualized by an attached fluorescence la-
bel (fluorescein, Cy3, or Cy5). The bands of the gels were
photographed using a digital camera system (Eagle Eye III,
Stratagene). The mobility of each sample was determined by
measuring the position of each band referring to the start
position where the samples had been loaded. This resulted
in a comprehensive set of data which relates the mobility
of Au-DNA conjugates to the diameter of the Au particles,
where the relation between the amount and the length of
the attached DNA, nonspecific versus specific attachment via
thiol-gold bonds, and the gel percentage was studied.

2.3. Calculation of the effective diameter
of the Au-DNA conjugates

Since mobility is not an illustrative quantity, we have at-
tempted to convert the mobilities of Au-DNA conjugates in
effective diameters. The evaluation of the gels in which plain
Au-nanoparticles of known diameter were run yielded a cal-
ibration curve in which the mobility is plotted versus the di-
ameter. By using this calibration curve, the mobility of the
Au-DNA conjugates could be directly converted into effective
diameters [27]. Alternatively, the mobility of Au-DNA con-
jugates at different agarose concentrations was used to obtain
Ferguson plots [34] and fits of the Ferguson plots yielded
the retardation coefficients [28]. First, Ferguson plots were
made for plain Au-nanoparticles of known diameter and a
calibration curve in which the retardation coefficients were
plotted versus the particle diameter was obtained [28]. By us-
ing this calibration curve, the effective diameters of Au-DNA
conjugates could be derived from the retardation coefficients
derived from the Ferguson plots of the Au-DNA conjugates
[28].

2.4. Determination of the maximum number
of attached DNA molecules per particle

We have also quantified the maximum number of DNA
molecules that can be attached per gold nanoparticle for par-
ticles with 5 nm and 10 nm diameter and single-stranded
DNA with 8 and 43 bases. For this purpose, single-stranded
DNA that had been modified with a thiol group on the 3’ and
a Cy5 dye on the 5’ end has been attached via formation of
thiol-Au bonds to the surface of Au particles. DNA was added
in different DNA to Au ratios and the conjugates were run on
an agarose gel. The more DNA bound per Au nanoparticle,
the more the band of this conjugate was retarded on the gel
[27]. At a certain amount of added DNA, the retardation of
the band of the conjugates did not further increase, which
indicates that the Au surface is fully saturated with DNA
[27]. The bands were extracted from the gel by cutting out
the agarose piece that contained the band and immersing it
into 0.5 × TBE buffer solution. After two days, the Au-DNA
conjugates had diffused out of the gel into the buffer. The
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extraction procedure ensures that all DNA is really attached
to the Au particles, since free DNA migrates in a much faster
band. UV/vis spectra were recorded of the extracted Au-DNA
conjugates. For each of the conjugates, the DNA concentra-
tion was determined by the Cy5 absorption and the Au con-
centration was determined by the absorption at the plasmon
peak and from both concentrations the number of attached
DNA molecules per particles was derived. As we quantified
the number of attached Cy5 molecules only with absorption
and not with fluorescence measurements, the effect that the
fluorescence of Cy5 close to Au surfaces is quenched [35] did
not interfere with our analysis.

All methods and additional experiments can be found in
detail in the supplementary material.

3. RESULTS AND DISCUSSION

3.1. The attachment of DNA to particles
increases the effective diameter
and thus lowers the electrophoretic mobility

The attachment of DNA to Au nanoparticles can be clearly
observed by gel electrophoresis [9, 11, 13, 26–28, 36–38]. The
mobility of particles on the gel depends on two factors: size
and charge. The bigger the size, the slower and the higher the
charge, the faster particles will migrate. In the case of neg-
atively charged Au particles (e.g., with citrate or phosphine
molecules adsorbed to the particles), the attachment of nega-
tively charged DNA molecules causes in first place an increase
of size that can be seen as a retardation of the band of the gel
[27]. If the change in charge dominated, then the mobility
of the Au particles should be increased (addition of negative
charge) or drastically decreased (addition of positive charge)
up to change in the direction of migration. Although this ef-
fect has been observed for different systems [31, 39], it has
not been observed for the Au-DNA conjugates used in this
study. Upon attachment of DNA, the mobility of the result-
ing conjugates was always moderately decreased. Therefore,
in agreement with previous reports, we assume throughout
this manuscript that attachment of DNA to Au nanoparticles
in first order increases the effective diameter of the conjugates
which can be directly seen in the retardation of the band of
the conjugates in gel electrophoresis experiments [9, 11, 26–
28, 36–38].

3.2. Generation of a calibration curve that relates
electrophoretic mobilities to effective diameters

One aim of this study was to obtain calibration curves in
which measured electrophoretic mobilities m can be related
to effective diameters deff. By running phosphine-stabilized
Au particles of known diameter (the overall diameter of
phosphine-coated Au NP was assumed as the core diame-
ter plus two times 0.5 nm for the thickness of the phosphine
layer and the smallest nanoparticle size used for calibration
was 6 nm) on gels, by measuring their mobility, by fitting
the data empirically with an exponential function, and by
using the inverse of the fit function, we obtained a func-
tion in which the effective diameter of Au particles and Au-

Table 1: Experimentally obtained parameters for deriving effective
diameters from electrophoretic mobilities for different gel percent-
ages y. The data have been derived by fitting an experimentally ob-
tained dataset of electrophoretic mobilities of Au nanoparticles of
known diameter and represent the mean values and standard devi-
ations.

y Ay Ty (nm)

0.5% 1.017± 0.015 189± 19

1% 1.049± 0.012 85.0± 3.7

2% 1.120± 0.024 37.7± 1.9

3% 1.236± 0.025 18.8± 0.8

4% 1.476± 0.061 10.3± 0.9

5% 1.759± 0.079 7.16± 0.66

6% 2.073± 0.083 5.77± 0.49

DNA conjugates can be directly calculated from their elec-
trophoretic mobility:

deff(m) = −Ty∗ ln((m/m10 nm,y)/Ay) + 6 nm. (1)

The parameters for y = 0.5%, 1%, 2%, 3%, 4%, 5%, and
6% agarose gels are enlisted in Table 1. In order to enhance
the accuracy by making relative instead of absolute measure-
ments, we always normalized the mobilities m to the mo-
bilities m10 nm,y of plain phosphine-stabilized Au particles of
10 nm core diameter on the same gel. Therefore, although the
primary data of all electrophoresis measurements are elec-
trophoretic mobilities, we are discussing the experimental re-
sults in terms of effective diameters. The diameters have been
obtained with the above-described formula from the mobil-
ity data.

Since obviously the effective diameter of Au-DNA con-
jugates is a fixed physical property, it should not depend on
the form of measurement and analysis. We, therefore, com-
pared the effective diameters derived from 1%, 2%, 3% gels
via the respective mobility-diameter calibration curves and
from Ferguson plots [34]. For the Ferguson plots, the mobil-
ity data from all gel percentages are required.

3.3. Evaluation of the accuracy of effective
diameters obtained from
electrophoretic mobilities via
mobility-diameter calibration curves

The determined effective diameters for Au-DNA conjugates
for Au particles saturated with DNA and for Au particles with
only few DNA strands attached per particle are plotted in
Figures 1 and 2 for DNA of different length. In all cases, re-
gardless the length of the DNA, whether DNA was attached
by specific thiol-gold linkage or by nonspecific adsorption,
or whether only a few or a many as possible DNA molecules
were bound per Au nanoparticles, the effective diameters de-
rived with the mobility-diameter calibration curves are dif-
ferent for different gel percentages. Though most of the times
the effective diameters derived from gels with higher percent-
age were found to be larger than the ones obtained from gels
with lower percentage, also the opposite effect was observed
within the experimental error bars (see, e.g., Figure 2). The
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Figure 1: Effective diameter deff of Au-DNA conjugates for Au
surfaces saturated with DNA. The surface of 10 nm phosphine-
stabilized Au nanoparticles was saturated with single-stranded DNA
of different lengths and the conjugates were run on 1%, 2%, and
3% gels. From the measured mobilities, the effective diameters of
the conjugates were determined. The effective diameters obtained
from 1%, 2%, and 3% gels are plotted in black with diamond, tri-
angle, and circle symbols, the effective diameters obtained from Fer-
guson analysis are plotted in red. The effective diameters of conju-
gates in which the DNA was linked to the Au particles via specific
thiol-gold bonds are connected with straight lines, the effective di-
ameters of conjugates in which the DNA is nonspecifically adsorbed
to the Au particles are connected with dotted lines. The green lines
correspond to rudimentary theoretical models of the effective di-
ameters of DNA molecules attached via thiol-gold to Au particles
[27]. For fully stretched DNA (bottom curve), deff, linear(N) = 10 nm
+ 2 . (0.92 nm + N. 0.43 nm), for randomly coiled DNA (top curve)
deff, coil(N) = 10 nm + 2 . (0.92 nm + 2 . [3−1.N. 0.43 nm . 2 nm]1/2),
and for DNA partly stretched and partly coiled DNA (middle curve)
deff,mixed(N) = 10 nm + 2 . (0.92 nm + 30 . 0.43 nm + 2 . [3−1. (N–
30) . 0.43 nm . 2 nm]1/2) was used [27]. We assumed 0.92 nm for the
length of the thiol-hydrocarbon (C6) spacer at the reactive end of
the DNA, 0.43 nm per base for the contour length and 2 nm for the
persistence length [42, 43]. N corresponds to the number of bases.

effective diameters derived from Ferguson plots were always
smaller than the ones derived from the mobility-diameter
calibration curves. This clearly demonstrates a severe limita-
tion of deriving effective diameters from electrophoretic mo-
bilities. If always the effective diameters derived from the gel-
sof higher percentage were smaller than the one derived from
gels with lower percentage, one could have argued that the
soft DNA shell around the rigid Au cores would be squeezed
or compressed more while migrating through the gel of
higher agarose concentration, which would lead to smaller
effective diameters. However, since no clear correlation be-
tween the gel concentration and the derived effective diame-
ters was observed, we have to consider the difference between
the effective diameters that have been obtained from gels of
different concentrations as error bars. The bigger the Au par-
ticles become due to attachment of DNA, the bigger the er-
ror in deriving their effective diameter from electrophoretic
mobilities becomes. For example, according to Figure 1, the
effective diameters of 10 nm Au particles saturated with 100
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Figure 2: Effective diameter of Au-DNA conjugates with a discrete
number of DNA molecules attached per Au nanoparticle. 10 nm Au
particles were incubated with thiol-modified single-stranded DNA
of 43 and 100 bases length and run on 1%, 2%, and 3% agarose
gels. On the gels, particles with exactly 0, 1, 3, 4, . . . DNA molecules
attached per Au particle could be identified as discrete bands. From
the mobilities of the bands on the gels, the effective diameters deff

were derived by using a calibration curve that relates mobilities and
diameters. The effective diameters corresponding to effective diam-
eters derived from 1%, 2%, and 3% gels are plotted in black with di-
amond, triangle, and circle symbols, respectively. From the mobility
data of the gels of different percentage effective diameters were also
obtained by the Ferguson method and are plotted in red. The upper
and lower sets of curves belong to the Au-DNA conjugates with 100
bases and 43 bases DNA, respectively.

bases DNA that is specifically linked via thiol-Au bonds are
66.3 nm, 69.5 nm, and 58.5 nm as determined from 1%, 2%,
and 3% gels. We believe that from these data we can as-
sume that the effective diameter of these conjugates is around
60 nm with an error bar of around 10 nm. From these and
additional similar data (not shown), we conclude that deriv-
ing absolute effective diameters from electrophoretic mobili-
ties via mobility-diameter calibration curves is possible only
under certain restrictions. It is not sufficient to extract the
data just from gels of one percentage. Only by using gels of
different percentage an average value for the effective diam-
eter and an estimate about the error can be obtained. Part
of this limitation might be due to our principal assumption
that in the case of phosphine-stabilized Au particles conju-
gated with DNA, the electrophoretic mobility is in first order
only determined by the size of the conjugates. Charge effects
may hamper obtaining more precise data for effective diam-
eters. For other systems in which charge effects certainly will
play a more important role [39], it might be even impossible
to derive effective diameters from electrophoretic mobilities
with the here-reported mobility-diameter calibration curves.
It also has to be pointed out that the possible application of
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the here-reported calibration curves is limited to relatively
rigid objects similar in nature to Au nanoparticles. As these
objects were used in first order to obtain the experimental
data on which the calibration functions are based, the cal-
ibration functions certainly will not describe the diameters
of soft objects, such as DNA, very well. A likely explana-
tion for the deviation in the effective diameters obtained for
the DNA-Au conjugates with the calibration functions for
the gels of different percentage can be seen in the fact that
the calibration functions are directly only applicable for Au
particle-like rigid objects. Attaching soft objects as DNA to
the Au particle surface changes their electrophoretic behav-
ior so that the calibration curves can be only applied in a
restricted way.

3.4. Evaluation of the accuracy of effective
diameters obtained from Ferguson plots

We have also evaluated the possibility to obtain effective di-
ameters of Au-DNA conjugates via Ferguson plots, as had al-
ready suggested by the group of Hamad-Schifferli [28]. From
Figures 1 and 2, it is evident that the effective diameters ob-
tained from Ferguson plots are always significantly smaller
than the ones obtained from mobility-diameter calibration
curves. It has to be pointed out that both evaluation methods
are based on the same set of experimentally obtained mobil-
ities. In a classical Ferguson plot, for example for free DNA,
the logarithm of the mobilities is linear to the gel percent-
age. However, in the case of Au and Au-DNA conjugates, this
linearity holds no longer true, in particular for gels of higher
percentage [36]. We, therefore, had to restrict our analysis to
gels from 1% to 3% although in some cases data for 4% to
6% had also been available. Additional experiments can be
found in the supplementary material. Though theories for
nonlinear, convex Ferguson plots exist [40, 41], we did not
try to apply them here. Due to the significant deviation from
the data obtained with the Ferguson plots to the data ob-
tained with mobility-diameter calibration curves and due to
the above-mentioned limitations, we conclude that the lin-
ear Ferguson analysis is less suited to obtain absolute effective
diameters. However, relative increases in size due to binding
of molecules can be observed with sufficient resolution with
Ferguson analysis.

3.5. Specific thiol-Au bond-mediated attachment
of DNA versus nonspecific DNA adsorption

Our data clearly indicate that there is also nonspecific ad-
sorption of DNA to the surface of Au particles in case the par-
ticles are exposed to many DNA molecules, see Figure 1. It is
important to point out that in Figure 1, the data of Au parti-
cles that have been exposed to as much DNA as possible and
that are, therefore, saturated with DNA are described. This is
different from the case in which the Au particles are exposed
to only to a few strands of DNA as in Figure 2, where no non-
specific adsorption could be observed, as already reported by
Zanchet et al. [11]. Nonspecific adsorption of DNA to Au
particles is significantly lower compared to specific thiol-Au
bond-mediated attachment and thus can only be observed in

case of exposure of the particles to very high DNA concen-
trations.

Although the absolute numbers derived for effective di-
ameters for Au-DNA conjugates are afflicted with significant
error bars as described above, these data nevertheless con-
tain valuable information about the binding of DNA to Au
particles. Any attachment of DNA leads to an increase in the
effective diameter, dependent on the nature of attachment,
the amount of bound DNA, and the length of each DNA
molecule, see Figure 1. With very simple models, we can as-
sume that DNA attached to the surface of Au particles can
adopt two basic types of conformation [27]. In the first case,
the confirmation of DNA is not effected by the presence of
the Au particles and it will form a random coil. In the second
case, DNA has to compete for the binding places at the gold
surface and thus, in order to bind as many DNA molecules
per area as possible, the DNA has to be stretched. Actually,
a combination of both models will best describe the reality.
In Figure 1, the effective diameters for the different models
(randomly coiled DNA, fully stretched DNA, and DNA that
is stretched for the first 30 bases and randomly coiled for the
rest of the bases) are plotted versus the DNA length for Au
particles that are saturated with DNA. Clearly, thiol-gold-
bond specific attachment can be distinguished from non-
specific adsorption of DNA. Similar observations have been
reported also before by Sandström et al. [26, 37]. First, the
increase in the effective diameter tells that also DNA with-
out thiol modification can be adsorbed to the surface of
phosphine-stabilized Au nanoparticles. Second, a compari-
son with the effective diameters of the theoretical models
clearly proves that nonspecifically adsorbed DNA does not
exist in a stretched configuration perpendicular to the Au
surface. The data rather indicate that even when the parti-
cle surface is saturated with nonspecifically attached DNA,
only parts of the DNA molecules will be randomly coiled, as
the experimentally obtained effective diameters are smaller
than the diameter of conjugates in which the adsorbed DNA
is randomly coiled. From this, one can conclude that due
to nonspecific Au-DNA interaction, the adsorbed DNA is
at least partly wrapped around the surface of the Au parti-
cles, which is in agreement with other studies [44]. In case of
Au surfaces saturated with thiol-modified DNA, the effective
diameters are significantly bigger compared to nonspecifi-
cally adsorbed DNA, see Figure 1. By comparison with ba-
sic models, we conclude in agreement to our previous study
that specifically bound DNA adopts a stretched configura-
tion so that as many DNA molecules as possible can bind to
the Au surface. Due to the spherical geometry, DNA longer
than around 30 bases only needs to be stretched due to this
space limitation within around the first 30 bases, whereas
the parts of the DNA molecules further away from the Au
particle are not affected by space limitation and thus can
be randomly coiled. These results again show the possibili-
ties and limitations of the here-described method. Though
it is complicated to derive accurate absolute effective diam-
eters of Au-DNA conjugates, the binding of DNA molecules
can be clearly seen as an increase in the effective diameters
and a comparison with theoretical models can give indica-
tions about the conformation of the attached DNA. These

[A4] 5



6 Journal of Biomedicine and Biotechnology

SH-8a

Cy5-8a-SH

18.3

18.5

SH-43a

Cy5-43a-SH

32.9

31.5

deff

Figure 3: 10 nm diameter Au particles have been saturated with thiol-modified single-stranded DNA of 8 and 43 bases lengths and were
run on 2% agarose gels. From the resulting mobilities, effective diameters were derived via a mobility-diameter calibration curve (for 2%
agarose gels). In the table, the effective diameters of particles are given in nm. In the upper row, the data for DNA modified at one end with
an-SH group are shown. In the bottom row, the data for DNA modified at one end with an-SH and at the other end with a -Cy5 organic
fluorophore are shown. The results are within the error bars identical for DNA with and without Cy5, which indicates that the Cy5 at the
free end does not interfere with the binding process of the DNA to the Au particle surface.

d(Au) (nm)
Number of

bases
per DNA

Maximum
number of

DNA
molecules per

Au particle

Maximum
DNA density

on the particle
surface (nm−2)

5 8 13 0.041

10 8 53 0.042
10 43 43 0.033

Figure 4: Maximum number of thiol-modified single-stranded DNA molecules that can be bound to the surface of phosphine-stabilized Au
particles. Au particles of different core-diameter (d = 5 nm, 10 nm) and thiol modified single-stranded DNA of different length (8 and 43
bases) have been used. The maximum possible number of DNA molecules per Au particle and the maximum surface density (in DNA per
particle surface) are given.

types of binding assays via gel electrophoresis are an attrac-
tive complementary method compared to other techniques,
such as light scattering [45]. Presumably a combination of
gel electrophoresis, light scattering, and zeta potential mea-
surements of identical samples would give the most accu-
rate analysis about Au-DNA conjugates. It remains to note
that although electrophoresis of free DNA is well studied
both experimentally and theoretically, the case of Au-DNA
conjugates is more complex because several properties (to-
tal charge, charge density, and elasticity) are not constant but
depend all at the same time on the binding of DNA to the Au
nanoparticles. A theoretical model for gel electrophoresis of
such conjugates would be helpful for data analysis.

3.6. Effect of organic fluorophores linked to
DNA on the binding of DNA to Au particles

When organic fluorophores are attached to Au-DNA conju-
gates at the free end of the DNA, which is pointing towards
solution, then energy transfer between the fluorophore and
the Au nanoparticle can be observed [35]. This effect can be,

for example, employed for DNA sensors [46]. Since energy
transfer depends on the distance between the organic fluo-
rophore and the Au surface [35, 47], certainly the configura-
tion of the bound fluorophore-modified DNA is important
for this process. In case of nonspecific adsorption of the flu-
orophore to the Au surface, the distance between the fluo-
rophore and the Au would be much smaller than for the case
in which the DNA is linked with its thiol-modified end, see
Figure 3. In this study, we have shown that the attachment of
Cy5 to the free end of thiol-modified DNA does not change
the effective diameter in the case of Au particles saturated
with DNA, see Figure 3. These results demonstrate that the
direct adsorption of Cy5 to the Au surface is much less proba-
ble than the formation of thiol-Au bonds and that, therefore,
the dye points towards the solution.

3.7. Determination of the maximum number of DNA
molecules that can be bound per one Au particle

The number of bound DNA molecules per Au particle has
already been determined with several methods [25, 26, 48].
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In comparison to methods in which the number of DNA
molecules is quantified by the fluorescence of attached flu-
orophores, the counting of DNA via absorption measure-
ments (as reported in this study) is not affected by pho-
tobleaching and quenching effects. Extracting the Au-DNA
conjugates from the gel also helps that no unbound excess
DNA is present in the solution, as it still might be possible in
the case of purification with filter membranes. The results of
this study are summarized in Figure 4 and are in the same
range as the results obtained by other groups [25, 26, 48]
though our determined DNA densities are rather lower than
the ones determined by other groups. This might be due to
the fact that the phosphine stabilization is harder to be dis-
placed by DNA than citrate stabilization and in particular
due to the fact that our incubation was performed at lower
NaCl concentrations [48]. In our measurements, we could
not find any effect of the different curvature between 5 nm
and 10 nm gold particles on the density of attached DNA
molecules. This can be understood as the surface curvature
difference between both types of particles is not very high
and DNA attachment to both types of particles was done un-
der the same buffer conditions. Recently, Qin and Yung have
instead demonstrated that the most relevant parameter for
the maximum number of attached DNA molecules per parti-
cle is the salt concentration under which the attachment was
performed [48]. High salt concentrations reduce electrostatic
repulsion und thus allow for higher DNA surface densities.

3.8. Attachment of an exactly known
number of DNA molecules per Au particle

As already reported in earlier publications, gel electrophore-
sis allows for a separation of Au-DNA conjugates with
0, 1, 2, . . . DNA molecules attached per particle [9, 11]. In
Figures 2 and 5, the effective diameters of such conjugates
as determined from their electrophoretic mobilities are pre-
sented. The dependence of DNA length and Au core diameter
on the effective diameter is as expected. The longer the DNA,
the more the effective diameter of Au-DNA conjugates upon
which attachment of another DNA molecule to one gold par-
ticle is increased (see Figure 2). The more long DNA strands
are attached per individual gold particle, the fewer the ef-
fective diameter of the Au-DNA conjugated depends on the
initial diameter of the Au core (see Figure 5). Although no
simple model for Au-DNA conjugates is available that could
predict the exact mobility in gel electrophoresis, the bands of
particles with a defined number of DNA strands can be iden-
tified with their structure by relative (qualitative) compari-
son and control experiments that include hybridization. So
far, we are not aware of another separation technique (such
as HPLC) that can resolve Au particles with an individual
number of attached DNA molecules as it is possible with gel
electrophoresis. The concept of separating conjugates of par-
ticles with a discrete number of attached molecules by gel
electrophoresis could be also be generalized and used besides
for Au-DNA conjugates for other systems [49]. Because of
their defined composition, we think that such conjugates of
particles with a defined number of linked molecules are very

76543210
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Figure 5: Effective diameters deff of Au-DNA conjugates with a
discrete number of DNA molecules per particle for Au particles
of different diameter. Single-stranded DNA (100 bases) had been
specifically attached via thiol-gold bonds to the surface of 5 nm,
10 nm, and 20 nm Au particles. The conjugates were run on 1%,
2%, and 3% agarose gels and their effective diameters deff were de-
rived from the measured electrophoretic mobilities. Here, the effec-
tive diameters for Au particles with a discrete number of attached
DNA molecules (100 bases) per particle are shown. Data for 5 nm,
10 nm, and 20 nm particles are plotted in violet, black, and blue, re-
spectively. Data derived from 1%, 2%, and 3% gels are plotted with
diamond, triangle, and circle symbols.

interesting model systems and several applications have been
already demonstrated [50, 51].

4. CONCLUSIONS

In this manuscript, the analysis of Au-DNA conjugates by gel
electrophoresis is discussed. Whereas the principal effects are
already known by our previous studies and reported by other
groups, the aim of this work was the detailed analysis about
the possibilities and limitations of this technique. For this
purpose, an extensive study with 1200 gels was performed.
From these data, we can conclude that the determination of
absolute effective diameters from electrophoretic mobilities
has severe limitations. In order to get an estimate about the
accuracy of the data gels of different percentages have to be
compared. The deviation between these data sets is an indi-
cator for the error bars in the derived effective diameters. We
believe that this strategy leads to more reliable values for ef-
fective diameters than Ferguson analysis. Pointing out these
limitations is important as several studies exist in which this
method has been applied without investigating its limitations
first [27, 28, 32]. Though the extraction of absolute values for
effective diameters from the mobility data has very limited
accuracy, the attachment of molecules to particles can on the
other hand be detected with high sensitivity as an increase
in the effective diameters. In this way, even the attachment
of single molecules can be resolved, which to our knowledge
has not been demonstrated yet with an alternative separation
technique such as HPLC. Besides such binding assays, also
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indications about the conformation of the DNA molecules
that are bound to the particles can be derived from the ob-
tained effective diameters. In this way, we believe that gel
electrophoresis is a very powerful method to investigate the
attachment of DNA molecules to Au nanoparticles though it
has also clear limitations. Whereas specific and nonspecific
attachment of DNA can be detected with high sensitivity, the
quantitative determination of effective hydrodynamic diam-
eters is not possible in a straightforward way.
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The electrospinning technique was used successfully to fabricate one-dimensional arrays of Au
nanoparticles within nanofibers in which the intrinsic nature of the semicrystalline polymer poly(ethylene
oxide) (PEO) was employed as a template for the controlled nanoscale organization of nanoparticles.
Differential scanning calorimetry (DSC), Fourier transform infrared spectroscopy, UV-visible spectros-
copy, scanning electron microscopy, atomic force microscopy, and transmission electron microscopy
(TEM) were performed to characterize the resulting electrospun fibers in comparison with pure PEO and
PEO/Au nanocomposite before electrospinning. By choosing chloroform as the solvent in this work the
observed electrospun fibers were about 400-650 nm in diameter and revealed a well-defined Gaussian
distribution. Thermal analysis showed that the dodecanethiol-capped Au nanoparticles preferentially act
as heterogeneous nucleating agents for PEO crystallization. Conformational changes occurred by
incorporating Au nanoparticles as well as electrospinning. The most common helical structure of PEO
was transformed into a trans zigzag planar structure due to the high extensional flow caused by
electrospinning. As a striking result, fairly long and one-dimensional chainlike structures consisting of
Au nanoparticles within the electrospun fibers were observed by TEM. The present findings demonstrate
that the electrospinning process provides not only a fundamental understanding of the conformational
changes upon process conditions, but also a straightforward and cost-effective technique to fabricate
one-dimensional arrays of nanoparticles for future nanodevices with unique properties in various
applications, such as biological sensors, single-electron transistors, photonic materials, etc.

