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Zusammenfassung 

 

Thema der vorliegenden Dissertation ist die Synthese von Nanopartikeln und deren 

Einbettung in Polymerschichten. Nanopartikel haben definitionsgemäß einen Durchmesser 

von 1 bis 100 nm. Aufgrund ihrer geringen Größe und verhältnismäßig großen Oberfläche 

weisen solche Teilchen einzigartige optische, magnetische und reaktive Eigenschaften auf. 

Aufgrund dieser Eigenschaften finden Nanopartikel in vielen Forschungsbereichen 

Anwendung. So können sie als fluoreszente Marker, als magnetische Kontrastverstärker 

oder als Reaktionsgruppe zur Bindung anderer Moleküle eingesetzt werden.  

Die Forschungsarbeit gliedert sich in zwei Schwerpunkte: 1. Nanopartikel mit 

unterschiedlichen optischen, magnetischen und reaktiven Eigenschaften wurden 

synthetisieren. 2. diese Nanopartikel wurden in eine Polymermatrix (hier 

Polyelektrolytkapseln) für biomedizinische Anwendungen wie Drug-Delivery oder Bio-

Sensorik eingebettet. 

Die Synthese der Nanopartikel wurde in Lösungsmitteln in Gegenwart von organischen 

Tensiden durchgeführt. Diese Tenside dienen zur Kontrolle des Wachstums der Partikel 

während der Synthese. Desweiteren stabilisieren sie die Nanopartikel in der Lösung und 

verhindern so die Aggregation der spherischen Teilchen. Durch die Variation der 

Wachstumsparameter während der Synthese kann der Entstehungsprozess untersucht 

werden. Für sehr kleine Partikel konnte ein diskontinuierliches Wachstum, d.h. eine 

sprunghafte Größenanderung beobachtet werden. 

Im zweiten Teil der Forschungsarbeit wurden Nanopartikel in eine Polymermatrix 

eingebettet. Ziel war es, aus dem Verband von Nanopartikeln und Polymer-Molekülen, 

stabile Polyelektrolytkapsen in der Größenordnung von Mikrometern herzustellen. Solche 

Polyelektrolytkapseln können als Kontainer für eine Vielzahl anderer Moleküle in 

biomedizinischen Untersuchungen Anwendung finden. So können durch Funktionalisierung 

der Kavität oder der Polymerhülle multifunktionale Kapseln als Transportmittel für Drug-

Delivery oder bio-kompatible Sensoren eingesetzt werden.  

Die Kapseln wurden mit der so genannten Layer-by-Layer (LbL) Technik hergestellt, die von 

Decher et. al in den 1990ern vorgestellt wurde. Das Prinzip beruht auf der Deposition von 

geladenen Polymeren auf einem entgegengesetzt geladenen Templat. Hierzu dienten mit 

Makromolekülen angereicherte, spherische Kalziumkarbonat-Partikel. Durch die 

abwechselnde Anlagerung von entgegengesetzt geladenen Polymeren auf der Oberfläche 

der CaCO3 Partikel entsteht durch die elektrostatischen Kräfte eine teilweise durchlässige 

Hülle, welche nach dem Auflösen des Kerns als Kapselwand dient. Sie hindert die im Innern 

der Kapsel eingeschlossenen Makromoleküle daran, herauszudiffundieren und gibt der 

Struktur ihre sphärische Form. 

Während der Forschungsarbeiten wurden verschiedener Nanopartikel in der Wand der 

Kapseln eingebettet. Zu ihnen gehörten fluoreszierende Nanopartikel (QDs), magnetische 

(FePt & Fe2O3) und metallischen Nanopartikeln (Au). In einigen Experimenten wurde die 

Wand der Kapseln auch mit fluoreszierenden organischen Farbstoffen Funktionalisiert. Der 

Hohlraum der Kapseln wurde mit verschiedenen Molekülen gefüllt. Um als Ionensensoren 

für Zellulare Anwendungen zu dienen, wurden die Kavitäten der Kapseln mit Ionen-

sensitiven Farbstoffen gefüllt. 



Abstract 

 

Subject of this cumulative dissertation is the synthesis of nanoparticles and their 

applications in polymer matrix. Nanoparticles have diameter from 1 to 100 nm. Due to their 

small size and high surface area these particles show unique optical, magnetic and metallic 

properties. Because of these properties, nanoparticles exhibit interesting applications in 

biology, as sensors and electronics fields. 

There were two main goals of the research work: firstly to synthesize nanoparticles having 

different properties such as optical, magnetic and metallic, and secondly to embed these 

nanoparticles in polymer matrix (i.e polyelectrolyte capsules) for biomedical applications 

such as drug delivery and sensing. 

The synthesis of nanoparticles was performed in solution in the presence of organic 

molecules. These molecules so called “surfactant molecules” control the growth of particles 

during synthesis. For this purpose surfactant molecules bind to and unbind from the surface 

of growing nanoparticles. These molecules also stabilize the nanoparticles in solution 

against aggregation and allow one to get particles dispersed in solution; which could be 

further used in experiments. It was observed that the control of the synthesis parameters 

could allow one to study the mechanism of particle formation. For very small particles 

discontinuous growth of nanoparticles was observed where particles were growing from 

one stable configuration to the next one. 

In second part of the research work nanoparticles were embedded in polymer matrix. The 

objective of this was to understand and control the assembly of charged nanoparticles and 

polymer to form functional polyelectrolyte capsules of micrometer size. Such polyelectrolyte 

capsules find applications in biomedical for drug delivery and sensing by serving as micro 

container to store, deliver and/or release cargo materials. 

Polyelectrolyte capsules were fabricated by so called layer-by-layer (LbL) technique 

introduced by Decher in 1990s. Using this technique oppositely charged polymers were 

assembled around a spherical charged template (made of CaCO3) containing the 

macromolecules. A polymer layers were held together due to their electrostatic interaction, 

it was possible to introduce charged nanoparticles during the LbL assembly. After the LbL 

assembly the template was removed to get the polyelectrolyte capsules containing only 

macromolecules in their cavity.  

During the research work different nanoparticles were embedded in the walls of the 

capsules such as fluorescent nanoparticles (e.g QDs), magnetic (e.g FePt & Fe2O3) and 

metallic nanoparticles (e.g Au). In some experiments walls of capsules were also made 

fluorescent using organic fluorophores. The cavity of the capsules was filled with different 

molecules. For sensing applications the cavity of the polyelectrolyte capsules was filled with 

different ion sensitive fluorophores.  
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Nanotechnology and its applications 

Nanotechnology is science of creation and utilization of materials, devices and systems 

through the control of matter on nanometer scale. As an emerging field of research, its 

multiple functions and potential applications turned it into a necessary and powerful tool in 

the day-to-day scientific work. It is a broad and interdisciplinary field, involving physics, 

chemistry, biology, medicine, materials science and the full range of engineering disciplines. 

For instance, electronic engineering has shown an increasing interest in the design of 

micro/nanoelectronic devices due to their continuously miniaturization. Several efforts 

have been focused on the fabrication of new electronic circuits and their        

interconnections[1-5]. 
 
In chemical catalysis, nanotechnology plays already an important role 

in the synthesis of novel materials with tailored features and chemical properties[6-8]. 

Additionally, advances in nanoscale particle design provide new options for drug delivery 

and drug therapies[9-12].
 
 

Use of nanoparticles in biomedical applications such as biosensing, observation in living 

cells and in drug/gene delivery is a key topic of today’s research. The fluorescent 

semiconductor nanoparticles (also known as quantum dots or QDs) have been used for 

imaging inside the living cells[13-15], magnetic nanoparticles have been used as magnetic 

resonance imaging (MRI) contrast agent[16], while metal nanoparticles (e.g gold 

nanoparticles) have been widely used  in cancer research[17].  For drug delivery applications 

many carrier systems have been developed based on verity of functionalization and 

preparation techniques. Structures consisting of nano-materials (like carbon nanotubes[18], 

nanoparticles[19-22] and nanocomposites[23]) or biomaterials (i.e. dendrimers,[24],   

liposomes[25, 26], block co-polymer micelles[27] or bio-degradable polymers[28]) have been 

developed.  

In the recent year’s great interests have been focused to develop multifunctional systems 

combining the properties of different nanoparticles for drug delivery applications. The aim 

of research is to build new delivery systems that are able to navigate within living organisms 

using remote guidance and activation for the local release of their cargo. Such carrier 

systems can be used to improve cargo stability, to sustain and control their release rates, to 

increase the bioavailability of cargo substances, and to target them to specific sites within 

the body. One important step in this direction is the fabrication of multilayer polyelectrolyte 

capsules[29].  

Multilayer polyelectrolyte capsules are spherical microcontainers based on layer-by-layer 

(LbL) adsorption of oppositely charged polymers onto a sacrificial template followed by 

decomposition of these templates[30]. Compared to other composite carrier systems (such as 

liposomes, block copolymers, and dendrimers) polymer capsules have many advantageous 

properties which make them attractive candidates for medical applications including 

biosensing and drug delivery. Firstly, they can be synthesized under mild conditions by 

using numerous materials. Secondly the wall of the polyelectrolyte capsules can be 

functionalized by incorporating different types of charged inorganic nanoparticles. Thirdly, 

they can efficiently host (biological) macromolecules within their cavity for numerous 

biomedical applications. Finally, they can be composed of biocompatible materials for the 

delivery of encapsulated materials into cells[29]. 
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1.1 Synthesis of nanoparticles 

Methods for the fabrication of nanoparticles are of key importance in inorganic and physical 

chemistry. Two main approaches commonly known to develop materials on the nanoscale 

are: top down and bottom up[31].  

Top down methods start with patterns made on a large scale and reduce its lateral 

dimension before forming the nanostructures. Lithographic techniques are one example for 

the top down approach[32]. Bulk materials like semiconductors are selectively degraded until 

small, often nanoscopic patterns appear. For example, in the case of microlithography light 

is used to etch either a positive or negative pattern on a surface. In top down approach 

nanostructures can also be fabricated through chemical etching, although this method relies 

much more on the initial properties of the bulk material. On the other hand, the bottom up 

methods begins with atoms and molecules[32]. In this approach the atoms and molecules are 

assembled to build smallest nanoparticles by carefully controlled chemical reaction. Herein 

lies the reason why this technique is cheaper as compare to the lithographic methods. This 

technique involves many sub-methods like, wet chemical synthesis, reverse micelles, 

hydrothermal processes, chemical and physical vapor deposition, arrested precipitation or 

the sol gel method.   

In the next paragraphs some of the most important methodologies to synthesize the 

nanoparticles are described. 

1.1.1 Wet chemical synthesis  

In general wet chemical synthesis involves reacting atomic or molecular species in a 

coordinating solvent. The coordinating solvent can be organic solvent or aqueous  

solution[33, 34]. In most of the synthesis recipes organic solvents are used as reaction mixture. 

The advantage of using the organic solvent is that one can tune the reaction temperature 

over a wide range. The composition and temperature of the solvent strongly affect the shape 

and size of final nanoparticles. In general solvent serves for two main steps of the synthesis. 

Firstly it acts as solvent to prevent appearing particles from precipitation. Secondly it 

controls the speed of reaction and regulates the size and shape of growing nanoparticles. 

For this purpose solvent molecules interact dynamically with the surface of growing 

nanoparticles. This characteristic function during the synthesis gives them the name 

“surfactants”. The surfactant molecules also act as stabilizer preventing the agglomeration of 

the nanoparticles by capping their surface. The surfactant molecules most frequently used 

for such a purpose are for instance phosphine oxides (tri-n-octylphosphine oxide (TOPO), 

phosphines (e.g. tri-n-butylphosphine (TBP), tri-octylphosphine (TOP)), phosphonic acids, 

amines and carboxylic acids[35].  

In general, nanoparticles of different materials require different surfactants for growing in a 

controlled and reproducible way. For example, semiconductor nanoparticles made of CdSe 

are frequently grown in a mixture of TOPO and TOP, whereas oleic acid is used as surfactant 

for the synthesis of magnetic nanoparticles such as Fe2O3 and FePt[35]. Fig.1.1.1 shows the 

schematic diagram for the formation of CdSe nanoparticles in the presence of surfactant 

molecules.  
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Fig. 1.1.1: Schematic diagram for the formation of CdSe nanoparticle. The cadmium (red) and 

selenium (gray) atoms connected to organic molecules react, after nucleation and growth CdSe 

nanoparticle is stabilized by surfactant molecules which stick to the surface. 

Reaction performs inside a three necks flask connected to Schlenk line fig. 1.1.2. The other 

two necks of the flask are sealed with rubber septa and can be used for the measurement of 

reaction temperature and for the injection of precursors. A heating mantel is used to control 

the temperature of the reaction. At a certain temperature, precursors (which contain the 

atoms of which the final particle will consist) are introduced into the reaction by injection. 

The precursors can be introduced in different ways, by quick injection or drop wise 

depending on the synthesis. The addition of precursors raises their concentration in the 

organic solvent above a value called “nucleation threshold” and initializes the nucleation of 

crystals. After nucleation, crystals start to grow by using the precursors left in solution. The 

shape and size of nanoparticles can be controlled by controlling the growth conditions such 

as the amount of injected precursors, growing time in the solvent and reaction temperature.  

When the nanoparticles have desired size and properties, reaction can be stopped by simply 

removing the heating mantel and cooling down the solution. At room temperature the 

particles can be isolated by adding a compatible solvent. It should be capable of separating 

the particles from reaction mixture to perform precipitation. Addition of such solvent 

reduces the interaction between surfactant coated nanoparticles and solvent in which they 

grow and cause the aggregation of nanoparticles which can be then precipitated by 

centrifuge. After the centrifugation, the precipitate can be redissolved in solvent which is 

compatible with the surfactant of nanoparticles leading to stable colloidal in solution. 

In the present work all the nanoparticles were synthesized using wet chemical synthesis. 

But to have the understanding of other possible methods which are widely used for the 

synthesis of nanoparticles few of them are described in next pages. 
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Fig. 1.1.2:  (left) Sketch of apparatus used for the synthesis of nanoparticles. (right) Transmission 

electron microscope (TEM) images of a) CdSe nanoparticles, b) CdSe nanorods, c) FePt 

nanoparticles and d) iron oxide (Fe2O3) nanoparticles. 

1.1.2 Reverse micelles 

Nanoparticles can also be synthesized in the so-called reverse micelles mode. This technique 

is based on the natural structures created by the water-in-oil mixtures upon adding an 

amphiphilic surfactant, such as dioctyl sodium sulfosuccinate (AOT). Normally oil and water 

are immiscible but with the addition of a surfactant, the oil and water become miscible 

because the surfactant is able to bridge the interfacial tension between the two fluids. 

Surfactants consist of two main entities, a hydrophilic head group, which prefers an aqueous 

environment and a hydrophobic tail group, which prefers an organic, non-polar 

environment. The layer of surfactant molecule encapsulates the water with hydrophilic head 

group preferentially oriented at the water surface and by keeping hydrophilic tails in the 

direction of oil. By varying the water content of the mixture, the size of the water droplets 

suspended in the oil phase could be varied systematically. This led to the idea of using these 

self enclosed water pools as micro-reactors for carrying out sustained nanoscale chemical 

reactions. CdS nanoparticles have been synthesized using this technique[36, 37].  

1.1.3 Hydrothermal synthesis  

In hydro thermal method crystal growth is performed in an autoclave, in which nutrient is 

present in aqueous solution. A gradient of temperature is maintained at the opposite ends of 

the growth chamber so that the nutrient is dissolved at the hot part and crystallizing at the 

cooler one due to a concentration gradient. Possible advantages of the hydrothermal method 

over the other types of crystal growth include the ability to create crystalline phases which 

are not stable at the melting point. Also, materials which have a high vapor pressure near 

their melting points can also be grown by the hydrothermal method. This method is also 

particularly suitable for the growth of large crystals while maintaining control over their 

composition and size. 
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1.1.4 Physical and chemical vapor deposition 

Nanoparticles can also be synthesized by gas phase methods. These methods are generally 

considered to create nanoparticles of high purity. Through the gas phase methods particles 

are obtained by homogeneous nucleation of atoms, molecules or fragments, using physical 

vapor deposition (PVD) or chemical vapor deposition (CVD). 

The synthesis of nanoparticles in PVD can be obtained by evaporation of atoms from a solid 

target in vacuum. The reaction normally takes place in horizontal furnace one end contains 

the target material which is heated to evaporate the atoms and other end of furnace contains 

a substrate which is at low temperature to condense the atoms. Material can be heated by 

using several sources, such as thermal, pulsed laser or plasma source. 

The CVD method is widely used in the synthesis of nanoparticles and nano structures. It is 

more complex than PVD due to chemical reaction in gas phase. In this technique reaction 

take place between materials in gas phase on the substrate surface held at high temperature. 

This method has good reproducibility and creates uniform and pure materials. The simplest 

CVD technique to produce nanoparticles is thermally assisted CVD using an oven to 

decompose and chemically react the introduced gaseous precursors. Other heat sources like 

plasma source and laser source can also be used to produce heat to start reaction between 

precursors. 

1.2 Nucleation and growth processes  

During the synthesis of nanoparticles there are three main processes which are occurring, 

1) Nucleation 

2) Growth 

3) Ostwald ripening mechanism 

In this part detail of these processes and some factor governing the rate of these processes 

are described. Lot of efforts have been made to explain the nucleation and growth of 

nanoparticles but still there is no analytical model which can explain these processes.           

La Mer and co-workers[38, 39] studied extensively nucleation and growth in sulfur sols, from 

which they developed a theory about the formation of colloids or nanostructure from a 

homogenous and supersaturated medium. According to their classical theory, synthesis of a 

colloid should be designed in such a way that the concentration of precursors increases 

rapidly rising above the threshold value, when a short burst of nucleation occurs with the 

formation of large number of nuclei in a short period of time. These particles grow rapidly 

and lower the monomer concentration below the nucleation threshold, allowing the further 

growth of these particles. The schematic diagram depicting the La Mer’s mechanism is 

shown in fig. 1.2.1.  

In many synthesis protocols the concentration of precursor increases after their injunction 

at certain temperature (depending on the material which is to be synthesized). This sudden 

increase in precursor concentration then causes a nucleation and growth f particles. Rapid 

injection of precursor does not necessary lead to fast nucleation and growth. This can be 

explained by the example of the synthesis protocols of QDs (CdSe) and iron oxide 
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nanoparticles (Fe2O3). In the case of CdSe nanoparticles the rapid injection of Se precursors 

(Se dissolved in TOP) at 270 0C initiates rapid nucleation for a short time followed by the 

growth process. Whereas in the case of Fe2O3 nanoparticles after injection of precursors 

(iron pentacarbonyl) at 100 0C a long incubation time is required to start the nucleation. 

 

 
Fig. 1.2.1: Schematic diagram illustrating La Mer’s condition for nucleation and growth of 

nanostructures taken from reference[40]. 

 

Nucleation occurs over some time with constant monomer concentration. Eventually surface 

growth of particles begins. The growth stage of crystals is more readily examined. 

Sugimoto[41] derived a model to understand the diffusion growth rate of crystals by using 

the Gibbs Thomphson equation as starting point. The Gibbs Thomphson equation is basis of 

classic crystallization theory to quantify the equilibrium of water droplet in surrounding 

vapor. The Gibbs Thomphson equation for a solid crystal of radius r is written as, 

 

          
    

   
                                    eq. 1.2.1 

 

Where Sr and Sb are the solubility of nanoparticles of radius r and corresponding bulk 

material respectively; σ is the specific surface energy; r is the radius of the nanocrystal; Vm is 

the volume of the material; R the gas constant and T the absolute temperature. 

Using eq. 1.2.1 Sugimoto developed a model to understand the growth of crystals. In his 

model he considered that monomers are taken up by the nuclei through diffusion control 

mechanism. Using this consideration he calculated the growth rate of crystal which is given 

by the equation, 

 

   
  

  
   

      
     

   
 
 

  
 

 

 
          eq. 1.2.2 
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Here D is diffusion constant and rc is critical radius of the crystal (explained in next 

paragraph). Fig. 1.2.2 shows the variation of growth rate versus size according to the model 

of Sugimoto. 

From fig. 1.2.2 one can see that the growth rate can be negative. This can be explained on the 

basis of surface energy of crystals. After the nucleation process solution contains a large 

number of small particles. Due to high surface to volume ratio the small particles are much 

more soluble than the large particles. For the particles below the critical radius the 

dissociation of monomer is more favorable then addition of new monomers therefore these 

particles dissolve and feed the particles which have size greater than critical radius. At this 

stage smaller particles act as nutrients for bigger particles. The rate of this process, called 

“Ostwald-ripening” decreases with the increase of particle size[42]. This process explains the 

left hand side of the figure which shows the negative growth rate. The growth rate has a 

maximum for the size twice the critical radius. When most of nanoparticles present in the 

solution have size larger then 2rc the smallest particles grow fast and the size distribution 

becomes narrow with time. The critical radius can be defined as “the size at which the 

growth rate is zero” at this radius the particles neither grow nor shrink[43]. The critical 

radius strongly depends on the monomer concentration. At high monomer concentration 

critical radius will be small and the entire crystals will grow and growth is said to be in 

focusing regime. That is the reason to get the small particle size it is better to start with high 

monomer concentration. When the concentration of monomers is low the critical radius 

shift to the bigger size and size distribution will be broad. During the growth of 

nanoparticles the monomer concentration decreases and critical radius shift to large size. If 

monomer concentration is too low the critical radius lies in the size distribution of 

nanoparticles and growth enters again into the Ostwald-ripening regime where again the 

smaller particles start to dissolve and the size distribution become’s broader.  

 

Fig. 1.2.2: Figure of growth rate versus nanoparticle radius, according to the Sugimoto model. 

Taken from reference[43]. 
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To get a narrow size distribution it is better to stop the reaction before it reaches the 

Ostwald-ripening regime. But still if this happens it is possible to recover a monodisperse 

sample by separating out the fractions of particles with a narrow size distribution from the 

original broad size distribution using different techniques. One of these techniques is       

size-selective precipitation which is generally more applicable[44]. In this method aggregates 

of nanoparticles are obtained by adding the poor solvent to the stable solution of 

nanoparticles which gradually reduces their solvating power. The big particles with greater 

attractive van der waal and dipolar forces will then precipitate first. Using this method one 

can recover the narrow size distribution of nanoparticles but this is time consuming and 

final quantity of desired material will be small. 

1.3 Discontinuous growth of semiconductor nanoparticles 

Semiconductor nanoparticles or quantum dots (QDs) are luminescent particles. These 

particles have unique physical and chemical properties due to their size and compact 

structure. Depending on their size they emit light of different wavelength over a broad range 

from visible to infrared region.  These particles can be made of nearly every semiconductor 

metal (e.g., CdS, CdSe, CdTe, ZnS, PbS), but alloys can also be used[45, 46]. 

The optical properties (absorbance and fluorescence) of these materials depend on their 

band gap which is size dependent. As the size of the QDs increases the band gap decreases 

which means the maximum of their absorbance and fluorescence spectra shift to higher 

wavelength. So optical properties of these materials can be tuned by simply varying their 

size. Furthermore growth of these materials in solution can be easily monitored by simply 

detecting their optical properties. One can also grow a shell of another material on the core 

to increase its quantum yield. The fig. 1.3.1 shows the absorbance and fluorescence spectra 

of four different families of CdSe/ZnS nanoparticles. In this case a shell of ZnS is grown on 

CdSe cores. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.3.1: a) absorbance spectra, b) fluorescence spectra of four different sizes of CdSe/ZnS core 
shell nanoparticles.  
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Due to unique optoelectronic properties these nanoparticles are used for many applications, 

ranging from light emitting-diodes (LEDs)[47], lasers[48], solar cells[49] and as bio medical 

labeling for imaging, detection and targeting[13, 15]. For some applications it is necessary to 

synthesize QDs with very reproducible properties. When we talk about reproducible 

properties it means QDs with same size having similar optical properties. The most common 

synthesis protocols for QDs are at high temperature. At high temperature the nucleation and 

growth of particles is very fast. Due to the fast growth of the particles, reproducibility is 

difficult to obtain during different synthesis. One can also synthesize nanoparticles at low 

temperature in which it is much easy to stop the reaction when the desired size of 

nanoparticles is achieved. Further changes of the synthesis conditions such as precursor 

concentration, type of surfactant and synthesis temperature can favor special families of 

nanoparticles characterized by having fixed electronic and structural properties. Such 

families of nanoparticles named as “magic size” by Teo and Sloane[50]. During their studies 

they showed that clusters consisting of specific numbers of atoms are more stable than 

those in which this feature is not present.  

As described before in section 1.2, in a general wet chemical synthesis, after the precursors 

injection, nanoparticles start to nucleate in solution forming the fundamental seeds to which 

the remaining monomers attach during the nanoparticles growth. This is the typical growth 

scheme also known as continuous growth, but under certain conditions (type of monomers, 

their amount and the amount and type of surfactants) this kind of growth mechanism is 

turned into another kind in which after the nucleation, particularly stable crystal structures 

are formed. The growth then proceeds not in a continuous way but with the formation of 

other very stable crystal configurations. Each one of these crystal structures constitutes a 

family of nanoparticles with peculiar properties. In fact the nanoparticles belonging to each 

one of these families are characterized by having almost the same size and number of atoms. 

As we are talking about semiconductor nanoparticles this means that all the nanoparticles of 

a given family are characterized by having almost the same band gap. Thanks to these 

peculiar characteristics the nanocrystals belonging to these families are known as magic size 

crystals (MSCs).  

Different families of almost monodisperse CdS and CdSe MSCs have been synthesized by 

high pressure and high temperature methods[51], inverse micelle approach[52], but none of 

these nanoparticles present comparable optical properties as those synthesized in solution. 

The sequential synthesis of these materials in solution allows to study the mechanism which 

drives their nucleation and growth kinetics. Recently different families of CdSe[53, 54] and 

CdTe[55] have been synthesized in solution. A simple way to detect the presence of 

semiconductive MSCs formation is through absorbance spectroscopy measurements. In the 

case of a continuous growth of semiconductor nanoparticles the exciton peak in the 

absorbance spectra simply red shifts with the particle size. When MSCs are formed we do 

not find just one exciton peak but as many as the families of MSCs present in solution. These 

peaks, in the case of sequential growth of MSCs, show an evolution over time which is 

completely different from those observed in a normal growth. In this time evolution of the 

absorbance spectrum it is possible to observe a different growth mechanism which involves 

not only the monomers but even the particles present in solution.   
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Fig. 1.3.2 shows different families of CdS and CdTe MSCs synthesized in solution. Six 

different families of MSCs were observed in the case of CdS, while three in the case of CdTe.  

Absorption spectra of aliquots were taken during the synthesis of MSCs each family of MSCs 

is shown by dotted line. In the case of CdTe MSCs 10min. after precursor injection MSC 

growth turned into regular particle growth with continuous shift of absorbance peak 

(indicated by the arrow). 

 

 

 

 

 

 

            

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.3.2: Absorbance spectra time evolution of different a)CdS and b)CdTe MSCs in solution. The 
zero time correspond to the time of precursor injection. Taken from reference[56] 
 
The growth of nanoparticles depends on binding and unbinding rate of free monomers 

present in solution. In normal growth model the binding rate dominates for all the particles 

above the critical size so that the particles grow continuously. As in the case of MSCs the 

growth of particles is different from the regular sized particles, growth kinetics undergoes 

stages of appearance and disappearance. A different growth model has been proposed to 

understand the growth mechanism involved during MSCs formation. 

Kudera et al.[53] proposed a model for the growth of CdSe MSCs based upon their 

experimental results. In their model they reported that MSCs are so stable that when a 

family of these MSCs grows in solution no atom detach from them. So these MSCs only grow 

but they cannot shrink to smaller size. Particles present in between the two families of MSCs 

are unstable and their lifetime will be short. If these intermediate particles are slightly 

larger than a MSC family the release of the outer most atoms will be more probable than the 

deposition of new monomer and particles tend to enter MSCs of smaller size, where as if the 

particles are slightly smaller than a MSC family the binding of monomer will be more 

favorable to enter the MSCs of larger size.  

For the growth of CdTe MSCs Dagtepe and coworkers[55] reported a mechanism involved 

during the growth of CdTe MSCs. According to Dagtepe the mechanism for the growth of                

CdTe MSCs was the aggregation of MSCs which may or may not involved the addition of 
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monomers. The High resolution TEM images confirmed their growth model in which they 

observed different orientations in the crystal structure of nanoparticles which according to 

them is due to the different orientation of MSCs in which they attach with each other. 

The most suitable model for the growth of MSCs was reported by Peng et al.[57]. In their 

model Peng et al. used the Gibbs Thomphson eq. 1.2.1 as a starting point to describe the 

chemical potential. A simple mathematical treatment changes the eq. 1.2.1,  

 

                 
    

   
                                    eq. 1.3.1 

 

If µr and µb represent the chemical potential of the crystal of radius r and crystal of infinite 

size the equation change into, 

 

          
    

   
                eq. 1.3.2 

  

By setting the relative chemical potential of crystal of infinite size as the relative standard     

eq. 1.3.2 gives, 

       
 

 
              eq. 1.3.3 

 

In the case of spherical crystal the ratio of surface atom and total atoms should be 

proportional to the surface area of crystal and volume of crystal. If δ denotes the surface 

atoms ratio then in case of spherical crystal, 

 

       
    

 

  
 

 
   

     
  

 
                                                eq. 1.3.4 

 

Where A1, A2 and A3 are proportionality constants,   

 

       
 

 
                                        eq. 1.3.5 

 

Comparing equation (1.3.3) and equation (1.3.5) we can see that relative chemical potential 

of a crystal of finite size is proportional to the surface atom ratio, 

 

                         eq. 1.3.6 

 

In this model they proposed two basic assumptions. Firstly all the surface atoms bear same 

chemical potential independent of their position in the crystal. Secondly relative chemical 

potential is an average value over all the atoms in the crystal.  

Chemical potential of the crystals depends on their size. For the small sized crystals the 

chemical potential is high. As discussed before the size of the particles depends on the 

critical radius, to get the small sized particles one has to start with high monomer 

concentration so that the critical radius lies at very low values. Peng et al. reported that such 

a high monomer concentration will complicate the nucleation process. At this monomer 
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concentration the critical radius will be extremely small as compared to the synthesis of           

regular sized particles. In this small size range the relative chemical potential is extremely 

size dependent and very sensitive to the configuration of nuclei. And one can observe the 

formation of MSCs. Peng et al. showed that in such a small size range the Gibbs Thomphson 

equation is no longer valid. They introduced wells in the chemical potential curve and 

proposed tunneling mechanism for the formation of bigger MSCs.  
Schematic diagram for the relative chemical potential versus the number of atoms in the 

particles according to Peng et al. is shown below. 

 

 
 

Fig. 1.3.3: Schematic diagram showing dependence of relative chemical potential on size of crystal in 

extremely small sized regime taken from reference
[57]

. 

 

Study of these small stable structures could help to understand processes involved during 

the initial stages of nanoparticles formation. Such stable nanoparticles are very promising 

for the application where high reproducibility is required.  
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Contribution 

 Discontinuous growth of semiconductor nanoparticles 

Synthesis of different families of MSCs from different semiconductor materials such as CdS, 

CdTe, ZnSe and ZnO were performed.  

In case of CdS, six different families of MSCs were observed; synthesis was performed at low 

temperature 60 0C. Cadmium oxide (CdO) was used as Cd precursor where as selenium (Se) 

precursors were obtained by dissolving the Se metal powder in TOP. Growth of particles 

was observed by measuring the absorption spectrum of reaction solution with time. 

Different families of these MSCs were found at 303nm, 326nm, 347nm, 362nm, 377nm and 

387nm in absorption spectra.  