1. Introduction

Metal nanoparticles,1 which represent particularly attractive
building blocks of individual atoms, hold promise for use
as advanced materials with new electronic,2 magnetic,3

optical,4 thermal,5 and catalytic properties.6 Compared with
bulk materials, these unique properties mainly arise from the
quantum-confinement effects and their enormous large
specific surface areas. These nanoparticles provide a starting
point for fabricating future nanodevices with unique elec-

tronic, optoelectronic, electrochemical, and electromechanical
properties. Because the physical properties of these nanode-
vices are dominated by the formation of size-controlled
nanoparticles, interparticle distances and their spatially
ordered assemblies (superlattices) in predefined geometries,
such as linear, two- and three-dimensional superstructures,
have become the focus of intense research in recent years.7

Among this line, two-dimensional (2D) and three-dimen-
sional (3D) superlattices have been prepared by self-
assembly,8 the Langmuir-Blodgett method,9 or electro-
phoretic deposition,10 and their optical and electron transport
properties have been intensely investigated. In contrast, one-
dimensional (1D) arrays of nanoparticles still remain a great
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challenge in nanotechnology11 because it is quite difficult
to organize metal nanoparticles in low symmetry. Successful
realization of these structures in the future may provide a
new tool to integrate these 1D nanostructures into functional
devices and circuitry. Several approaches have been proposed
to construct such structures by means of appropriate tem-
plates, such as DNA strands,12 bacteria and viruses,13 other
linear polymers,14 or lithographically patterned substrates.15

In the present work we demonstrate an alternative new
approach based on the electrospinning (ES) technique for
fabricating 1D arrangements of metal nanoparticle arrays
within submicrometer polymer fibers. Recently, electrostatic
fiber spinning, or “electrospinning”, has received a growing
attention because polymer fibers prepared by this technique
achieve fiber diameters in the submicrometer range straight-
forwardly and cost-effectively.16 To form such fibers using
ES a polymer solution is forced through a capillary, forming
a drop of polymer solution at the tip of capillary. Then a
high voltage is applied between the tip and a grounded
collection target. When the electric field strength overcomes
the surface tension of the droplet, a polymer solution jet is
initiated and accelerated toward the collection target. As the
jet travels through the air, the solvent evaporates and a
nonwoven polymeric fabric is formed on the target. This
approach becomes particularly powerful when the ease and
control offered by the nanofibers is combined with the
electronic, magnetic, or photonic properties of inorganic
components. To date, it has been well established that the
ES process allows easily incorporating particles of materials,
such as layered silicates,17 carbon nanotubes,18 and many
others,19 into the nanofibers.

The objectives of this research are 2-fold: One is to
develop a single-step processing route for the production of

synthetic fibers comprising a 1D arrangement of well-
controlled metal nanoparticles. The other is to study the effect
of electrospinning on the conformational changes of the
resulting fibers with and without metal nanoparticles, which
can provide fundamental insights into the nature of the
electrospinning process. To achieve these objectives we
employ semicrystalline polymer poly(ethylene oxide) (PEO)
and its composites incorporated with gold nanoparticles. The
choice of PEO is not only motivated by its wide variety of
applications,20 such as biomaterials including scaffolds,21

drug delivery,22 tissue engineering, wound healing,23 and
conductive fibers24 for electrolytes in polymer batteries, but
also by control of the dispersion of nanoparticles assisted
by its intrinsic crystallinity that will contribute to fiber
stability as well as responsibility for controlled dispersion
of nanoparticles. Furthermore, the amphiphilic nature of PEO
(soluble both in water and nonpolar solvents) and the strong
dependence of local conformations on the used solvents make
PEO an excellent model polymer for gaining a fundamental
understanding of the conformational changes upon process
conditions. The capability and feasibility of this technique
demonstrates a promising alternative approach for the
fabrication of polymer nanostructured composite fibers by
controlling a set of experimental parameters.

2. Experimental Section

2.1. Materials.Synthesis of Dodecanethiol-Capped Gold Nano-
particles.Colloidal Au nanoparticles were synthesized according
to standard protocols.25 Briefly, 300 mg of hydrogen tetrachloro-
aurate (HAuCl4‚3H2O) dissolved in distilled water was added to
80 mL of a 50µM tetraoctylammonium bromide ([CH3(CH2)7]4-
NBr) solution dissolved in toluene. Transfer of the metal salt to
the toluene phase was clearly observed within a few seconds. An
aqueous solution of 334 mg of sodium borohydride (NaBH4) was
added to the mixture while stirring, which immediately caused the
reduction reaction. After 1 h the two phases were separated, and
the toluene phase was washed with 0.01 M HCl, 0.01 M NaOH,
and three times distilled H2O. Afterward, a surfactant exchange
procedure was carried out. A 10 mL amount of 1-dodecanethiol
was added to the Au nanoparticles in toluene. The solution was
heated to 65°C and stirred for 2 h. During this process the mercapto
groups of the dodecanethiol (CH3(CH2)11SH) molecules bind to the
surface of the Au nanocrystals, displacing the Br ions. Upon
completion of the reaction, the final dodecanethiol-capped Au
nanoparticles were precipitated twice with methanol and redissolved
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Kästle, G. A.; Emley, N.; Shibauch, T.; Krusin-Elbaum, L.; Guarini,
K.; Black, C. T.; Tuominen, M. T.; Russell, T. P.Science2000,290,
2126.

(12) (a) Warner, M. G.; Hutchison, J. E.Nature2003,2, 272. (b) Mirkin,
C. A. Inorg. Mater.2000,39, 2258. (c) Braun, E.; Eichen, Y.; Sivan,
U.; Ben-Yoseph, G.Nature 1998, 391, 775. (c) Mirkin, C. A.;
Letsinger, R. L.; Mucic, R. C.; Storhoff, J. J.Nature1996,382, 607.

(13) Hall, S. R.; Shenton, W.; Engelhardt, H.; Mann, S.Chem. Phys. Chem.
2001,3, 184.

(14) Wyrna, D.; Beyer, N.; Schmid, G.Nano Lett.2002,2, 419.
(15) (a) Cui, Y.; Björk, M. T.; Liddle, J. A.; Sönnichsen, C.; Boussert, B.;
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in chloroform (CHCl3) to prepare the PEO nanocomposites and
electrospinning of them. The overall concentration of the resulting
Au nanoparticle solution was 20µM.

PEO and PEO/Au Nanocomposites.The semicrystalline polymer
poly(ethylene oxide) (PEO,Mw ) 600 000 g/mol) was purchased
from Aldrich Chemical Co. Inc. and used as received without further
purification. PEO/Au composite films were prepared by a solution-
cast technique using chloroform as the solvent at room temperature.
First, PEO powder was dissolved in chloroform to make a 2 wt %
solution and then mixed with a 1 wt %solution of dodecanethiol-
capped Au dissolved in chloroform. The mixture was vigorously
stirred with a magnetic stir bar for at least 24 h at room temperature
and casted onto glass dishes, and subsequently the solvent was
evaporated slowly in air at room temperature for 2 days. To ensure
complete solvent removal, the final nanocomposites (NCs) were
annealed at 55°C for 12 h in a vacuum oven at 0.5 Torr.

2.2. Methods.Electrospinning Process.To obtain electrospin-
nable solutions, pure PEO and its NCs were dissolved in chloroform
to prepare a 2 wt %solution. The solution was vigorously stirred
with a magnetic stir bar for at least 24 h at room temperature, which
was followed by sonication for 30 min to ensure a homogeneous
solution. ES was carried out under ambient temperature in a vertical
spinning configuration using a 1 mmi.d. flat-end needle with a 5
cm working distance. The applied voltages were in the range from
3 to 20 kV, driven by a high-voltage power supply (Knürr-Heizinger
PNC, Germany). The electrospun fibers were collected either on
Cu grids or slide glasses. The samples were annealed at 55°C for
12 h and cooled to room temperature under vacuum (0.5 Torr).

InVestigation of Fiber Morphology: Electron Microscopy and
Atomic Force Microscopy (AFM).To characterize the size of the
Au nanoparticles and their spatial dispersion within the electrospun
fibers, the PEO fibers were directly electrospun on Cu grids covered
with an ultrathin carbon layer and investigated by conventional
transmission electron microscopy (TEM) (JEOL 200CX operated
at 200 kV) as well as by high-resolution TEM (Philips CM200
FEG\ST Lorentz electron microscope with a field emission gun
and at an acceleration voltage of 200 kV). For the analysis of the
diameter of the electrospun fibers and their distribution the
electrospun fibers collected on the slide glasses were investigated
by field emission gun-environmental scanning electron microscopy
(FEG-ESEM, Philips ESEM XL 30 FEG). To study the morphology
of the PEO crystals upon the electrospinning process, AFM (Digital
Instrument, NanoScope IIIa) with commercially available Si3N4

cantilevers was employed. The tapping mode of AFM was selected
to obtain both height and phase images. The scanner was calibrated
with a standard grid in both lateral size and height.

Differential Scanning Calorimetry (DSC).DSC measurements
were conducted to measure the melting and crystallization behavior
with a Mettler-Toledo DSC 820 under a nitrogen atmosphere. The
samples were sealed in aluminum pans and heated and cooled in
the temperature range 25-100 °C in the DSC instrument with a
rate of 10°C/min. The weight of each sample was approximately
0.5 mg. The DSC temperature and heat flow values were calibrated
with indium as the standard. The degree of crystallinity,Xc, was
calculated from the endothermic area by the following equation

where∆Hfus
0, the heat of fusion of 100% crystalline PEO (Mw )

600 000 g/mol), was taken as 190 J/g from the literature26 and∆Hfus

is the heat of fusion for the sample obtained from the endothermic
area of the melting trace.

Optical Measurements.An FTIR spectrometer (FTIR Spectrom-
eter S2000, Perkin-Elmer) equipped with a fixed 100µm diameter
aperture and a mercury-cadmium-telluride (MCT) detector was
used to analyze the absorbance in the wavenumber range of 400-
4000 cm-1 with a resolution of 2 cm-1, monitoring the conforma-
tional changes caused by introduction of Au nanoparticles into PEO
and the electrospinning process. To obtain a spectrum of pure
amorphous PEO, PEO powder (about 1 mg) was melted on the
surface of a diamond single attenuated total reflectance (ATR) cell
(Golden Gate) at 100°C. To characterize the PEO molecular
orientation within electrospun fibers with and without Au nano-
particles, polarized FTIR measurements using a Zn-Se wire grid
infrared polarizer were performed on two or three selected areas
in a single electrospun fiber. At each area the parallel and
perpendicular spectra relative to the fiber axis were recorded. UV-
visible absorption spectra of colloidal Au nanoparticles using a 1
cm quartz cuvette were measured on a Perkin-Elmer Lambda 3B
spectrophotometer.

3. Results and Discussion

3.1. Fiber Morphology. Figure 1 shows FEM-SEM
micrographs of the electrospun fibers from pure PEO and
PEO/Au NC and their diameter distribution. In both cases
the fibers, which were electrospun under the optimized ES
conditions used (5 cm working distance, 2 wt % solution in
chloroform), are uniform without any evidence of “beads
on a string” morphology. This observation is consistent with
the results by R. Jaeger et al.27 Pure PEO fibers exhibit a
smooth surface, whereas the PEO/Au nanocomposite fibers
are rather rough. The diameter of the electrospun fibers in
both cases resembles a Gaussian distribution. The average
diameter lies at 500 nm in pure PEO fibers and shifts to 550
nm in the PEO/Au nanocomposite fibers with broader
distribution.

The dispersion of Au nanoparticles within the electrospun
fibers was examined by TEM. A striking feature observed
on all electrospun fibers containing Au nanoparticles is the
formation of extended and closely packed linear nanoparticle
chains along the fiber direction, as shown in Figure 2. Within
the electrospun fibers of PEO/Au nanocomposite fairly long,
closely spaced nanoparticles and a high degree of linearity
were observed. All of the linear assemblies observed by TEM
display an extended chainlike “necklace” structure. The
length of these assemblies appears to be nearly several
hundreds micrometers, which is not surprising because ES
can straightforwardly produce long continuous fibers up to
millimeters in length.

Hereby, the intrinsic semicrystalline feature of PEO may
play a crucial role to direct the particular arrangements of
nanoparticles during the electrospinning process. In addition,
gold nanoparticles were organized with an almost regular
spacing due to the dodecanethiol molecules on the particle
surface (Figure 3a). Figure 3b shows a HR-TEM micrograph
of an individual gold nanoparticle and its fast Fourier
transform (FFT) image (inset). The average particle size was
about 4 nm in diameter. The HR-TEM image clearly shows
crystal lattice fringes of 0.24 nm, corresponding to the (111)

(26) (a) Booth, C.; Devoy, C. J.; Gee, G.Polymer1971, 12, 327. (b) Marco,
C.; Fatou, J. G.; Gomez, M. A.; Tanaka, H.; Tonelli, A. E.
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lattice planes of fcc.28 It is also noticed here that other areas
in the electrospun fibers provide evidence that some chains

are assembled into 3D bundles, which may be caused by
overlapping of the 1D chains of Au nanoparticles.

The UV-vis absorption spectrum shows an absorption
band with a peak maximum at 518 nm which arises from
surface plasmon absorption of Au nanoparticles (Figure 4)
with an assumed optical extinction coefficient of 8.7× 106

M-1 cm-1. The electrospun fibers, both with and without
Au nanoparticles, revealed a well-defined birefringence in a
polarized optical microscope (data not shown here). This
indicates that the PEO molecules may be aligned along the
fiber axis due to the elongational flow during electrospinning.
Figure 5 shows AFM surface images of electrospun fibers
exhibiting a perpendicular arrangement of PEO lamellae to
the fiber axis, where a and b are taken from pure PEO and
PEO/Au nanocomposite, respectively. As expected for

(28) Andres, R. P.; Bielefeld, J. D.; Henderson, J. I.; Janes, D. B.;
Kolagunta, V. R.; Kubiak, C. P.; Mahnoney, W.; Osifchin, R. G.
Science1996,273, 1690.

Figure 1. SEM micrographs: (a) electrospun PEO fibers, (b) electrospun
PEO/Au NC fibers, and (c) their diameter distributions.

Figure 2. TEM micrograph of 1D chainlike arrays of Au nanoparticles.

Figure 3. HR-TEM images: (a) close-up image from an area near the
surface of the fibers and (b) image of an individual Au nanoparticle and its
FFT image shown as inset.
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molecule chains aligned parallel to the fiber direction, the
resulting lamellae should be perpendicular to the fiber axis,
i.e., a so-called shish-kebab structure.18a Figure 5 clearly
confirms this argument. AFM shows that the lamellae in the
PEO electrospun fibers are thicker and less perpendicularly
organized compared to those of the PEO/Au nanocomposite
fibers. The lamellar thickness and their long period are 25
and 36 nm in pure PEO electrospun fibers, whereas they
are 18 and 30 nm in PEO/Au nanocomposite fibers. These
results are consistent with those from DSC and FTIR
measurements as will be discussed later. Such a parallel
arrangement of nanoparticles with respect to a host polymer
with distinct chainlike nanowires should be useful to fabricate
future nanodevices.

3.2. Differential Scanning Calorimetry (DSC). To
investigate the thermal behavior, such as melting, crystal-
lization, and formation of a crystalline structure, we per-
formed DSC measurements. The most interesting feature in
the DSC traces in this study is that all samples show a single
endo- and exothermal peak (Figure 6). The endothermic
peaks during the heating stage, which are centered at 63-
66 °C, are shown in Figure 6a. This is attributed to the
melting of the crystalline PEO phase.29 From the enthalpy
associated with the melting endotherm the crystallinity of
samples studied was calculated using the value 190 J/g as
the enthalpy of fusion of 100% crystalline PEO (Mw )
600 000 g/mol) from the literature.23

As reported in Table 1, after incorporation of Au nano-
particles as well as after the electrospinning procedure the
melting temperature shifts moderately to higher values
compared with pure PEO. However, the melting enthalpys
degree of crystallinitysincreases drastically after incorpora-
tion of Au nanoparticles; the most significant change occurs
in electrospun fibers of PEO/Au NC. These results indicate
that there are some interactions between PEO and Au
nanoparticles. Furthermore, the electrospinning procedure
favors increasing both the melting temperature and crystal-
linity. From these results it is concluded that the nanoparticles
preferentially serve as heterogeneous nucleation sites for PEO

crystallization. In addition, the electrospinning procedure
causes breakage of the long chains of the crystalline complex
into small parts. As a consequence, the lamellae in PEO/Au
NC fibers appear to be thinner compared to pure PEO fibers
(see Figure 5). Figure 6b shows the exotherms upon cooling
the melt. Although the exothermic peak of pure PEO is
unaffected by the presence of Au nanoparticle in the PEO
matrix, it is significantly shifted to higher temperatures upon
electrospinning, corresponding to promoted rapid crystal-
lization. This may be caused by confined crystallization
through the dimensional reduction of the material during the
electrospinning process.

It is interesting to note from the DSC diagrams that
the crystallization and melting peak in both systems con-
taining Au nanoparticles appear sharper and narrower
before and after electrospinning compared to those with-
out Au nanoparticles. This result may be at least in part
attributed to the higher thermal conductivity of Au nano-

(29) Buckley, C. P.; Kovacs, A. J.Structure of Crystalline Polymers; Hall,
I. H., Ed.; Elsevier Applied Science: London, 1984.

Figure 4. UV-vis spectrum of dodecanethiol-capped Au nanoparticle.

Figure 5. AFM images showing the surface morphology: (a) electrospun
PEO fibers and (b) electrospun PEO/Au NC fibers (the arrow indicates the
fiber direction).
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particles compared to that of PEO as heat will be more
diversely distributed in the samples containing the Au
nanoparticles. Thus, Au nanoparticles provide a high degree
of supercooling during the crystallization processes while
electrospinning, which leads to rapid formation of hetero-
geneous crystallization nuclei. Consequently, narrow crystal-
lization and melting peak are associated with a narrow
crystallite size distribution in the PEO/Au NC electrospun
fibers compared to PEO fibers and in the PEO/Au nano-
composite compared to pure PEO. These results are also
consistent with AFM results.

3.3. FTIR. Although DSC is informative for the thermal
behavior, it does not give any information about the nature
of the conformational changes upon introduction of Au
nanoparticles and the electrospinning procedure. To char-
acterize the conformational changes we conducted FTIR
measurements. Figure 7a shows a FTIR spectrum (600-4000
cm-1) from dodecanethiol-capped Au nanoparticles. The
band positions and their assignments are listed in Table 2.30

The very weak SH stretching vibration mode is usually
observed at 2560 cm-1.31 However, this is not visible for
dodecanethiol-capped Au nanoparticles, indicating that bond-
ing of the dodecanethiol ligands to the Au surface takes place
via Au-S bonds. As a consequence, a new band appearing
at 1413 cm-1 can be assigned to a scissoring vibration mode
of the CH2 group adjacent to the Au-S bond. These results
are consistent with those reported by others.32 The bands at
1466 and 1377 cm-1 arise from the asymmetric and sym-

(30) (a) Manna, A.; Imae, T.; Yogo, T.; Aoi, K.; Okazaki, M.J. Colloid
Interface Sci.2002,256, 297. (b) Porter, M. D.; Bright, T. B.; Allara,
D. L.; Chidsey, C. E. D. A.Am. Chem. Soc.1987,109, 3559.

(31) (a) Laibinis, P. E.; Whitesides, G. M.; Allara, D. L.; Tao, Y.-T.; Parikh,
A. N.; Nuzzo, R. G.J. Am. Chem. Soc. 1991,113, 7152. (b) Hayashi,
M.; Shiro, Y.; Murata, H.Bull. Chem. Soc. Jpn.1966,39, 112.

(32) (a) Hasan, M.; Bethell, D.; Brust, M.J. Am. Chem. Soc. 2002,124,
1132. (b) Hostetler, J. M.; Stokes, J. J.; Murray, R. W.Langmuir1996,
12, 3604. (c) Smith, E. L.; Porter, M. D.J. Phys. Chem.1993,97,
8032.

Figure 6. DSC diagrams for pure PEO, PEO/Au NC, electrospun PEO
fibers, and electrospun PEO/Au NC fibers: (a) endothermic and (b)
exothermic traces.

Table 1: Melting and Crystallization Temperatures, Melting
Enthalpies, and Calculated Crystallinities

Tm (°C) Tc (°C) ∆Hm (J/g) crystallinity (%)

pure PEO 63.7 46.5 83.22 44
PEO/Au NC 64.4 46.5 113.57 60
PEO fiber 65.3 49 110.51 58
PEO/Au NC fiber 64.6 51 117.33 62

Figure 7. FTIR spectrum for dodecanethiol-capped Au nanoparticles: (a)
whole range studied and (b) close-up spectrum from 2800 to 3000 cm-1.

Table 2: FTIR Data for Dodecanethiol-Capped Au Nanoparticles
and Their Assignments

absorbance peak (cm-1) assignment

2957 CH3 asymmetric stretching
2918 CH2 asymmetric stretching
2871 CH3 symmetric stretching
2850 CH2 symmetric stretching
1466 CH2 scissoring
1413 CH2 scissoring adjacent to the Au-S bond
1377 CH3 symmetric bending40
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metric bending vibration of the methyl group (CH3), respec-
tively. They can be attributed to the assignments caused by
the capping effect. Common vibrational features due to the
presence of thiols are represented in the range 2800-3000
cm-1 (Figure 7b). The fact that in the spectrum of nanopar-
ticles the CH2 asymmetric and symmetric stretching bands
are observed at 2918 and 2850 cm-1 suggests that the alkyl
chains of dodecanethiol are extended with a trans zigzag
conformation onto the gold particle surface.33 The higher
wavenumbers of CH3 stretching modes are observed at 2957
and 2855 cm-1. This indicates that the thiol molecules are
not leached out after washing of the particles during the
synthesis of Au nanoparticles.

PEO ([-(CH2)2-O-]n) is a semicrystalline polymer
whose the crystal structure is well known from X-ray
scattering, neutron diffraction, and IR absorption, usually in
a monoclinic phase.34 The polymer chains consist of seven
O-CH2-CH2 repeat units, which have an extended structure
of 19.3 Å length over two turns of the helix, i.e., 7/2 helical
conformation. Internal rotations around the O-CH2, CH2-
CH2, and CH2-O bonds yield the trans (T), gauche (G), and
trans (T) form, respectively, and the resulting helical
conformation, TGT. This helical conformation is thermo-
dynamically stable and therefore most commonly observed.32

It has been well established that PEO is preferentially
transformed into a planar zigzag conformation (TTT) under
tension35 or when water is added, exhibiting a triclinic crystal
structure with an identical chain length of 7.12 Å.31,35,36

To characterize the conformational change in the PEO
matrix upon incorporation of Au nanoparticles and electro-
spinning, FTIR measurements were first performed on the
pure PEO. Figure 8 illustrates the vibrational bands of pure
PEO from powder and its melt at 120°C.

The absorption peaks, their assignments, and the type of
dominant conformations are summarized in Table 2. The
vibrational bands of the crystalline PEO are observed as
follows:31-37 The bands at 1467 and 1455 cm-1 correspond
to CH2 bending, the bands at 1411 and 1341 cm-1 to a CH2

wagging motion, the band 1358 cm-1 to the mixed motion
of CH2 wagging and CC stretching, the 1278, 1240, and 1235
cm-1 bands to CH2 twisting, the band at 1144 cm-1 to the
mixed motion of CC and COC stretching, the 1093 cm-1

band to COC stretching, the band at 1060 cm-1 to the mixed
motion of CH2 rocking and COC stretching, the bands at
961 and 947 cm-1 to CH2 rocking, and the 842 cm-1 band
to CH2 bending. For comparison, the FTIR spectrum of
purely amorphous PEO was obtained from the molten state
of PEO. The doublet bands at 1341, 1358, 943, and 964 cm-1

which were visible for the crystalline PEO phase disappear
completely in the molten state and turn into singlets at 1457,
1350, 1292, 1250, 939, and 850 cm-1. These singlet bands
are attributed to the vibrational modes of conformationally
irregular PEO chains (purely amorphous).31a In the spectrum
of amorphous PEO we do not find any indication of either
helical or trans planar zigzag conformations, as will be
discussed later.

The FTIR spectra of all different samples investigated here
are shown in Figure 9. Except for variations in the intensity
of these bands, all peaks remain at the same location, i.e.,
no significant shifts are visible. In addition, the spectra
obtained at room temperature do not contain any vibrational
bands of amorphous PEO. These results strongly suggest that
all materials at room temperature are in the semicrystalline
state. It is most interesting to note here that FTIR spectra
recorded in the present work indicate a coexistence of at
least two different molecular chain conformations. The most
characteristic bands of the thermodynamically stable helical
structure are located at 1358, 1278, 1235, 1060, 947, and
842 cm-1 and those of the trans planar conformation at 1341,
1240, and 961 cm-1. For simplicity, here we denote the
helical and trans planar structures as H and T, respectively.
It can be clearly seen in Figure 9 that the band at 1060 cm-1,
which is attributed to the H structure of PEO, almost
disappears in the electrospun fibers of both systems with and
without Au nanoparticles. This indicates that the high
extensional force caused by the electrospinning process
causes the PEO chains to be preferentially more aligned in
the fiber direction, thus forming the T rather than the H
conformation. This is consistent with the results observed
from PEO under simple tension.

To obtain a deeper insight of the H and T population, we
selectively considered the ratio between 1358 and 1341 cm-1

(arrows a and b of Figure 9), respectively.38 Other strong
lines more or less correspond to the two conformational
modifications and, therefore, are not taken into account here.
As listed in Table 4, the T/H absorbance ratio (i.e.,A1341/

(33) (a) Nuzzo, R. G.; Dubios, L. H.; Allara, D. L.J. Am. Chem. Soc.
1990,112, 558. (b) Proter, M. D.; Bright, T. B.; Allara, D. L ; Chidsey,
C. E. D.J. Am. Chem. Soc. 1987,109, 3559.

(34) (a) Dissanayake, M. A. K. L.; Frech, R.Macromolecules1995,28,
5312. (b) Shimomura, M.; Tanabe, Y.; Watanabe, Y.; Kobayashi, M.
Polymer1990, 31, 1411. (c) Takahashi, Y.; Tadokoro, H.Macromol-
ecules1973, 6, 672. (d) Tadokoro, H.; Chatani, Y.; Yoshihara, T.;
Tahara, S.; Murahashi, S.Makromol. Chem.1964,73, 109.

(35) (a) Tai, K.; Tadokoro, H.Macromolecules1974, 7, 507. (b) Takahashi,
Y.; Sumita, I.; Tadokoro, H.J. Polym. Sci., Polym. Phys. Ed. 1973,
11, 2113.

(36) Rao, G. R.; Castiglioni, C.; Gussoni, M.; Zerbi, G.; Martuscelli, E.
Polymer1986,26, 811.

(37) (a) Marentrtte, J. M.; Brown, G. R.Polymer1998,39, 1405.
(38) Shieh, Y.-T.; Liu, K.-H.J. Polym. Sci., Part B Polym. Phys.2004,

42, 2479.

Figure 8. FTIR spectra taken from PEO powder (crystalline) and its melt
(amorphous).
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A1358) increases after incorporation of Au nanoparticles and
electrospinning, indicating an increase in the T population.
The degree of the H-to-T conformational transformation of
PEO upon incorporation of Au nanoparticles and electro-

spinning can be calculated as follows

As mentioned above, whereas an H band at 1060 cm-1

disappears after electrospinning of PEO (see arrow c in
Figure 9), it can be clearly seen from Table 4 that the absolute
T/H ratio of PEO/Au nanocomposite shifts to a higher value
than that of electrospun PEO fibers without Au nanoparticles
(twice in HT%). This means that Au nanoparticles prefer-
entially induce the H-to-T conformational transformation,
even more than electrospinning by itself. At the molecular
level this may be associated with the fact that the dode-
canethiol-capped Au nanoparticles interact with a sizable
fraction of helical PEO chains, forcing them to become
planar, thus favoring the conformational formation of T PEO.