For CdTe MSCs three different families were observed. Synthesis was carried out at 130 0C 

using CdO as a Cd precursor where as tellurium (Te) precursors were obtained by dissolving 

tellurium powder in TOP. MSCs were observed at 445nm, 487nm and at 506nm in 

absorption spectra during the growth of these particles. 

In case of ZnSe MSCs three different families were observed. Zinc oxide (ZnO) was used as 

Zn precursors whereas the selenium precursors were obtained using same approach as in 

case of CdS MSCs synthesis. Synthesis was performed at relatively high temperature 180 0C. 

Three different families of MSCs were observed at 328nm, 346nm and at 378nm. 

Synthesis of ZnO MSCs was performed at 180oC. Only one family of MSCs was observed at 

365nm.  

Furthermore the doping of mercury (Hg) atoms was carried out on the CdS MSCs. The Hg 

atoms were introduced during the synthesis of CdS MSCs. Four families of CdS MSCs were 

found when doping of Hg atoms was performed. It was observed that by incorporating these 

impurity atoms the optical properties of the CdS MSCs can be changed. The fluorescence of 

the CdS MSCs was shifted to near infra red region due to the presence of Hg atoms in the 

crystal structure. 

Each MSCs family of different materials was collected for further investigation by simply 

stopping the reaction and precipitation of nanoparticles when most of these particles were 

belonging to the same family i.e having same absorption spectra.  

 

 Synthesis of fluorescent nanoparticles 

Fluorescent nanoparticles CdSe were synthesized using the wet chemical synthesis 

technique. To enhance the optical properties of these particles the shell of ZnS was grown on 

top of these particles. These particles were further used in different experiments such as by 

embedding these particles in the walls of the capsules it was possible to detect the capsule 

under fluorescence microscope and to get the information about their structure.  

 Synthesis of magnetic nanoparticles 

Magnetic nanoparticles such as iron oxide (Fe2O3) and iron platinum (FePt) were 

synthesized. Magnetic properties of these particles were investigated by embedding them in 

the walls of the capsules.  
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2.1 Polyelectrolyte and layer by layer technique 

Any substance which is dissociated into free ions when dissolved is called an electrolyte, 

whereas a polymer whose repetitive units contain an electrolyte is called a polyelectrolyte[1]. 

By dissolving such polymers in aqueous solution, electrolytes present in its chains will 

disassociate leaving a charge on the polyelectrolyte. The charge is compensated by counter 

ions present in solution. Depending on their charge polyelectrolytes are divided into two 

groups. If after dissolving in an aqueous solution the resulting polyelectrolyte is positive, it 

is referred as polycation. Conversely, if a polyelectrolyte is negative upon dissolution it is 

referred as polyanion. Also depending on their charge density polyelectrolytes can be 

classified as “strong” or “weak” polyelectrolyte. If a polyelectrolyte completely dissociate 

within the normal pH range it is called strong polyelectrolyte. Whereas if a polyelectrolyte 

partially dissociate when dissolved in aqueous solution it is referred as weak 

polyelectrolyte. The Henderson–Hasselbalch[2] equation is used to describe the dependence 

of pH value on the dissociation constant which is written as, 

                 
             

      
                                              eq. 2.1.1 

Here pKa is dissociation constant, [conju. base] is molar concentration of conjugated base, 

and [acid] is molar concentration of acid. As we know that charge of polyelectrolyte depends 

on the dissociation of electrolyte present in each of its units, so we can say that a 

polyelectrolyte is fully charged when its electrolyte is completely dissolved.  Eq. 2.1.1 is also 

used to determine the percentage of polyelectrolyte in, protonated, neutral or deprotonated 

state at a given pH value. 

As polyelectrolytes can be positive or negative, two oppositely charged polymers in a 

mixture will bind and form a complex due to electrostatic attraction. Same phenomena will 

happen if we give a charged surface in a polyelectrolyte solution whose charge is opposite to 

that of the surface. The polyelectrolyte will start to adsorb on the surface until it covers the 

whole surface or the surface charge is compensated. So at the end of polyelectrolyte 

adsorption the surface will carry the charge of the polyelectrolyte. This is called a charge 

reversal. If now the surface is washed to get rid of unreacted polyelectrolyte and placed in a 

solution of an oppositely charged polyelectrolyte, again the adsorption will take place and 

the charge of the surface will reverse. This process can be repeated as many times as 

required, and is called layer-by-layer (LbL) assembly. This technique was first introduced by 

Decher et al. [3, 4] (in the 1990s) to fabricate thin films. To study the structure of films X-ray 

and neutron reflectivity measurements were performed. The experiments showed that 

structure of films is continuous, striated and interdigitated[5, 6]. After the work of Decher      

et al. in 1992 large increase was observed in the field of thin films using LbL technique due 

to ease and versatility of this method. Zhai and co-workers[7] have reported a thin film made 

of 200 layer of poly(allylamine hydrochloride) (PAH) and poly(acrylic acid)(PAA) 

polyelectrolytes. Substrates made of different materials such as glass[8], silicon wafer[9], 

mica[10] and gold[11] have been used to fabricate thin films applying LbL assembly. Multilayer 

films are mostly formed due to electrostatic interaction of oppositely charged 

polyelectrolytes, but this technique is not limited to only this interaction of layers. 
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Assemblies based on hydrogen bonding[12], charge transfer[13], covalent bonding[14], 

biological recognition[15] and hydrophobic interaction[16] have also been demonstrated. 

 

2.2. Polyelectrolyte capsules based on layer by layer technique 

Synthesis of polyelectrolyte capsules is based on the same LbL technique used by Decher    

et al. [3, 4] on the flat surface. A sacrificial charged spherical particle is used as template for 

the LbL adsorption of polyelectrolytes onto its surface[17]. During each layer the template 

particles are given to the excess of a polyelectrolyte solution. After the adsorption the excess 

of polyelectrolyte has to be removed and core particles should be washed at least three 

times before adding the next polyelectrolyte of opposite charge. This avoids the formation of 

aggregates and polymer sediments in the solution. The template particles can be separate 

from the bulk solution by centrifugation or filtration[18]. After the desired number of layers 

the sacrificial template can be removed by decomposition or dissolution of its components, 

resulting in spherical and defined hollow capsules. Fig. 2.2.1 shows the schematic diagram of 

polyelectrolyte capsule fabrication based on LbL-assembly of polyelectrolytes onto solid 

template. 

This technique was first reported by Sukhorukov and co-workers in 1998[19]. Initially lot of 

work was done to investigate the basic properties of these hollow structures, such as 

thickness of the capsule wall, and its sensitivity upon changing  pH[20], salt concentration[21] 

or temperature[22, 23]. Afterwards polyelectrolyte capsules have been used as micro 

containers for several purposes [24, 25]. Different materials like proteins[26], enzymes[27, 28] and 

inorganic salts[29] have been encapsulated in such carrier systems using different techniques 

which are described in section (2.4). 

 
Fig. 2.2.1: Schematic diagram for the fabrication of polyelectrolyte capsules by LbL assembly.           

i) negatively charged polymer is adsorbed on positively charged template core, ii)adsorption of 

second positively  charged polymer, iii ) further LbL assembly, iv) removal of template to obtain 

empty cavity. Figure taken from reference[17] . 
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2.3 Templates and wall materials  

There are two main compartments of the capsule: The cavity and the wall. Size and shape of 

the cavity depend on the template core whereas the properties of the wall depend on the 

polyelectrolytes used to build up the capsule. In this section details about different materials 

widely used as template and for wall formation are given. 

The template core is used as sacrificial support which is removed by decomposition or 

dissolution after the capsule synthesis. The template material has to fulfill certain 

requirements: First of all it should be stable during the LbL assembly, secondly the wall of 

the capsules should be stable during the core removal and last the core material has to be 

removed completely without disturbing or interacting with the cargo material loaded in the 

arising cavity. As shape and size of final capsules depend on the template cores, these 

particles should be monodisperse and spherical in shape. Wide variety of materials ranging 

from nanometer size to micrometer size have been used to fabricate such polyelectrolyte 

capsules. The spherical melamine formaldehyde (MF) particles were initially used as 

template core and later studied extensively[30]. These particles can be dissolved in organic 

solvent such as dimethyl sulfoxide (DMSO). Major drawbacks of these particles are: it is 

difficult to dissolve and remove the MF completely from the cavity and they are not 

biocompatible[31]. Poly styrene (PS) particles are also used as template core. These particles 

suffer from aggregation during the core removal[32]. Silicon dioxide (SiO2) particles are 

promising candidates as templates. These particles are available in broad range of size with 

polydispersity. The drawback of these particles is the core removal step. One has to work 

with strong acids like hydrofluoric acid to dissolve silicon-oxide completely[23]. This requires 

lot of care and specialized laboratory equipments. One common drawback of all template 

cores listed above is the impossibility of loading of material inside the cavity before the core 

removal. As these particles are not porous the loading of cavity occurs after the dissolution 

process by varying the different conditions to make the wall permeable for macromolecules. 

This method is called post-loading[32]. Detail about different loading process is given in the 

encapsulation part (section 2.4). Spherical carbonate crystals such as porous calcium 

carbonate (CaCO3) are also widely used as template cores [26, 30]. These particles have some 

advantages over other template materials, such as one can easily encapsulate 

macromolecules during the synthesis of these particles which is called co-precipitation 

method or pre loading technique. Second advantage of these particles is they can be 

dissolved under mild condition such as by lowering the pH or by using           

ethylenediaminetetraacetic acid (EDTA) as complexing agent.  Furthermore, toxic side 

effects play minor roles when working with CaCO3 particles[33]. The disadvantage of these 

particles is polydispersity of particles. Techniques to fabricate these particles with a narrow 

size distribution in micrometer scale are not published yet. In the present work all the 

capsules were fabricated using CaCO3 particles as template. 

A Large variety of polyelectrolytes have been used for the fabrication of capsules. Different 

polyelectrolytes have varying properties in structure (linear or branched), charge density, 

strength and type of electrolyte. Most commonly used polycations for the fabrication of 

microcapsules are poly (allylamine hydrochloride) (PAH), poly(diallyldimethylammonium 

chloride) (PDADMAC), poly(ethyleneimine) (PEI) and polyvinylpyrrolidone (PVP), the most 
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commonly used polyanions are poly(styrene sulfonate) (PSS), poly(acrylic acid) (PAA), 

poly(methacrylic acid) (PMA) and polyphosphoric acid (PPA). Biological 

materials/molecules like nucleic acids, proteins and polysaccharides, as well as charged 

supramolecular biological assemblies, such as viruses or membrane fragments [34], are 

gaining significant interest for the fabrication of biodegradable and bio-functionalized 

capsule wall. In the present work most of the capsules were fabricated using PAH as 

polycation and PSS as polyanion. 

 

 
 

Fig. 2.3.1: a) Scanning electron microscope (SEM) image of porous plane CaCO3 template before 

LbL assembly, b) SEM image after  (PSS/PAH)5  polyelectrolyte  layers, c) SEM image of (PSS/PAH)5  

capsule after core removal, d) Transmission electron microscope (TEM) image of (PSS/PAH)5 

capsule after core removal. In figure c & d capsules collapse after core removal. Scale bar 

corresponds to 1µm. 

2.4 Encapsulation of cargo molecules 

The cavity of polyelectrolyte capsules can be loaded by two different methods: One is called 

the co-precipitation or direct loading technique and other is called post loading or indirect 

loading[35]. 

In the direct loading technique material is either entrapped within or adsorbed onto the 

template cores before the LbL assembly. For this technique the porous CaCO3 particles are 

an interesting candidate and most widely used[35]. The materials or macromolecules of 

interest can be added during the synthesis of the templates or particles can be incubated in 

the solution of macromolecules after their synthesis[30]. The CaCO3 are porous particles 

macro molecules stay inside the pores during the LbL assembly, after the dissolution of 

cores the entrapped material is released into the cavity of the polyelectrolyte capsules. The 

filling rate of macromolecules depends on the pore size of CaCO3 and on the nature of the 
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materials. Nowadays this method is widely used to encapsulate different material (e.g. DNA, 

proteins, dextran, nanoparticles, etc). 

Post-loading of macromolecules can be achieved by loading hollow capsules after removal of 

their templates. In this method after the LbL assembly the core of the capsule is dissolved 

leaving behind an empty cavity[35]. The macromolecules are then driven into the cavity by 

using physicochemical forces such as, ionic strength, pH, temperature or using the external 

stimuli like light, magnetic field or ultra sound. By applying such methods wall of the 

capsules could be made permeable so that cargo material can diffuse through the 

polyelectrolyte wall and being entrapped in the capsules cavity. Once the molecules are in 

the cavity the environmental conditions are reversed again resulting in an impermeable 

wall. In present work only co-precipitation was used to embed macromolecules in polymer 

capsules. In next paragraphs explanation of some other methods are given which are 

reported in literature and widely used for the encapsulation of molecules. 

The wall of the polyelectrolyte capsules can be modified to show pH sensitive behavior by 

introducing a polyelectrolyte with weak acid and weak base functionalities[36]. In these kinds 

of capsules the average charge and interaction between the wall constituents can be 

controlled by adjusting the pH of the surrounding medium. As the charge of polyelectrolytes 

depends on pH, the change in pH value induces an imbalance of charge which leads to the 

change in the wall structure. The stability of capsules made of weak polyelectrolytes such as 

poly(allylamine hydrochloride) (PAH), poly(acrylic acid) PAA, and poly(methacrylic acid) 

(PMA) was found to be pH dependent.  

It was observed that PSS/PAH capsules are in open sate (permeable) when the pH<6.5 while 

the wall of capsules are in closed state (impermeable) when pH>6.5. Sukhorukov and          

co-workers[37] used this pH dependent reversible pore formation method for PSS/PAH 

polyelectrolyte capsules to encapsulate 75kDa FITC-dextran molecule. They found that these 

polyelectrolyte capsules were permeable for FITC-dextran at pH values up to 6 while for   

pH 8 upwards most of the capsules were in closed state. It has been shown that PSS/PAH 

capsules can be used to encapsulate urea[38],  and high molecular weight compounds such as 

rhodamine-labeled PSS[24] using pH-switchable permeability of capsules wall. It was 

observed that capsules made of weak polyelectrolytes PAH and PMA have dual pH response, 

because swelling was observed at both low and high pH. This reversible swelling of capsules 

can be used to encapsulate cargo molecules in the cavity[20]. The pH response of 

polyelectrolyte capsules made of chitosan (CT) and dextran sulfate (DEXS) has also been 

reported[39]. Results showed that the wall of these types of capsules was impermeable for 

dextran 4kDa-250kDa at pH<6.8 while it was permeable at higher pH. 

The high molecular weight compound can also be encapsulated by switching the 

permeability of polyelectrolyte capsules by variation of salt concentration. This changes the 

ionic strength, which leads to increased permeability of the capsule wall. Diffusion of these 

charged species through the wall of the capsule cause a change in electrostatic interaction 

between the oppositely charged polyelectrolytes. The ionic strength influences both the 

range and magnitude of electrostatic interaction. High salt concentration can also lead to the 

destruction of polyelectrolyte capsules[25]. 

The permeability of PSS/PAH capsules depending on salt concentration was already 

studied[25]. Results showed that at low NaCl concentration the wall of the capsules was in 
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closed state while at high salt concentration the wall was in open state. It was shown that 

capsules were permeable for PAH (70kDa) conjugated with rodamine B above 2x10-2M of 

NaCl. It was also observed that this permeability of wall is reversible. 

Polyelectrolyte capsules can be also fabricated to behave temperature sensitive by 

introducing different thermo-sensitive compounds as wall materials. Polyelectrolyte multi-

layers are kinetically stable structures, so one can expect that a temperature increase can 

provide enough thermal energy to surpass the energy barrier necessary for polymeric film 

rearrangement. The most widely used thermo-sensitive polyelectrolyte is                  

poly(diallydimethylammonium chloride) (PDADMAC). Encapsulation of macromolecules in 

PDADMAC/PSS polyelectrolyte capsules have been studied[40]. For this purpose the hollow 

capsules were incubated in a solution of the respective compound followed by heating step. 