Figure 9. FTIR spectra for pure PEO, PEO/Au NC, electrospun PEO fibers,
and PEO/Au NC fibers.

Table 3: FTIR Absorption Peaks for Amorphous (a) and Crystalline
(x) PEO, Their Assignments, and Corresponding Dominant

Conformational Types

absorption
peak from

a. PEO (cm-1)

absorption
peak from

x PEO (cm-1) assignment

type of
dominant

conformationa

1467 CH2 bending
1457

1455 CH2 bending
1411 CH2 wagging
1358 CH2 wagging and

CC stretching
H

1350
1341 CH2 wagging T

1292
1278 CH2 twisting H

1250
1240 CH2 twisting T
1235 CH2 twisting H
1144 CC stretching and

COC stretching
1093 COC stretching
1060 CH2 rocking and

COC stretching
H

961 CH2 rocking T
947 CH2 rocking H

939
850

842 CH2 bending H

a H and T are denoted by the helical and trans planar structure.

Figure 10. Polarized FTIR spectra for electrospun PEO fibers and PEO/
Au NC fibers compared with spectra recorded without polarizing filter.

Table 4: Absorbance Peaks for Trans and Helix Conformation,
Relative Population Ratios, and Fractions of the H-to-T

Transformation

T (A1341) H (A1358) T/H ratio HT%

PEO 1429 1140 1.25
PEO/Au NC 932 620 1.50 20
PEO fiber 696 508 1.37 10
PEO/Au NC fiber 1800 542 3.32 166

HT (%) ) [(A1358/A1341)PEO/Au‚NC‚fiber‚and‚PEO‚fiber

(A1358/A1341)PEO

- 1] × 100%
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Due to the combination of Au nanoparticles with electro-
spinning, the electrospun PEO/Au fibers show the highest
HT% of 170, which indicates that almost all PEO molecules
in these fibers are in the trans state.39

To characterize the degree of molecular orientation of PEO
within the electrospun fibers upon incorporation of Au
nanoparticles, polarized FTIR measurements were performed.
The results are shown in Figure 10, where the most
characteristic T band at 1341 cm-1 was taken into consid-
eration. Analysis was carried out by calculating the dichroic
ratio, R, as the degree of molecule orientation, defined as
follows

where the subscripts| and ⊥ denote parallel and perpen-
dicular orientation relative to the fiber axis, respectively. The
observedRvalues are 2.60 and 5.69 for the electrospun pure
PEO fibers (Figure 10a) and PEO/Au NC fibers (Figure 10b),
respectively. This indicates that the PEO molecules are more
oriented parallel to the fiber axis in PEO/Au NC fibers than
in pure PEO fibers, as expected according to the AFM results
discussed before. As result, Au nanoparticles effectively
facilitate the molecules aligning in the extensional flow
direction during the electrospinning process.

4. Conclusions

In the present work the electrospinning process was
successfully used to fabricate polymer nanofibers containing
one-dimensional arrays of Au nanoparticles. The intrinsic
nature of semicrystalline PEO was used as a template to
arrange the Au nanoparticles within the fibers during
electrospinning. TEM revealed that Au nanoparticles form
quite long and one-dimensionally arranged chainlike arrays
within the electrospun fibers. Thermal analysis and FTIR
measurements showed that Au nanoparticles preferentially
serve as nucleating sites during PEO crystallization and favor
transforming the PEO molecular conformation from a helix
to trans planar zigzag structure. The conformational trans-
formation was dominantly affected by the presence of Au
nanoparticles rather than by electrospinning itself. By means
of combination of Au nanoparticles and electrospinning, the
PEO molecules were preferentially aligned along the fiber
axis, resulting in a perpendicularly arranged lamellar mor-
phology, the so-called shish-kebab structure. Finally, the
hybrid electrospinning shown in the present work provides
great potential as a convenient and simple technique for the
fabrication of one-dimensional arrays of metal nanoparticles
suitable for processing into quantum-confined superstruc-
tures, in particular, future nanodevices. Their electrical and
optical properties are currently under investigation.

Acknowledgment. The authors thank Dr. R. Adikari and
Mr. M. Rosenthal for AFM investigation.

CM0508120

(39) Bedrov, D.; Smith, G. D.J. Chem. Phys.2003,118, 6656.
(40) Known as the umbrella mode, which is essentially limited to the motion

of the methyl group and therefore is relatively insensitive to the
conformation of the rest of the chain. Hostetler, M. J.; Stokes, J. J.;
Murray, R. W.Langmuir1999,12, 3604-3612.

R )
A1341|

A1341⊥

One-Dimensional Arrangement of Gold Nanoparticles Chem. Mater., Vol. 17, No. 20, 20054957

[A5] 9



Synthesis and Characterization of
Polymer-Coated Quantum Dots with
Integrated Acceptor Dyes as
FRET-Based Nanoprobes
Marı́a Teresa Fernández-Arg 1uelles, †,‡,§ Aleksey Yakovlev, †,| Ralph A. Sperling, ‡
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ABSTRACT

A fluorescence resonance energy transfer pair consisting of a colloidal quantum dot donor and multiple organic fluorophores as acceptors
is reported and the photophysics of the system is characterized. Most nanoparticle-based biosensors reported so far use the detection of
specific changes of the donor/acceptor distance under the influence of analyte binding. Our nanoparticle design on the other hand leads to
sensors that detect spectral changes of the acceptor (under the influence of analyte binding) at fixed donor/acceptor distance by the introduction
of the acceptor into the polymer coating. This approach allows for short acceptor −donor separation and thus for high-energy transfer efficiencies.
Advantageously, the binding properties of the hydrophilic polymer coating further allows for addition of poly(ethylene glycol) shells for improve d
colloidal stability.

Fluorescence resonant energy transfer (FRET)-based semi-
conductor nanocrystal (NC) sensors have emerged over the
past years as promising nanoscale sensors for analyte

detection.1-5 Apart from their larger absorption cross sections
and higher photostability when compared with organic
fluorophores, the interest in NCs as FRET donors particularly
stems from the reduced spectral cross-talk between donor
and acceptor signals. The possibility of an efficient blue-
shifted donor excitation at wavelengths remote from acceptor,
direct excitation minimizes cross-excitation, and the size-
tunable donor emission allows for optimal spectral overlap
with acceptor absorption. At the same time, the narrow
symmetric donor spectrum alleviates the common problem
of donor red tailing into acceptor emission wavelengths. With
only few exceptions,6 the NC typically has been used as a
central donor and scaffold for the attachment of multiple
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organic fluorophores or quenchers. In many of these nanosen-
sors, the acceptors are coupled via receptor-ligand interac-
tion, by linking the receptor to the NC and the ligand to the
organic acceptor/quencher. The presence of an analyte
engenders a change of the donor/acceptor distance that is
measured as a change in the FRET efficiency, either in
intensity measurements as donor quenching or sensitized
acceptor fluorescence or as a decrease in the donor lifetime.
Several strategies for analyte-mediated distance changes have
been demonstrated: (1) The analyte acts as a competitive
ligand for receptor binding by displacing the original
fluorescent ligand.7,8 (2) The analyte specifically cleaves the
linkage between the NC donor and the acceptor.9,10 (3) The
analyte mediates the binding of the acceptor to the donor.11,12

(4) The analyte changes the conformation of the linkage
between the donor and the acceptor.13 These sensor geom-
etries have in common that the FRET contrast is based on
(reversibly or irreversibly) displacing the acceptor from the
NC donor.

In an alternative sensor configuration, the acceptor is
statically bound on the NC surface and analyte binding/
unbinding rather changes the overlap integral between donor
emission and acceptor excitation and thus modifies the FRET
efficiency.14 Thus, rather than changing the donor/acceptor
distance, the acceptor fluorophore conveys its indicator
function to the FRET pair. Finally, one can imagine a slightly
modified configuration in which the donor constantly
transfers energy to the acceptor, the fluorescence emission
of which is changed through a modulation of its quantum
efficiency upon ligand binding.

For such static systems to provide sufficient signal and
stability, the acceptor should be linked as close to the donor
as possible, and the linkage should be stable. Furthermore,
sufficient colloidal stability is desirable, which goes hand
in hand with stable linkage. Unfortunately there is a tradeoff
between both demands. When the acceptor is directly linked
to the surfactant-stabilized NC surface through partial ligand
exchange, then the acceptor will be as close as possible to
the particle surface. Yet, surfactant-stabilized NCs have only
limited long-term stability in aqueous solution and tend to
aggregate, as eventually the ligands and hence also the
acceptor will unbind from the donor.15 Alternatively, embed-
ding the NC donor in a more complex shell, such as
encapsulation between zipper proteins,16 in a cross-linked
ligand shell,17 in a glass shell,18 in micelles,19 or in a polymer
coat,20-24 and the subsequent functionalization with poly-
(ethylene glycol) (PEG)25,26permit a good colloidal stability
but increases the effective diameter of the nanoparticle24,27-30

and hence donor/acceptor separation distance. While the
polymer shell adds on the order of 3-4 nm to the particle
radius,30 additional coating with PEG adds another few
nanometers.30 The resulting donor/acceptor distances are
hence much larger than typical Förster radii, which are on
the order of a nanometer so that colloidally stable (PEG-
coated) NC-based biosensors typically have lower FRET
efficiencies and signal.

In this study, we introduce a FRET geometry in which
the acceptor is directly incorporated into the encapsulation

shell used to provide colloidal stability to the NC donor. In
this way, the linkage of the acceptor to the NC donor is very
stable, the whole assembly has excellent colloidal stability,
and the donor/acceptor distance is potentially reduced. We
here compare the performance of this system to assemblies
reported so far, in which the acceptor has been linked in a
postmodification to the outside of a polymer shell around
the NC donor.

An amphiphilic polymer is synthesized by linking amino-
functionalized hydrophobic hydrocarbon chains (dodecy-
lamine) to a polar backbone (poly(isobutylene-alt-maleic
anhydride),Mw ) 6 kDa) under reaction of the amino group
of the hydrocarbon chain with the anhydride rings of the
polymer backbone (reaction in anhydrous tetrahydrofuran;
the quantity of dodecylamine is calculated in a way that 75%
of the anhydride rings react with one dodecylamine molecule
each; for a detailed protocol see Supporting Informa-
tion).20,31,32 The acceptor fluorophore (amino-modified
ATTO590) was incorporated into the amphiphilic polymer
by reaction of the amino group of the dye with the anhydride
rings of the polymer backbone (reaction in anhydrous
chloroform; the quantity of dye is calculated in a way that
1% (or alternatively 2%, 4%, or 8%) of the anhydride rings
react with one dye molecule each, see Figure 1a. CdSe/ZnS
quantum dots (Qdot 545 ITK organic quantum dots, Invit-
rogen, # Q21791MP) were then coated with the dye
(ATTO590)-modified amphiphilic polymer according to a
previously published protocol (see Figure 1a,b).21 The
particles are colloidally stabilized in aqueous solution by
negatively charged carboxyl groups originating from opened
anhydride rings. Assuming a Förster-typer-6 interaction
between Qdot 545 ITK and ATTO590, we estimate from
their overlap integral a Förster radius of 6.4 nm. As a control,
we coated under the same conditions Qdots 545 ITK with
amphiphilic polymer devoid of ATTO dye. In one set of
experiments, we linked to these particles ATTO dye in a
postmodification procedure with EDC chemistry (linkage of
the amino group of the amino-modified ATTO590 with the
carboxyl groups of the polymer, mediated byN-(3-dimethyl-
aminopropyl)-N′-ethylcarbodiimide hydrochloride, see
Figure 1c). We note that the polymer-coating procedure

Figure 1. (a) An amphiphilic polymer is synthesized by reacting
hydrophobic hydrocarbon chains (dark gray) and an organic dye
(red) to a polar polymer backbone (light gray). Quantum dots
(inorganic CdSe/ZnS core/shell drawn in green capped with
trioctylphosphine oxide and similar surfactants drawn in dark gray)
are coated with the amphiphilic polymer by intercalation of the
hydrophobic side chains of the polymer with the hydrophobic
surfactant molecules on the quantum dot surface and the resultant
polymer-coated quantum dot is hydrophilic due to the polar polymer
backbone.21 The following dye/quantum dot configurations were
used in this study: (b) polymer-coated quantum dots with dye
incorporated in the polymer; (c) polymer-coated quantum dots with
dye linked to the polymer shell with a postmodification process.
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results in some empty polymer micelles32 in addition to
polymer-coated particles. In contrast to earlier reports for a
similar system33 size-exclusion chromatograpy failed to
separate excess polymer (in the form of micelles) from the
polymer-coated NCs. However, gel electrophoresis18 reliably
separated the polymer micelles (see Figure 2). We used for
all spectroscopic measurements NCs that were purified from
excess micelles by gel electrophoresis.

To characterize the efficiency of energy transfer from the
NC donor to the ATTO590 acceptor, we measured both
spectrally resolved intensities (Figure 3a) and fluorescence
decays, using a time-correlated single photon counting
(TCSPC) approach34 (Figure 3b). Lifetime measurements
allow the FRET measurement independent of the donor
concentration, by calculatingE ) 1 - 〈τDA〉/〈τD〉, whereτDA

andτD are the donor lifetimes in the presence and absence
of the acceptor, respectively, and〈 〉 denotes the weighted
average over all lifetime components, see Figure 3b and
Supporting Information for details.

The measured absorption spectra of the QD545/ATTO590
conjugates were dominated by the acceptor absorption. In
the 550-600 nm range, the contribution of the NC to the
total absorption was barely detected so that we could not
determine the donor/acceptor ratio from absorbance measure-

ments (see Supporting Information for details). With NCs
and ATTO molecules having an absorbance of 156 000 vs
22 000 M-1 cm-1 at 450 nm, respectively, and∼15% noise,
we can estimate that at least 47 ATTO590 molecules are
required to obscure the NC absorption. This number is
plausible in view of the number of dye molecules that have
been added during the polymer coating (e56 ATTO mol-
ecules per quantum dot in the case that only 1% of these
anhydride sites were occupied with dye). Thus, for the case
of the polymer with the least attached ATTO molecules (1%
of the sites), each NC donor is decorated with about 50
ATTO dye acceptors.

In as much as we could determine the ATTO590 dye
concentration but not the exact stoichiometry (donor/acceptor
ratio) for the QD545/ATTO590 conjugates, we first normal-
ized all measured fluorescence emission spectra to the (total)
number of ATTO590 molecules, in the NC polymer coat or
free in solution. To estimate the total number of ATTO590
molecules, we first directly excited the ATTO590 acceptor
at 590 nm (where little interference from donor fluorescence
is expected). Each of the emission spectra of the donor/
acceptor conjugates, recorded at 450 nm excitation (where
direct excitation of ATTO590 is low) was normalized by
division through the peak fluorescence measured at 590 nm
excitation (Figure 3). This first normalization scales the
curves to an equal quantity of acceptors. Next, to account
for fluctuations in the excitation power we further scaled
the normalized emission spectra of the ATTO dye in the
absence of the QD545, excited at 450 nm to a peak emission
of 1.

Figure 3a displays these doubly normalized fluorescence
emission spectra for the different QD545/ATTO590 dye
assemblies, measured in 1 cm cuvettes. The red curve
corresponds to empty micelles devoid of NCs but with ATTO
dye embedded in the polymer. The spectral emission of the
ATTO dye did not change by embedding it into the
amphiphilic polymer, as the micelle spectrum matches that
of the normalized spectrum of free ATTO590 dye (data
shown in Supporting Information). The orange trace repre-
sents QD545 nanoparticles with ATTO590 dye incorporated
in the polymer shell. Two emission peaks are readily
apparent. The emission peak in the green/yellow (545 nm)
corresponds to the NC donor, the one in the red (622 nm) to
the ATTO590 acceptor. Part of the energy absorbed by the
NCs is directly emitted (fluorescence emission of the
quantum dots in the green/yellow) and another part is
transferred by FRET to the ATTO dye, from where it also
can be emitted (fluorescence emission of the ATTO dye in
the red). The emission intensity of the ATTO dye bound to
the NC is more than five times larger than the direct
excitation of free ATTO dye molecules, indicating sensitized
acceptor fluorescence due to FRET. Time-resolved measure-
ments corroborated this interpretation. Using femtosecond-
pulsed-laser exciation at 450 nm, we measured the fluores-
cence decay of the emission of the NCs, Figure 3b. Weighted
average decay times of bare polymer coated NCs without
the ATTO dye (green curve) were around 10 ns. FRET
offered an alternative pathway for donor relaxation, reducing

Figure 2. Quantum dots were coated with an amphiphilic polymer
without (2) and with (3) incorporated ATTO590 dye. As control,
empty polymer micelles with incorporated dye (1) are used. The
three samples were loaded on a 1% agarose gel (arrow), and a
voltage of 100 V was applied for around 1 h. During this time the
negatively charged particles migrated toward the plus pole. Fast
(F) and slow (S) migrating bands were observed by illumination
the gel with a hand-held UV lamp. The empty polymer micelles
(lane 1) can be seen as “fast” band by the red fluorescence of the
ATTO dye incorporated in the polymer. The polymer coated
quantum dots (without dye in the polymer, lane 2) can be seen as
“slow” band by the green fluorescence of the quantum dots.
Presumably, the polymer-coating procedure also produces empty
micelles, which are not fluorescent and are not detected in our assay.
The sample with the polymer coated quantum dots with dye
incorporated in the polymer (lane 3) yields one “slow” band with
orange fluorescent and one “fast” band with red fluorescence. The
fast band (which migrated at the same speed as the control sample
(1) with the empty polymer micelles) can be attributed to empty
polymer micelles, which had been formed during the polymer
coating process, and they can be observed due to the fluorescence
of the ATTO dye incorporated in the polymer. The slow band
(which migrated at the same speed as the polymer-coated quantum
dots (2)) can be attributed to polymer coated quantum dots with
dye incorporated in the polymer. The emission from these nano-
particles appears orange, as part of the energy absorbed by the
quantum dots is transferred via FRET to the dye in the polymer,
and for this reason an overlap of the quantum dot and dye
fluorescence is observed.
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its lifetime to about 2 ns in the presence of ATTO dye
embedded in the polymer shell (orange trace).

In addition to NCs containing∼50 ATTO molecules per
donor (1%), we also prepared conjugates with an amphiphilic
polymer layer in which 4% and 8% of the anhydride rings
had been reacted with amino-modified ATTO dye. Increasing
the amount of dye embedded in the polymer during synthesis
decreased the measured average donor lifetime from 2.5 ns
(1%) to 2.1 (4%) and 1.7 ns (8%). The corresponding FRET
efficiencies are estimated as 0.75, 0.79, and 0.84, respec-
tively. This observation is in line with the measured
normalized emission spectra for these conjugates (orange line
on Figure 3a). With the peak emission of the acceptor
normalized as above, the peak at donor emission is getting
increasingly smaller when increasing the ATTO concentra-
tion from 1% to 8%.

When the ATTO dye is linked via EDC chemistry to the
polymer shell of the NCs (see Figure 1b for a schematic
representation), the normalized intensity as well as the
photoluminescence decay time (dotted purple traces in parts
a and b of Figure 3, respectively) were comparable to those
obtained with ATTO dye within the polymer shell (straight
orange line). However, the fluorescence emission peak was
∼10 nm red-shifted compared to the pure ATTO590 dye or
the other tested geometries, probably due to a change in the
local microenvironment of the dye. As before, we equally
varied the donor/acceptor ratio by increasing their concentra-
tion ratio during synthesis. Again, the FRET efficiencies
systematically increased when increasing the acceptor con-
centration. There is no significant difference in FRET
efficiency and hence donor/acceptor distance between in-
cluding the ATTO during synthesis or adding it afterward
to the polymer shell. FRET efficiencies ranged between 0.77
and 0.84 and were thus not markedly different from the
conjugates in which the acceptor was directly included into
the polymer coat. Thus, the sketches in Figure 1 are probably
too idealized. Nevertheless, there are several distinctive
advantages of embedding the dye into the polymer shell
rather than adding it afterward to the polymer shell. First,
acceptor binding was very efficient, as basically all used
ATTO molecules were incorporated into the polymer shell.

Second, in contrast to postmodification in aqueous solution,
which requires a water-soluble dye, also hydrophobic dyes
can be readily incorporated into the polymer shell, as the
actual synthesis of the amphiphilic polymer is performed in
organic solvent. Third, problems with colloidal stability are
equally circumvented when adding the dye directly into the
polymer shell, as no condition with high salt concentration
as needed for EDC chemistry is required. Thus, from a
practical standpoint, the inclusion of the acceptor facilitates
shipping the conjugates to the end user and permits a long
shelf life, without concerns about the sensor stability.

In conclusion, our experiments indicate that embedding
the acceptor dye directly in the amphiphilic polymer used
to make the donor nanoparticle water soluble leads to a novel
and advantageous geometry that can be used for FRET-based
nanosensors, for which the acceptor needs to be statically
fixed to the donor.14 This assembly is known to provide an
excellent colloidal stability21,26 and it allows for all post-
modification steps that have been already demonstrated for
polymer-coated particles. In particular, the polymer-coated
NCs (with the dye incorporated into the polymer shell) could
be further colloidally stabilized with an additional PEG shell
and also be modified with a precisely controlled number of
functional groups.26 This makes them promising candidates
for the investigation of cellular traffic on a single particle
level.35,36
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Supporting Information Available: Descriptions of
synthesis of the amphiphilic polymer, polymer coating of
quantum dots, sample purification with gel electrophoresis,
normalization procedure for the evaluation of fluorescence

Figure 3. Spectroscopic characterization of different samples. (a) Normalized fluorescence intensity upon excitation at 450 nm. The spectra
were normalized in a way that they all refer to solutions with the same amount of ATTO dye molecules and that the emission intensity of
free ATTO dye is 1. (b) Normalized fluorescence decays. The pulse rate of a frequency-doubled Ti:sapphire laser was reduced to 4 MHz
to accommodate the long NC decay times. Traces are normalized to 105 counts at peak. The noise under these conditions was on the order
of 10°.
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spectra, evaluation of the fluorescence spectra, and time
resolved measurements. This material is available free of
charge via the Internet at http://pubs.acs.org.
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ABSTRACT

Superparamagnetic MnFe 2O4 nanocrystals of different sizes were synthesized in high-boiling ether solvent and transferred into water using
three different approaches. First, we applied a ligand exchange in order to form a water soluble polymer shell. Second, the particles were
embedded into an amphiphilic polymer shell. Third, the nanoparticles were embedded into large micelles formed by lipids. Although all approaches
lead to effective negative contrast enhancement, we observed significant differences concerning the magnitude of this effect. The transverse
relaxivity, in particular r2*, is greatly higher for the micellar system compared to the polymer-coated particles using same-sized nanoparticles.
We also observed an increase in transverse relaxivities with increasing particle size for the polymer-coated nanocrystals. The results are
qualitatively compared with theoretical models describing the dependence of relaxivity on the size of magnetic spheres.

Magnetic nanoparticles became more and more important
for applications in biotechnology and biomedicine1 as well
as technical ones like magnetic data storage2 over the past
few years. Examples are magnetothermal therapy3,4 or in vivo
imaging.5-7 Here we present the synthesis and potential use
ofsuperparamagneticmanganeseferritenanocrystals(MnFe2O4)
as contrast agents in magnetic resonance imaging (MRI).8

Whereas enormous progress has been achieved in the
technological development of MRI, including sophisticated
pulse sequences for image generation, the development of
chemical contrast agents still has a great potential for
improvement. In particular,T2 contrast agents under clinical

use consist of very polydisperse and aggregated iron oxide
nanoparticles. Recent investigations impressively show that
the contrast enhancement of nanoparticles is strongly deter-
mined by their size, surface properties, and the degree of
aggregation.9-11 The aim of this work is to clearly distinguish
between these effects by using monodisperse samples of
3-18 nm MnFe2O4 particles and to subject these samples
to various methods of surface functionalization and com-
partmentalization in lipid micelles. We will also distinguish
between the impact of these effects in the various pulse
sequence modes for the detection of both the transverse
relaxation (T2 process) and the effective transverse relaxation
(T2* process).

The MRI signal that is detected after the excitation of
magnetic moments by a radio frequency (rf) pulse is
determined by the examined object and the imaging se-
quence. The imaging sequence is weighting the impact of
the net magnetization of hydrogen atoms and the relaxation
mechanisms. The first mechanism describes the relaxation
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to the equilibrium occupancy ofR andâ spins and is referred
to as longitudinal or spin-lattice relaxation. This process is
characterized by the time constantT1. The second mechanism
characterizes the dephasing of coherent spins that are
generated during the rf pulse and is referred to as transverse
or spin-spin relaxation with the time constantT2. Further-
more, the effective transverse relaxation timeT2* describes
the relaxation increase due to additional inhomogeneities in
the magnetic field. These inhomogeneities can be caused by
the nonperfect homogeneous magnetic field itself or by
susceptibility effects implied by tissue interfaces with dif-
ferent magnetization or by para- and ferromagnetic materials.
Therefore,T2* can be significantly smaller thanT2. Whereas
theT1 relaxation leads to an increase in signal intensity and
thus causing positive contrast, theT2 andT2* processes result
in signal loss and negative contrast with conventional
imaging techniques. Because superparamagnetic nanopar-
ticles greatly shortenT2 andT2* due to their large magnetic
moment they commonly act as negative contrast agents. This
effect is quantified in the concentration-independent trans-
verse relaxivitiesr2 andr2*, that is, the ability of the contrast
agent to shortenT2 and T2*, respectively, per millimolar

concentration of paramagnetic ions. MnFe2O4 nanoparticles
have recently been demonstrated to act as powerful negative
contrast agents11 and were even stronger then magnetite.

To synthesize the nanoparticles, we used the high-
temperature organometallic synthesis reported by Kang et
al., which yields highly crystalline and monodisperse nanoc-
rystals with no tendency to agglomerate.12a This method is
based on thermal decomposition of Fe(CO)5 and Mn2(CO)10,
resulting in the formation of FeMn alloy nanoparticles
followed by oxidation with trimethylamine-N-oxide. The
synthesis yielded nearly monodisperse nanoparticles (less
than 10% standard deviation), which were characterized by
transmission electron microscopy (TEM) (Figure 1) and
X-ray diffraction (XRD) (Supporting Information Figure S1).
EDX measurements indicated that the ratio of iron and
manganese was almost 2:1. By varying the ratio of initial
precursor to oleic acid, particles between 3 and 18 nm could
be synthesized. Moreover, we used a hot injection method
based on a modification of ref 12b. The high-temperature
reaction of iron(III)acetylacetonate and manganese(II)acety-
lacetonate with 1,2-hexadecanediol in the presence of oleic
acid and oleyl amine yielded polydisperse samples that could

Figure 1. TEM image of 18 nm (a) and 9 nm (b) monodisperse samples (less than 10% standard deviation) of MnFe2O4 nanocrystals as
well as fractions of 6 nm (c) and 7.5 nm (d) manganese-doped iron oxide nanoparticles (standard deviation about 10%).
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be easily separated into size fractions of 4.5, 6, and 7.5 nm
(standard deviation approximately 10%), respectively
(Figure 1). Moreover, the ratio of manganese to iron
decreased from 0.32 for the 4.5 nm particles to 0.12 for 7.5
nm particles.