It was observed that PDADMAC/PSS polyelectrolyte capsules start to shrink when they are 

heated. Resulting capsule diameter was reduced to 3.3µM (initial 4.5µM) after incubation at 

50 0C for 20 min. This shrinking of PSS/PDADMAC capsules was successively used for the 

encapsulation of FITC-dextran 10kDa and 70kDa. The shrinking caused impermeability for 

entrapped molecules. 

Another way of changing capsules permeability is applying external stimuli, e.g. strong 

magnetic fields can be used to manipulate the polymer structure of the wall. For this 

purpose magnetic particles have to be embedded into the wall of the capsules. By exposing 

them to a magnetic field the particles in the wall are stimulated which leads to partially or 

total decomposition of the wall. This approach has been studied by Lu et al.[41] on magnetic 

nanoparticles containing PSS/PAH capsules. In their study they used oscillating magnetic 

field on the hollow PSS/PAH capsules with one layer of gold coated cobalt particle Co@Au. 

They observed that due to the magnetic field the Co@Au particles start to spin and disturb 

the wall of polyelectrolyte capsules. Obviously no thermo-sensitive drugs (protein and DNA) 

can be loaded into such capsules due to massive heat production during the long exposure 

to strong magnetic fields. 

Another easy way to encapsulate material is the entrapment due to electrostatic interaction. 

Charged molecules can stick to an oppositely charged matrix present inside the      

capsules[42-44]. 

 

Fig. 2.4.1: Confocal laser scanning microscope (CLSM) image of (PSS/PAH)5 capsules containing             

RITC-dextran in cavity. a) Fluorescence & b) transmission channels, c) overlay of two channels.    

He-Ne laser with wave length 543nm was used to excite the RITC. Scale bar corresponds to 2µm. 
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2.5 Functionalization of polyelectrolyte capsules 

2.5.1 Functionalization of capsules wall 

The main advantage of multilayer polyelectrolyte capsules is that the wall of the capsules 

can be functionalized with different substances (e.g. fluorophores or nanoparticles). 

Nanoparticles having different properties such as fluorescence (i.e. quantum dots), magnetic 

behavior or metallic character (i.e. gold nanoparticles) can be incorporated in the wall of the 

capsules to get a multifunctional system[17]. Using fluorophores and fluorescent 

nanoparticles in the wall of capsules allows a facile analysis and detection with a 

fluorescence microscope. Magnetic particles can be used to mobilize the capsules in desired 

direction by applying the external magnetic field gradient. Metallic particles in the capsules 

wall enable the release of encapsulated materials by stimulation with laser light. These 

different kind of nanoparticles can be introduced in the wall of polyelectrolyte capsules due 

to the electrostatic interaction of nanoparticles and oppositely charged polyelectrolyte 

layers[45, 46]. Fig. 2.5.1 shows a scheme for the synthesis of polyelectrolyte capsules using 

different kinds of nanoparticles in the wall and macromolecules in the cavity 

 

 

Fig. 2.5.1: Schematic formation and functionalization of polyelectrolyte multilayer capsules based 

on filled CaCO3 particles. i) precipitation of the template material in the presence of cargo 

molecules, ii) LbL assembly of oppositely charged polyelectrolytes onto the CaCO3 template,             

iii) functionalization of the wall with different  nanoparticles , iv)LbL assembly is repeated to 

obtain the stable structure, v) core removal  to  obtain hollow multilayer capsule with cargo 

molecules inside the cavity. 
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Alternatively to organic fluorophores, colloidally synthesized semiconductor nanoparticles, 

QDs are widely used as fluorescent indicators for optical detection. As discussed in chapter 

one (section 1.3) these particles are available with high-intensity band gap and their 

wavelength can be adjusted by controlling the nanoparticle size due to quantum 

confinement effect[47]. An advantage of using QDs as fluorescent indicators is that differently 

emitting QDs can be excited simultaneously with light of a single wavelength[48]. In addition 

to this less photo bleaching is observed than in case of most organic fluorophores, which 

makes QDs suitable for measurements over long time periods[49, 50]. Most frequently used 

QDs are CdTe and CdSe[51, 52]. However these particles have the disadvantage that they might 

release Cd ions which can cause cytotoxic effects[52-54]. 

By using the magnetic nanoparticles it is easy to direct the capsules in a desired direction by 

applying the external magnetic field gradient. The magnetic Fe3O4 nanoparticles were used 

in the wall[55-57] as well as in the cavity of microcapsules[58]. Research showed that magnetic 

nanoparticles can also be used as contrast agent for magnetic resonance imaging (MRI)[59]. 

Embedding magnetic nanoparticles in the wall of the capsules turns this system into an 

interesting candidate for the magnetic resonance imaging. One can control the inter particle 

distance in the capsules wall by embedding different concentration of nanoparticles which 

could affect the relaxation time of these particles. FePt nanoparticles have been used in the 

wall of the polyelectrolyte capsules to study the dependence of relaxation time on the inter 

particle distance inside a polymer matrix[60]. It was observed that by decreasing the inter 

particle distance, inside a carrier matrix such as wall of the capsules drastically increases the 

r1 and r2 relaxivities in MRI. As discussed in detail in section 2.4 the permeability of the 

capsule wall can be enhanced by using the magnetic particles in the wall of capsules.  

Applying a radio frequency field on capsules containing magnetic nanoparticles results in 

heat generation which then affects the permeability of the capsule wall[61, 62].  

There are also some studies where walls of the capsule were made light sensitive by doping 

then with metal nanoparticles[63]. Noble metal gold and silver nanoparticles absorb light, 

major part of this light simply change into heat so collective effect of several nanoparticles 

cause an increase of the temperature in surrounding[64, 65]. By embedding these 

nanoparticles in the wall of the capsules permeability of the individual capsule can be 

perturbed due to change in temperature. In conclusion incorporation of metallic 

nanoparticles can help to release cargo molecules from polyelectrolyte multilayer capsules 

for drug delivery applications.  

Explanation about the opening of polyelectrolyte capsules using different metallic 

nanoparticles in the walls of the capsules for the release of cargo molecules is given in 

section (2.6). 
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Fig. 2.5.2: Functionalization of polyelectrolyte capsules with fluorophores and inorganic 

nanoparticles incorporated in the multilayer wall. (Left) Confocal laser scanning microscope 

(CLSM) image (CLSM) of (PSS/PAH)5 with FITC-dextran in cavity and red QDs (CdSe/ZnS) in the 

wall a) green channel: FITC-dextran, b) transmission channel, c) red channel: red QDs, d) overlay of 

all three channels (Scale bar 5 µm).  (Right) Typical TEM images of e) Au nanoparticles , f) Au nano 

rods, g) Fe2O3 nanoparticles and h) FePt nanoparticles embedded inside the multilayer wall of 

hollow (PSS/PAH)5 capsules (scale bar 50nm). Insets show the single nanoparticles-modified 

capsule. 
 

2.5.2 Surface modification for targeted delivery 

It is well known that surface chemistry of particles plays an important role in the interaction 

between cells and particles[66, 67].  

For drug delivery applications of capsules it is important to understand the interaction of 

the capsules with cells and possibilities to enhance the specific uptake by target sites (cells) 

but also to reduce the non-specific uptake of the drug carrier. The control on uptake 

mechanisms can be achieved by modifying the surface of the capsules. It is known that cell 

uptake the capsules[57]. The rate of internalization depends on the surface charge of the 

capsules. Studies showed that capsules with a positive surface charge are ingested at a 

higher rate than the negatively charged ones[68]. One of the main problems of charged 

systems is that proteins start to adsorb on the surfaces[69]. The adsorption of proteins leads 

to a change in the surface charge and a change in the cell uptake. This adsorption of protein 

can be controlled by modifying the outer surface of the capsules. Different coating systems 

including the polyethylene glycol (PEG)[70] and lipids[71] have been applied to the surface of 

capsule in order to limit their non specific uptake. PEG and other hydrophobic materials 

such as poly(2-methyloxazoline) are frequently deposited to impart the protein resistance 

to the surfaces due to their stealth like properties[72]. Since the main stabilizing forces in 

polyelectrolyte capsules are electrostatic interactions, the efficient binding of PEG molecules 

to the surface of the capsule has to be carried out by previous linkage of PEG to highly 
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charged substances like polyelectrolytes. In this way, PEG modified polyelectrolytes can be 

strongly and stably attached to charged surfaces by electrostatic interactions. It has been 

reported that the surface modification of PAH/PSS capsules with a layer of poly(L-lysine)-

graft-PEG (PLL-g-PEG) decrease the adsorption of protein three times as compared to 

standard PAH/PASS capsules[73]. It is also reported that the ratio of PEG graft on copolymer 

also effect the cell uptake. Hua et al.[69] showed that the uptake by cells is much higher for 

capsules which were modified with poly(ethyleneimine)-PEG (PEI-PEG) with low PEG 

grafting ratios compared to capsules with high PEG grafting ratios. The PEG molecule can be 

used on the surface of the capsules to prolong the blood circulating time of these micro 

containers for drug delivery applications. 

Furthermore the specific uptake of the capsules can be achieved by biologically designing 

the surface properties of capsules. One possibility in this context is ligand-receptor 

interaction. A ligand can be a surface molecule that exhibits specific binding to a receptor 

molecule, whereas a receptor is a complementary macromolecular (e.g. protein) binding site 

on a cell surface that binds to ligand. By attaching a ligand onto the surface of a capsule the 

specific uptake of the capsules to the targeted cells can be enhanced. Heuberger et al.[73] 

reported one  possible way to use the polyelectrolyte capsules for such specific targeting 

based on well know biological interaction between biotin/streptavidin. The bio-

functionalized capsules were prepared by coating the PAH/PSS capsules with last layer of 

poly(L-lysine)-graft-PEG/PEG-biotin (PLL-g-PEG/PEG-biotin). To test the interaction of the 

capsules, fluorescent strepavidin was exposed to the micro capsules and examined using   

confocal microscope. The result showed the high fluorescent intensity in the wall of the 

capsules due to the binding of streptavidin with biotin present on the surface of the 

capsules. This approach can be used for the specific uptake of the capsules. Fig. 2.5.3 shows 

the schematic diagram for the targeted delivery through ligand-receptor interaction. 

 

 

Fig. 2.5.3: Scheme of targeted delivery of polyelectrolyte capsules through ligand-receptor 

interaction.  
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2.6 Release of cargo from the cavity of polyelectrolyte capsules 

A possible application of polyelectrolyte capsules in medicine is the delivery of cargo 

molecules like drugs, toxins, or oligonucleotides (DNA or RNA) to living cells[17]. It is known, 

that multilayer capsules of different sizes (from nanometer to micrometer scale) can be 

taken up by living cells[74, 75]. Thus transport into living organisms is possible, but releasing 

the cargo from the cavity of the capsules is challenging. The encapsulated molecules can be 

released at the targeted sites by two ways, through burst release or through sustained 

release. A burst release or instantly release is typically desired when the capsules are used 

for targeted drug delivery (i.e anti cancer drugs). Whereas a sustained release is desired 

when capsules remain in extracellular (i.e in blood circulation) and high doses of drug may 

be dangerous or in case when it is necessary to keep the drug level constant.  

Among the release mechanisms, methods with remote functionalities such as by using the 

external stimuli for example light[63, 76-81], ultrasound[82, 83], hydrolysis[84, 85], or    

magnetism[41], show interesting strategies for control drug release after they reach the 

targeted tissue. In these methods various types of nanoparticles, including gold, silver and 

iron oxide, were embedded inside the wall of capsules during the LbL assembly procedure 

as discussed before. The optical properties of the material were suited to induce the 

disassembly of the multi layer wall or the formation of pores inside the capsules walls. 

Numerous studies have demonstrated the possibility to remotely control the opening of the 

capsules under laser irradiation of silver[86] and gold[74] nanoparticles in the wall outside 

and inside living cells. The near infrared window is very advantageous when operating in 

the tissue environment to minimize the side effects because most of tissues show negligible 

absorption in the 800-1200nm region. For this reason, gold nanorods functionalized 

polyelectrolyte capsules can be opened by using the near infra-red laser 830nm[87]. Recently 

the aggregates of gold nanoparticles have also been used for the remote release experiments 

using the near infrared laser with an incident intensity of 65 mW[88]. It was observed that 

polyelectrolyte capsules containing gold nanoparticles could not be opened using the near 

infrared laser while the encapsulated materials were entirely released from the capsules 

functionalized with aggregates of gold nanoparticles. 

Remote release of encapsulated material can also be achieved by ultra sound irradiation. It 

has been observed that such irradiation effect dramatically the integrity of multilayer 

capsules. When ultrasonic shock waves originating from ultrasound probe propagate 

through the liquid, they cause shear forces between the liquid successive layers. When such 

shear forces pass through the capsule membrane they can damage the capsule wall resulting 

the release of encapsulated materials. The wall of four bi-layer of PSS/PAH polyelectrolyte 

capsules were successively destroyed and release of FITC-dextran 2000kDa was    

observed[89].  

As discussed in section 2.4 the permeability of capsules can also be changed by embedding 

magnetic nanoparticles into the capsules wall. Systems which can be magnetically controlled 

are attracting lot of interest in the field of drug delivery research. Shang et al.[90] reported 

rupturing of magnetic polyelectrolyte capsules for drug delivery applications. Magnetic 

polyelectrolyte capsules were fabricated by LbL assembly, using citric acid modified Fe3O4 as 

negative layer and PAH as positive layer on FITC-dextran loaded CaCO3 templates. The 
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release of FITC-dextran was observed after applying a high frequency magnetic field 

(HFMF). The authors reported that HFMF cause two effects which were responsible for the 

capsule degradation. Firstly HFMF causes the local heating of the micro structure of the 

polyelectrolyte layers which further produced pores in the wall of capsules followed by the 

rupture of the wall. Secondly the magnetic nanoparticles tend to align in the direction of 

applied magnetic field which causes stress in the wall of the capsule. Such stress also plays a 

role in the pore formation. The combined effect of both heating and stress causes the 

rupturing of the magnetic polyelectrolyte capsules. 

 

 
 

Fig. 2.6.1: Laser-opening of FITC-dextran loaded (PSS/PAH)5 capsule with Au NRs embedded in the 

capsules wall. (a) i) Representative TEM image of a single Au nanorods (NRs)-capsule               

(Scale bar 1 µm). (ii-iii) Two high-resolution images of the multilayer wall of the capsule (Scale 

bars 50 nm). (b) Effect of near-IR laser irradiation (830 nm) of a single Au NRs-capsule loaded with                

FITC-dextran. Before laser illumination: the capsule retains the green cargo inside the cavity. After 

laser illumination: the multilayer wall of the capsule is damaged (phase contrast) and the partial 

release of the green cargo throughout the small pores of the wall is observed (green channel) 

(Scare bars 5 µm).Figure taken from reference [91]. 

 

As explained before, external stimuli such as pH, ionic strength and temperature affect the 

permeability of polyelectrolyte capsules by creating tiny pores in the wall of the capsules. 

Such conditions can also be used for the release of the encapsulated materials, but these 

methods are useful for the encapsulation and release of material under in vitro conditions. 

However these methods show some limitations for the drug release under in vivo 

conditions. 

Sustained release of encapsulated material can be achieved by the slow diffusion through 

the walls of the capsules or by gradually decomposition of capsules wall. Such release of 

protein was achieved from the biodegradable capsules made of chitosan (CT) and dextran 

sulfate (DEXS) using LbL technique[92]. It was observed that with the passage of time, due to 

the presence of the enzyme chitosanase the chitosan part of the capsules wall can be 

degraded and the capsules begin to deform and are finally completely ruptured. Thus the 
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encapsulated proteins were released in a sustained manner. Borodina et al.[93] studied the 

enzymatic decomposition of polyelectrolyte capsules. These self-disintegrating 

microcapsules were synthesized by encapsulating the highly active mixture of proteases in 

the cavity of capsules. The co-precipitation method was used to entrap the pronase in the 

CaCO3 microparticles. Poly(L-arginine)/poly(L-aspartic acid) (pARG/PLA) were assembled 

alternating onto the pronase containing templates. After the core removal the enzyme was 

released in the cavity of the microcapsules and started to digest the wall of the capsules. The 

life time of these self-disintegrating capsules could be adjusted by changing the amount of 

encapsulated pronase from seconds and hours to days which has the main advantage for the 

sustained release of the co-encapsulated DNA. 

Polyelectrolyte capsules made of bio-degradable polymers are another way to deliver the 

drug inside the cell without any external stimuli. When such capsules are taken up by cells 

they can be destroyed by the enzymes present inside the cell. Most widely used bio- 

degradable polyelecctrolytes are poly(L-arginine) (pARG) and dextran sulfate (DEXS).         

De_Geest and co-workers[33] used these polyelectrolytes to synthesize bio-degradable 

capsules containing FITC-dextran in the cavity. When these capsules were supplied to the 

cells they were taken up by the cells, subsequently degraded and FITC-dextran was released 

inside the cell. Such capsules have high potential for the intracellular delivery of therapeutic 

nucleic acids (DNA, siRNA) and proteins. 

2.7 Polyelectrolyte capsules as sensors 

Polyelectrolyte capsules are also promising in the area of sensing[68, 94]. Due to diverse 

encapsulation method of assay elements and easy functionalization, this system is an 

interesting candidate for sensing application in biomedical field[17, 72]. In cells there are 

different concentration of ions such as Na+, K+, H+, and Cl- across the plasma membrane see 

table (2.7.1). The concentration of these ions across the cell membrane is very important 

because the functions of every cell in the body depend on the maintenance of a negative 

potential inside the cell. This negative potential depends upon the relative concentrations of 

these ions inside and outside the cell. The ionic pump present in the cell membrane 

maintains this ionic concentration by moving ions across the cell membrane against their 

concentration gradient[95]. In cellular and clinical research, accurate quantification of these 

ions with both high spatial and temporal resolution but negligible cell perturbation is an 

extremely challenging task. 

One can investigate the intra/extra cellular ion concentration by optical measurements. 

Numerous fluorescent indicators are commercially available which are sensitive to the 

mentioned ions. These fluorophores change their optical properties upon interaction with 

the corresponding ion such as change in fluorescent intensity or shift in absorption or 

fluorescence spectra. These fluorophores can be conjugated to the high molecular weight 

molecules (i.e dextran) and could be embedded into the capsules cavity. An advantage of 

using polyelectrolyte capsules as sensors is that  the wall of the capsule prevents the dyes 

from strong dilution and retains the high concentration inside the cavity thus the detection 

of the fluorescence signal can be significantly improved compared to the free dyes injected 

into the cells. Furthermore the sensor dye is protected from the surrounding environment 
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which might degrade or reduce its activity, and finally due to the porous nature of 

polyelectrolyte capsules wall the ions can move freely through the wall of the capsules and 

can interact with the fluorescent indicators[36, 94]. Another advantage of using polyelectrolyte 

capsules is the possibility to perform a ratiometric measurement by incorporating a 

reference dye which is not sensitive to the ion concentration along with the sensitive dye. 

Additionally capsules provide the facility to functionalize the wall of different sensor 

capsules with different colors. This can be helpful for the sensing of different ions at a same 

time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.7.1: Composition of extracellular and intracellular Fluids (ion concentrations)[96] 

 

Polyelectrolyte capsules have also been used as oxygen sensor[97]. It was observed that the 

embedded dyes were stable and retained their properties. LbL assembled microcapsules can 

also be used as sensors for biomolecules (e.g. DNA) by embedding a molecular device that 

shows fluorescence upon binding of complementary DNA[98]. pH sensitive polyelectrolyte 

capsules have been fabricated by embedding the pH sensitive fluorophore SNARF 

conjugated to high molecular weight molecule dextran (70kDa)[99]. It was observed that 

SNARF retained its properties when embedded in the capsules cavity. The pH change was 

observed in the local environment of SNARF capsules upon their transition from alkaline cell 

medium to the acidic endosomal/lysosomal compartments. Uta et al.[100] reported that it is 

possible to locate the polyelectrolyte capsules inside the cell compartment by using the pH 

sensitive fluorophore. Such a system could allow the investigation of the uptake mechanism 

of capsules by cells in detail.  

 
 

ion 
extra cell. 

Concentration(mM) 

intra cell. 

Concentration(mM) 

Na+ ~150 ~15 

K+ ~5 ~150 

Ca2+ ~1 ~0,0001 

Mg2+ ~1,5 ~12 

Cl- ~110 ~7 

H+ 
Generally known: intracellular pH level is 

lower than extracellular one. 
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Contribution 

 Polyelectrolyte capsules for NMR imaging and targeted delivery 

Polyelectrolyte capsules were fabricated by embedding magnetic iron oxide (Fe2O3) 

nanoparticles in the walls of the capsules. Such capsules could be used for the targeted drug 

delivery, beside targeted drug delivery this system can also be used as contrast agent for 

nuclear magnetic resonance imaging (NMR). Magnetic particles provide good imaging 

contrast capabilities for NMR because the relaxitivities r1 and r2 of nanoparticles are very 

sensitive to changes in local field gradients. To study the dependence of relaxivities r1 and r2 

on inter particle distance, wall of the capsule was used as a matrix containing different 

number of magnetic nanoparticles. For these studies iron oxide nanoparticles (Fe2O3) were 

synthesized. Different concentrations of nanoparticles were embedded in the walls of the 

capsules. After the synthesis of microcapsules confocal laser scanning microscopy (CLSM), 

scanning electron microscopy (SEM), transmission electron microscopy (TEM) were 

performed to study the morphology of the capsules. 

 Ratiometric polyelectrolyte capsules as sensor 

Sensor polyelectrolyte capsules were fabricated for detection of intracellular concentrations 

of several ions, such as Na+, K+, H+ and Cl-. These sensor capsules were fabricated using 

commercially available fluorophores such as sodium-binding benzofuran isophthalate 

(SBFI), potasium-binding benzofuran isophthalate (PBFI), fluorescein isothiocyanate (FITC) 

and seminaphtharhodafluor dye (SNARF), whereas chloride sensitive capsules were 

produced by using a homemade chloride sensitive fluorophore (MQAE). The sensor activity 

of SBFI, PBFI, FITC and MQAE fluorophores is based either on the increase or decrease of 

their fluorescence signal upon increasing concentration of the corresponding ion. Whereas 

the pH sensitive fluorophore SNARF shifts the fluorescence maximum from green to red 

with the change of pH from acidic to alkaline ranges respectively. For the ratiometric 

measurements, red emitting fluorophore alexa 594 (AF594) was used as reference dye (non 

sensitive to ion concentration). All the ion sensitive fluorophores and reference fluorophore 

were conjugated to the cargo molecule dextran (500kDa) before embedding them into the 

capsules cavity. 

The fabrication of polyelectrolyte capsules was performed by using spherical porous 

calcium carbonate (CaCO3) templates. Co-precipitation method was used to encapsulate the 

fluoropores during the synthesis of CaCO3 particles. After the core synthesis, the wall of the 

capsules was build using LbL technique. Commercially available polyelectrolyte PSS was 

used as anionic layer whereas PAH was used as cationic layer to build the walls of the 

capsules. After assembly of five bi-layers, the CaCO3 cores were removed by complexation 

with EDTA. 

The response of the fluorophores under different corresponding ion concentration was 

investigated by recording the emission spectra of free fluorophores, fluorophores 

conjugated to the dextran molecule and finally fluorophores embedded into the capsules 

cavity. The response of sensor capsules for different corresponding ion concentration was 

also observed using fluorescence microscope. Results showed that the fluorophores were 
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stable and retained their properties upon conjugation with dextran molecule and 

encapsulation in polyelectrolyte capsules.  

Furthermore to use these polyelectrolyte capsules as multiplex sensor (i.e to measure the 

concentration of different ions at a same time) walls of the capsules were labeled. For this 

purpose fluorescent nanoparticles (CdSe/ZnS) of different color were embedded in the walls 

of the capsules containing different ion sensitive fluorophores in the cavity. By giving 

different colors to the wall of sensor capsules it was possible to identify different sensor 

system under different concentrations of ions. 

 

 Capsules made of proteins 

Proteins are naturally occurring polymers, having high potential for biomedical applications 

due to their intrinsic biocompatibility. To increase the biocompatibility of microcapsules 

instead of using standard synthetic charge polyelectrolytes supercharged elastin-like 

peptides (ELPs) were used to build the wall around the spherical CaCO3 particles by using 

LbL technique. The multilayer wall was held together only by electrostatic interaction of 

these oppositely charged proteins. Such protein based capsules are less cytotoxic as 

compared to the other microcapsules based on PSS, PAH, PDADMAC, and PLL 

polyelectrolytes because these supercharged proteins can degrade into non toxic amino 

acids and do not contain toxic solvents or monomer residues. The structural properties of 

protein based capsules were compared to capsules based on synthetic polyelectrolytes such 

as capsules based on PSS/PAH and DEXS/pARG. Structural investigations were performed 

using TEM, SEM and CLSM. Results showed that such charged proteins could be used to 

fabricate the biodegradable microcapsules. One possible application of such capsules is in 

drug delivery. 

 

 Capsules for controlled release of cargo molecules 

For the controlled release of the cargo molecules gold (Au) nanoparticles were embedded in 

the multilayer walls of the capsules and effect of microwaves on capsules structure was 

studied. For the control experiment capsules without Au nanoparticles were also fabricated. 

The effect of microwave irradiation was investigated by comparing data obtained from TEM 

and dynamic light scattering (DLS) before and after the microwave irradiation. The wall 

damage was observed in both types of capsules. A rapid damage of wall was observed in the 

case of capsules having Au nanoparticles in their walls. Such method could be used for the 

simultaneous opening of numerous capsules containing the cargo molecules.  
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Conclusions and future perspectives 

Nanoparticles of different shape and size could be synthesized from wide verity of materials. 

It is demonstrated that size and shape of the particle can be tuned by varying the synthesis 

condition. These small particles from different material can be incorporated in polymer 

matrix, such as in the walls of polyelectrolyte capsules. Such multifunctional system is 

promising for drug delivery and sensing application. 

Layer-by-layer technique can be used to fabricate hollow microcapsules using different 

charged polymers. The two main compartments of the capsules are wall and cavity. The 

walls of the capsules can be functionalized with nanoparticles having different properties, 

size and shape. It is possible to encapsulate macromolecules in the cavity of the capsules. 

Calcium carbonate (CaCO3) particles are interesting candidate for the template; small 

molecules can be easily encapsulated during synthesis of these particles.  

Capsules containing magnetic nanoparticles in the wall could be used for nuclear magnetic 

resonance imaging (NMR). Further more such a system could also be used for drug delivery 

application where magnetic field can be used to produce the local heat to change the 

permeability of the capsule wall. Presence of magnetic nanoparticles also makes this system 

an interesting candidate for targeted delivery. 

Polyelectrolyte capsules can also be used as sensors. Different ion sensitive fluorophores 

can be embedded in the cavity of the capsule.  For ratiometric measurement it is possible to 

encapsulate reference dye along with the sensor dyes. It is demonstrated that fluorophores 

retained their properties. Experiments performed confirmed that such a system can be used 

to measure the ion concentration. These ion sensitive capsules could be used for in vivo 

ratiometric measurement of ions. Further it is possible to give different color to the walls of 

sensor capsules. This could help to distinguish different ion sensitive capsules localized in 

different compartment of the cells. 

The wall of the capsule can be made with wide verity of synthetic as well as naturally 

occurring polymers. Charged elastic like protein can be used to make the wall of the 

capsules. Such biocompatible capsules could be used for drug delivery application  and can 

be less toxic compare to other possible system because these supercharged proteins can 

degrade into non toxic amino acids and do not contain toxic solvents or monomer residues, 

they might be promising alternative building blocks for the synthesis of biocompatible and 

biodegradable capsules. 

By embedding metal nanoparticles (e.g Au, Ag) it is possible to remotely open the capsule 

walls by using the external stimuli. It was observed that microwave irradiation affect the 

wall of the capsules. Capsules containing Au nanoparticles degrade rapidly under 

microwave irradiation. Such a system can be used to deliver high dose because by using 

microwave it could be possible to simultaneously open the large number of capsule to 

release the cargo material. 
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I) Synthesis 

 

I.1) Chemicals. Cadmium oxide (99.999%),  Zinc Oxide (99.999%), Mercury(II) chloride 

(99.99%), nonanoic acid (97%), decylamine (98%),  sulphur powder (99.9%, 100mesh ), 

selenium powder (99.9%, 100mesh), tellurium powder (99.8%, 200mesh) and water free 

toluene and methanol were purchased from Sigma, TOP (97%) was purchased from Strem. 

All the chemicals were used as shipped.  

 

 

I.2) CdSe NC synthesis. CdSe NCs were synthesized according to a previous protocol 
1
 in a 

3 neck flask by reacting, at low temperature, a complex made of cadmium and nonanoic acid 

with a selenium:Trioctylphosphine (Se:TOP) solution in presence of decylamine. 500mg of 

Cadmium oxide, 2 g of decylamine and 2g of nonanoic acid were mixed in a three-neck flask. 

The flask was evacuated to vacuum at 100 °C for 15 minutes and then heated to 200 °C under 

nitrogen atmosphere to decompose the CdO. The temperature was then lowered to 80 °C and 

10 g of a solution of selenium in Trioctylphosphine (10% in weight of selenium) was quickly 

injected. The temperature dropped after the injection and was allowed to recover to 80 °C. 

During the growth, 0.1 ml of the growth solution were extracted at time intervals ranging 

from 3-5 minutes (at the early stages of growth) to several hours (after several hundreds of 

minutes of growth) and diluted in 1-2ml of toluene.  

 

Size selective precipitation. After the synthesis of the desired size, the heating mantel was 

removed and the solution left cooling to room temperature. Two milliliters of toluene were 

added to the solution, followed by methanol until a persistent cloudiness is observed. The 

resulting solution was centrifuged and the precipitate was washed again by addition of a few 

milliliters of toluene and methanol. The final precipitate was redissolved in toluene. By this 

procedure the largest species of NCs was almost quantitatively separated from the smaller 

species of NCs.  

 

 

I.3) CdS NC synthesis.  In a typical synthesis 514mg of Cadmium oxide, 2 g of decylamine 

and 2g of nonanoic acid were mixed in a three-neck flask. The red slurry was left under 

vacuum at 100°C for 15 minutes and then heated at 200°C under nitrogen atmosphere. The 

solution turned transparent because of the formation of a complex between cadmium and the 

carboxylic acid. The temperature was then lowered to 60°C and 10 g of a solution of S in 

Trioctylphosphine (10% in weight) was injected. After injection, the temperature dropped and 

was allowed to recover and increased to 80°C. The NCs growth was followed taking with a 

syringe 0.1ml of the growth solution at time intervals ranging from 3-5 minutes (at the early 

stages of growth) to several hours (after several hundreds of minutes of growth) and diluted 

with fresh toluene. 

 

Size selective precipitation. After the synthesis of the desired size, the heating mantel was 

removed and the solution left cooling to room temperature. Two milliliters of toluene were 

added to the solution, followed by methanol until a persistent cloudiness is observed. The 

resulting solution was centrifuged and the precipitate was washed again by addition of a few 

milliliters of toluene and methanol. The final precipitate was redissolved in toluene. By this 

procedure the largest species of NCs was almost quantitatively separated from the smaller 

species of NCs. Data are shown in Figures S1, S2, S4, and S5. 
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I.4) CdTe NC synthesis. In a typical synthesis 514mg of Cadmium oxide, 1 g of decylamine 

and 1g of nonanoic acid were mixed in a three-neck flask. The flask was pumped to vacuum 

at 100°C for 15 minutes and then heated at 200°C under nitrogen to decompose the CdO. The 

temperature was then lowered to 90°C and the tellurium stock solution (255mg of tellurium 

dissolved in 5g of Trioctylphosphine (TOP)) was injected. The temperature after the injection 

dropped and was allowed to recover and increased to 120°C. During the growth, 0.1 ml of the 

growth solution were extracted at time intervals ranging from 3-5 minutes (at the early stages 

of growth) to several hours (after several hundreds of minutes of growth) and diluted into 

toluene. 