Because of the synthesis conditions, the particles are
hydrophobic and thus not soluble in aqueous media. To
transfer the nanoparticles into water, we used different
approaches. In the first one, we applied a ligand exchange
of oleic acid against a water-soluble copolymer obtained by
coupling poly(ethylene glycol) to a small branched poly-
(ethylene imine), PEG-PEI, which has already been em-
ployed for CdSe/CdS nanocrystals13 and will be referred to
as “exchange” here. This copolymer ligand consists of a
branched PEI moiety with a molecular weight of 400 g/mol
and two PEG chains attached to it with molecular weight of
5000 g/mol. We used three different sizes (3, 9, and 18 nm)
of nanoparticles in order to investigate size-dependent effects
on contrast enhancement. In another approach, the above-
mentioned hydrophobic manganese-doped iron oxide nano-
particles were encapsulated within an amphiphilic polymer
shell according to Pellegrino et al.,14 which consists of poly-
(maleic anhydride-alt-1-tetradecene) and is crosslinked by
bis(6-aminohexyl)amine. For simplification, we will call it
“encapsulation”. Finally, we employed an embedding of the
nanoparticles into lipid micelles without a ligand exchange.
Several block copolymer micelles loaded with iron oxide
nanoparticles have recently been demonstrated to act as
excellent negative contrast enhancers.6,15 The different
processes are pictured in Scheme 1. The PEG-PEI block
copolymer employed for the ligand exchange possesses
multiple amino groups that can bind to the particle surface.

To compare the results of ligand exchange to the other
approaches, it is essential to know whether the particles are
individually dispersed or whether they tend to aggregate.
Therefore, we performed dynamic light scattering experi-
ments, the results of which are depicted in Figure 2.

First, it can be noticed from Figure 2a that the hydrody-
namic diameter increases after ligand exchange from 15 to
30 nm and 40 nm in water and chloroform, respectively,
due to the larger polymer shell. It is further observable that
the size distribution of nanoparticles that are covered with
PEG-PEI copolymer is not significantly broadened after
ligand exchange, indicating that the particles do not tend to
form larger agglomerates but exist as individually dispersed
particles with a narrow size distribution in both water and
chloroform. In addition, Figure 2b shows that the difference
in hydrodynamic diameter between nanoparticles with core
size of 9 and 18 nm is about 10 nm, demonstrating
approximately the same thickness of the polymer shell for
particles with different core sizes. Individually dispersed
particles were also present after encapsulating the hydro-
phobic particles in an amphiphilic copolymer shell. This was
confirmed by gel electrophoresis and size exclusion chro-
matography. A TEM image of the as prepared nanoparticles

Scheme 1. Schematic Illustration of the Phase Transfer
Approaches: Ligand Exchange of Oleic Acid against Water

Soluble Polymer (above), Coating of Individual Nanoparticles
with Amphiphilic Polymer and Embedding into Lipid Micelles

(below)

Figure 2. (a) Hydrodynamic diameter of the 9 nm nanoparticles
(core size) before (black curve) ligand exchange in chloroform and
after ligand exchange with PEG-PEI copolymer in water (red curve)
and chloroform (blue curve). (b) Hydrodynamic diameter of PEG-
PEI coated particles with 9 nm (black curve) and 18 nm (red curve)
core size in water.
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is shown in Figure 3a. It is observable that the particles are
still well separated after the phase transfer.

The third approach of embedding the particles into lipid
micelles differs substantially from the other processes
because the particles are concentrated to the small volume
in the micellar core. TEM images (Figure 3b) demonstrated
the nanoparticles to be randomly distributed inside the
micelles. Dynamic light scattering measurements indicated
that the micelles are about 250 nm in diameter with a broad
size distribution.

To check whether the different postpreparative treatments
have a significant influence on the magnetization behavior
of the nanocrystals, we measured the magnetic mass sus-
ceptibility of 9 nm MnFe2O4 particles before and after ligand
exchange as well as after embedding them into lipid micelles.
We found values of 1.5× 10-4 m3/kg Fe for both as prepared
and after ligand exchange and 1.0× 10-4 m3/kg for the
micelle sample, respectively. The deviation is rather small
and probably within the experimental error of the magnetic
measurements and iron analytics.

MRI measurements were carried out on a clinical 3 T
magnetic resonance scanner at room temperature, using three
different sizes of MnFe2O4 nanoparticles (3, 9, and 18 nm)
with a shell of PEG-PEI copolymer. Furthermore, MRI
measurements were accomplished on the 4.5, 6.0, and
7.5 nm manganese-doped iron oxide particles that were
transferred into water using Pellegrino’s approach, thus
forming a comparable system as the particles are individually
dispersed in both cases. In contrast, several sizes of MnFe2O4

and manganese-doped iron oxide nanoparticles were embed-
ded into lipid micelles. As a reference, we measured Resovist
(Schering), a commercially used contrast agent, consisting
of iron oxide. For further discussion, we will focus on
transverse relaxation process. For aT2* map, reconstructed
from T2*-weighted data from a multiecho gradient echo
sequence showing a concentration series of MnFe2O4 nano-
particles beside a concentration series of Resovist, see
Supporting Information Figure S2.

From the experimental values,r2 andr2* were determined
as exemplarily shown in Figure 4a. Here the reciprocal
relaxation times, 1/T2* ) R2*, defined as the relaxation rates,
are plotted versus the concentration of paramagnetic ions.
The slopes of these curves yield the concentration indepen-
dent relaxivities,r2 andr2*, respectively, which will be used
in the further discussion. These values are plotted in
Figure 4b as a function of particle size. All results are also
summarized in Table S1 (Supporting Information).

First, it can be noticed from Figure 4b that, in the case of
polymer-coated samples, the transverse relaxivities (r2 and
r2*) increase with increasing particle size for the polymer
exchanged and encapsulated particle systems. Figure 4a
demonstrates this fact, as the slope of the straight line is
higher for larger particles. Furthermore, we observed only
small differenes betweenr2 and r2*. In the case of encap-
sulated particles, one has to take into account that the ratio
of iron and manganese increased with increasing particle size
for the manganese-doped iron oxides. An effect of changing
composition is thus superimposing the size dependence for
these particles.

On the other hand,r2 and r2* of the particle-loaded
micelles were higher than those of the corresponding
polymer-coated samples. We also observed significant dif-
ferences betweenr2 and r2* up to 1 order of magnitude
(Figure 4b). The strong decrease inr2* with increasing
particle size is in contrast to the expected behavior. A
possible explanation could involve different degrees of
particle loading within the micelles. In a control experiment,
we investigated different loadings with pure Fe3O4 of 6 nm
size in order to eliminate size and composition effects. As
can be seen from Figure 4c,r2 andr2* differ significantly if
the loading ratio is changed from 0.025 to 0.05 mg Fe3O4

per 1 mg lipid. Thus, the very highr2* relaxivities for the
micelles are probably due to the relatively high particle
density within the micelles, which may cause an increased
interparticle interaction inside the hydrophobic cores. Such
strong particle interactions might be induced by the static

Figure 3. TEM images of manganese-doped iron oxide nanoparticles coated with amphiphilic polymer shell confirming that particles are
still well separated after phase transfer (a) and lipid micelles loaded with nanoparticles showing a random distribution within lipid phase
and that the particles do not agglomerate within the micelles (b).

Nano Lett., Vol. 7, No. 8, 2007 2425

[A7] 4



magnetic field of the tomograph. Indeed, we found that even
small permanent magnets induce an aggregation of particles
in solution. Thus, compartmentalization of nanoparticles in

the lipid core of the micelles strongly favors a spacially
confined aggregation and thereby produces strong field
gradients in the environment.

For the contrast enhancement of magnetic spheres, dif-
ferent regimes are predicted.16,17The first one, which is called
“motional averaging regime” (MAR) or “motional narrowing
regime” describes the transverse relaxation for relatively
small particles that are homogeneously dispersed in solution.
This theory implies that water diffusion between particles
occurs on a much faster time scale than the resonance
frequency shift and predicts identical values forR2 andR2*.
In this regime, the transverse relaxivity increases with
increasing particle size. For larger particles, this theory breaks
down. In this case, the relaxation rates are given by the “static
dephasing regime” (SDR) theory. The SDR, first introduced
by Yablonskiy and Haacke,18 implies that a large magnetic
perturber produces strong dipolar fields in its surroundings,
the result of which is the fact that, in contrast to the MAR,
diffusion has a minimal influence on nuclear magnetic
resonance signal decay. The SDR places an absolute limit
in the transverse relaxation rate: increasing the perturber size
will not result in higher relaxation rates. Thus, a plateau is
reached. However,R2 is always lower thanR2*, reflecting
the fact that the use of refocusing pulses in spin-echo
sequences leads to a decrease in signal decay (“echo-
limiting”), particularly for large magnetic spheres and short
echo times. Recently, these regimes have been experimentally
demonstrated to exist for an induced clustering process in
solution19 as well as for cells loaded with iron oxides.20

The transverse relaxivity for the polymer-coated particles
increases with increasing size, thus showing typical behavior
of particles in the MAR.r2 and r2* should be equal, a
condition that is basically fulfilled because the phase loss is
mainly caused by diffusion effects in this regime and is thus
irreversible with respect to a refocusing pulse. Similar results
were obtained for the encapsulated manganese-doped iron
oxide nanoparticles. On the other hand, the transverse
relaxivities of the micelles are likely to be describable by
the “echo-limiting” due to the big differences betweenr2

andr2*. Thus, the ceiling forr2* given by the SDR should
be achieved for the considered systems. For micelles loaded
with a higher amount of magnetic nanoparticles, largerr2*
values are observed. This effect is also predicted by SDR
theory, as the value ofR2* is proportional to the magnetiza-
tion of the sphere, i.e.,R2* increases with increasing local
magnetic dose (LMD)18 and thus by particle aggregation. In
addition,r2* is remarkably high, indicating that these micelles
could act as powerful negative contrast agents. In this size
range, refocusing pulses could be effective and, as a result,
r2 is significantly lower thanr2*. On the other hand, for a
further increase in size of the superparamagnetic core of
polymer-coated particles, the increase inr2 and r2* should
be violated at some point due to the decreasing influence of
diffusion and thus reaching the SDR condition. Furthermore,
the dephasing proton spins of the lipid molecules contribute
also to the signal reduction due to the high viscosity of these
molecules. This effect has been demonstrated in an experi-

Figure 4. Relaxation ratesR2* for 9 nm (circles) and 18 nm
(squares) MnFe2O4 nanocrystals with respect to a concentration
series (a).r2 (red spots) andr2* (black spots) for PEG-PEI coated
particles (squares), encapsulated particles (triangles) and nanopar-
ticle loaded micelles (circles) (b). Whereasr2 and r2* are almost
equal in case of homogeneously dispersed particles,r2* is greatly
higher thanr2 for the micelles.r2 (red bar) andr2* (black bar) for
micelles loaded with different amounts of iron oxide nanoparticles
(6 nm) indicating thatr2* increases with increasing loading whereas
r2 slightly decreases (c).
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ment where the iron oxide nanoparticles were dispersed in
pure olive oil. Large relaxivities were observed in this case.
Therefore, the SDR condition is expected to be reached at
even smaller perturber sizes within the micelles due to the
lower diffusion velocities. Future work will deal with a
comprehensive investigation of these effects.

In conclusion, we comparatively investigated the capability
of highly crystalline and monodisperse MnFe2O4 nanopar-
ticles to enhance negative contrast in MRI with respect to
appropriate matrices. For these purposes, we applied a ligand
exchange with poly(ethylene glycol)-b-poly(ethylene imine)
copolymer, a coating of hydrophobic nanoparticles with
amphiphilic polymer as well as an embedding of nanopar-
ticles into large lipid micelles. We found that, individually,
homogeneously dispersed nanoparticles satisfy MAR theory
because transverse relaxivities,r2 and r2*, increase with
increasing core size. On the other hand, if these particles
are embedded into lipid micelles, they greatly enhance
contrast inT2*-weighted images, which is in agreement with
the static dephasing regime theory. Reasonable explanations
for this behavior are the controlled particle aggregation as
well as a very low influence of diffusion effects of lipid
molecules inside the micelles and water molecules in their
surroundings. Further investigations in terms of bioapplica-
bility are currently underway.

Acknowledgment. We thank The Free and Hanseatic
City of Hamburg for funding the Molecular Imaging North
(MOIN) project. We furthermore thank Rosemarie Kongi,
Barbara Holstermann, and Sylvia Bartholdi-Nawrath for
excellent technical assistance. Oliver Bruns is supported by
a fellowship from the Studienstiftung des Deutschen Volkes.

Supporting Information Available: Detailed experi-
mental procedures and additional data on magnetic and
structural characterization. This material is available free of
charge via the Internet at http://pubs.acs.org.

References

(1) Bomati-Miguel, O.; Morales, M. P.; Tartaj, P.; Ruiz-Cabello, J.;
Bonville, P.; Santos, M.; Zhao, X.; Veintemillas-Veredagner, S.
Biomaterials2005,26, 5695.

(2) Huber, D. L.Small2005,1, 482-501.
(3) Jordan, A.; Scholz, R.; Wust, P.; Fahling, H.; Felix, R.J. Magn.

Magn. Mater.1999,201, 413-419.
(4) Gonzales, M.; Krishnan, K. M.J. Magn. Magn. Mater.2005,293,

265-270.
(5) Jun, Y. W.; Huh, Y. M.; Choi, J. S.; Lee, H. J.; Song, H. T.; Kim,

S.; Yoon, S.; Kim, K. S.; Shin, J. S.; Suh, J. S.; Cheon, J.J. Am.
Chem. Soc.2005,127, 5732-5733.

(6) Nasongkla, N.; Bey, E.; Ren. J.; Ai, H.; Khemtong, C.; Guthi, J. S.;
Chin, S.-F.; Sherry, A. D.; Boothman, D. A.; Gao, J.Nano Lett.2006,
6, 2427-2430.

(7) Huh, Y.-M.; Jun, Y.-W.; Song, H.-T.; Kim, S.; Choi, J.-S.; Lee, J.-
H.; Yoon, S.; Kim, K.-S.; Shin, J.-S.; Suh, J.-S.; Cheon, J.J. Am.
Chem. Soc.2005,127, 12387.

(8) Taupitz, M.; Schmitz, S.; Hamm, B.RoeFo, Fortschr. Geb. Roent-
genstr. Nuklearmed.2003,175, 752.

(9) Perez, J. M.; Josephson, L.; O’Loghlin, T.; Högemann, D.; Weissle-
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Abstract:  
 
Eu+++ and Tb+++ ions have been incorporated into nano-dimensional yttrium oxide host 
matrices in both 0.02:1.0 and 0.2:1.0 (dopant ion:host matrix) molar ratios via a sol-gel 
process using Y5O(OPri)13 as precursor (OPri = iso-propoxy). The as-synthesised white 
powders have been annealed at different temperatures ranging from 400 0C to 800 0C for 
5 hours. Photoluminescence (PL) spectroscopy and X-ray diffraction (XRD) have been 
used as tools for documenting the characteristics of these powders. For Eu+++ doped 
powders a comparison of the Eu+++ 5D0

7F1 and 5D0
7F2 peak intensities in the 

emission spectra reveals that the dopant ions are occupying unsymmetrical sites in the 
host yttrium oxide in all the samples. For Tb+++ doped powders the characteristic terbium 
5D3

7Fn and 
5D 7Fn (n=2-6) transitions were visible only in the samples that had been 

annealed above 500 0C. All the samples for 0.2 M doped Eu+++ and Tb+++ were suspended 
in chloroform by fragmenting the powder with and without sonification under the 
presence of trioctylphosphine oxide (TOPO), or a mixture of oleic acid and dioctyl ether, 
to give clear colorless (for Eu+++) and light green translucent (for Tb+++) solutions of the 
dispersed particles which respectively give red and green luminescence upon UV 
excitation. In addition, suspension in water has been achieved by fragmenting the powder 
in the presence of dichloroacetic acid. TEM investigation of the soluble particles shows 
single dispersed particles along with some agglomerates. The changes in the 
luminescence due to fragmentation of the particle powder and due the influence of the 
surfactant of the suspended colloidal particles are discussed. 
 
Keywords: Nanophosphors, luminescent solutions, colloidal nanoparticles, particle 
suspension, photoluminescence spectroscopy, sol-gel process 
----------------------------------------------------------------------------------------------------------- 
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1. Introduction 
 
Rare-earth ion doped nanocrystalline metal oxides are a class of luminescent materials 
(also called upconverting phosphors) which has been proved to be excellent for 
applications such as in FEDs (field emission displays) and sensors [1,2]. Under UV 
irradiation a variety of colors is available in these systems. For example, Eu+++ doped 
Y2O3 is a red phosphor while Tb+++ and Tm+++ incorporated in Y2O3 are green and blue 
phosphors, respectively [2]. The “caged atoms” in the host matrix retain their own atomic 
levels within the band gap of the host material. This combination of host and impurity 
energy levels leads to a large excitation cross-section resulting in high phosphorescence. 
It is anticipated that, due to their high quantum efficiency they might serve as improved 
luminescent markers [3] for bio-molecule detection in comparison to the reported non 
oxide semiconductor quantum dots [4,5].  This has been further substantiated by the fact 
that the LD50 values for rare earth oxides are about 1000mg/kg [6], while for example for 
selenium oxide (which is present even in many quantum dots that do not contain the far 
more toxic cadmium) it is only about 1mg/kg. Therefore, it is recommendable to explore 
the suitability of aforementioned nanophosphors for bioconjugation. However, one of the 
key issues for biological applications is that these probes have to be suspended in water 
while retaining their characteristic colors along with high stability. The group of Caruso 
has first suspended rare earth doped fluorescent lanthanum phosphate nanoparticles in 
water by surface modification with aminohexanoic acid [7] and subsequently the particles 
have successfully been conjugated with biological molecules. Recently, nonaggregated 
green emitting nanophosphors [8] of a size range of 50-200nm have been incorporated 
and imaged in the worm Caenorhabditis elegans and have further been examined by 
SEM. Several methods are known for the synthesis of these doped nanocrystallites [9-
26], whereby among them the Sol-Gel process has especially attractive features. We have 
recently reported the synthesis and characterization of Eu+++/Y2O3 nanophosphors by 
using the sol-gel method in which the dopant ion : host matrix ratio was kept as 0.001 : 
1.0 [26]. Although the europium emission spectra is clearly visible at such a low 
concentration, the powders and their transparent suspensions (surfactant coated) in 
organic solvents showed very faint red luminescence when examined by naked eye under 
UV irradiation. Furthermore, in order to use these materials for any water-based 
application first the particle-powder would have to be dispersed into single hydrophilic 
colloidally stable particles. In sol-gel hydrolytic systems, the particles are characterized 
by hydroxylated surfaces that lead to strong interparticle interaction, and therefore a 
suitable stabilization is needed during the sol processing stage. Otherwise, very large and 
unstable particles would be readily formed. The situation becomes even more complex if 
a dopant ion like Eu+++ (for which the red phosphorescence gets significantly quenched 
by the -OH groups) [27] is required within the framework of sol-gel derived metal oxide 
nanoparticle powders, which also generally have water or alcohol molecules trapped 
inside. Therefore, these nanoparticle powders have to be annealed to high temperatures 
(i.e. up to 500 0C) to completely remove these volatile molecules [26]. However, high 
temperatures at the same time often lead to sintering, resulting in wide particle size 
distributions within the interconnected particle powder. Due to this it becomes rather 
difficult to prepare stable suspensions consisting of doped monodisperse particles and so 
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far we are aware of only few reports in this direction [7, 9, 28, 29]. Very recently also 
microwave assisted synthesis of doped nanocrystals has been reported [25].  
 
The aim of this study was to generate and characterize stable suspensions for both red 
and green nanophosphors which should exhibit bright luminescence. In this connection, 
we hereby report the synthesis and spectral characterization of solid nanophosphors with 
dopant ion : Y2O3 molar ratios of 0.02 : 1 and 0.2 : 1, which exhibit bright red (Eu+++) 
and green (Tb+++)  luminescence by visual examination in UV light. These powders were 
then suspended as well in organic solvents as in aqueous solution. For dispersion in 
organic solvents the powders were fragmented to nanoparticles under the presence of 
both, Trioctyl phosphine oxide (TOPO) and oleic acid / dioctyl ether, to give clear and 
stable suspensions in chloroform. These particle suspensions show the characteristic 
bright color (under UV irradiation) and emission spectra of the dopant ions. Transmission 
electron micrograph (TEM) studies show single particles along with agglomerates. In a 
further step these hydrophobically capped particles might be modified with an 
amphiphilic polymer in order to transfer them into aqueous solution [5]. In an alternative 
route the powders were also suspended in water by fragmenting them under the presence 
of dichloroacetic acid, whereby also their characteristic luminescence was retained. 
 
 
2. Experimental details 
 
2.1. General: Proton and 13C NMR spectra were recorded with a GEOL –300 MHz 
spectrometer at B.H.U. Varanasi, India. X-ray diffraction pattern were recorded on a 
Seifert powder diffractometer using Cu-KP X-rays. Photoluminescence (PL) spectra of 
the solid powders were recorded on an ocean optics system with range of 200nm to 
1800nm by using an excitation wavelength of 440 nm. TEM images of nanostructures 
were taken on a transmission electron microscope (JEOL JEM-1011). The solution PL 
spectra were recorded on a Fuoromax-3 (JOBIN YVON HORIBA) spectrometer at the 
excitation wavelength 255nm. For performing sonication a BANDELIN sonicator 
(Sonorex Super RK 103H) was used.  The solvents were dried and purified by standard 
procedures. Water was double distilled and deionized before being used. 
 
2.2. Synthesis of Y5O(OPri)13 precursor: Y5O(OPri)13 was used as precursor in the sol-
gel process for making the yttrium oxide particles. The manipulations pertaining to 
synthesis of Y5O(OPri)13 precursor were performed under dry argon atmosphere using 
Schlenck techniques as reported [26]. For this, yttrium chips (Aldrich) were refluxed with 
isopropanol in toluene in the presence of Hg(OAc)2 catalyst (all Qualigens) to give a 
turbid solution which was filtered while hot. Upon cooling the hot solution the precursor 
was obtained in 73% yield. It was characterized by elemental analysis (Found (%) C 
38.15, H 7.70: Calculated C 38.12, H 7.12) and NMR spectroscopy {1H NMR in ppm, 
1.29 (doublet), 4.30 (septet)} in dry CDCl3 and was in accordance with reported values.  
 
2.3. Synthesis of Eu+++ and Tb+++ doped Y2O3 powders: 8.0 g of Y5O(OPri)13 was 
dissolved in 30 ml toluene to give a clear solution which was kept in a bath at –70 0C. A 
mixture of 0.278 g Eu(NO3)3•5H2O (for 0.02M doping), 0.582 g water and 30 ml. 
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isopropanol was added to it dropwise under stirring. For 0.2 M doping 2.78 g 
Eu(NO3)3•5H2O was utilized. After the addition was complete the mixture was allowed to 
warm to room temperature resulting in a white gel. The gel was left for two days and then 
was dried in an oven at 100 0 C to give a white powder. It was subjected to heat treatment 
and samples treated with 400 0C, 500 0C, 600 0C, 700 0C and 800 0C were made. Upon 
heating to different temperatures both (0.02M and 0.2M doped) of the europium doped 
materials did not show any discernable change in white color of the starting powder. A 
similar procedure was applied for Tb+++ doped powders for which 0.283 g of 
Tb(NO3)3•5H2O was used for 0.02 M doping and 2.83 g for 0.2 M doping. In both cases 
the resulting gel was left for two days and was then warmed in an oven at 100 0 C to give 
a white powder. 0.02 M Tb+++ doped Y2O3 powders also did not undergo any color 
change upon heat treatments in the range of 400 0C to 800 0C. In contrast to the 0.2 M 
Eu+++ doped the 0.2M Tb+++ doped Y2O3 powders exhibited different colors after 
annealing at different temperatures. The samples heated to 400 0C and 500 0C have dusky 
orange and gray sand colors while the powders heated to 600 0C, 700 0C and 800 0C 
exhibit light magenta ash appearance.  
 
2.4. Dissolution of 0.2M Eu+++ / Tb+++ : 1M Y2O3  powders in chloroform or toluene 
under the presence of trioctylphosphine oxide (TOPO): The following general 
procedure was applied for preparing suspensions of all types of annealed powders. 100 
mg of the particle powder were added to 5ml of chloroform in a vial and stirred for 30 
minutes. To this suspension 1.0 g of TOPO (Sigma-Aldrich 98 %) was added and stirring 
was continued for two hours (stirring for higher duration led to no further changes). The 
so obtained suspension was centrifuged at 1500 rpm for 5 minutes and a white residue 
(64.5 mg) was set aside and the supernatant was collected in another vial. To purify the 
particles in this solution methanol was added until turbidity appeared and the mixture was 
centrifuged at 2000 rpm for 5 minutes. The particle-containing precipitate was collected 
and re- dissolved in chloroform (2ml) giving a clear solution, whereas the supernatant 
was discarded. The so obtained solution was centrifuged at 3000 rpm for 5 minutes to 
give a small amount of residue which was discarded and the supernatant solution was 
collected and used for further experiments (PL and TEM). Toluene may also be used in 
place of chloroform. However, in toluene the phosphorescence of the particles in UV 
light was more quenched than in chloroform. 
  
2.5. Dissolution of 0.2M Eu+++ / Tb+++ : 1M Y2O3 powders in chloroform/toluene by 
oleic acid/dioctyl ether: The following general procedure was applied for preparing 
suspensions of all types of annealed powders. 100 mg of the powder was transferred in a 
three neck flask fitted with condenser and stirred in 5ml chloroform for 30 minutes. Then 
the chloroform was removed under low vacuum. 500 mg oleic acid and 3 ml dioctyl ether 
were injected separately under stirring and the mixture was heated to 200 0C for 2 hours 
while stirring, which resulted in a clear solution. The solution was cooled to 50 0C and 50 
ml methanol was quickly added to give a turbid solution. This solution was centrifuged at 
2000 rpm for 5 minutes and the supernatant was discarded. The particle containing 
precipitate was dissolved in 2 ml chloroform to give a clear solution. For removal of 
aggregated particles the solution was centrifuged at 3000 rpm for 5 minutes to give a very 
small residue at the bottom of the vial. The precipitate containing agglomerated was 
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discarded and the particle containing supernatant was used for all further experiments (PL 
and TEM). 
 
2.6. Dissolution of 0.2M Eu+++ / Tb+++ : 1M Y2O3 powders in water by dichloroacetic 
acid: The following general procedure was applied for preparing suspensions of all types 
of annealed powders. 100 mg of the particle powder were added to 5ml of water in a vial 
and stirred for 30 minutes. To this suspension 200mg of dichlororoacetic acid (Sigma-
Aldrich, 98 %) was added dropwise and within the next 20 minutes a turbid solution was 
obtained. This solution was centrifuged at 1500 rpm for 5 minutes and the residue with 
the undissolved particle powder was discarded. To the clear supernatant with suspended 
particles 60 ml isopropanol was added and the mixture was stirred for 30 minutes 
resulting in a turbid solution. The solution was centrifuged at 2000 rpm for 5 minutes and 
the supernatant was discarded. To the residue which contained the particles 5 ml water 
was added together with a drop of dichloroacetic acid to get a clear solution which was 
used for all further experiments (PL and TEM). 
 
 
3. Results and Discussion  
 
The sol-gel derived and 100 0C warmed europium and terbium doped (both in 0.02M and 
0.2M concentrations) Y2O3 white powders were annealed to 400 0C, 500 0C, 600 0C, 700 
0C and 800 0C for five hours to prepare in total twenty samples ((Eu / Tb) x (0.02M / 
0.02M) x (400, 500, 600, 700, 800°C) = 2 x 2 x 5 = 20). All europium doped powders 
showed bright red and the terbium doped samples bright green luminescence under UV 
light excitation. We have very recently published the XRD patterns of 0.001M Eu+++ : 1M 
Y2O3 particle powders obtained via the sol-gel method which were heated in a range of 
400 0C to 800 0C [26]. In the present work we found similar X-ray diffractograms for the 
powders that had been heat-treated in the range from 4000C to 800 0C as well for 
europium as for terbium doping for both concentrations. The average sizes of the 
crystalline domains in the particle powder calculated from XRD with respect to the 
annealing temperature were 17 nm (400 0C), 24nm (500 0C), 42 nm (700 0C) and 45nm 
(800 0C).  
 