 

Size selective precipitation. After the synthesis, the heating mantel was removed and the 

solution left cooling to room temperature. Two milliliters of toluene were added to the 

solution, followed by methanol which was added until a persistent cloudiness was observed. 

This solution was centrifuged and the precipitate was washed again by addition of a few ml of 

toluene and methanol. The final precipitate was redissolved in toluene. By this procedure the 

largest species of NCs was almost quantitatively separated from the smaller species of NCs. 

Data are shown in Figure S6. 

 

I.5) ZnSe NC synthesis. In a typical synthesis 488mg of Zinc oxide, 2 g of decylamine and 

2g of nonanoic acid were mixed in a three-neck flask. The flask was pumped to vacuum at 

100°C for 15 minutes and then heated at 200°C under nitrogen to decompose the ZnO. The 

temperature was then lowered to 130°C and 10 g of a solution of Se in trioctylphosphine 

(10% in weight of Se) was injected. The temperature after the injection dropped and was 

allowed to recover and increased to 170°C. During the growth, 0.1 ml of the growth solution 

were extracted at time intervals ranging from 3-5 minutes (at the early stages of growth) to 

several hours (after several hundreds of minutes of growth) and diluted into toluene. 

 

Size selective precipitation. After the synthesis, the heating mantel was removed and the 

solution left cooling to room temperature. Two milliliters of toluene were added to this 

solution, followed by methanol until a persistent cloudiness was observed. This solution was 

centrifuged and the precipitate was washed again by addition of a few ml of toluene and 

methanol. The final precipitate was redissolved in toluene. The injection of Te:TOP stock 

solution or just TOP with different molar ratios always led to ZnO NCs (Table T1 and Figure 

S9). In the case in which the Zn:Te molar ratio is in favor of the chalcogen no peak associated 

to a specific species of NCs was observed. Data are shown in Figures S7, and S8. 

 

I.6) ZnO NC synthesis. In a typical synthesis 651mg of zinc oxide, 3 g of decylamine and 3g 

of nonanoic acid were mixed in a three-neck flask. The flask was pumped to vacuum at 100°C 

for 15 minutes and then heated at 200°C under nitrogen to decompose the ZnO. NC growth 

was performed at 180°C. During the growth, 0.1ml of the growth solution were extracted at 

time intervals ranging from 3-5 minutes (at the early stages of growth) to several hours (after 

several hundreds of minutes of growth) and diluted into 2-3ml of toluene. 

 

Size selective precipitation. After the synthesis, the heating mantel was removed and the 

solution left cooling to room temperature. Two milliliters of toluene were added to this 

solution, followed by methanol until a persistent cloudiness was observed. This solution was 

centrifuged and the final precipitate was redissolved in toluene. Data are shown in Figures S9 

and S10. 
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I.7) Comparison of the reaction conditions. Since the syntheses of all the NCs presented in 

this report have been performed using similar precursors and surfactants it is possible to make 

a comparison regarding the reactivity of different materials. The first remarkable difference 

concerns the decomposition of cadmium and zinc oxide powders. After pumping the vacuum 

at 100°C for 15-20min ZnO and CdO are well decomposed when the temperature is raised to 

200°C and their complex with nonanoic acid seems to be stable. We had no possibility to 

check if little clusters of CdO were forming in solution during the decomposition of the 

cadmium precursor. However, when ZnO was dissolved in presence of nonanoic acid a slight 

shoulder in the ultraviolet region of the absorbance spectrum was observed (Figure 1e). The 

presence of this shoulder might suggest the formation of very small ZnO clusters which 

occurs just after the formation of the Zinc-nonanoic acid complex. Because of the small size 

of these NCs and the excess of solvent it was not possible to isolate them via precipitation. 

We therefore can not demonstrate their formation. The reactivity of the Zinc-nonanoic acid 

complex with selenium and tellurium was found to be extremely different. The injection of 

selenium precursor led to the formation of ZnSe NCs as is possible to see from the 

characteristic absorbance spectrum landscape (Figure1d), while the presence of tellurium was 

completely ignored by the complex which preferred to grow crystals incorporating oxygen 

atoms instead than tellurium as displayed by EDX measurements (Figure S18). Probably, 

since the reaction occurs always under air free conditions, the oxygen for the NC growth is 

taken away from the carboxylic acid present in solution. The decomposition procedure used 

here can be employed for the decomposition of lead oxide too, which would open the way to 

the synthesis of lead chalcogenide NCs.  In the case of mercury, increasing the temperature to 

200°C most of the HgO decomposes into liquid mercury drops and just a little amount formed 

a complex with the nonanoic acid. Since for the nucleation of the NCs a high concentration of 

precursors is required, this kind of protocol is not the proper one for the synthesis of mercury 

chalcogenide NCs. Another difference between zinc and cadmium concerns their reactivity 

with the chalcogens solutions (see Table T1). For the synthesis of ZnSe and ZnO NCs the 

growth temperature could be held to 170-180°C and still the crystals required several hours to 

appear, while for cadmium a temperature close to 100°C led to the growth of the smallest 

families of clusters in a few minutes. 

 

Precursor concentration and molar ratio appear to be paramount for the formation of the NCs. 

Generally a high concentration of precursors is required for the synthesis of small NCs. In the 

case of CdS, ZnSe (Table T1) and CdSe 
1
 it has been observed that small Cd:S, Cd:Se and 

Zn:Se ratios favor the NCs formation. This fact is very interesting in order to understand 

which, among the precursors, is responsible for triggering the nucleation. If S and Se 

concentration are able to trigger the nucleation of NCs for CdS, ZnSe and CdSe, for CdTe and 

ZnO it seems to be the opposite. Although we observed CdTe NCs even at synthesis with 

different molar ratios we observed that more peaks were visible with an higher Cd:Te ratio 

(Table T1, Figure 1c and Figure S25). In the case of ZnO (Figure 1e and Figure S27) the 

presence of a high concentration of zinc precursor always guaranteed the NCs nucleation. In 

general the NCs reported here can be grown at temperatures higher than those listed in Table 

T1 without affecting their properties (Absorption peak position and FWHM). At any rate a 

slow growth allows a better control of the synthesis evolution which maximizes the 

probability to isolate one family from the others. This can highly improve the quality of the 

precipitate and the yield of the synthesis.      

 

I.8) CdHgS NC synthesis. In a general synthesis of CdHgS NCs 514mg of Cadmium oxide, 

2 g of decylamine and 2g of nonanoic acid were mixed in a three-neck flask. The flask was 

pumped to vacuum at 100°C for 15 minutes and then heated at 200 °C under nitrogen to 
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decompose the CdO. When the solution was totally transparent the temperature was lowered 

to 60°C and 10 g of a solution of sulphur in Trioctylphosphine (10% by weight of S) was 

injected, which caused the temperature to drop. While the temperature was left recovering 

mercury precursor (Mercury stock solution was prepared by dissolving 2.16g of mercury(II) 

chloride (8mmol) in 40g of Trioctylphosphine at 110-120°C for 1hour) was added dropwise 

using a syringe pump with a speed of 2.5ml/h.  The injection continued during all the NC 

growth which was performed at 80°C. The growth of the particles was monitored by taking 

aliquots during the reaction, and recording their UV/visible absorption and fluorescence 

spectra. The aliquots were extracted at time intervals ranging from 3-5 minutes (at the early 

stages of growth) to several hours (after several hundreds of minutes of growth) and diluted 

with toluene. 

Size selective precipitation. After the synthesis, 5-10mL toluene was added to the growth 

solution, followed by addition of methanol, until a persistent cloudiness was observed. An 

amount of methanol ranging from 50 to 100 mL was required, depending on the size of NCs 

present in the solution and their concentration. This solution was precipitated with 

centrifugation at 2500 rpm speed. The precipitate was washed several times with toluene and 

methanol. The final precipitate was redissolved in toluene. Data are shown in Figures S11, 

S12, S13, S14, and S20. 

 

Cd:S  molar 

ratio 

CdO S:TOP NNA DA CdS NC 

formation 

4,59:31,25 

(≈1:6) 

514mg 1g S: 10g TOP 2g 2g Yes 

4,46:12,65 

(≈1:3) 

500mg 405mg S: 10g 

TOP 

2g 2g No 

Temperature of S:TOP injection: 60°C; growth temperature: 75-80°C; 

precipitation with 2-3ml toluene+ 20ml methanol repeated 2 times for purification. 

 

Cd:Te  

molar ratio 

CdO Te:TOP NNA DA CdTe NC 

formation 

1:1 257mg 255mg:5g 1g 1g Yes 

1:2 257mg 510mg:10g 1g 1g Yes 

2:1 514mg 255mg:5g 2g 2g Yes best result 

3:1 771mg 255mg:5g 3g 3g Yes very fast 

Temperature of Te:TOP injection: 90°C; temperature of growth: 120°C; 

precipitation with 20ml methanol repeated 2 times for the purification. 

 

Zn:Se  molar 

ratio 

ZnO Se:TOP NNA DA ZnSe NC 

formation 

1:0,95 976,43mg 1g:10g 4,5g 4,5g Yes 

1:2 488.4mg 1g:10g 2g 2g Yes 

2:1 488.4mg 237mg:5g 2g 2g No 

Temperature of Se:TOP injection: 130°C; temperature of growth: 170°C; 

precipitation with 2-3ml toluene+ 20ml methanol repeated 2 times for purification. 
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Zn:Te  molar 

ratio 

ZnO Te:TOP NNA DA ZnO NC 

formation 

1:1 162,8mg 255mg:5g 2g 2g Yes 

1:2 81,4mg 255mg:5g 1g 1g No 

2:1 325mg 255mg:5g 2,5g 2,5g Yes 

4:1 651,2mg 255mg:5g 3g 3g Yes  

6:1 976,8mg 255mg:5g 4,5g 4,5g Yes 

Temperature of Te:TOP injection: 130°C; temperature of growth: 180°C; 

precipitation with 2-3ml Toluene+ 20ml methanol for the purification. 

 

Table  T1.  NC synthesis depending from the synthesis conditions. The last column indicates 

if NCs formed during this synthesis condition. NNA and DA are the amount of nonanoic acid 

and decylamine used for the synthesis. Below each chart the different reaction conditions, and 

the amounts of chemicals used for the purification are reported. 

 

Characterization of structural and compositional properties 

 

II.1) Transmission electron microscopy (TEM).  

 

Transmission electron microscopy (TEM) investigations were performed using a JEM 3010 

high-resolution electron microscope (Jeol Ltd., Tokyo, Japan) operating at 300 kV. For image 

acquisition a 2 k x 2 k slow scan CCD camera (Mega Scan 794, Gatan Inc., Pleasanton, CA, 

USA) was used along with the Digital Micrograph software. All samples were prepared by 

depositing the NCs on 300mesh copper grids covered with a thin carbon supporting film. 

Image processing and Fourier analysis of individual NCs was done by making use of the 

CRISP (Calidris, Sollentuna, Sweden) software, and the Electron Diffraction program by J.-P. 

Morniroli (Université de Lille, France). All the samples were prepared by dropping the NCs 

solution on a TEM grid, and waiting for the solvent evaporation.  

 
 

Figure S1. TEM micrograph of cadmium sulfide NCs of species CdS I with cubic structure: 

(a) overview, (b) close-up of the square region marked in (a). The inset shows the Fourier 

transformation of the marked circular area revealing (110) zone axis orientation of the single 

particle. 
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Figure S2. Overview TEM images of cadmium sulfide NCs of species CdS II (a) and CdS IV 

(b). 

 

 
 

 

Figure S3. TEM micrographs of cadmium sulfide NCs of sample CdS III with cubic structure: 

(a) overview; (b) close-up on one single particle in area 1 with (111) zone axis orientation; 

(d) close-up on one single particle in area 2 with (110) orientation; (f) single particle in (100) 

orientation; (c), (e) and (g) are the corresponding Fourier transformations.  
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Figure S4. (a) TEM micrograph of cadmium sulfide NCs of species CdS V. The inset shows 

the Fourier transformation of the marked area showing the (100) spacing. (b) TEM 

micrograph of cadmium sulfide NCs of species CdS VII.  

 

 
 

Figure S5. TEM micrograph of cadmium sulfide NCs of species CdS VI: (a) overview, (b) 

close-up of the square region in (a). The inset shows the Fourier transformation of the 

marked circular area revealing a (110) zone axis orientation of the respective particle. 
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Figure S6. TEM micrographs of cadmium telluride NCs species CdTe I (a) and species CdTe 

II-III (b). Particles are marked by dashed lines. The insets in (b) are the Fourier 

transformations of the marked circular areas revealing (111) and (011) zone axis orientation 

of the respective particles. 

 
Figure S7. TEM micrographs of zinc selenide NCs including all three species of NCs (left) 

and a sample with particles belonging just to the species ZnSe III (right). The insets show the 

Fourier transformations of the encircled areas in each image and reveal the hexagonal (001) 

zone axis orientation of the respective single particles. 

 
 

Figure S8. SAED of ZnSe NCs. This picture was taken from a sample in which all the species 

of ZnSe NCs were present. In the picture the rings due to the hexagonal structure (1,2,3,4 

(faint)) are clearly visible. However, the broadness of the rings due to the small particles size 

does not permit us to exclude the presence of some particles with cubic (zinc blende) 

structure.  
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Figure S9. TEM micrographs of two zinc oxide NCs (a) and (c), with their corresponding 

Fourier transformations indicating (b) (001) and (d) (111) zone axis orientation of the 

hexagonal structure. 

 

 
 

Figure S10. SAED of ZnO NCs. In the picture the rings due to the hexagonal structure (1, 2, 

3, 4, 6 and 7) are clearly visible but the presence of the ring 5 confirm the presence of same 

particles having a cubic structure as reported in Table T2 

.  

Ring hkl 

(hexagonal) 

hkl 

(cubic) 

1 100 none 

2 002 111 

3 110 220 

4 200 311 

5 None 400 

6 210 331 

7 300 422 

Table T2. Assignment of SAED rings to hexagonal and cubic structure.  
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Figure S11. TEM micrograph of CdHgS I NCs with cubic structure. The Inset shows the 

Fourier transformation indicating the (211) orientation of the selected particle. 

 

 
 

Figure S12. TEM micrographs of CdHgS II NCs and the corresponding Fourier 

transformations of the selected areas, showing (110) and (211) orientation of the cubic 

structure. 
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Figure S13. CdHgS III NCs in the TEM overview (a), and in a close-up (b) with the Fourier 

transformation in the inset revealing a (111) orientation of the hexagonal structure. 

 

 
Figure S14. TEM micrograph of CdHgS IV NCs with (110) orientation of the cubic structure 

as indicated by the Fourier transformation of the selected are.  

 

Table T3. Summary of the properties recorded from CdS and CdTe NCs. The wavelength of 

absorption (first exction peak) refers to the center of the absorbance peak before size selective 

precipitation. Average sizes of NCs were estimated measuring the long axes of 10-25 NCs 

from TEM images. The wavelength of the first exciton peak was also used to calculate the NC 

size based on extrapolation of a correlation curve by Yu et al. 
2
. As the correlation curve 

absorption wavelength / NC diameter by Yu et al. had been obtained for NCs of larger size 

extrapolation to small NCs as synthesized in our study is problematic. Therefore the size data 

as derived from the Yu study do not match our size data as experimentally obtained with 

TEM. Furthermore we can't exclude that our TEM images display small aggregates of NCs 

instead of single NCs. This has been actually reported by Dagtepe et al. 
3
. 