The distribution of the Eu+++ ions within the host yttrium oxide matrix has been worked 
out by examination of the photoluminescence (PL) spectra, which are shown in Figure 1 
for the 0.2M Eu+++ : 1M Y2O3 particle powders (for spectra of 0.02M Eu+++ : 1M Y2O3 
powders see the Supporting Information). The most intense emission in the 
photoluminescence spectrum of Eu+++ is observed at about 580-595 nm (5D0

7F1), 610-
625 nm (5D0

7F2), and 675-690 nm (5D0
7F4) [27]. In general the sharp emission lines 

point towards the occupation of europium ions in those crystallographic sites which are 
situated in the interior of the nanocrystal. It is well known that the intensity ratio of the 
5D0

7F2 and 5D0
7F1 transitions is a good indicator of the symmetry of the environment 

around the rare earth ion. This feature is apparent (see the Supporting Information) in our 
0.02M samples annealed at 400 0C and 500 0C, where the 5D0

7F2 transitions are much 
more intense than the 5D0

7F1 emissions. It is important to point out here that for 
0.001M Eu+++ : 1MY2O3 powders annealed (up to 700 0C) under similar conditions the 
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5D0
7F1 transitions were found to be very intense and it was concluded that the dopant 

ions are occupying only the symmetrical sites in the interior of the particles [26]. 
However, in the data obtained in the present study we find that with higher 
concentrations the europium ions are more accommodated in unsymmetrical 
environments at the surface of the nanoparticles. This is not surprising because in particle 
powders with nanocrystalline domains it is highly probable that the atoms in the grain 
boundary region may get displaced from their lattice positions to new, non lattice 
equilibrium positions. The distribution of atoms in these non lattice positions may be 
fully disordered or have short range order. The PL spectrum of the 0.02M Eu+++ : 1M 
Y2O3 particle powder which has been heated to 400 0C shows a broad 5D0

7F2 emission 
(612nm) with a shoulder centered at 625nm. The 5D0

7F4 transition which is found 
around 697 nm is most intense in the spectrum of the powder heated to 600 0C, while it is 
completely absent in the 500 0C annealed sample (see Supporting Information). 
 
The PL spectra of all the 0.2M Eu+++ : 1M Y2O3  (Figure 1a) particle powders 
prominently show the 5D0

7F2 transition and are in many ways similar to spectra 
reported before [14,17,27], except for the absence of the peak at 697 nm corresponding to 
the 5D0

7F4 emission. The 5D0
7F4 emission seems to be weakly present in the 

spectrum of the 0.2M doped Eu+++ / 1M Y2O3 particle powder that had been heated to 400 
0C. The PL spectrum of the 0.2M Eu+++ : 1M Y2O3  particle powder that had been heated 
to 800 0C turns out to be completely different to the corresponding spectra of the 0.001 M 
[26] and 0.02 M doped particle powders (see Supporting Information). It clearly shows 
the 5D0

7F2 peak (Figure 1a) accompanied with a tiny 5D0
7F1 transition indicating the 

presence of Eu+++ ions in unsymmetrical sites. Therefore, it seems that for fairly high (i.e. 
0.2 M) doping concentration enough europium ions are still present in unsymmetrical 
environments and/or at the surface of the nanocrystalline domains, even at 800 0C, to 
show their characteristic spectrum.  
 
A TEM image of untreated 0.2 M Eu+++ : 1M Y2O3 particle powder is shown in Figure 1a 
which exhibits tremendous agglomeration of the particles. Therefore in the next step the 
particle powders were fractionated with the aim to obtain colloidal particles suspended in 
solution. Since these oxide particle powders are in first place insoluble as well in organic 
solvents as in aqueous medium, dispersion had to be provided by an appropriated 
surfactant on the particle surface. For suspending the particle powders in organic solvents 
such as chloroform and toluene we tested several pathways which included heating and 
stirring the particle powder under the presence of oleic acid in dioctyl ether, and stirring 
the particle powder in chloroform or toluene under the presence of trioctyl phosphine 
(TOP), trioctyl phosphine oxide (TOPO), aminohexanoic acid, octylamine, or 
decylamine. We found that treatment of the particle powders with trioctyl phosphine 
oxide (TOPO) and oleic acid in dioctyl ether to give best suspension of the particles in 
toluene and chloroform. Dispersion in TOPO was found to be the most promising method 
as it could be performed at ambient temperature and did not require heating as was the 
case with oleic acid in dioctly ether. TOPO and oleic acid molecules presumably stick 
with their polar headgroups to the oxide particle surface so that their hydrophobic tails 
point towards the solvent and thus provide repulsion and thus colloidal stability of the 
particles in organic solvents. The TOPO coated particles were found to yield clear 
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suspensions in both chloroform and toluene. However, in toluene the red luminescence of 
the phosphors under UV irradiation was quenched significantly, whereas in chloroform 
very bright phosphorescence was observed. Therefore, all further spectroscopic analysis 
of hydrophobic particles was performed in chloroform.  
 
Figure 1b shows the PL spectra of TOPO coated 0.2M Eu+++ : 1M Y2O3 particles (of 
particle powders that had been annealed to 400 0C - 800 0C) suspended in CHCl3. For all 
suspensions, in the PL spectrum the intensity ratio of the 5D0

7F2 and 5D0
7F1 

transitions clearly confirms the occupation of unsymmetrical sites by the dopant ions 
within the Y2O3 matrix as also seen in the corresponding solid particles powders (cfg. 
Figure 1a). This confirms that fragmentation of the solid particle powders to colloidal 
TOPO capped particles suspended in chloroform retains the basic photoluminescence 
properties of europium doped particles. However, unlike the spectra of the corresponding 
solid particle powder (Figure 1a) for the colloidal particles made out of the powder and 
that had been annealed at 400 0C the 5D0

7F4 peak is absent in solution (Figure 1b).  
 
A TEM image of TOPO coated 0.2 M Eu+++ : 1M Y2O3 particles made out of a particle 
powder that had been annealed to 400 0C is shown in Figure 1b. Although the particles 
are relatively well dispersed and have a fair size distribution, some aggregates can also be 
seen that comprise several small particles. The average diameter of the particles seen in 
the TEM is clearly bigger than the average diameter of 17nm obtained with XRD for the 
crystalline domains for the particle powder. This suggests that the fragmentation 
procedure of the particle powder to colloidal particles under the presence of TOPO is not 
sufficient to break up all agglomerates present in the particle powder to primary single 
particles. However, in comparison to the uncoated powders (Figure 1a) significant 
fragmentation has taken place. We also performed sonification of the particle powder in 
the TOPO / chloroform mixture during the fragmentation process to further reduce the 
average size of the particles. However, we were never able to completely remove the 
particle aggregates. TEM examination of TOPO coated particles suspended in chloroform 
that had been made out of particle powders annealed at 500 0C -800 0C also clearly 
revealed larger agglomerates together with separated single particles (see Supporting 
Information). Similar observations were also found with other surfactants in the present 
work. Although for all these particles sonification helped to reduce the size of the 
aggregates no discernable change in the solution PL spectra was observed for all the three 
surfactants.  
.  
We also employed oleic acid in presence of dioctyl ether to disperse suspend particles in 
chloroform. The PL spectra of these transparent suspensions are shown in Figure 1c, 
whereby the characteristic europium peaks similar to the ones shown in Figure 1b are 
visible. Furthermore, the TEM images of particles obtained from the particle powder 
which had been heated to 400 0C heated powders are similar to the ones obtained for 
TOPO coated particles. This indicates that both TOPO and oleic acid / dioctyl ether are 
working similarly in regard to the fragmentation capability whereby the TOPO coating 
has the advantage that it can be performend at ambient temperature.  
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Alternatively the surface of the nanophosphor particle powders was etched with 
dichloroacetic acid to suspend them in aqueous solution. This fragmentation was 
significantly faster than the one reported above in chloroform under the presence of 
TOPO or oleic acid / dioctyl ether. Although water is reported to significantly quench the 
europium emission [27] we found that the clear aqueous suspensions of the particles 
showed red phosphorescence under UV light excitation. The chloroacetic acids might act 
similar to aminohexanoic acid [7] where chlorine atoms with lone pair are directed 
towards the surface of the nanoparticles while the hydrophilic carboxylic groups are 
pointing outside. The PL spectra for aqueous suspensions of particles from powders 
which before had been annealed at 4000C - 8000C is shown in Figure 1d.  Similar to the 
above discussion the characteristic peaks of Eu+++ are clearly visible. As can be seen from 
the corresponding TEM image in Figure 1d the fragmentation of the particle powders 
with di-chloroacetic acid results in many particle aggregates. Compared to suspension in 
chloroform (Figures 1b and 1c) particles suspended in water showed more and larger 
aggregates. This also can be seen in the scattering at low wavelengths for the PL spectra 
of the particle solutions (Figure 1d). 
  
Doping of yttrium oxide with Tb+++ ions leads to green phosphors. Terbium related 
spectra are characterized by a series of 5D3

7Fn transitions wherein for n = 0, 1, 2, 3, 4, 
5, and 6 the corresponding peaks are observed at 486nm, 481nm, 470nm, 456nm, 436nm, 
414nm and 381nm. Besides these, 5D4 → 7 F5 (~ 544 nm), 5D4 → 7 F4 (~ 585 nm), and 5D4 
→ 7 F3 (~ 620 nm) transitions are also characteristic of terbium ions. In general, the 
preparation conditions including the nature of the host metal oxide matrix, concentration 
of terbium ions, thermal synthesis conditions and the conditioning regime are factors that 
influence photoluminescence characteristics of Tb+++  incorporated Y2O3 phosphor 
[20,21,22]. Furthermore, distinct differences in the optical behavior of the bulk and 
nanoparticles for the same material have also been observed. For example, the excitation 
spectra of the nanophosphors were systematically found to be blue-shifted relative to bulk 
spectra [20]. Tb+++ transitions for a 0.02 M doping concentration within the Y2O3 matrix 
for particle powders heated at different temperatures ranging from 400 0C to 800 0C are 
given in the Supporting Information. Evidently, in all the samples the 5D3

7Fn transitions 
with n = 2 to 6 overlap which results in a very broad spectrum in the corresponding 
region which indicates simultaneous emission from sites with different crystal field 
splitting [28]. However, the particle powders annealed at 700 0C, and 800 0C clearly 
show the 5D3

7F0 (486nm), 5D3
7F1 (481nm) and 5D4

7F6 (490nm) peaks which are 
characteristic of doped terbium ions. In comparison, the spectra of 0.2 M Tb+++ : 1M 
Y2O3 powders (Figure 2a) are more intense but unlike for the 0.02M doped samples (700 
0C, and 800 0C heated) the 5D3

7F0,1 and 5D4
7F6 transitions are merged to give a broad 

feature in the spectra. 

 As with the 0.2M Eu+++ : 1M Y2O3  red phosphors we also fragmented the 0.2M Tb+++ : 
1M Y2O3 green phosphor particle powders, as due to sintering they are in highly 
agglomerated state (Figure 2b). Suspension in chloroform under the presence of TOPO 
yielded transparent light green solutions. Under UV excitation these solutions were found 
to give green luminescence. The PL spectra of the suspensions of TOPO coated green 
phosphors are shown in Figure 2b. Notably in all spectra a prominent peak is visible at 
around 348 nm which may be attributed to the 5D3

7F6 transition. Generally for particle 
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powders in solid state this peak is found at 381nm [20], but it appears that in the presence 
of surfactant (in solution)  it has shifted. However, the visibility of the 5D3

7F5 (414 nm) 
and 5D3

7F4 (436nm) transitions in 700 0C and 800 0C annealed samples confirms the 
presence of terbium ions in the host oxide matrix [20, 21]. The TEM image (Figure 2b) of 
a grid made by placing a drop of the particle suspension in chloroform (derive from the 
particle powder that had been heated to 400 0C) is almost similar to the corresponding 
europium doped sample (Figure 1b). The presence of a small fraction of aggregates 
further confirms the above discussed limitation of TOPO with regard to fragmentation 
capability in the given set of experimental conditions. 
 
 0.2M Tb+++ doped 1M Y2O3 particle powders were also fragmented in chloroform by 
coating with oleic acid/dioctyl ether. They were also found to be luminescent at UV light 
excitation. Their solution PL spectra are shown in Figure 2c. Evidently here also a peak is 
present around 348 nm, which as mentioned above, may be due to the 5D3

7F6 transition. 
This is also accompanied with some other aforementioned transitions. TEM pictures 
(Figure 2c) of the corresponding particles coated with oleic acid/dioctyl ether were again 
found to be fairly similar to the corresponding red phosphors as shown in Figure 1c. Also 
for Tb+++ doping dispersed particles together with some aggregates were found to be 
present.  
 
Finally, the PL spectra of aqueous suspensions of dichloroacetic acid capped 0.2M Tb+++ 

/ 1M Y2O3 particles were recorded (Figure 2d). Each had a peak at 348 nm, which may be 
assigned to the 5D3

7F6 transition, along with the other usual peaks as shown in Figures 
2b and 2c. Similar to the corresponding red phosphors agglomeration of the particles can 
be seen in the scattering in the PL spectra. Furthermore, as the red phosphors, 
fragmentation in aqueous solution results in a higher number and also in bigger particle 
aggregates than fragmentation in chloroform, as is evident from the TEM images. 
 
Therefore, in the present investigation we find that both, TOPO and oleic acid/di-octyl 
ether are capable of fragmenting and suspending the sol-gel derived and annealed doped 
yttrium oxide particles in organic solvents, whereas chloroacetic acids can suspend them 
in water yielding transparent suspensions that are stable for months at ambient 
temperature. In terms of the particle size distributions the performance of both TOPO and 
oleic acid/di-octyl ether is about similar. The advantage of using TOPO is that it does not 
require high temperature reaction conditions. In comparison, although di-chloroacetic 
acid could not provide single primary particles, it leads to well conserved PL 
characteristics of the dopant ions which are known to be quenched in the presence of 
hydroxyl groups. 
 
 
4. Conclusions 
 
The sol-gel process is an efficient way to dope rare earth ions into nano dimensional 
yttrium oxide. For Eu+++ doping with 0.02 M and 0.2 M doping concentration the 
europium ions are preferentially residing in unsymmetrical sites in the Y2O3 matrix for 
particle powders annealed in the range of 400 0C to 800 0C which are red phosphors. For 
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Tb+++ doping with 0.02 M and 0.2 M doping concentration the terbium ions are also 
incorporated into the Y2O3 matrix and the particle powders annealed in the range of 400 
0C to 800 0C are green phosphors. The phosphor particle powders have been fragmented 
and suspended in chloroform by coating their surface with either TOPO or oleic 
acid/dioctyl ether.  These colloidal suspensions retain the characteristic PL spectra of the 
particle powders and exhibit luminescence upon UV excitation. TEM pictures reveal the 
presence of dispersed particles along with particle aggregates. In presence of 
dichloroacetic acid the particle powders can also be suspended in water. Again, their PL 
properties are conserved, though water is known to significantly quench Eu +++ spectra. 
However, in contrast to colloidal particles suspended in chloroform the particles 
suspended in aqueous medium exhibit many aggregates.  
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Figures 
 
Figure 1: a) Photoluminescence spectra of 0.2 M europium doped Y2O3 particle powders 
that had been annealed at temperatures ranging from 400 0C to 8000C at 440 nm 
excitation wavelength and a corresponding TEM image of the particle powder (for the 
particles annealed at 4000C). b) Photoluminescence spectra of solutions with TOPO 
coated colloidal 0.2M Eu+++ / Y2O3 nanoparticles in CHCl3 at 250 nm excitation 
wavelength. Before transferring the particles from the powder to solution they had been 
annealed in the powder state at temperatures ranging from 400 0C to 800 0C. The TEM 
image corresponds to TOPO coated particles from the particle powder that had been 
annealed at 4000C.  c) Photoluminescence spectra of solutions with oleic acid/di-octyl 
ether coated colloidal 0.2M Eu+++ / Y2O3 nanoparticles in CHCl3 at 250 nm excitation 
wavelength. Before transferring the particles from the powder to solution they had been 
annealed in the powder state at temperatures ranging from 400 0C to 800 0C. The TEM 
image corresponds to oleic acid/di-octyl ether coated particles from the particle powder 
that had been annealed at 4000C.  d) Photoluminescence spectra of solutions with di-
chloro acetic acid coated colloidal 0.2M Eu+++ / Y2O3 nanoparticles in H2O at 250 nm 
excitation wavelength. Before transferring the particles from the powder to solution they 
had been annealed in the powder state at temperatures ranging from 400 0C to 800 0C. 
The TEM image corresponds to di-chloro acetic acid coated particles from the particle 
powder that had been annealed at 4000C.   
 
Figure 2: a) Photoluminescence spectra of 0.2 M terium doped Y2O3 particle powders 
that had been annealed at temperatures ranging from 400 0C to 8000C at 440 nm 
excitation wavelength and a corresponding TEM image of the particle powder (for the 
particles annealed at 4000C). b) Photoluminescence spectra of solutions with TOPO 
coated colloidal 0.2M Tb+++ / Y2O3 nanoparticles in CHCl3 at 250 nm excitation 
wavelength. Before transferring the particles from the powder to solution they had been 
annealed in the powder state at temperatures ranging from 400 0C to 800 0C. The TEM 
image corresponds to TOPO coated particles from the particle powder that had been 
annealed at 4000C.  c) Photoluminescence spectra of solutions with oleic acid/di-octyl 
ether coated colloidal 0.2M Tb+++ / Y2O3 nanoparticles in CHCl3 at 250 nm excitation 
wavelength. Before transferring the particles from the powder to solution they had been 
annealed in the powder state at temperatures ranging from 400 0C to 800 0C. The TEM 
image corresponds to oleic acid/di-octyl ether coated particles from the particle powder 
that had been annealed at 4000C.  d) Photoluminescence spectra of solutions with di-
chloro acetic acid coated colloidal 0.2M Tb+++ / Y2O3 nanoparticles in H2O at 250 nm 
excitation wavelength. Before transferring the particles from the powder to solution they 
had been annealed in the powder state at temperatures ranging from 400 0C to 800 0C. 
The TEM image corresponds to di-chloro acetic acid coated particles from the particle 
powder that had been annealed at 4000C.   
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Abstract 

 

Synthesis of ultrasmall water-soluble fluorescent gold nanoclusters is reported. The clusters 

have a decent quantum yield, high colloidal stability, and can be readily conjugated with 

biological molecules. Specific staining of cells and nonspecific uptake by living cells is 

demonstrated. 

 

 

Introduction 

 

Noble metal nanoclusters (NCs) such as Au and Ag with sizes below 2 nm have gained 

great attention in the last decade. Focus of interest ranges from fundamental properties such 

as photoluminescence
1-8

, optical chirality
9-12

, ferromagnetism
13

, redox-like and quantized 

double layer charging behavior
14-17

 to potential applications such as single molecule 

optoelectronics
18, 19

, sensing
20

 and bioassay
21, 22

. This is based on the particular 

size-dependent properties of the clusters. They can be considered as intermediates between 

atomic and nanoparticle (> 2 nm) behavior
23

. Gold nanoparticles (NPs) show a 

size-dependent plasmon absorption band when their conduction electrons are confined to 
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dimensions smaller than the electron mean free path-length (ca. 20 nm)
24

. However, Au 

nanoparticles smaller than 2 nm (which we term Au nanoclusters) no longer possess plasmon 

resonance and Mie’s theory no longer can be applied
25-27

. In fact small metal NCs have sizes 

comparable to the Fermi wavelength of electrons (ca. 0.7 nm), which results in molecule-like 

properties including size-dependent fluorescence
20, 23, 28

 and discrete size-dependent 

electronic states
14, 29-31

. So far there are only few studies about the fluorescence of metal 

NCs
32, 33

 
34

, though photoluminescence (PL) of noble metals is a known phenomenon. First 

reports are based on bulk metals
35

, but soon quasi size dependence was discovered by the fact 

that the PL is enhanced on roughened surfaces
36

 (i.e. at conditions with reduced radius of 

curvature).  

 

 The fluorescent properties of Au NCs make them potential labels for biologically 

motivated experiments
37

. Compared to commonly used CdSe/ZnS semiconductor NPs (so- 

called quantum dots), which posses size-dependent fluorescence in case the particle size is 

smaller than the exciton Bohr radius (about 4-5 nm for CdSe)
38

, Au NCs do not contain toxic 

heavy metals
39

. Though depending on their size also Au NCs can have cytotoxic effects, for 

example by binding to DNA
40

, they are a potential alternative to quantum dots as 

fluorescence labels. In this work we describe an easy synthesis for water-soluble fluorescent 

Au NCs and compare their performance in terms of colloidal and photophysical properties to 

the one of colloidal CdSe/ZnS NPs. The focus hereby is set on a detailed characterization of 

practically important parameters rather than on understanding the underlying mechanisms.  

 

Synthesis 

  

 Synthesis of Au NCs was based on precursor-induced Au NP etching. First 6-nm 

diameter gold NPs stabilized with didodecyldimethylammonium bromide (AuNP@DDAB) 

were synthesized in toluene via an established single-phase reaction
41

 (experimental details 

can be found in the Supporting Information). Remaining residual reducing agent was 

removed by purification. The resulting red translucent NP solution showed the typical 

plasmon absorption peak at 520 nm and transmission electron microscopy (TEM) analysis 

revealed a mean particle diameter of the inorganic Au core of 5.55 ± 0.68 nm. Subsequent 

further dropwise addition of gold precursor solution (AuCl3 or HAuCl4 in DDAB-toluene 

solution) caused a gradual loss of plasmon absorption until the solution turned colorless 

transparent (see Figure 1). TEM analysis of the transparent solution discovered the presence 

of small NCs with homogeneous size distribution (mean diameter 3.17 ± 0.35 nm as 

determined with TEM). This suggests that continuous addition of precursor started to etch the 

original nanoparticles of around 6 nm diameter (AuNP@DDAB) into smaller nanoclusters of 

around 3 nm diameter (AuNC@DDAB) 
20

 
42

 (for a set of time-dependent absorption spectra 
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see the Supporting Information). As no change in solvent was involved in the etching 

procedure the Au NCs at this step still were dispersed in toluene. However, because for 

intended biological applications water-soluble Au NCs are required, a phase transfer to 

aqueous solution was carried out. For this purpose ligand exchange with reduced lipoic acid 

(DHLA, dihydrolipoic acid) was performed, a capping ligand which as already been 

successfully used for phase transfer
43

. Lipoic acid was freshly reduced by 

tetrabutylammonium borohydride (TBAB) with a molar ratio of lipoic acid to of TBAB = 4:1 

and added to the AuNC@DDAB particles dispersed in toluene. This lead to dark-brown 

particle agglomerates in the resulting mixture. Particles were precipitated by centrifugation, 

the toluene based supernatant was discarded and the remaining particle precipitate could be 

dispersed in alkaline aqueous solution (pH 9) or methanol (basified by a small amount of 

alkaline buffer). Further purification was achieved by two runs of ultracentrifugation 

(110,000 rpm) for removing excess DHLA and the particle solution was concentrated with a 

centrifuge filter of 30 kDa MWCO (molecular weight cut-off), leading to a colloidally stable 

transparent solution of NCs without plasmon peak. Successful transfer from toluene to 

alkaline buffer solution suggests that the added DHLA had replaced the DDAB surfactants 

driven by the formation of gold-thiol bonds. TEM images showed that the resulting 

AuNC@DHLA particles were well-dispersed and had an average core diameter of 1.56 ± 0.3 

nm. This demonstrates that the diameter of the Au NCs was further decreased during the 

ligand exchange procedure.  

 

Photophysical characterization 

 

 Most important, after phase transfer to aqueous solution the NCs exhibited a 

pronounced red photoluminescence. Exposure of the AuNC@DHLA particle solution to UV 

light (365 nm) led to an increase in photoluminescence (photobrightening). 

Photoluminescence (PL) and photoluminescence excitation (PLE) spectra of the cluster 

solution are shown in Figure 2. The non-shifted emission peak via changing the excitation 

wavelength gives strong evidence that the observed emission is a real luminescence from the 

relaxed states rather than scattering effects. Using Rhodamine 6G (Q=0.95 in ethanol) as the 

reference, the quantum yield (Q) of AuNC@DHLA was determined to be 3.45±0.41% in 

methanol and 1.83±0.32% in water (pH 9). This is eight orders of magnitude higher with 

respect to the quantum yield reported for bulk gold (Q=10
-10

)
35

, approximately 1~2 orders of 

magnitude higher than the quantum yield of Au NCs derived with other synthesis routes 

(Q=10
−3

 - 10
−6

)
1, 2, 5, 30, 44, 45

 and comparable to the quantum yield recently reported by Huang 

et al. for similar Au NCs
20

.  Though the quantum yield of the AuNC@DHLA nanoclusters is 

still one order of magnitude lower than that of most organic fluorophores and quantum dots it 

is already in the range which is needed for applications in optical devices and biosensors. 
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Impurities are always problematic for working witch colloidal particles, as they can co-exist 

in the solution so that the optical properties detected from this solution comprise both, the 

particles and the impurities. As will be explained in the following sections we were able to 

separate particles from potential impurities such as excess ligands or precursors by size 

exclusion chromatography and gel electrophoresis and presence of the NCs in the purified 

solutions was verified with TEM. In this way it was assured that the photoluminescence 

originates from the NCs. 

 

 Photoluminescence of Au NCs has been reported before and several models have been 

proposed to explain this photoluminescence mechanism. Though this study does not 

contribute in understanding the origin and mechanism of photoluminescence of Au NCs there 

is work by other groups in this direction. A theoretical study explains photoluminescence of 

nanosized noble metals by electronic transitions between occupied d bands and states above 

the Fermi level (usually the sp bands)
29

. Whetten et al. attribute photoluminescence in the red 

/ near-infrared (NIR) of Au NCs comprising 28 Au atoms capped with glutathione to the 

recombination between the ground state and two distinctively different excited states, i.e. an 

intraband and interband transition
5
. Murray et al. associated the photoluminescence to 

interband transitions between the filled 5d
10

 band and the 6(sp)
1 

conduction band
2
 or to 

participation of localized core surface states
46

. Other possible mechanisms have been 

suggested such as ligand-to-metal charge transfer (LMCT) which is mainly affected by the 

types of ligands
20

, and ligand-to-metal-metal charge transfer (LMMCT) which is commonly 

referred to as aurophilic interaction
47

.  

 

In an additional experiment photostability of different water-soluble fluorophores was 

compared (for data see the Supporting Information). The fluorescent gold nanoclusters 

(AuNC@DHLA) as synthesized here exhibited less photobleaching than organic 

fluorophores (fluorescein, rhodamine 6G). However, AuNC@DHLA was more prone to 

photobleaching than semiconductor quantum dots (CdSe/ZnS), which show an excellent 

photostability.  

 

 

Colloidal characterization 

 

 In order to purify the NCs from eventual residual impurities size exclusion 

chromatography and gel electrophoresis was applied. These methods fractionate the initial 

particle solution and only the desired fraction containing the particles is extracted from the 

elution profile. As both methods are sensitive to size (gel electrophoresis is in addition 
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sensitive to charge) also estimates of size of the NCs can be extracted from the time resolved 

elution profiles
48

. The hydrodynamic diameter deff of AuNC@DHLA nanoclusters was 

determined with size exclusion chromatography to be 1.3 nm < deff < 3.4 nm using 1 - 3 kDa 

polyethylene glycol (PEG) molecules as size standard 
48

 (Figure 3a). Similarly the 

hydrodynamic diameter of AuNC@DHLA was determined with gel electrophoresis to be 

smaller than 5 nm (Figure 3b), using bis(p-sulfonatophenyl)phenylphosphine capped Au NPs 

of different size as standard. Hereby similar negative charge on the reference Au NPs and the 

Au NCs reported in this study was assumed 
48

. These data suggest very small effective 

particle diameters in colloidal solution well below 5 nm. The size increment compared to the 

TEM results which refer to the diameter of only the inorganic Au core is attributed to the 

thickness of the organic capping of the particle surface with DHLA and adsorbed counter 

ions. Due to their small size the AuNC@DHLA particles also showed excellent colloidal 

stability in buffer solution such as 150 mM NaCl. 

 

(Bio-) conjugation 

 

 Polyethylene glycol (PEG, 5 kDa) was chosen as the first example of a molecule to 

conjugate to the surface of AuNC@DHLA. PEG-coated particles are known for excellent 

biocompatibility, reduced nonspecific interaction with biological molecules and cells
49, 50

, 

and increased colloidal stability in a salt-containing solution due to steric repulsion
51-53

. In 

previous studies
54, 55

 we have described that the more PEG molecules are attached to 

nanoparticles, the slower the PEGylated nanoparticles run with gel electrophoresis due to 

increased size of the conjugates. Attachment of single amino-terminated PEG molecules 

(methoxy-PEG-NH2, Mw≥5000 g/mol) to nanoparticles using EDC chemistry can yield to 

distinctly shifted bands upon gel electrophoresis
54

. Here we demonstrate that PEG-NH2 can 

also be covalently attach to fluorescent AuNC@DHLA particles via EDC, which forms an 

amine-reactive O-acylisourea intermediate with carboxyl groups and thus mediates amide 

formation with primary amines. The results shown in Figure 4 indicate that EDC-mediated 

attachment of PEG-NH2 retards the band of the conjugates on the gel. At least one discrete 

retarded band exists which we ascribe to Au NCs with exactly one PEG attached per particle 

in analogy to previous interpretations
55

. As the Au NCs are very small attachment of more 

PEG leads to complete retardation on the gel and conjugates with higher stoichiometry could 

not be resolved. PEGylation extraordinarily improved the stability of AuNC@DHLA in 

salt-containing buffer (1M NaCl) as well as in acidic buffer (pH < 7). Similarly also 

biotin-PEG-amine could be attached to AuNC@DHLA following the same conjugation 

chemistry. In this case the end of the PEG containing the biotin moiety points towards 

solution and the first discrete band can be ascribed to Au NCs with exactly one biotin 

functionality per NC. In a control experiment biotinylation of AuNC@DHLA was proven by 
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cutting the biotinylated Au NCs from gel, incubating them with streptavidin and observation 

of the resulting increase in diameter due to biotin-streptavidin bond formation with gel 

electrophoresis (for date see the Supporting Information). PEGylation of AnNC@DHLA did 

not lead to reduction in photoluminescence intensity.  

 

 Avidin, a glycoprotein was chosen as second example for direct conjugation to 

AuNC@DHLA, as avidin-biotin technology has been widely used in biomedical research. 

Avidin molecules contain NH2 groups and therefore can be conjugated to fluorescent 

AuNC@DHLA by EDC chemistry. Again attachment of avidin led to a reduction in mobility 

of the conjugates due to its high molecular weight of approximately 66 kDa (see Supporting 

Information for data). Similar results were obtained for streptavidin. In both cases 

conjugation of AuNC@DHLA did not lead to a reduction in particle photoluminescence. 

  

Specific labeling of fixed cells 

 

 Biotin, a vitamin essential for the metabolism, is widely distributed in the body. 

Significant amounts of endogenous biotin have been detected in rat kidney, liver and brain
56

. 

Probing the intracellular distribution of endogenous biotin within liver cells with 

streptavidin-conjugated AuNC@DHLA was therefore used as example for confirming the 

functionality of streptavidin-conjugation. Human hepatoma cells (HepG2) were fixed with 

2% paraformaldehyde and stained with streptavidin-conjugated AuNC@DHLA. 

Unconjugated, PEG-conjugated, and BSA-conjugated AuNC@DHLA was used as negative 

control and FITC-avidin as positive control (Figure 5). Bovine serum albumine (BSA) served 

hereby as control for a protein which does not specifically bind to biotin. However, some red 

fluorescence can be observed in the labeling of the cells incubated with unconjugated and 

with BSA-conjugated Au NCs. In both cases this has to be referred to as nonspecific 

background. Conjugation of the Au NCs with PEG reduced nonspecific binding as expected, 

which can be seen in the very low red fluorescence intensity. Streptavidin-conjugated Au 

NCs on the other hand stained the biotin containing cells with high intensity. These results 

are in agreement with the positive control in which streptavidin-coated FITC was used, 

which is a common way to label the endogenous biotin
56

. The consensus of in situ 

observation within liver cells showed that the streptavidin-conjugated AuNC@DHLA can 

specifically label endogeneous biotin.  

 

Nonspecific uptake by living cells  

 

 In addition preliminary data indicate that fluorescent AuNC@DHLA without any 

modification did not cause any acute toxicity. Au NCs were nonspecifically incorporated by 
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cells, as it is known also for colloidal quantum dots
57

. Uptake of unconjugated 

AuNC@DHLA was observed in living endothelial cells after around 5 hours incubation 

(Figure 6). Hereby the uptake efficiency depended significantly on the culture medium, as 

incorporation was stronger in serum-free than in serum-supplemented medium.  

 

 

Conclusions 

In this report we describe the synthesis of water-soluble fluorescent gold nanoclusters 

capped with dihydrolipoic acid (DHLA). The resulting AuNC@DHLA particles have a 

quantum yield of around 1- 3 %, reduced photobleaching compared to organic fluorophores, 

and very good colloidal stability. AuNC@DHLA can be conjugated with EDC chemistry to 

biologically relevant molecules such PEG, BSA, avidin, and streptavidin. Uptake of 

AuNC@DHLA by cells did not cause acute toxicity. By their small hydrodynamic diameter 

(< 5 nm) and inert nature fluorescent Au NCs might become an interesting alternative to 

colloidal quantum dots, in particular for applications in which the size and biocompatibility 

of the label is critical. The weakest point so far remains the relatively low quantum yield. 

Based on the current report as well as on previous breakthrough findings
5, 8, 14, 23, 34, 58

 we 

believe that fluorescent gold nanoclusters have a great potential for applications to 

biomedical research to offer.  
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Figures 

 

 

Figure 1. a) General strategy to fabricate water-soluble fluorescent Au nanoclusters.  

DDAB-stabilized gold nanoparticles (AuNP@DDAB) are etched by the addition of Au 

precursors (HAuCl4 or AuCl3) to smaller nanoclusters (AuNC@DDAB). By the addition of 

reducing agent (TBAB) the Au NCs grow again reversibly into bigger Au NPs. The 

hydrophobic AuNC@DDAB become water soluble upon ligand exchange with 

dihydrolipoic acid (AuNC@DHLA); b) TEM images of AuNP@DDAB,  AuNC@DDAB, 

and AuNC@DHLA. 100 particles were randomly selected for measuring the size 

distribution, resulting in 5.55±0.68 nm, 3.17±0.35 nm, and 1.56±0.3 nm in diameter 

respectively. c) Pictures of particle solutions under daylight.  Contrary to AuNP@DDAB 

solution which features the red color of surface plasmon absorption, AuNC@DDAB and 

AuNC@DHLA display a colorless and brown translucent solution without plasmon 

absorption, respectively. d) Pictures of the same particle solutions under UV excitation. The 

AuNC@DHLA solution show red photoluminescence. 
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Figure 2. a) UV/vis absorption spectra of the as-prepared gold nanoparticles 

(AuNP@DDAB), after etching (AuNC@DDAB) and after ligand exchange 

(AuNC@DHLA). The AuNP@DHLA sample was obtained by ligand exchange from the 

original AuNP@DDAB sample without etching step. Au samples with DDAB capping 

were dissolved in toluene, sample with DHLA capping in aqueous solution. b)  

Photoluminescence (PL, dashed) and photoluminescence excitation spectra (PLE, solid) of 

AuNC@DHLA particles. For the PL spectrum excitation at 490 nm was used. For the PLE 

spectrum a fixed emission at 650 nm was used.  
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Figure 3. a) Elution profile of size exclusion chromatography (Sephacryl S-200 gel) 

AuNC@DHLA particles versus PEG standards (1,000, 3000, 10,000 g/mol) as recorded via 

absorption or refractive index measurements. The PEG standards correspond to theoretically 

estimated diameters of 6.6, 3.4 and 1.8 nm. b) Electrophoretic mobility of Au particles in 

2% agarose gels (7.5V/cm electric field, 20 min running time) Phosphine stabilized Au NPs 

of 10 nm and 5 nm core diameter were run in lanes a and b as control. In lanes c and d 

AuNP@DHLA and AuNC@DHLA solutions are run. The AuNP@DHLA corresponds to 

AuNP@DDAB after ligand exchange. Images were recorded at daylight (left) and under 

UV excitaion (right). 
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Figure 4. PEGylation and biotinylation of fluorescent Au nanoclusters (AuNC@DHLA) as 

probed with gel electrophoresis. The COOH groups present on the surface of 

AuNC@DHLA due to the DHLA capping allow for covalent linkage of NH2-modified PEG 

molecules via EDC activation. a) Addition of EDC only to AuNC@DHLA serves as 

negative control without major effect in mobility. b) Addition of EDC under the presence of 

PEG-NH2 retards the particle bands. c) Addition of EDC under the presence of 

biotin-PEG-NH2 retards the particle bands. The biotin-group points towards solution. In 

both cases retardation is caused by linkage of PEG to the Au particles and the 

corresponding increment in size. The more the PEG is attached to AuNC@DHLA the larger 

the conjugates and thus the retardation become. We ascribe the first discrete band to Au 

particles with exactly one PEG linked per particle. The negative control (lane “N”) 

represent AuNC@DHLA with PEG in the absence of EDC, and lane “C” is a control with 

AuNC@DHLA only.  
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Figure 5. Labeling of endogenous biotin within human hepatoma cells (HepG2) with 

fluorescent Au NCs conjugated to streptavidin (streptavidin-conjugated AuNC@DHLA). 

Three negative controls were used: unconjugated AuNC@DHLA, PEG-conjugated 

AuNC@DHLA, and BSA-conjugated AuNC@DHLA. Streptavidin-conjugated FITC served 

as positive control. All images were recorded with a 20x objective (PLAN NEOFLUAR) 

with a Zeiss confocal microscope. The fluorescence images were recorded with the following 

filter sets: AuNC@DHLA: LP 585 em/ 488 ex, FITC: LP 530/ 488 ex. The scale bars indicate 

50 μm. 
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Figure 6. Nonspecific uptake of unconjugated fluorescent Au nanoclusters 

(AuNC@DHLA) by human aortic endothelial cells. Cell nuclei were stained in with 

(Hochest 33258) to yield blue fluorescence. The red fluorescence corresponds to the Au 

NCs. a) control without Au NCs. b) serum-supplemented cell medium with 50 nM 

AuNC@DHLA added. c) serum-free cell medium with 50 nM AuNC@DHLA added for 5 

hours.  
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ABSTRACT

In traditional DNA melting assays, the temperature of the DNA-containing solution is slowly ramped up. In contrast, we use 300 ns laser
pulses to rapidly heat DNA bound gold nanoparticle aggregates. We show that double-stranded DNA melts on a microsecond time scale that
leads to a disintegration of the gold nanoparticle aggregates on a millisecond time scale. A perfectly matching and a point-mutated DNA
sequence can be clearly distinguished in less than one millisecond even in a 1:1 mixture of both targets.

Compared to the current standard of blood cultures, fast DNA
analysis can speed up the search of pathogens causing severe
illnesses such as sepsis. Numerous pathogens can cause
sepsis, and the death toll could be drastically reduced if the
specific pathogen could be identified more quickly than it
is usually done today using blood cultures.1,2 Determining
the pathogen’s DNA is potentially faster than blood cultures,3

but it requires a rapid DNA assay with the potential for
mutant identification and multiplexing. Most current DNA
assays are based on thermal dehybridization or melting of
the DNA duplex helix.4-8 This is because the melting
temperature of DNA is determined by its base sequence.4

Usually, melting analysis of DNA is realized by slowly
increasing the temperature of the DNA-containing solution.5,6

The heating element, the container, and the solution have to
be heated to finally warm up the DNA, and the whole system
must be in thermal equilibrium throughout the measurement.
This severely limits the speed of the temperature ramp.
Currently, typical time scales for a melting analysis range
from several minutes up to 1 h. A faster detection of the
DNA melting point is highly desirable especially for high
throughput DNA analysis where process time is critical.

Gold nanoparticles (AuNPs) can act as very efficient light
absorbers in the visible due to the particle plasmon resonance.
When irradiated by short laser pulses, AuNPs convert the

absorbed light energy into thermal energy within∼1 ps.9,10

Within the subsequent∼100 ps, a single hot nanoparticle
thermally equilibrates with its surrounding.10,11Large amounts
of optical energy absorbed by AuNPs have been used for
destructive applications like denaturation of proteins,12,13

destruction of cell membranes,14 thermal ablative therapy for
cancer,15 and selective cell damage.16 If high-energy laser
pulses of 106 kW/mm2 are applied to DNA-functionalized
AuNPs, the thiol bond between the DNA and the particle
can break.17

In contrast to these destructive applications of AuNP-
mediated optical heating, we apply AuNPs as nanoscopic
stoves for gentle, controlled, and reversible heating. This
allows us for the first time to use AuNPs for optically induced
DNA melting and to establish a DNA assay. We use DNA
bound AuNP aggregates as light absorbers to locally convert
optical energy from 300 ns laser pulses into thermal energy.
This thermal energy is used to melt double-stranded DNA
(dsDNA) on a microsecond time scale. Subsequently, the
aggregates disintegrate on a millisecond time scale. Both,
the perfectly matching and the single base pair (bp)
mismatched DNA can be clearly distinguished even in a 1:1
mixture of both targets. The millisecond observation window
provides the fastest time frame for a DNA melting analysis
to date with a potential for multiplexing and mutant
identification.

The temperature gradient outside a single hot AuNP is
very steep16,18 so that a single AuNP efficiently heats a thin
shell of water of approximately 5 nm thickness only.
Therefore, DNA of a typical length of 10 nm would be heated
very inhomogeneously and inefficiently if attached to a single
AuNP. However, when AuNPs are arranged in big aggregates
interconnected with DNA,19,20 the heat is accumulated
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between the AuNPs and distributed homogeneously over the
whole aggregate. Consequently, the linking DNA in between
the AuNPs is heated homogeneously.

Apart from acting as nanostoves, AuNPs can also act as
spectroscopic reporters of DNA melting. The plasmonic
properties of AuNPs are very sensitive to the nanoparticles’
surrounding.21 Therefore, AuNPs perform well for optical
biosensing.22-24 The change of the optical properties is
particularly strong for coupled particle plasmon oscillations.25

The plasmon resonance of aggregated AuNPs is broadened
and red-shifted as compared to dispersed AuNPs.25 The
aggregates act as indicators for the hybridization state of the
DNA because a spectral shift and broadening of the particle
plasmon resonance can easily be observed in the extinction
spectra.7,19 Classical melting curves of AuNP aggregates are
obtained by slowly increasing the temperature and monitoring
the extinction. Different phenotypes of DNA will then melt
at different temperatures and can therefore be distinguished.7

In our work, AuNPs with a diameter of 10 nm (BBI) are
functionalized with two different types of single-stranded (ss)
DNA (Figure 1a). Both types of ssDNA consist of a thiolated
A15 sequence and 15 further bases as a detection sequence.

These two detection sequences of 15 bases each are
complementary to the 30 bases of the target ssDNA. To
functionalize the AuNPs, 150 mg 4,4′-(phenylphosphini-
dene)-bis(benzenesulfonic acid) dipotassium salt hydrate was
added to 200 mL gold nanoparticle solution. The mixture
was allowed to stand for several days to replace the original
ligands on the gold surface with phosphine. The solution
was then concentrated to∼1 µM by ultrafiltration and
incubated for several days with thiolated DNA (purchased
from Metabion, 3′and 5′thiol modification) in a DNA/gold
nanoparticle ratio of∼200/1. After removing the unbound
DNA by repeated washing with PBS buffer, the AuNPs with
3′ and 5′thiolated DNA were mixed in a ratio 1/1 in PBS
buffer with 300 mM NaCl. After addition of the 30 base
target in a molar ratio of∼30 targets per gold nanoparticle,
the solution was heated to 65°C for several minutes and
subsequently was allowed to stand at 10°C for typically 3
h. This led to hybridization and a formation of aggregates
due to interlinking of the AuNPs in a tail-to-tail configura-
tion,26 as shown in Figure 1b. AuNP-DNA-networks are
formed with multiple interparticle linkages6 due to several
binding sites per particle.27

Figure 1. Gold nanostoves as DNA melting assay. (a) The sequences for a perfect matching target and AuNP-linked detection sequences.
(b) After the addition of the target to the functionalized AuNPs, multiple interparticle connections form resulting in stable DNA-AuNP
networks. (c) Extinction spectrum of DNA bound gold nanoparticle aggregates at 25°C (solid line) and of dispersed particles at 60°C
(dotted line). The aggregate spectrum shows a red shift of the plasmon resonance peak and broadening of the resonance with respect to the
spectrum of dissolved AuNPs. The green line indicates the wavelength of the pump laser for heating and the red line shows the probe laser
wavelength. (d) Extinction of the DNA-AuNP hybrid system at 650 nm. The melting temperature of the dsDNA is 54.0°C for the perfect
matching target and 50.5°C for a target with one bp mismatch. (e) Experimental setup: The pulsed pump-laser (green) heats the gold-
aggregates. The resulting change in the sample’s extinction is detected with a fast photodiode detecting the transmitted light of a 650 nm
cw diode laser.
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The extinction spectrum of aggregates (Figure 1c, solid
line) shows a plasmon resonance that is red-shifted and
broadened compared to the plasmon resonance of dispersed
AuNPs (Figure 1c, dotted line). The optical extinction at 650
nm is a good indicator for DNA melting and the successive
dissociation of the aggregates. This is shown in Figure 1d,
where a steep decrease in the extinction can be observed
when the samples are heated and the aggregates dissolve
because of DNA melting (see also ref 7). The exact values
for the melting temperature are deduced from the deriva-
tives of the melting curves in Figure 1d. As can be observed
in Figure 1d, aggregates formed with a target DNA compris-
ing a single bp mismatch (green line) show a decreased

melting temperature as compared to aggregates formed
with a perfect matching target (black line). Instead of per-
forming a time-consuming temperature ramp as shown in
Figure 1d, we use single laser pulses from a Nd:YLF solid-
state laser of 300 ns duration, a wavelength of 527 nm, and
a repetition rate of 0.5 Hz to optically heat the aggregates
(Figure 1e). A 650 nm continuous wave probe laser beam is
spatially overlapped with the heating laser pulses in a 2 mm
thick cuvette (Figure 1e). The intensity of the transmitted
probe light is detected with a fast photodiode (Thorlabs
DET110) connected to a 1 GHz oscilloscope (LeCroy
Waverunner LT584). The temporal resolution of the setup
is 20 ns. The bath temperatureTB of the solution in the

Figure 2. Testing for optically induced DNA melting. (a) Relative change in the extinction∆Ext/Ext after a low-power laser pulse has
been applied (IPeak ) 2.5 kW/mm2). The bath temperature is set to 25°C, which is far below the melting temperature of the DNA. The
pump laser heats the aggregates for 300 ns. The extinction shows an initial sharp decrease but fully recovers on a microsecond time scale,
indicating that the aggregates cool down on a microsecond time scale without dissociation (inset). (b) After aggregate cooling, there is no
long-lived change in extinction, because the laser power was not sufficient to induce enough heat for DNA melting. (c) AtIPeak ) 5
kW/mm2, the initially decreased∆Ext/Ext signal is larger than in Figure 2a because the induced temperature is higher. The reached temperature
is now sufficient to melt the DNA in the aggregates. This changes the aggregate structure (inset) and consequently the extinction stays on
a decreased level after the cooling period (t > 25 µs). (d) The extinction decreases further on a millisecond time scale as the unlinked
nanoparticles now diffuse apart (left inset). The red arrow indicates the amplitude of the long-lived decrease in extinction as a result of
DNA melting and consequent aggregate dissociation (right inset). (e) The amplitude of the∆Ext/Ext signal at 20 ms as a function of the
applied laser intensity shows a clear thresholdlike behavior. The blue lines are linear fits in the melting and nonmelting regime for an exact
determination of the melting thresholdIM (crossing point). Data in panels a-d are averaged over 20 single shot measurements to reduce
noise.
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cuvette can be preset by a temperature-controlled cuvette
holder.

Figure 2a shows a transient of the relative change of
extinction∆Ext/Ext of aggregates atTB ) 25°C. The applied
laser pulse has a peak power densityIPeak of 2.5 kW/mm2.
During the laser pulse, a sharp decrease in the extinction is
observed. This can be due to a thermally induced change of
the dielectric permittivity in the AuNPs,10 the water, and/or
the DNA. Another reason could be heat-induced inflation
of the aggregates and a temporary increase of the interparticle
distance. Probably, the sharp decrease in the extinction is
due to a mixture of these effects, and a detailed investigation
is beyond the scope of this letter. Importantly, the∆Ext/Ext
signal fully recovers with a time constant of∼4 µs and
remains recovered also on a millisecond time scale (Figure
2b). The time constant for recovery coincides with calculated
cooling times for aggregates with a diameter of a few
micrometers,18,28 which is a realistic size for DNA bound
nanoparticle aggregates.7 TB is virtually not affected even in
the laser spot, otherwise a cooling time in the order of
seconds would be expected,18 which is in contrast to our
observations. We can conclude that after a laser pulse with
IPeak) 2.5 kW/mm2, the AuNP aggregates remain intact and
no melting of DNA has occurred.

The situation changes dramatically, whenIPeakis doubled
(Figure 2c,d) to 5 kW/mm2. Doubling the power density in
the laser pulses roughly doubles the amplitude of the sharp
decrease in the extinction during the pulse (Figure 2c).
Indeed, calculations show a linear dependence of the induced
temperature increase on the applied laser power.18 The 4µs
time scale of the subsequent cooling of the aggregate is
unchanged compared to the previous experiment using only
IPeak) 2.5 kW/mm2. However, the∆Ext/Ext signal does not
recover to zero in contrast to the previous experiment with
a lower appliedIPeak(Figure 2a). In fact, the absolute value
of the∆Ext/Ext signal increases again on a millisecond time
scale with a time constant of 1.5 ms (Figure 2d). It saturates

on a ms time scale and stays as a persistent signal for seconds
until the extinction recovers due to the diffusion of fresh,
undissolved AuNP aggregates into the focus (not shown).
These observations can be explained in the following way:
The heat that stays within the aggregate for a few micro-
seconds is sufficient to melt the dsDNA (Figure 2c, inset).
The linkages between the AuNPs are loosened and the NPs
subsequently diffuse apart on a ms time scale (insets in
Figure 2d).

In Figure 2e, the relative change of the extinction at time
t ) 20 ms after the heating pulse (see red arrow in Figure
2d) is plotted against the applied power density of the heating
laser pulses. A clear thresholdlike behavior is observed. A
∆Ext/Ext signal cannot be observed below a threshold power
density IM ) 3.8 kW/mm2, where the optically induced
thermal energy is not sufficient to melt the dsDNA. Above
the melting thresholdIM, the relative extinction decreases
linearly with the applied laser power. This thresholdlike
behavior can be explained by the sharp melting curve in
Figure 1d. At a givenTB, a certain amount of optothermal
heating is required to kick the temperature of the aggregates
over the melting barrier. However, in contrast to a temper-
ature-ramped melting assay, our optothermal assay provokes
controlled DNA melting on a much faster time scale.

In the following, the influence of a mismatch in the target
DNA will be analyzed. We compare aggregates linked by a
perfect matching target (PMT) and aggregates linked by a
single base pair mismatched target (MMT) (sequence given
in the inset in Figure 3a).TB was set to 45°C, which is
slightly below the melting temperature of the MMT-
aggregates. The transient extinction after a single laser pulse
is shown in Figure 3a. In contrast to Figure 2a-d, there is
no averaging over several events. A biexponential fit to the
single shot raw data is added to the graph in Figure 3 as a
guide to the eye (black line). The applied laser power density
for this experiment was chosen to be just below the melting
threshold IM ) 3.1 kW/mm2 of the PMT-aggregates.

Figure 3. Mutant identification on a microsecond time scale. (a) Transient extinction after one single laser pulse. Double exponential fits
are added as a guide to the eye. Perfect matching target DNA (black line) and mismatched target DNA (green line) can be distinguished
with one single laser pulse. The long-lived decrease in extinction is only present with the mismatched target DNA. The applied laser power
density is 2.9 kW/mm2. The bath temperatureTB is 45 °C, close to the melting temperature of the targets. (b) The same measurement at
TB ) 53 °C. The applied power density is 3.8 kW/mm2. The aggregates containing only mismatched target (green line) are completely
dissociated atTB ) 53 °C and show no response to the heating laser. The perfect matching target (black line) melts with a clear long-lived
change in the extinction. A mixture of both targets (blue line) shows a long-lived∆Ext/Ext signal as well but with a smaller amplitude
compared to the perfect matching target. All three cases can be distinguished in the microsecond time range with one single laser pulse.
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Therefore, no long-lived change in extinction was observed
for this target. The result changes if the MMT-aggregates
are optically heated under exactly the same conditions. A
long-lived decrease in extinction now indicates DNA melting
(green line). The MMT can clearly be distinguished from
the PMT within an observation window of only 1 ms.

Up to now, we have shown that we can distinguish two
solutions containing a perfect matching target and a mis-
matched target, respectively. However, it is a prerequisite
for a multiplexing DNA assay to discriminate different DNA
targets that are present in one and the same solution. To test
the AuNP-nanostove-assay also for this requirement, we
prepared a mixed solution (MIX) with a 1:1 mixture of the
targets PMT and MMT.TB was preset to 53°C (Figure 3b).
The pure MMT-aggregates were completely dissolved at this
temperature (Figure 1d). Consequently, the transient extinc-
tion for the pure MMT-sample showed no response to the
laser pulse (Figure 3b, green line). In the PMT-containing
samples, the AuNPs were still aggregated at 53°C. The
transient extinction of the pure PMT-aggregates clearly
showed a long-lived decrease in the extinction (black line).
In the case of the MIX-sample (blue line), the extinction
transient can be clearly distinguished from both transients
of the PMT and the MMT samples. At 53°C, the MIX-
solution obviously is a composite of dissolved AuNPs and
PMT-bound aggregates. MMT-, PMT-, and MIX-solutions
can clearly be discriminated with only one single laser pulse
and an observation time below one millisecond.