Material CdS I CdS II CdS III CdS IV CdS V CdS VI CdTe I CdTe II-III 

Wavelength of 

Absorption 

Peak (nm) 

303,7±0,5 326,7±0,5 347±1 362,7±0,6 377±0,5 387±1 445,3±1,5 487,6±2,5 

506±1,5 

Size 

distribution 

from TEM 

(nm) 

2,3±0,3 2,7±0,5 2,9±0,8 3,5±0,7 3,6±0,2 3,9±0,1 2,4±0,3 3,1±0,8 

Size as 

obtained from 

the absorption 

data using the 

Yu-correlation 

1,4 1,7 2,0 2,3 2,7 3,0 0,0 

 

1,9 

2,5 
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II.2) Energy filtered transmission electron microscopy (EFTEM). 

  

Energy Filtered images (EFTEM) were acquired on a JEOL JEM-2200FS equipped with an  

Omega in column energy filter, and a spherical aberration corrector in the objective lens. An 

aperture was used to further reduce chromatic aberration, so that the expected resolution is 

mainly due to the delocalization of inelastic scattering (about 0.5 nm at 100eV for a thin 

sample as calculated from Egerton et al. 
4
. The elemental chemical maps for Hg O2,3 (58 eV), 

Cd N2,3 (67 eV), and S L2,3 (165 eV) are presented in Figure S15. They are obtained by 

using the three windows method at each element edge to subtract the inelastic background. A 

small energy slit of 5eV was used to reduce the superposition of the Hg-O edges and Cd-N 

signals. For S-L edge an energy slit of 20eV was used to improve the signal. The resulting 

maps show the presence of the three elements in the particles.  

 

 
 

Figure S15. Elemental maps for Hg-O2,3, Cd-N2,3, and S-L2,3 obtained in EFTEM. The image 

on the right bottom is a filtered image of the elastic peak from a adjacent region shown as 

representation of the sample morphology. 
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II.3) Energy dispersive X-ray spectroscopy (EDX).  

 

EDX graphs were recorded with a SEM CamScan IV. NCs were precipitated 3 times and the 

powder was left drying under nitrogen atmosphere before being spread on a silicon wafer.  

 

CdS NC EDX 

 

 
Figure S16. EDX spectra of the first (CdS I), second (CdS II), third (CdS III) and forth (CdS 

IV) species cadmium sulphide NCs. The accelerating voltage was 15kV. 

 

The cadmium (Lα1 (3,129KeV), Lβ1 (3,295KeV)) and sulphur (Kα (2,299KeV), Kβ 

(2,441KeV)) transitions are clearly visible in these spectra (Figure S16).  
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CdTe NC EDX 

 

 
Figure S17. EDX spectra of the first (CdTe I) and second (CdTe II) species of cadmium 

telluride NCs. The accelerating voltage was 15kV. 

 

The cadmium (Lα1 (3,129KeV), Lβ1 (3,295KeV)) and tellurium (Lα1 (3,796KeV), Lβ1 

(4,006KeV), Lβ2 (4,29KeV)) transitions are clearly visible in these spectra (Figure S17). The 

presence of carbon, oxygen, and phosphorous are due to the surfactants still present on the 

particle surface after the washing procedure.  

 

ZnSe and ZnO NC EDX 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S18.  EDX spectra of ZnSe and ZnO NCs without size selective precipitation. In the 

ZnSe sample all the three species of NCs were present. The acceleration voltage was 20kV.  

 

In case of ZnSe the zinc (L1 (0,877KeV), Lα1 (0,996KeV), Kα1 (08,628KeV), Kβ1 

(9,553KeV)), and selenium (Lα1 (1,375KeV)) transitions are clearly visible in the spectrum 

(Figure S18, on the left). In case of ZnO the zinc (L1 (0,877KeV), Lα1 (0,996KeV), Kα1 

(08,628KeV), Kβ1 (9,553KeV)) and oxygen (Kα (0,521KeV) transitions are clearly visible in 

Figure S18 in the center and right spectra. The presence of carbon, is due to the surfactants 

still present on the NC surface after the washing procedure.  
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CdHgS NC EDX. 

 

In Figure S19 and Table T4 the normalized composition of each species of CdHgS NCs is 

reported. The particles belonging to the CdHgS I species are composed out of 50% of sulfur, 

whereas the percentages of cadmium and mercury are about 25% and 21%. The mercury 

precursor is very reactive with the sulphur atoms present in the surfaces of the small nuclei in 

solution and it is easily incorporated in the crystal lattice during the growth by replacing 

cadmium atoms. The presence of chlorine in a percentage of less than 2% shows that using 

mercury chloride as mercury precursor lead to a halogen-chalcogen co-incorporation already 

reported for semiconductor thin film doping 
5
. Considering Figure S19, in the CdHgS I 

species the presence of transition metals is smaller than that of sulphur, which is the opposite 

of what is found in the case of undoped NCs (Cd:S≈1,13). This might be explained with the 

different nucleus surface reactivities due to the presence of mercury, which could favor the 

adhesion of sulfur leading to particles more rich in sulfur.    

 

The particles of the CdHgS II species present an inverted Cd:S ratio. These particles are 

composed out of more than 50% by cadmium and just for 40% by sulfur. The amount of 

mercury present dropped to almost 5%. This fact is probably due to the low concentration of 

this element in solution which probably has been quickly consumed in the formation of the 

previous NC species. This fact supports the previous statement concerning the different sulfur 

adhesion driven by the presence of mercury. Since the mercury concentration quickly drops 

during the nucleation the NC growth proceed as in the case of undoped NCs leading again to 

NCs more rich in cadmium. Anyway while the NCs evolve into the next species the 

incorporated amount of mercury slowly increases cause the decreasing of cadmium precursor 

in solution. This fact justifies the higher amount of sulfur present in the larger NCs. Even the 

chlorine amount slowly keeps on growing along with the NCs showing an almost linear trend 

(Figure S19). This trend seems to be interrupted when the presence of mercury atoms on the 

NC surfaces overcomes a certain threshold over which the sulfur atoms replace the chlorine 

atoms from the NC surface.  

 

               

                                           

 

Figure S19. a) Relative amounts of the elements which compose the different species of 

CdHgS NCs. b) Relative amounts of the transition metals (Cd+Hg) and the sum of the amount 

of sulphur and chlorine present in different species of CdHgS NCs.   
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 CdHgS I CdHgS II CdHgS III CdHgS IV CdHgS final 

Absorption 

peak position 

(nm) 
 

 

306±1 

 

326±1 

 

349,8±2 

 

367±2 

 

393±3 

 

Composition Cd 25% 

Hg 22% 

Cl    3% 
S   50% 

χ²= 1.42 

Cd 50% 

Hg   5% 

Cl    4% 
S   41% 

χ²= 1.5 

Cd 38% 

Hg 13% 

Cl    7% 
S   42% 

χ²= 1.11 

Cd 36% 

Hg 13% 

Cl    8% 
S   43% 

χ²= 1.93 

Cd 31% 

Hg 16% 

Cl    7% 
S   46% 

χ²= 2.15 

Crystalline 
structure 

Both W and ZB Both W and ZB Both W and ZB Both W and ZB Both W and 
ZB 

Size 

distribution 

(nm) 

2.51±0.5 

 

2.67±0.35 3.1±0.4 3.7±0.6 

 

4.1±0.8 

 

 

Table T4. Main characteristics of CdHgS NCs.  

 

 

The average size of CdHgS NCs was estimated by evaluating 10-25 NCs in the TEM images. 

The obtained values are compatible, within the statistical error, with those of the undoped 

NCs (Table T5) suggesting that the CdS NC size is independent from the presence of the 

incorporated Hg. The absorption peak positions of the doped NCs are very close to those 

reported for the undoped NCs (Table T5). 

 

III) Characterization of optical properties 

 

III.1) Absorption and fluorescence. All the absorption spectra were collected with an 

Agilent 8453 UV-vis absorption spectrometer, while a Fluoromax-3 (JOBIN YVON 

HORIBA) fluorescence spectrometer was used to record the fluorescence spectra. All the 

spectra were taken from NCs dissolved in toluene.  
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Figure S20.  Absorption (empty squares) and fluorescence (full squares) of CdHgS NCs after 

size selective precipitation. 
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Figure S21. Temporal evolution of the absorption spectra of a solution of CdS NCs of 

different experiments. 
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Figure S22. Temporal evolution of the absorption spectra of solutions of CdTe NCs 

originating from different experiments. A zoom into the double-peak structure around 500 nm 

is displayed in Figure S24. 
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Figure S23. Derivative of the absorption spectrum shown in Figure 1c. This graph shows that 

the absorption peak of the stable configurations does not shift over time. The peak at higher 

wavelength keeps on growing in intensity, while the intensity of the previous peak disappears. 

This indicates discontinuous growth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S24. Absorption spectra of a CdTe NCs solution at Cd:Te  2:1 ratio after 10min of Te 

precursor injection. Two peaks around 500 nm are clearly visible showing two families of  

CdTe NCs (485nm, 508nm). 
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Figure S25. Temporal evolution of the absorption spectra of a solution of CdTe NCs at 

different Cd:Te ratios. The Te:TOP stock solution was injected at 100°C and the NCs were let 

growing at 130°C. In each Cd:Te molar ratio tried, the peak characteristic of CdTe I 

appeared but with different broadness. By Increasing the molar ratio this peak got sharper 

and even the other peaks became a little more distinguishable. 
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Figure S26. Temporal evolution of the absorption spectra of a solution of ZnSe NCs of 

different experiments. 
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Figure S27. Temporal evolution of the absorption spectra of a solution of ZnO NCs at 

different Zn:Te ratio. The Te:TOP stock solution was injected at 130°C and the NCs were let 

growing at 180°C. a) Zn:Te ratio 1:2, b) Zn:Te ratio 6:1, c) Zn:Te ratio 4:1, d) Zn:Te ratio 

4:1. In d) the solution the volume of TOP was the same of synthesis c) but no tellurium was 

present. Analysis showed that also in cases a), b), c) where Te was present in the growth 

solution, no Te was incorporated into the NCs. In fact ZnO instead of ZnTe was obtained. 
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III.2) Discussion of CdSe NCs 

 

In accordance with our previous report some minutes after the injection of the selenium 

precursor two well-defined absorption peaks appeared, one at higher energy centered at 330 

nm and the other one at about 360nm. These two peaks disappeared over time and a new peak 

centred at about 380nm showed up. The intensity of this peak increased over time, supporting 

the hypothesis that it belongs to a new stable configuration of CdSe NCs, which arises by 

growth of the previously existing smaller stable configuration. As the synthesis proceeded, 

new peaks appeared at longer wavelengths centred at about 407, 431 and 447nm. This again 

suggests the formations of other stable configurations of bigger size of CdSe NCs (see Table 

T5). If only one stable configuration of NCs were present, and these clusters were steadily 

growing and thus increasing their size, then a single absorption peak would be seen, which 

should be shifting gradually towards longer wavelengths 
1
. Instead, formation and increase in 

intensity of the new peaks always coincides by disappearing of the previous peaks. Again, this 

suggests that the particles at longer wavelength are formed to the detriment of those absorbing 

at shorter wavelength. In this way NCs increase their size step-wise from one to the next 

bigger stable configuration, until they finally reach the range of continuous growth. 

According to the width of the various absorption peaks the size distribution of each NCs 

configuration is quite narrow.  We have identified 6 different discrete absorption peaks in the 

spectra for CdSe (see Table T5), whereby the values are in very good agreement with 

previously published ones 
1
. For claiming peaks at constant positions multiple experiments 

have to be performed. If NCs were grown further, the discrete absorption peaks would vanish 

and the absorption peak at the highest wavelength would from now on continuously shift 

towards higher wavelengths. Such transition to regular continuous growth has been shown 

before 
1
. In this way a clear separation between discontinuous and continuous growth can be 

obtained. Upon discontinuous growth the position of the absorption peaks does not change, 

only their intensity shifts. For continuous growth the position of the absorption peak shifts 

towards higher wavelengths upon grows. In all our experiments discontinuous growth 

smoothly went over to continuous growth, as has been already shown for the case of CdSe in 

a previous study 
1
. 

 

Material CdSe I CdSe II CdSe III CdSe IV CdSe V CdSe VI 

Wavelength of 

absorption 

peak (nm) 

 

330 

 

360 

 

380 

 

407 

 

431 

 

447 

Composition 

(EDX) 

- 

 

- 

 

- 

 
Cd 54% 

Se 46% 

Cd 56% 

Se 44% 

Cd 56% 

Se 44% 

Crystalline 

structure 

Both ZB 

and W 

Both ZB 

and W 

Both ZB 

and W 

Both ZB 

and W 

Both ZB 

and W 

Both ZB 

and W 

 

Table T5. Summary of the properties recorded from CdSe NCs, which are in good agreement 

with our previous study 
1
. The wavelength of absorption refers to the center of the absorbance 

peak before size selective precipitation. The Cd:Se ratio has been measured using elemental 

analysis (EDX). In agreement with previous studies the CdSe NCs are richer in Cd than in Se 
1,6

. The crystalline structure can be either ZB=zinc blende or cubic, W=wurtzite or 

hexagonal. 
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Abstract 

The magnetic and NMR relaxivity properties of γ-Fe2O3 nanoparticles embedded into the 

walls of polyelectrolyte multilayer capsules and freely dispersed in a sodium borate buffer 

solution have been investigated. The different geometric distribution of both configurations 

provides the opportunity to study the relationship of water accessibility and magnetic 

properties of the particles on the NMR relaxivity. Changes in their blocking temperature and 

average dipolar field were modeled as a function of packing faction in the ensemble of free 

and entrapped nanoparticles. For free NPs with relatively low concentration, the relaxivity 

values increases with packing fraction according to an increase in the dipolar field and larger 

water accessibility. However for embedded NPs in the capsule wall, the packing fraction 

should be limited to optimise the efficiency of this system as magnetic resonance imaging 

(MRI) contrast agent.  

Introduction 

Magnetic nanoparticles are interesting contrast agents for Magnetic Resonance Imaging 

(MRI) thanks to their ability to affect the relaxation rate of water protons, causing a decrease 

in signal intensity that results in a darkening effect in the corresponding MR image.
1-4

 During 

the past decade an increasing number of works on the use of coated iron oxide nanoparticles 

(NPs) as MR contrast have been published.
5
 Effectiveness of MR contrast agents is expressed 

as relaxivity, which represents the slope of dose-relaxation rate dependencies. As there are 

two relaxation times (T1 and T2), there are two relaxation rates (R1 and R2) and two 

relaxivities (r1 and r2). Relaxivities vary with magnetic field strength, temperature and 

biological environment. Particles synthesized by different procedures exhibit differences in 

their physicochemical characteristics and hence in their imaging efficacy which is not yet 

fully established and it will be analyzed in this paper. Magnetic NPs can also be used in 

cancer therapy, which is known as magnetic field hyperthermia, based on the local heating of 

the magnetic nanoparticles with an externally applied AC magnetic field and also as drug 

delivery.
6-10

 Another field of interest in biomedicine is the treatment of iron deficiency anemia 

in humans and farm animals.
11

 In addition to their technological significance as diagnostic 

and therapeutic agents, these systems are also very interesting for basic research owing to 

their large surface to volume ratio.
12

 

Recently, the scientific interest in the field of magnetic carriers has been shifted from 

colloidal suspensions of coated iron oxide nanoparticles, forming aggregates sized between 7 

and 200 nm, to multicomponent nanocapsules produced by self-assembly of molecular 

components in which magnetic nanoparticles constitute key components.
13

 General aspects 

such as particle size, morphology, composition, chemical structure and processing 

methodology will determine the capsule performance as well as the new interactions that are 

expected to appear within the different components inside these systems and with the 

surroundings.
14

 The most common nanocapsules are liposomes, in which the magnetic 

nanoparticles are confined in the aqueous liposome phase or in the liposomal hydrophobic 

wall.
15

 In both cases by applying an AC magnetic field the whole system could become 

unstable releasing the therapeutic drug also present in the nanocapsule.
16
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Among the important parameters that influence the relaxivity, the distance between the 

magnetic particles and external water molecules plays a key role. For example, it has been 

proven that the presence of a double surfactant will go in detriment of the imaging contrast.
17

 

On the other hand, the aggregation of magnetic nanoparticles into micelles has been shown to 

enhance NMR relaxivity in spite of the fact that water accessibility is reduced due to the 

reduction in specific surface area.
18-22

 Recently, MRI results of FePt nanoparticles 

encapsulated into the walls of polyelectrolyte multilayer capsules have shown that the 

relaxivity increases as the FePt concentration increases.
23

 It has also been observed that 

relaxation of water molecules entrapped in a liposome cavity in the presence of magnetic Gd 

complexes are affected by size and shape of the internal compartment. Thus, liposome 

osmotic shrinking leads to an enhancement of both relaxation times.
24

 Magnetic properties of 

nanoparticles has also been extensively studied to understand the relaxivity behavior. For 

moderate and large anisotropies, blocking temperature has been observed to decrease as the 

NP concentration increases. However, for sufficiently small anisotropy values, TB shifts 

towards higher temperatures when the particle concentration increases.
25

 Experimental data 

on ferrofluids consisting of magnetite or maghemite nanoparticles show a shift of the 

blocking temperature towards higher temperatures with increasing concentration. According 

to that, r2 values increase with aggregate size for maghemite commercial samples such as 

Endorem, Resovit and Sinerem
26

 and for uniform magnetite NPs prepared by thermal 

decomposition in organic media.
27

 

In this work, iron oxide nanoparticles have been incorporated into the walls of polyelectrolyte 

multilayer capsules being preferentially located at the surface. This configuration is very 

different from most of the encapsulated particles in which NPs are embedded into a volume. 