Our results demonstrate the high potential of the gold-
nanostove-assay for rapid high-throughput DNA analysis
with an option for multiplexing. The read-out time of the
assay is less than a millisecond after the 300 nanosecond
laser pulse has been applied. The aggregates of nanoparticles
serve as both converters of optothermal energy to heat the
DNA and as a spectral reporter of DNA melting that allows
for the discrimination of different targets even when they
are mixed in one and the same solution. Therefore, classi-
fication of DNA is possible on a microsecond time scale
without time-consuming temperature ramps. The concept of
pulsed laser heating of gold nanostoves has great potential
to improve the speed of pathogen detection. It is substantially
less time-consuming compared to the current standard of
blood cultures or DNA melting assays that require a full
temperature ramp to determine the concrete pathogen and
possible antibiotic resistance. The sooner patients can be
treated with specific antibiotics instead of broad-band
antibiotics, the less probable is the breeding of hospital-
acquired strains with multiple resistance. Apart from high-

speed pathogen DNA identification, the gold nanostove DNA
assay may also be beneficial for phenotyping or for high
throughput assays.
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In this mini-review recent applications of quantum dots in bioanalytics and
biolabeling are discussed. The state-of-the-art of the field is summarized, some
selected applications are highlighted, and future directions are suggested.

Colloidal semiconductor
nanoparticles—alternative
fluorescence dyes

Colloidal quantum dots (QDs) are fluor

escent dyes, which in contrast to organic

fluorophores are based on inorganic

semiconductor nanoparticles. When

these particles are photo excited, elec

tron hole pairs are generated and upon

their recombination fluorescence light is

emitted. Due to their small size quantum

effects play an important role, which

finally results in size dependent wave

lengths of fluorescence. The smaller the

particles, the more blue shifted their

fluorescence.1 In this way all colors in

the visible and infrared can be obtained

by synthesizing nanoparticles of different

size. In contrast to organic fluorophores,

QDs have some unique photophysical

properties. They have a continuous

absorption spectrum for wavelengths

shorter than the wavelength of fluores

cence emission.2 Their emission spectra

are quite narrow and symmetric, and do

not show any red tail. In this way many

different colors can be excited with just

one wavelength of excitation and can be

spectrally well resolved. The fluorescence

lifetime is a few ns and thus is signifi

cantly higher than that of organic fluoro

phores. Also their photobleaching is

reduced. The general advantages of these

properties towards applications with a

biological background have been dis

cussed in several recent reviews.3 8

Nowadays the synthesis of quantum dots

in organic solvents is well established, so

that control of the size, shape, and even

composition is possible.9 The most fre

quently used system is cadmium selenide

particles with a zinc sulfide shell.10

Historically the first particle syntheses

were performed in aqueous solution and

thus the resultant particles were auto

matically water soluble.11 Nowadays

particles are often also synthesized in

organic solvents, as such synthesis routes

allow for advanced shape and composi

tion control.12,13 These hydrophobic

particles can be routinely transferred into

aqueous solution with several methods

including ligand exchange, surface sila

nization, embedding in a polymer shell,

incorporation in micelles (detailed

references can be found in some recent

reviews14 17), and they are also commer

cially available from several vendors. A

number of reports has been published in

which biological molecules have been

attached to the surface of such water

soluble quantum dots (detailed references

can be found in several reviews18 20),

even with such control that an exactly

known number of molecules can be

attached per particle.21 However, so far

no general conjugation scheme which

would allow the use of the same strategy

for controlled conjugation of different

species of biological molecules to differ

ent particles is available. We believe that

improved general conjugation optimized

for quantum dots is still a technical

hurdle which has to be solved before

biologists will routinely use quantum

dots for their applications.

Analyte detection in aqueous
solution

QDs can be used in different ways to

detect analytes. As active sensor elements

the fluorescence properties of the QDs

are changed upon reaction with the

analyte. Fundamental studies have

revealed that chemical or physical inter

actions between a given chemical species

(the analyte) with the particle surface can

result in changes in the QDs’ surface

charges and thus affect significantly their

photoluminescence emission.22 Binding

of analytes to the nanoparticle surface

can create surface state traps, which

results in quenching of the luminescence

of the QDs.23 Specific fluorescence

quenching has been used for example to

measure cationic concentrations, such as

Zn2+ or Cu2+,22,24 or toxic anions such as

CN ,25 see Fig. 1a. On the other hand,

by passivation of surface state traps (by

‘‘filling’’ them or moving them energeti

cally closer to the band edges) binding of

analytes can also cause enhancement of

the luminescence of the QDs. Specific

fluorescence enhancement of QDs has

been demonstrated for the optical sen

sing of trace levels of ionic species such as

Ag+.26 Such reported methods are very

simple, easy to develop and some of

them have shown very high sensitivity.

Unfortunately they appear to be

restricted to sense just a few reactive

small molecules or ions that are able to

interact directly with the QDs’ surface.

Moreover, the reactions are usually not

highly specific, and they also depend

strongly on the surface properties of the

QDs (including their coating). Slight

variations in the QDs’ surface properties

from synthesis to synthesis complicate
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absolute fluorescence measurements. We

therefore predict limited use of QDs in

industrial applications as active element

in sensors of the above described type.

QDs can also be used as passive labels

in sensor applications. Conjugation of

selective receptor molecules (e.g. anti

bodies) to the surface of QDs has been

used for the development of QD based

fluorescent probes. This approach has

allowed for example the design of simple

multiplexed immunoassays. Capture

antibodies are immobilized on a sub

strate to which the analyte is added. In a

second step QD labeled antibodies are

used to visualize and quantify the bound

analyte.27 By using QDs of different size

and thus color several different analytes

can be labeled in parallel. In pioneer

work four toxins were simultaneously

detected.28 In our opinion in the field of

analyte detection QDs will have the

biggest impact in fluorescence resonance

energy transfer (FRET) based assays.29

QDs have great potential to be used as

energy transfer donors for organic

fluorophores as acceptor. The capability

of choosing the QDs’ emission wave

lengths by synthesizing particles of the

appropriate diameter allows for efficient

energy transfer with a wide number of

conventional organic dyes due to the

perfect overlap of their emission spec

trum with the absorption spectrum of the

acceptor dye. Since QDs can be excited

at any wavelength shorter than their

fluorescence they can be excited at

wavelengths far away from the excitation

of the acceptor dye. Furthermore, the

QD emission spectrum is narrower and

more symmetric than the emission of

conventional organic fluorophores,

which makes it much easier to distinguish

the emission of the donor from that of

the acceptor. However, it should be

mentioned that one drawback is the

relatively large size of QDs, which

hinders the needed closeness of the

acceptor to the donor for FRET to occur

efficiently. Nevertheless, several studies

have already confirmed that QDs are

excellent donors in FRET based assays.

In competitive FRET assay the surface

of the QDs is modified with a recognition

site for the analyte. By blocking the

recognition site with an acceptor dye that

binds to it the fluorescence of the QDs is

quenched by FRET, see Fig. 1b. Present

analyte molecules now can displace the

acceptor dye from the recognition site

which can be detected by an increase in

the QD fluorescence30,31 In this way

sensors to detect sugars31 and explo

sives30,31 have been realized. For the

detection of enzymes alternative assays

have been developed. An acceptor dye is

attached to the QD surface via a linker

molecule and due to the resulting FRET

the QD fluorescence is quenched.

Enzymes that are able to cut the linker

molecule cause a release of the acceptor

from the QD surface and thus an

increase of QD fluorescence.32 This assay

enabled the detection of proteolytic

enzymes.32 Whereas in the so far men

tioned sensors addition of analyte results

in reduction of FRET the opposite

scheme is also possible. A sensor for

single stranded DNA comprises QDs

and acceptor dye molecules that are

both attached to single stranded DNA

molecules that are complementary to

different parts of the target DNA.

When target DNA (the analyte to be

detected) is present it hybridizes with one

end of the DNA attached to the QDs and

with the other end of the DNA attached

to the acceptor dyes. In this way the QD

donors and dye acceptors are linked

together and due to FRET fluorescence

emission of the dye can be detected upon

QD excitation.33,34 Similarly, the enzyme

telomerase can be detected when it links

acceptor dye labeled nucleotides to a

short primer DNA that is bound to the

surface of QDs by onset of acceptor dye

emission upon QD excitation due to

FRET.35 Certainly even more efficient

FRET assays will be available in the

future by optimizing the bioconjugation

scheme and thus the closest possible

distance between QD donor and dye

acceptor. Recently QDs have also been

used as acceptors for bioluminescent

donors.36

Cellular labeling

QDs also can be used for labeling

biological cells. In the following, several

types of such applications are described

and discussed. 1) In conventional stain

ing experiments QDs are bound to

antibodies specific to target structures

in cells,37 see Fig. 1c. Here the QDs

simply substitute organic fluorophores as

fluorescence marker of the antibody.

Compared to organic fluorophores they

offer the following advantages. For

multi color staining potentially more

structures can be labeled simultaneously

due to their narrow emission spectra

and it is possible to excite all colors of

fluorescence with one single excitation

wavelength. Due to the reduced photo

bleaching it is also easier to obtain

3 dimensional (stacked) images.

Another advantage is the enhanced

fluorescence decay time. By making

time gated images the background can

be reduced.38 However, in this type of

application QDs have to be seen only as

an alternative fluorescence dye. With the

Fig. 1 a) Analyte detection by quenching of the quantum dot fluorescence (red) upon binding

of the analyte (black) to the quantum dot surface. b) By binding an appropriate organic

fluorophore (green) as acceptor to the surface of the donor quantum dot fluorescence energy

transfer (FRET) occurs. FRET is stopped upon displacement of the acceptor dye from the

quantum dots surface by the analyte. c) Specific cellular receptors (black) can be labeled with

quantum dots that have been modified with appropriate ligand molecules. d) If a cell (grey)

within a cell colony is labeled with quantum dots this cells passes the quantum dots to all its

daughter cells and the ‘‘fate’’ of this cell can be observed.
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same idea QD labeled DNA has been

used as a marker for fluorescence in situ

hybridization (FISH).39 41 2) Instead of

labeling whole cellular structures also

individual molecules can be fluorescence

labeled with QDs. In this way it was

possible to trace the movement of indi

vidual membrane proteins.42,43 We think

that QDs will have huge potential for

such tracking studies. First, single QDs

can be brighter than single organic

fluorophores and therefore it is relatively

easy to observe single QDs. Second, the

reduced photobleaching is essential for

any tracking application over extended

periods of time. Already first tracking

experiments have been reported that

would not be possible with conventional

organic fluorophores. 3) QDs can be

used to trace cells in cell cultures. When

cells are exposed to a solution of QDs

they start to ingest them.44 When cells of

different types have been incubated with

QDs of different color before seeding

them in a co culture, the type of each cell

can be identified afterwards by its color

of fluorescence.17,45 Also the fate of

particular cells within cell or tissue

cultures can be followed by fluorescence

labeling them with QDs, see Fig. 1d.

For these applications the following

properties of QDs play an important

role: because of their reduced photo

bleaching and the fact that upon cell

division they are passed to both daughter

cells, the fluorescence labels can be

observed over extended periods of time.

Since fluorescence labeling is possible

simply by incubating the cells with the

QDs, we predict a significant impact of

QDs for tracing studies of cells. 4) QDs

have also been used for labeling of

tissues in animals and there is hope to

use them as contrast agents in human

beings.36,46 51 For example, lymph nodes

have been fluorescence labeled with QDs

before surgery.52 Compared to standard

procedures this methods offers the

possibility to see the target structure

before making an incision into the skin

and that during the actual cutting pro

cess it is easy to identify all remaining

parts of the target structure. Since skin

absorbs light it is a general problem to

observe fluorescence deep inside tissues.

Here the QDs offer clear advantages.

First, QDs can be synthesized that emit

in the infrared at wavelengths that are

only moderately absorbed by tissue.

Second, QDs can also be excited by

2 photon excitation and thus infrared

light can be used to excite them.53

Although already significant progress

has been achieved in this type of applica

tion we claim that the final breakthrough

will still take time until the biocompati

bility issues of the QDs are resolved.

Open challenges

Although QDs are nowadays already

used in several ‘‘real’’ applications, some

general problems still have to be over

come in the future. The process of

‘‘blinking’’, i.e. when luminescence

switches on and off, is so far still not

completely understood. Blinking limits

quantitative single QD based sensor

applications. So far most QDs are based

on Cd containing materials. Although

appropriated coverage of these particles

with additional shells can seal the Cd

containing core, these particles are

potentially cytotoxic.54,55 We predict that

in the future other QDs that do not

contain cadmium and therefore are more

biocompatible will be made available,

such as for example doped zinc selenide

particles.56 The other general problem is

specificity. Although major effort has

been invested in the surface modification

of QDs effects such as nonspecific

adsorption still cannot be ruled out.

Thus, there is still room for further

development in all these directions.

Conclusion

QDs have finally taken the step from

pure demonstration experiments to real

applications. We claim that QDs will

never replace organic fluorophores as

such, but they will be the dominant

fluorescence dyes in certain types of

applications. Certainly, QDs will have a

severe impact in particular in single

molecule tracing studies, in FRET based

immunoassays, and in tracking the fate

of cells in tissues.
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This critical review gives a short overview of the widespread use of gold nanoparticles in biology.

We have identified four classes of applications in which gold nanoparticles have been used so far:

labelling, delivering, heating, and sensing. For each of these applications the underlying

mechanisms and concepts, the specific features of the gold nanoparticles needed for this

application, as well as several examples are described (142 references).

1. Introduction

Colloidal gold nanoparticles have been used technologically

since ancient times due to their optical properties, in particular

for staining glass. Systematic investigations on gold colloids go

back to the days of Faraday, though in their use for biological

applications the breakthrough happened only in the last dec

ade.1 This goes hand in hand with the advent of (bio ) nano

technology, which nowadays allows for controlled synthesis and

functionalization of materials on the nanometre scale and thus

provides a toolbox that did not exist before. It is legitimate to

ask whether the increasing use of gold nanoparticles in biology is

just an effect of the ‘‘nano hype’’, or whether colloidal gold

offers particular properties which go beyond the performance of

previously used materials or even allow for unprecedented

techniques. The purpose of this review is to outline the con

ceptual properties of colloidal gold nanoparticles and to outline

the motivation for their use in different areas of biologically

related research. We have classified the uses of gold nanoparti

cles into four concepts of applications: labelling, delivering,

heating, and sensing.

2. Some aspects of the synthesis and properties

of gold nanoparticles

2.1 Synthesis and phase transfer

The synthesis of gold nanoparticles with diameters ranging

from a few to several hundreds of nanometres is well estab

lished in aqueous solution as well as in organic solvents. In

typical syntheses, gold salts such as AuCl3 are reduced by the

addition of a reducing agent which leads to the nucleation of

Au ions to nanoparticles. In addition, a stabilizing agent is

also required which is either adsorbed or chemically bound to

the surface of the Au nanoparticles. This stabilizing agent

(often also called a surfactant) is typically charged, so that the

equally charged nanoparticles repel each other so that they are

colloidally stable. For the most common synthesis route in
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aqueous solution, citric acid serves first to reduce the gold salt

and thus to trigger nucleation, and secondly by adsorption to

the particles it provides colloidal stability to the particles by its

negative charges.2,3 Similar synthesis routes can also be per

formed in organic solvents,4,5 though in this case the reducing

agent is different from the stabilizing agent. For particles

dispersed in organic solvent frequently surfactants based on

hydrophobic alkane chains are bound to the particle surface in

order to provide colloidal stability. A sketch of the geometry

of Au nanoparticles is given in Fig. 1. Besides growing of gold

particles of spherical shape other geometries such as rod

shaped particles or hollow shells can also be synthesized.6,7

2.2 Surface modification and bioconjugation

Colloidal gold nanoparticles are surrounded by a shell of

stabilizing molecules. With one of their ends these molecules

are either adsorbed or chemically linked to the gold surface,

while the other end points towards the solution and provides

colloidal stability. After synthesis of the particles the stabilizer

molecules can be replaced by other stabilizer molecules in a

ligand exchange reaction. As thiol moieties bind with high

affinity to gold surfaces, most frequently thiol modified li

gands are used which bind to the surface of the Au particles

(which are by several groups also called ‘‘monolayer protected

clusters’’) by formation of Au sulfur bonds.8 Ligand exchange

is motivated by several aspects. Ligand exchange allows, for

example, the transfer of Au particles from an aqueous to an

organic phase (and vice versa) by exchanging hydrophilic

surfactants with hydrophobic surfactants (and vice versa).9

In this way, by choosing the surfactant molecules, it is possible

to adjust the surface properties of the particles.

For applications in aqueous solution typically thiol based

surfactants with carboxylic groups at the other end pointing

towards the solution are used. These molecules provide colloidal

stability due to their negative charges; in addition they can also

be used as anchor points for the further attachment of biological

molecules. Often poly(ethylene glycol) (PEG) is used as a ligand

as PEG reduces nonspecific adsorption of molecules to the

particle surface and it provides colloidal stability because parti

cles with PEG brushes on their surface repel each other for steric

reasons.10 Other surface coating techniques such as embedding

particles in a silica shell have been used by several groups.11

Biological molecules can be attached to the particles in

several ways. If the biological molecules have a functional

group which can bind to the gold surface (like thiols or specific

peptide sequences), the biological molecules can replace some

of the original stabilizer molecules when they are added

directly to the particle solution. In this way molecules like

oligonucleotides, peptides or PEG can be readily linked to Au

particles and subsequent sorting techniques even allow parti

cles with an exactly defined number of attached molecules per

particle to be obtained.12,13 Alternatively, biological molecules

can also be attached to the shell of stabilizer molecules around

the Au particles by bioconjugate chemistry. The most common

protocol is the linkage of amino groups on the biological

molecules with carboxy groups at the free ends of stabilizer

molecules by using EDC (1 ethyl 3 (3 dimethylaminopropyl)

carbodiimide HCl).14,15 With related strategies almost all

kinds of biological molecules can be attached to the particle

surface. Though such protocols are relatively well established,

bioconjugation of Au nanoparticles still is not trivial and

characterization of synthesized conjugates is necessary, in

particular to rule out aggregation effects or unspecific binding

during the conjugation reaction. In particular, in many con

jugation protocols the number of attached molecules per gold

nanoparticle is only a rather rough estimate, as no standard

method for determining the surface coverage of particles

modified with molecules has yet been established.16,17

2.3 Cytotoxicity

Although gold nanoparticles are composed of an inert materi

al, biocompatibility issues have to be considered. Cells ex

posed to gold nanoparticles will incorporate the particles

(similar to nanoparticles of other materials) and the particles

are stored inside the cells in perinuclear compartments, vesi

cular structures close to the cell nucleus.18,19 Due to particle

internalization cells or tissues in contact with gold nanoparti

cles will be exposed to the particles for extended periods of

time. Concerning cytotoxic effects20 one has to distinguish

between effects related to the nature of the material (here:

gold) and effects common to nanoparticles of even inert

materials. Also for inert particles such as gold, inflammatory

effects in tissues caused by particles have been demonstrated.

However, in cell culture experiments Au nanoparticles are

regarded as biocompatible, and acute cytotoxicity has not

been observed so far.21 In particular, no release of toxic ions

as in the case of cadmium based nanoparticles22 has been

reported. On the other hand, there are few examples of toxic

effects related to the nature of Au, which might depend on the

cell line,19,23 on surface chemistry,24 and on the nanoparticle

size.25 Actin fibres inside the cell, for example, can be affected

by the presence of nanoparticles,26 and very small Au clusters

have been demonstrated to fit into the grooves of DNA

molecules and thus cause cytotoxic effects.25,27 A more

detailed discussion can be found in another article in this

issue.28

3. Gold nanoparticles for labelling and visualizing

Traditionally, Au nanoparticles have been primarily used for

labelling applications. In this regard, the particles are directed

and enriched at the region of interest and they provide contrast

for the observation and visualization of this region. The particles

are used here as ‘‘passive’’ reporters; there is no change of

particle properties required for the read out as is the case for

active sensor applications (see section 6). Gold nanoparticles are

Fig. 1 Schematic of a ligand conjugated gold nanoparticle. The gold

core (red) is surrounded by stabilizer molecules (grey) which provide

colloidal stability. Ligands (green) can be either linked to the shell of

stabilizer molecules (as shown here) or directly attached to the gold

surface by replacing part of the stabilizer molecules.
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a very attractive contrast agent as they can be visualized with a

large variety of different techniques. The most prominent detec

tion techniques are based on the interaction between gold

nanoparticles and light.29 Gold particles strongly absorb and

scatter visible light. Upon light absorption the light energy

excites the free electrons in the Au particles to a collective

oscillation, the so called surface plasmon.30 In particular, close

to the plasmon resonance frequency the absorption cross section

is very high. The excited electron gas relaxes thermally by

transferring the energy to the gold lattice; finally the light

absorption leads to heating of the gold particles.

Interaction with light can be used for the visualization of

particles in several ways. Gold particles larger than around

20 nm can be directly imaged with optical microscopy in phase

contrast or differential interference contrast (DIC) mode.31 In

dark field microscopy only light scattered from gold particles is

detected with an optical microscope32 whereby particles larger

than 20 30 nm can be imaged. As the colour of the light

scattered by gold particles depends on their sizes and shapes,

gold particles can be used for labelling with different colours.30,33

For small particles the scattering cross section decreases rapidly

whereas the absorption cross section decreases less.

Absorbed light ultimately leads to heating of the particles and

upon heat transport subsequently to heating of the particle

environment. This can be observed in two ways. Photothermal

imaging records density fluctuations (i.e. local variations of the

refractive index) of the liquid environment around the particles by

DIC microscopy.34,35 Photoacoustic imaging, on the other hand,

makes use of the fact that the liquids expand due to heat. A local

heat pulse due to light absorption leads to expansion of the liquid

surrounding the gold particles and thus to the creation of a sound

wave which can be detected by a microphone.36,37 Both photo

thermal and photoacoustic imaging make use of the large light

absorption cross section of gold nanoparticles. Small gold parti

cles have recently also been reported to emit fluorescence upon

photo excitation and thus can be visualized with fluorescence

microscopy.38,39 All of the above mentioned methods involving

photoexcitation (phase contrast/interference contrast microscopy,

dark field microscopy, photothermal imaging, photoacoustic

imaging, and fluorescence microscopy) provide sufficient sensitiv

ity to allow for detection at the single particle level.

Besides the interaction with visible light, the interaction with

both electron waves and X rays can also be used for visualiza

tion of Au nanoparticles. Due to their high atomic weight Au

nanoparticles provide high contrast in transmission electron

microscopy (TEM).40 Au particles also scatter X rays effi

ciently and thus provide contrast in X ray imaging,41 see also

section 3.3. Finally, Au nanoparticles can also be radioactively

labelled by neutron activation42 and can be detected in this

way by gamma radiation.

3.1 Immunostaining

Immunostaining is one of the traditional uses of Au nanoparticles

in biology before the advent of ‘‘nanobiotechnology’’. The idea of

immunostaining is the labelling of specific molecules or compart

ments of cells (see Fig. 2a) by antibodies. Without labelling, the

molecules or cell compartments of interest cannot be visualized

because of a lack of contrast with the other structures or

molecules of the cell. For immunostaining, cells are typically fixed

and permeabilized and Au nanoparticles are added that are

conjugated with antibodies specific against the molecules of

interest. Guided by molecular recognition, the antibody modified

Au particles will bind to the molecule (antigen) or target regions

containing the antigen. As the cells are fixed and permeabilized,

targets outside as well as inside cells can be labelled with gold

particles in this way. The Au particles then provide excellent

contrast for TEM imaging with high lateral resolution43 and

larger structures can also be imaged with optical microscopy.44

Compared to fluorescence labelling, Au particles are more stable

as they do not suffer from photobleaching which is a major

limitation for fluorescence based methods, and in the case of

TEM imaging better lateral resolution with high contrast can also

be obtained. In immunostaining, molecules/structures are labelled

with an excess of Au nanoparticles so that virtually all entities are

labelled (possibly with several markers) in order to provide high

contrast. In this case the local density of Au particles at the sites

where the labelled molecules/structures are present is quite high.

Therefore the resolution limit of the optical microscope (of a few

hundreds of nm) does not allow for optically resolving individual

molecules labelled by antibody conjugated Au nanoparticles (of a

few tens of nm in diameter), as the distance between adjacent Au

nanoparticles is smaller than the optical resolution limit. How

ever, due to better lateral resolution in electron microscopy,

individual receptors can be resolved by visualizing the bound

Au nanoparticles with TEM.

Immunostaining is also possible without fixing and permeabi

lizing cells, but in this case only structures/domains on the surface

of the cell can be labelled. For immunostaining of the outer cell

surface photoacoustic imaging can also be used besides the

imaging techniques mentioned above. Photoacoustic

imaging provides an additional feature in contrasting. When Au

nanoparticles come close together (i.e. form small aggregates) the

frequency of the plasmon resonance shifts to higher wavelengths.

When freely dispersed colloidal Au nanoparticles are optically

illuminated at wavelengths well above their plasmon resonance,

the light is not absorbed and thus there will not be any photo

acoustic signal. Small aggregates of Au nanoparticles, on the

other hand, can absorb light at wavelengths above the plasmon

resonance of freely dispersed, single Au particles. If, therefore,

light with a wavelength above the plasmon resonance of freely

dispersed Au particles is used for excitation there will be a

photoacoustic signal for aggregates of Au nanoparticles, but

not for single dispersed Au nanoparticles. If Au nanoparticles

modified with antibodies against membrane receptors are used

they will bind to the regions of the outer cell surface where the

receptors are present. As several Au nanoparticles will bind to

such regions there is a local ‘‘aggregation’’ of Au nanoparticles

present which can provide a photoacoustic signal, whereas Au

nanoparticles which are still in solution or which are randomly

distributed on the cell surface due to nonspecific adsorption will

not exhibit any photoacoustic signal.36

3.2 Single particle tracking

The molecules/structures on the outer cell surface can be

labelled with Au nanoparticles which are conjugated with

specific antibodies against these molecules/structures. In
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contrast to immunostaining, for single particle tracking only a

few antibody conjugated Au nanoparticles are added, so that

after binding to the cell the particle labels present on the cell

surface are very diluted. As in this case the average distance

between adjacent Au nanoparticles is larger than the optical

resolution limit, individual Au nanoparticles can be optically

resolved. For imaging the movement of molecules/structures,

living cells without fixation and permeabilization have to be

used, which limits the labelling of molecules/structures to the

outer cell surface and the visualization to optical techniques

(phase/interference contrast microscopy, dark field micro

scopy, photothermal imaging, fluorescence imaging, or in

combination with acoustics: photoacoustic imaging).

Most frequently, membrane bound receptor molecules are

investigated by single particle tracking. By time resolved

imaging of the receptors which are labelled with Au nanopar

ticles, their trajectories and thus their diffusion within the cell

membrane can be observed (see Fig. 2b).45 Movement of Au

nanoparticles larger than around 40 nm can be traced directly

with phase contrast or differential interference contrast micro

scopy.46 For gold particles larger than around 20 30 nm the

light scattered by individual Au nanoparticles can be recorded

with dark field microscopy.47 Movement of receptors labelled

with even smaller Au nanoparticles (down to 5 nm) has been

visualized with photothermal imaging.48,49 Also other labels

are used for the tracking of single receptors on cell surfaces

and each of the methods has certain intrinsic advantages and

disadvantages. The larger the particle label is, the easier (with

regard to the required set up) it can be optically imaged. The

principle is the same for 40 nm Au nanoparticles as for latex

and silica beads, whereby the beads can be impregnated with

organic fluorophores and thus can be imaged with fluorescence

microscopy.50

One could argue that gold nanoparticles can be more easily

conjugated with antibodies than latex/silica beads (due to the

thiol gold chemistry), though surely the fluorescence of beads

provides a better signal to noise ratio. At any rate, attachment

of particles larger than around 40 nm to receptors might

severely change the diffusion properties of the receptor mole

cules. For this reason the real challenge of single particle

tracking is to use an as small (and as stable) label as possible.

Organic fluorophores exist that are smaller than colloidal

particles; however, they suffer from photobleaching and there

fore their fluorescence can be traced only for limited periods of

Fig. 2 Labelling with gold nanoparticles. Gold nanoparticles (core in red, stabilizing shell in grey) are conjugated with ligands (green) which bind

to specific receptors (blue) but not to other structures (as the receptors shown in dark green). (a) Immunostaining: Gold nanoparticles conjugated

with ligands against the structures to be labelled are added to fixed and permeabilized cells (shown in grey). Guided by molecular recognition they

bind to the designated structures which are in this way stained with gold particles. In the image the particles are conjugated with ligands that bind

to receptors on the surface of the nucleus, but not to other receptors, for example present at the inner cell membrane. (b) Single particle tracking:

Gold particles conjugated with ligands specific for membrane bound molecules are added to living cells. In this way individual membrane bound

molecules are labelled with gold particles and their diffusion within the cell membrane can be traced via observation of the gold particles. (c) X ray

contrasting: Gold particles conjugated with ligands that permit specific uptake in target organs are injected into the bloodstream of animals. The

organ can then be visualized by X ray tomography due to the locally enriched gold particles. (d) Phagokinetic tracks: a surface is covered with a

layer of gold nanoparticles. When cells (shown in grey) are cultured on top of the surface they will ingest the underlying nanoparticles. Upon

cellular migration along the surface the cells incorporate all nanoparticles along their pathway leaving behind an area free of nanoparticles, which

is a blueprint of their migration pathway. Images are not drawn to scale and important length scales are indicated in the images.
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time. Alternatively, colloidal fluorescent semiconductor nano

particles (so called quantum dots) can be used for single

particle tracking of membrane molecules.51 Though they are

slightly larger than small organic fluorophores they suffer

much less from photobleaching and thus allow for extended

observation periods. Colloidally stable quantum dots are

typically larger than 10 nm in diameter, as sophisticated

coatings are needed to ensure colloidal stability. On the other

hand, movement of gold particles down to 5 nm diameter can

be imaged with photothermal microscopy48,49 and as no

fluorescence detection method is used, there is no limitation

in observation time by photobleaching. For this reason photo

thermal microscopy of small Au nanoparticles is particularly

advantageous when long periods of observation are required.

3.3 Contrast agents for X-rays

Whereas immunostaining and single particle tracking are used

for visualizing structures within single cells, the same concept

can also be applied for providing contrast in vivo to whole

organs in animals and potentially in humans. Again the Au

particles are conjugated with antibodies or ligands which bind

as specifically as possible to the organ of interest in the animal.

When particles are administered to the blood circulation a part

of them will eventually bind via receptor ligand interaction at

the designated organ. The particles bound to the organ

provide contrast for imaging and resolving the structure of

the organ (see Fig. 2c). However, the big general problem of

contrasting organs with colloidal nanoparticles is their short

circulation time in the bloodstream, so that only a fraction of

the particles has a chance to bind to the designated organ

whereas a significant part is cleared from the bloodstream by

the liver and kidneys. On the other hand, colloidal nanopar

ticles can provide better contrast compared to organic mole

cules. Gold nanoparticles can, for example, be imaged

with high signal to noise ratio with X ray computer

tomography41,52 and therefore only short exposure times are

required, which helps to reduce radiation damage to surround

ing tissues. X rays penetrate skin and therefore organs deep

inside the body can be imaged or addressed for therapy.53

Furthermore, X ray tomography set ups are readily available

in many hospitals. Here again, Au nanoparticles have to

compete with fluorescent semiconductor nanoparticles (quan

tum dots).54,55 In order to reduce the X ray exposure of

patients certainly fluorescence detection would be preferable

compared to imaging with X rays. On the other hand, light is

absorbed by tissues even partly in the infrared (IR), so that

fluorescence contrasting of organs deep inside the body is

complicated. Furthermore colloidal gold nanoparticles are

likely to cause less cytotoxic damage than the generation of

colloidal quantum dots presently used.

3.4 Phagokinetic tracks

Albrecht Bühler has introduced an innovative way of imaging

the movement of cells adhering to a substrate.56–58 For this

purpose the surface of the substrate is coated with a layer of

colloidal gold nanoparticles (see Fig. 2d). Cells adhering to the

substrate incorporate the Au particles. In this way cells

migrating along the substrate leave behind a trail called a

‘‘phagokinetic track’’ in the nanoparticle layer. By imaging the

particle layer with optical transmission microscopy or TEM a

blueprint of the migration pathway of the cells is obtained.

Compared to time lapse tracing of the migration of cells which

requires online video microscopy of individual cells, phago

kinetic tracks do not need to be recorded online. Many trails

can be recorded in parallel on the same substrate and the trails

can be imaged ex situ, as they consist of areas in the nano

particle layer that are permanently free of nanoparticles.

Although recently the same technique has also been intro

duced with both fluorescent quantum dots59 and fluorescent

latex beads, still gold is the predominantly used label for

recording phagokinetic tracks.

4. Gold nanoparticles as a vehicle for delivery

Gold nanoparticles have been used for a long time for delivery

of molecules into cells. For this purpose the molecules are

adsorbed on the surface of the Au particles and the whole

conjugate is introduced into the cells. Introduction into cells

can either be forced as in the case of gene guns or achieved

naturally by particle ingestion. Inside cells the molecules will

eventually detach themselves from the Au particles.

4.1 Gene guns

The idea of gene guns is using Au particles as massive nano

bullets for ballistic introduction of DNA into cells (see

Fig. 3a).60 DNA is adsorbed onto the surface of gold particles

which are then shot into the cells. The ballistic acceleration of

the gene loaded micro or nanoparticles is realized by different

means like macroscopic bullets, gas pressure or electric dis

charges61 and some types of guns are commercially available.

Traditionally, gene guns have been used for the introduction

of plasmid DNA into plant cells,62,63 which results in

expression of the corresponding proteins inside the cells. In

this case ballistic introduction with massive particles is ad

vantageous as it allows for traversing the rigid cell walls which

surround the membranes of plant cells. However, gene guns

are also used for delivery of DNA into animal cells, which do

not possess cell walls.64

4.2 Uptake by cells

Cells naturally ingest colloidal nanoparticles18 whereby parti

cle incorporation can be specific (via receptor ligand interac

tion) or nonspecific. The goal is again to transfer molecules

which are adsorbed on the surface of the Au particles into the

cells (see Fig. 3b). For specific uptake ligands specific

to receptors on the cell membrane, such as transferrin

which binds to membrane bound transferrin receptors,65–67

are conjugated to the surface of the gold particles. As

specific uptake is more effective than nonspecific uptake,

in this way ligand modified Au particles are predominantly

incorporated by cells which possess receptors for these

ligands, but not by other cells. In this way, it is for example

possible to direct particles specifically to cancer cells by

conjugating them with ligands specific to receptors which are

overexpressed on the surface of cancer cells but that are less

present on healthy cells.68 After incorporation nanoparticles

are stored in endosomal/lysosomal vesicular structures inside
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cells.69 In order to release the particles from the vesicular

structures to the cytosol their surface can be coated with

membrane disruptive peptides or the particles can be modified

with peptides which allow for direct transfer across the cell

membrane.70–73 In this way it is possible to deliver molecules

which are adsorbed on the surface of the Au particles upon

particle incorporation inside the cells.74,75

Particle uptake mediated delivery of molecules into cells is

used mainly for two applications. First, in gene therapy DNA is

introduced into cells, which subsequently causes the expression

of the corresponding proteins.76–78 Second, in drug targeting

anti cancer drugs are delivered specifically to cancer tissue.68,79

Particle mediated drug delivery by adsorbing molecules onto

colloidal particles and transferring them into cells allows for

delivery of molecules inside cells which would not have been

ingested into the cells by themselves. This is based on the fact

that colloidal nanoparticles are taken up by cells. Besides being

loaded with the molecules to be delivered, particles can also be

conjugated with ligands through which specific uptake by target

cells can be facilitated. For such delivery applications no special

property of gold particles is exploited, other than that they are

small, colloidally stable, relatively easy to conjugate with ligands

via thiol gold bonds, and that they are inert and thus relatively

biocompatible. Delivery applications using gold nanoparticles

have been reviewed recently,80 some similar strategies can in

principle also be realized with colloidal silica, iron oxide, and

organic polymer nanoparticles. Nevertheless, there are a few

studies that already make use of the optical properties of Au

nanoparticles for detection (which the other types of particles do

not offer), after they have been ingested by cells.81,82

5. Gold nanoparticles as a heat source

When gold particles absorb light the free electrons in the gold

particles are excited. Excitation at the plasmon resonance

frequency causes a collective oscillation of the free electrons.

Upon interaction between the electrons and the crystal lattice

of the gold particles, the electrons relax and the thermal energy

is transferred to the lattice. Subsequently the heat from the

gold particles is dissipated into the surrounding environ

ment.83 Besides its combination with imaging techniques (see

above in section 3), controlled heating of gold particles can be

used in several ways for manipulating the surrounding

tissues.84

5.1 Hyperthermia

Cells are very sensitive to small increases in temperature. Even

temperature rises of a few degrees can lead to cell death. For

human beings temperatures above 37 1C lead to fever and

temperatures above 42 1C are lethal. This fact can be

harnessed for anti cancer therapy in a concept called

hyperthermia. The idea is to direct colloidal nanoparticles to

the cancerous tissue. This can be done by conjugating the

particle surface with ligands that are specific to receptors

overexpressed on cancer cells. The particles are then locally

enriched in the cancerous tissue (either adherent to the cell

membranes or inside the cells after internalization). If the

particles can be heated by external stimuli then the tempera

ture of cells close to the particles is raised and in this way cells

in the vicinity of the particles can be selectively killed.85 As

mentioned above, Au particles can be heated by absorption of

light, whereby the absorbed light energy is converted into

Fig. 3 Delivering with gold nanoparticles. Molecules (shown in orange) which are to be delivered inside cells are adsorbed on the surface of gold

nanoparticles (core in red, stabilizing shell in grey). Once inside the cell these molecules will eventually detach themselves from the surface of the

nanoparticles. (a) Gene guns: The nanoparticles are shot as a ballistic projectile into the cells using a so called gene gun system. (b) Nanoparticle

uptake by cells: The nanoparticles are either specifically or nonspecifically incorporated by cells. After ingestion the particles are stored in vesicular

compartments inside the cells.
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thermal energy. Thus the idea is to enrich cancerous tissues

with gold nanoparticles and to illuminate the tissue. Due to the

heat mediated by the gold particles to the surrounding tissue,

cancerous tissues can be destroyed locally (see Fig. 4a)86–88

without exposing the entire organism to elevated

temperatures.

Besides the general problem of local particle enrichment in

the target tissue there is also a problem of principle involved.

Tissue absorbs light in the visible region, and even infrared

(IR) light can only penetrate relatively thin tissue. For this

reason gold nanoparticles are needed which absorb light in the

IR rather than in the visible range, such as gold rods or hollow

structures.89,90 Nevertheless hyperthermia by photo induced

heating of gold nanoparticles will work best for tissue close to

the skin. For tissues deep inside the body heating with

magnetic particles is favourable. Upon irradiating magnetic

particles with radiofrequency (RF) fields, heat is generated by

repetitive cycling of the magnetic hysteresis loop.91,92 Com

pared with the optical excitation of Au nanoparticles at

wavelengths of ca. 500 1000 nm, the excitation of magnetic

nanoparticles works at lower frequencies (RF). As those are

absorbed much less by normal tissue and thus penetrate

deeper, particles inside the body can also be heated. On the

other hand it is much more complicated to focus microwaves

or radiofrequency waves than visible light and therefore

photo induced heating of gold particles is favourable for local

heating of only small parts of tissue.

5.2 Optically triggered opening of bonds

Photo induced heating of gold nanoparticles can also be used

for the opening of chemical bonds (see Fig. 4b). The binding of

complementary oligonucleotides (hybridization) to double

stranded DNA, for example, is temperature dependent. Upon

heating, double stranded DNA melts into two single strands.

If DNA is linked to the surface of gold nanoparticles then

local melting can be triggered by illuminating and thus heating

the Au particles.93,94 As light can be easily focused to a

micrometre spot size a high degree of spatial control is possible

Fig. 4 Heating with gold nanoparticles. Gold particles (core in red, stabilizing shell in grey) are heated upon absorption of light (shown as yellow

rays) and mediate the heat to their local environment. (a) Hyperthermia: The temperature inside cells (drawn in grey) is raised by illumination of

gold particles. A temperature increase of only a few degrees is sufficient to kill cells. (b) Breaking of bonds: When gold nanoparticles (core in red,

stabilizing shell in grey) are conjugated with ligands (shown in green) that are specific to receptors (shown in blue) which are bound to other gold

particles, these two kinds of gold particles will be linked to assemblies mediated by receptor ligand binding. As the distance between the particles in

such aggregates is small, their plasmon resonance is shifted to higher wavelengths and the particle solution appears violet/blue. Upon illumination

the gold particles get hot and the bonds of the receptor ligand pairs melt. Therefore the assemblies are dissolved, the average distance between the

particles is increased and the particle solution appears red. (c) Light controlled opening of individual polymer capsules (drawn in grey) by local

heating, mediated by Au nanoparticles. Gold nanoparticles are embedded in the walls of polyelectrolyte capsules. The capsule cavity is loaded with

cargo molecules (drawn in orange). Upon illumination with light the heat created by the nanoparticles causes local ruptures in the capsule walls

and thus release of the cargo.
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which allows for very local heating. Similar concepts have also

been used for the disassembly of protein aggregates by local

heating.95

5.3 Opening of containers

Finally, photo induced heating of gold nanoparticles can also

be used for remotely controlled release of cargo molecules

from containers (see Fig. 4c). This concept is based on

embedding cargo molecules in containers, such as polymer

capsules, whereby the walls of the containers are functiona

lized with gold nanoparticles. Upon optical excitation the gold

nanoparticles are heated which causes local ruptures in the

container walls and thus release of the cargo from the inside of

the container.96,97 Light induced opening of polymer capsules

can be performed on a single capsule level and it has already

been demonstrated that upon photo induced heating cargo

molecules can be released from capsules inside living cells.98

Moreover, cell membranes themselves can be perforated with

the help of nanoparticles.99

6. Gold nanoparticles as sensors

Besides using gold nanoparticles as (passive) labels they can

also be used for (active) sensor applications. Their aim in a

sensor is to specifically register the presence of analyte mole

cules and to provide a read out that indicates the concentra

tion of the analyte. When an optical read out is used, the

presence of analyte can, for example, be indicated by changes

in the optical properties of gold nanoparticles. Due to their

small size, gold particle based sensors could have an important

impact in diagnostics.82

6.1 Surface plasmons

The plasmon resonance frequency is a very reliable intrinsic

feature present in gold nanoparticles (with wavelengths

around 510 530 nm for Au nanoparticles of around

4 40 nm diameter) that can be used for sensing.100 The binding

of molecules to the particle surface can change the plasmon

resonance frequency directly,101 which is observable by their

scattered light in dark field microscopy, in particular on the

single particle level. On the other hand the plasmon resonance

frequency is dramatically changed when the average distance

between Au particles is reduced so that they form small

aggregates.102 This effect of plasmon coupling can be used

for colorimetric detection of analytes (see Fig. 5a). The

method was pioneered by Mirkin and coworkers and is nowa

days maybe the most well known example of a gold based

sensor.103–105 The original assay was developed for the detec

tion of DNA. Gold nanoparticles are conjugated with oligo

nucleotides that are complementary to the target sequence

which is to be detected. Without the presence of the target

sequence the gold particles are freely dispersed and the colloi

dal solution appears red. In the presence of the target sequence

the gold particles bind to the target by hybridization of

complementary strands of DNA. As each gold nanoparticle

is bearing several oligonucleotides, hybridization results in the

formation of small aggregates of Au particles, which will lead

to a change in the plasmon resonance and the colloidal

solution appears a violet/blue colour. When the sample is

heated, even single sequence mismatches result in a different

melting temperature of the aggregates which causes colour

change. Several DNA assays have been derived from this

concept and nowadays the method is established in a way that

quantitative detection of DNA sequences of very low concen

trations is possible.106

The same concept can also be applied for analytes other

than DNA. Gold particles can, for example, be connected by

DNA in such a way that the average inter particle distance is

large enough to prevent changes in the plasmon resonance

frequency. By using e.g. DNA sequences that change their

conformation upon specific binding (such DNA , RNA or

peptide based sequences are called aptamers) of metals107 or

proteins,108,109 the inter particle distance is reduced and thus

the colour of the gold colloids changes from red to violet/blue.

Also enzyme activity can be monitored with such colorimetric

assays, for example by the enzymatic biotinylation of nano

particles and subsequent formation of aggregates with

streptavidin modified nanoparticles.110 In the presence of an

enzyme inhibitor, the first nanoparticles are not modified and

no aggregation occurs.

Besides the detection of analytes, such colour changes can

also be used to measure lengths. The concept of such ‘‘rulers

on the nanometre scale’’ is again based on colour changes of

gold particles if the gold particles are in close proximity.

Different sites of a macromolecule can be linked to gold

particles. By observing the colour of the gold particles the

distance between these sites can be measured and in this way

for example conformation changes in molecules can be

observed.111

6.2 Fluorescence quenching

The fluorescence of many fluorophores is quenched when they

are in close proximity to gold surfaces.112–114 This effect can be

used for several sensor strategies (see Fig. 5b). The first one is

based on competitive displacement. For quantitative detection

of a certain analyte, gold particles are conjugated with ligands

that specifically bind to this analyte. Then the binding sites of

the ligands are blocked by saturating them with analyte

molecules (or molecules of similar structure that bind to the

ligand), whereby these molecules are modified with fluoro

phores. As the fluorophores are in this way closely linked to

the Au particles their fluorescence is quenched. After washing,

these gold particles with blocked ligands are now added to the

solution in which the concentration of the analyte should be

detected. If no analyte is present there will be no fluorescence,

as the fluorophores are quenched by the gold particles. Ana

lyte molecules present in solution on the other hand will

compete with the fluorophore labelled analytes previously

bound to the Au particles for the binding sites of the ligands

on the Au surface.16 In a continuous dynamic equilibrium

analyte molecules in solution will displace analyte molecules

bound to the ligands present on the particle surface. For

reasons of simple statistics, the higher the concentration of

analyte molecules in solution is, the fewer fluorophore labelled

prebound molecules will remain on the particle surface in

equilibrium. This means that the higher the concentration of

analyte molecules is, the more fluorophore labelled molecules

This journal is �c The Royal Society of Chemistry 2008 Chem. Soc. Rev., 2008, 37, 1896 1908 | 1903
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will be released from the Au particle surface into solution and

as there is no quenching in solution the higher the resulting

fluorescence signal will be. A variation of this concept involves

using Au nanoparticles as quenchers for quantum dots which

are replaced by the analyte. When the Au nanoparticles are

released, the fluorescence of the quantum dots increases.115

A second detection scheme works slightly differently. In this

case a molecule is needed which changes its conformation

upon binding of the analyte. This molecule is used as a spacer

to link fluorophores to gold nanoparticles. Without the pre

sence of the analyte the spacer molecule is extended and there

is no quenching of the fluorescence of the fluorophore. Analyte

molecules on the other hand will bind to the spacer which then

changes its conformation in such a way that the attached

fluorophore will be brought into close proximity to the Au

surface, which results in quenching of the fluorescence. The

higher the concentration of analyte in solution, the lower the

recorded fluorescence signal will be. The same principle can be

used in the opposite way when binding of the analyte stretches

the spacer attached to the particles, and the quenched fluor

escence increases after binding.116–118 Due to dynamic binding

and unbinding of the analytes to the ligand (spacer) molecules

present on the Au surface, both of the above introduced sensor

concepts are reversible. In contrast to fluorescence quenching

by metal nanoparticles, it remains to note that there are also

recent findings of metal enhanced fluorescence and ideas about

the exploitation of this effect for future applications.119

6.3 Surface-enhanced Raman scattering

Due to their characteristic spectra, many (macro) molecules

can be detected by Raman scattering.120 In Raman scattering

the incident light is scattered with a low probability on

Fig. 5 Sensing with gold nanoparticles. For the specific detection of analytes (shown in blue) gold nanoparticles (core in red, ligand shell in grey)

are conjugated with ligands (shown in green) that selectively bind to the analyte. (a) Colorimetric assays: Binding of the analyte to the ligands links

several particles together to form small aggregates and the red colour of the colloidal gold solution shifts to purple/blue. (b) Quenching of

fluorophores: (b1) Gold nanoparticles are conjugated with ligands that specifically bind to the analyte to be detected. The ligands on the

nanoparticle surface are then saturated with molecules that bind to the ligands (shown in blue) and that have a fluorophore (drawn in orange)

attached. As the fluorophores are in close proximity to the surface of the Au particles their fluorescence is quenched. The presence of analyte

molecules competitively displaces part of the molecules with the fluorophores from the nanoparticle surface. As these fluorophores are no longer in

contact with Au particles their fluorescence (symbolized as yellow rays) can be detected. (b2) Fluorophores (drawn in orange) are attached via

linker molecules (drawn in green) to the surface of Au nanoparticles. Due to the length of the linker the distance between the fluorophore and the

gold particles is big enough so that no quenching of the fluorophore occurs. Presence of the analyte (drawn in blue) changes the conformation of

the linker molecules and as the fluorophores are now in close proximity to the Au surface their fluorescence is quenched. (c) Surface enhanced

Raman scattering: Gold nanoparticles are conjugated to ligand molecules which specifically bind to the analyte to be detected. The analyte (drawn

in blue) in solution provides only a weak Raman signal. Upon binding of the analyte to the ligands present on the Au surface the analyte comes

into close proximity to the gold particles and the Raman signal is dramatically enhanced (as symbolized by the yellow rays). (d) Gold stains:

Ligands specific to the analyte to be detected are immobilized on a surface and conjugated to Au nanoparticles. Presence of the analyte (drawn in

blue) causes the binding of the particles to the surface. Other molecules (drawn in dark green) do not cause binding of the particles to the surface

and thus a washing step removes all gold particles. The presence of the analyte is then quantified by the number of Au particles bound to the

surface. (e) Redox reactions: Redox enzymes (drawn in green) are conjugated to the surface of Au nanoparticles (core in red, ligand shell in grey)

which are immobilized on top of an electrode (drawn in grey). The enzymes oxidize their present substrates (drawn in blue) from the reduced form

to the oxidized one. The released electrons are transferred via the gold nanoparticles to the electrode, which can be measured as current.
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vibrational and rotational states of the molecule. The scatter

ing process is inelastic, and thus the scattered light can have a

lower (Stokes, by depositing energy into the molecule) or

higher energy (anti Stokes, by gaining energy from the mole

cule) than the incident light. The energy shift is characteristic

for the chemical structure where the scattering occurred and

complex molecules have therefore a characteristic Raman

spectrum that allows for detection and identification. While

the scattering efficiency might depend on the wavelength of the

incident light, the energy shift remains the same. Typically

Raman signals are quite weak and therefore a sufficient

analyte concentration is needed in order to provide enough

signal. Raman scattering is dramatically enhanced if the

molecules are close to a gold surface with very high curvature,

as for example small gold nanoparticles. This effect is called

surface enhanced Raman scattering (SERS).121–123 Due to the

plasmon resonance of metal nanoparticles there is a strong

enhancement of the electric field in close proximity to the

particles, compared to the field strength of the incident light.

This results in a much higher scatter probability and thus in a

gain of several orders of magnitude of the Raman scattered

light intensity that is detected. SERS can be used for the

detection of analytes (see Fig. 5c). Again the surface of Au

nanoparticles is modified with ligands that can specifically

bind the analyte. Upon binding to the Au particle the Raman

signal of the analyte is dramatically enhanced and allows for

its detection.124,125 Recent developments include Au nanopar

ticles modified with Raman active reporter molecules for the

detection of DNA126 or proteins,127,128 and two photon

excitation.129

6.4 Gold stains

Instead of using fluorophores or absorbing dyes as read out

for ELISA like assays (enzyme linked immunosorbent assays)

gold nanoparticles can also be used. The aim of such assays is

the specific qualitative or quantitative detection of analytes,

which is conceptually related to immunostaining (see section

3.1). For this purpose the analyte is immobilized on a surface,

either by simple adsorption or specific binding e.g. by a

capture antibody. Instead of enzyme labelled antibodies, ana

lyte specific antibodies are conjugated to the surface of gold

nanoparticles. The presence of analyte in the assay thus results

in binding of gold particles to the surface (Fig. 5d).130,131 The

concentration of analyte molecules can be quantified by

the optical absorption of the gold spot which is a function

of the analyte concentration. Sensitivity can be increased by

involving secondary antibodies and silver enhancement, where

the gold nanoparticles catalyze the reduction of silver and are

thus grown larger by a silver coating.132 Similar assays using

gold stains as read out can also be applied for receptor ligand

systems without involving antibodies, such as the detection of

target DNA sequences with complementary DNA.133,134 In a

similar way antibody conjugated gold nanoparticles can be

used for the detection of proteins or DNA after blotting the

molecules from a gel onto a membrane.135 For many years,

gold nanoparticles conjugated with a variety of antibodies

(‘‘immunogold’’) have been commercially available, and they

are also used to enhance the contrast in electron microscopy

(section 3.1). Alternatively, conjugated Au nanoparticles can

be used to detect antigens (e.g. proteins136 or DNA137)

present on an electronic chip. The binding of the nanoparticles

is read out by voltammetry, and again the Au nanoparticles

can be enhanced by silver deposition in order to amplify the

signal.

6.5 Electron transfer

Finally, gold nanoparticles can also be used for the transfer of

electrons in redox reactions.138 The idea of such assays is to

detect analytes which are substrates to redox enzymes.

The enzyme can specifically oxidize (or reduce) the

analyte molecules (Fig. 5e). The flow of electrons released

(or required) in this redox reaction can be measured

as electrical current. For this purpose the enzyme is

conjugated to the surface of the gold particles.139 The

enzyme particle conjugates are then immobilized on

the surface of an electrode (gold) which is connected to

an amplifier for current detection, e.g. by cyclic voltammetry.

Alternatively, the gold nanoparticles can be first

immobilized on the electrode and then modified with

enzymes.140 In principle the enzyme could be directly

immobilized on the flat gold electrode of the chip.

However, the introduction of Au nanoparticles has several

advantages. First an electrode covered with a layer of

nanoparticles has a much higher surface roughness and

thus larger surface area, which leads to higher currents.

Second, because of the small curvature of small gold

particles the contact of the Au particle with the enzyme can

be more ‘‘intimate’’, i.e. located in close proximity to

the reactive centre, which can facilitate the electron

transport.141,142

7. Outlook

Colloidal Au nanoparticles possess a lot of interesting proper

ties that make them useful for biological applications. Though

similar applications can also be performed with colloidal

nanoparticles of different materials, such as quantum dots,

there are several features unique to gold particles. So far there

is no indication of Au particle corrosion, and Au particles are

inert, which makes them relatively biocompatible. Gold nano

particles can be easily synthesized, they are colloidally stable,

and they can be conjugated with biological molecules in a

straightforward way. Due to their optical properties, in parti

cular the surface plasmon resonance, they can be visualized

with different methods and sensors based on changes of the

plasmon resonance have been demonstrated. For this reason

gold particles are now also used for different applications

besides the ‘‘classic’’ examples of gene guns and immunostain

ing. Though in our opinion gold nanoparticles will never play

a ‘‘dominant’’ role in biology we predict that they will be

routinely used within several standard in vitro assays and kits

and that there is still plenty of room for new research. In

particular, we believe that the shift in plasmon resonance

upon binding of molecules or changing the inter particle

distance will lead to a number of sensor assays for

the detection of analytes which will become commercially

available.
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