In these capsules all the magnetic particles are virtually equivalent respect to their interaction 

with water protons, and this gives a unique opportunity for understanding the relationship 

between water accessibility and intrinsic relaxivity of the entrapped particles which depend 

finally on their magnetic properties. The information obtained will help us to understand the 

lack of correlation among the magnetic and relaxometric properties and to design more 

efficient contrast agents for MRI. We compare here magnetic and relaxivity properties of iron 

oxide NPs embedded in a capsule wall and dispersed in a sodium borate buffer solution 

(SBBS). Surprisingly whereas the magnetic response of both kinds of configurations is quite 

similar, their relaxivities differ markedly. Calculation of the average dipolar field and the 

blocking temperature is performed on the two geometrical layouts in order to understand the 

different behaviors. 

Experimental section 

Synthesis of hydrophobic magnetic NPs 

The iron oxide NPs have been synthesized following the procedure reported by Hyeon et al.
28

 

The synthesis yielded nearly monodisperse γ-Fe2O3 NPs which were characterized by 

transmission electron microscopy (TEM) and X-ray diffraction. For more details see the 

Supporting Information Section I (SI-I). In a next step the hydrophobic NPs were transferred 

to aqueous solution by coating those with an amphiphilic polymer. 
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Synthesis of the amphiphilic polymer 

The synthesis of the amphiphilic polymer and coating of the hydrophobic particles with it 

were done using a published protocol 
29-30

 and they are described in SI-II. The resulting 

hydrophilic particles are dispersed in SBBS and are called FREE_NPs. 

Synthesis of the micro capsules containing hydrophilic γ-Fe2O3 NPs in the wall 

Polyelectrolyte capsules were synthesized using the layer by layer (LbL) technique on 

calcium carbonate (CaCO3) cores.
31

 Those capsules consist of an empty cavity and the 

magnetic NPs in their polyelectrolyte wall. The wall of the capsules was made using 

poly(sodium 4-styrenesulfonate) (PSS) as anionic layer, whereas the poly(allylamine 

hydrochloride) (PAH) and poly(acrylamide-co-diallyl-dimethylammonium chloride) (P(Am-

DDA)) were used as cationic layers. In total, two types of polymeric microcapsules were 

prepared at two different concentrations of γ-Fe2O3 NPs (low and high, named as LCAP and 

HCAP, respectively). Moreover one sample made of capsules without γ-Fe2O3 NPs was 

fabricated as control. Schematic illustration of the synthesis of a polyelectrolyte capsule with 

low and high packing fraction of γ-Fe2O3 embedded in the wall is shown is Fig. 1. For more 

details on the encapsulation of γ-Fe2O3 NPs in the wall of microcapsules see SI-III. 

Structural characterization  

The structural characterization was carried out with transmission electron microscopy (TEM), 

scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM). 

Transmission electron microscopy was performed on JEM 3010 machine operated at 300kV. 

Samples for TEM analysis were prepared by putting a drop of low concentrated capsule 

solution onto a carbon coated TEM grid. The grid was dried in air prior to TEM 

measurements. SEM measurements were conducted using a JEOL JSM-7500F machine at an 

operation voltage of 2.0kV. For SEM analysis, samples were prepared by putting a drop of 

capsule solution to a glass slide and drying in vacuum. Confocal micrographs were taken with 

a confocal laser scanning microscope (CLSM 510 META, Zeiss) equipped with a 100x/1.45 

oil immersion objective. The capsules were made fluorescent by adding a layer of 

poly(fluorescein isothiocyanate allylamine hydrochloride) (PAH-FITC) as second last layer of 

the wall. The excitation wavelength was 488 nm for PAH-FITC. The concentration of capsules 

was directly determined by counting the number of capsules with an optical microscope in 

phase-contrast mode (see SI-III). 

Fe concentration 

The Fe concentration was then measured with an Inductively Coupled Plasma Optical 

Emission Spectrometer (ICP-OES) Perkin Elmer Optima 2100 DV. For this purpose samples 

were digested with nitric acid to oxidize the organic coating and then, with hydrochloric acid 

to dissolve the particles (see SI-III).  
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Magnetic characterization 

The magnetic characterization was performed in a Quantum Design MPMS-5S SQUID 

magnetometer. The magnetic characterization of the suspensions (0.1 ml) was carried out in 

special closed sample holders. The characterization consists of hysteresis loops at 5 Tesla and 

at 5 K and zero-field-cooled and field-cooled (ZFC-FC) curves from 5 to 250 K and 50 Oe 

applied field. Diamagnetic contribution from water and organic components was evaluated at 

high fields (larger than 1 T) and subtracted from the experimental data. In the case of ZFC-FC 

curves, the low value of the applied field (50 Oe) allows discarding the diamagnetic 

contribution, i.e. the magnetic contribution comes mainly from the iron oxide particles.  

Magnetic resonance characterization 

Relaxometric properties were also investigated for each aliquot by measuring T1 and T2 

protons relaxation times at different dilutions. The relaxation time measurements were carried 

out in a Minispec MQ60 (Brucker) at 37 ºC and a magnetic field of 1.5 T. From the graph of 

the Fe-concentration dependent relaxation times, the relaxivities r1 and r2 were determined for 

each type of sample. A control of hollow capsules was used to correct the relaxivity data. 

Results  

Iron oxide nanoparticle in maghemite phase, γ-Fe2O3, were obtained as revealed by X-ray 

diffraction and confirming previous results (See Fig. SI-3).
28

 The mean particle size 

calculated from TEM images by measuring the size of 240 particles was 10.8 nm and the 

standard deviation was 16% (see Fig. SI-2). Particles are spherical and uniform in size, within 

the monodisperse limit (standard deviation lower than 20%). 

Capsules containing different concentrations of γ-Fe2O3 were observed under TEM 

microscopy (Fig. 2). Such analysis confirmed the presence of low (Fig. 2a) and high (Fig. 2b) 

packing fraction of NPs embedded into the wall of the polyelectrolyte capsules. As expected, 

capsules collapse after core removal indicating the absence of the CaCO3 cores in their 

cavities (see also Fig. SI-5). CLSM images of polyelectrolyte capsules with γ-Fe2O3 at high 

and low concentration are shown in Fig. 3a and 3b, respectively. Fluorescence images of 

green emitting dye (FITC) from the capsule walls can be seen in the first column. The second 

column shows the spherical shape of hollow polyelectrolyte capsules by optical transmission 

images. Finally the corresponding overlay of both fluorescence and transmission channels are 

shown in the third column, showing a perfect match (Fig. 3). The average diameter of 

capsules obtained from TEM and CLSM images was 3.8 ± 0.5 µm. The number of capsules 

per millilitre was of the order of 10
8
 and it was determined using the microscope in phase 

contrast mode with a mean capsule diameter of 3.8 m.  

In order to determine the particle concentration per sample and per capsule, iron content was 

measured by ICP- OES, being 0.932, 0.227 and 0.0532 mg/mL for samples FREE_NPS, 

HCAP and LCAP, respectively. Taking into account that 2.61x10
4
 Fe atoms are needed to 

form one γ-Fe2O3 nanoparticle of  =11 nm and the number of capsules per milliliter in each 

sample determined with an optical microscope in phase-contrast mode (Figure SI-6) is 10
8
, 
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then the number of particles per capsule is 7.15 10
4
 for LCAP and 2.86 10

5
 for HCAP. The 

methodology to determine the number of γ-Fe2O3 NPs per capsule is described in the 

Supporting Information (SI-III.7 and SI-III.8). 

The study of the magnetic response and relaxivity of γ-Fe2O3 NPs in the capsule wall in 

comparison to those dispersed in SBBS has been done by comparing the samples behavior at 

the same particle concentration. If the particle concentration is constant, the distance between 

NPs is much smaller for those in the capsule wall than the ones dispersed in SBBS. To gauge 

these differences, it is better to define a local concentration or packing fraction. This packing 

fraction is defined as the total volume occupied by the NPs divided by the volume in which 

the NPs are distributed. In the case of γ-Fe2O3 NPs in the capsule wall, the available volume 

for the NPs is the 4πr
2
t, in which r is the radius of the capsule (r = 1.9 µm) and t the thickness 

of the wall. Thickness of one polyelectrolyte bi-layer is around 1.5 nm 
32

; the wall of the 

capsule is made of six bi-layers so that the total thickness of the wall is 18 nm. Therefore, the 

volume in which the particle can be distributed is 8.16 10
-13

cm
3
. The total volume of the NPs 

was obtained by simply multiplying the volume of one γ-Fe2O3 nanoparticle by the total 

number of NPs in each sample. Packing fraction for sample LCAP was 5.8 % and for HCAP 

was 23 %. On the other hand, FREE_NPs can be distributed in the whole volume of the 

sample resulting in packing fractions of 0.02 %. As a result, the packing fraction for γ-Fe2O3 

NPs in the capsule wall is 300-400 times larger than that for FREE_NPs at the same Fe total 

concentration. 

The hysteresis loops of γ-Fe2O3 NPs in the capsule wall and in SBBS do not differ 

significantly as shown in Fig 4. However, the ZFC-FC measurements show slightly 

differences for these samples (Fig. 5). The blocking temperature (TB) of FREE_NPS 

decreases for increasing particle concentration, while the contrary occurs for the NPs in 

capsule wall, in which TB increases for increasing particle concentration, as shown in Fig 5. 

Table 1 shows the coercive field and TB for each sample. Coercivity decreases as the NP 

concentration decreases independently on the particle spatial distribution.  

Relaxivity characterization for particles with different spatial distribution either dispersed in 

SBBS or in the capsule walls, showed a marked decrease in the relaxivity values (r1 and r2) 

when particles are encapsulated. The r1 and r2 values go from 3.39 and 43.8 (mM.s)
-1

 for 

FREE_NPS down to 0 and 1.8 (mM.s)
-1

 for HCAP, respectively. Surprisingly, r2 value 

increases as the NPs packing fraction in the capsule wall decreases, i.e. from sample HCAP to 

LCAP (Table 1). This trend is opposite to the one observed for FePt NPs in a similar capsule 

wall, where r2 was observed to increase with NPs packing fraction.
23

 However, for free 

nanoparticles it has been reported that r2 values increase with the aggregate size and therefore 

with the packing fraction (see Fig. 6).
26

 
27

  

The different behavior observed for maghemite NPs encapsulated in the capsule wall may be 

explained by the different magnetic anisotropy in comparison to FePt and the different 

distribution geometry when compared to the bibliography data for maghemite/magnetite NPs. 

Magnetic interactions in a many particle system and NP size distribution need to be taking 
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into account to understand the results; therefore, we perform theoretical modeling in these 

systems. 

Discussion 

The behaviour of the blocking temperature, which results in low or high values depending on 

magnetic anisotropy, agglomeration and particle size, can be visualized in a simple model of 

two magnetic NPs with large angle between their anisotropy axes. When the NPs are far away 

enough (low packing fraction), they can be considered as two non-interacting magnetic NPs 

and the blocking temperature is governed by the anisotropy field. As the distance between 

particles decreases (larger packing fraction), the magnetic interaction increases and produces 

a drop in the effective anisotropy that leads to a decrease in the blocking temperature. The 

blocking temperature decreases up to the moment when the magnetic interaction between 

particles becomes comparable to the anisotropy field. However, when the magnetic 

interaction is higher than the anisotropy field (even larger packing fraction), NPs behave as a 

cooperating system and the blocking temperature is ruled by their total volume, i.e., the higher 

the magnetic interaction, the higher the blocking temperature. In our case -NPs dispersed in 

the volume of SBBS or located at the capsule wall- it is necessary to take into account the 

interactions in a many particle system and also the NPs size distributions; therefore, we 

perform calculations in this system to calculate the average dipolar field felt by the magnetic 

particles (affecting the blocking temperature) and the dipolar field created by the magnetic 

capsules averaged over the overall space (affecting r2 values) as a function of NPs 

concentration and spatial distribution, i.e. packing fraction. 

In what follows we present modeling results on ensembles of NPs with different spatial 

distributions. The complete modeling of the experimental situation is outside of our 

possibilities since one capsule contains 10
4
 – 10

5
 NPs. To get an inside into general 

tendencies of the magnetic behavior, we consider smaller capsules. More concretely, we 

generate an ensemble of NPs with a log-normal distribution having the most probable 

diameter D=10 nm and 10% of volume dispersion. The NPs are distributed inside a cube of 

500x500x500 nm
3
 in two geometries: (a) uniform volume distribution and (b) uniform 

distribution within a surface layer of 18 nm on a sphere with D=400 nm
 
diameter (see Fig. SI-

7). We consider NPs with saturation magnetization values Ms= 400 emu/cm
3
, as 

corresponding to maghemite. The value of the crystalline anisotropy is not well known. 

Additionally, in our analysis we consider the macrospin approximation with the effective 

anisotropy which can be larger than the bulk magnetocrystalline anisotropy due to the surface 

anisotropy.
33

 In the present study we have chosen to consider two possibilities, corresponding 

to weak and strong interaction cases. In the former case we take the anisotropy parameter 

corresponding to maghemite NPs as K= 4.6 10
4
 erg/cm

3
,
33

 in the latter case we take the 

effective anisotropy as K= 3.3 10
5
 erg/cm

3
, which in the non-interacting case gives the 

blocking temperature similar to the experimentally measured. The anisotropy axes are 

considered distributed randomly. For detailed description of the model see the SI-IV. 

Our estimation of TB is based on the evaluation of the energy barrier distribution,
34-35

 see SI-

IV for details. The change in energy barrier distributions as a function of the number of NPs 
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per capsule (low packing fraction) is presented in Fig. 7. At low concentrations the main 

effects is the dispersion of the distribution as a function of the packing fraction. This is easy to 

understand in terms of the mean dipolar field acting on each nanoparticle. The nanoparticle 

with randomly distributed easy axes feels a randomly distributed local dipolar field. 

Depending on its value and the angle with the direction of the easy axis, this field may 

increase or decrease the NPs largest energy barrier in comparison to the non-interacting 

nanoparticle.
34

 Since the absolute value of the dipolar field is larger for smaller interparticle 

distances, the dispersion of the energy barrier distribution increases with packing fraction. We 

define TB as the temperature at which 90% of NPs are blocked. Figure 8 shows TB as a 

function of packing fraction for FREE_NPS sample and capsules for the high anisotropy case. 

According to the general tendency for the behavior of the energy barrier distributions in Fig. 

7, TB decreases as a function of concentration in both cases, being the TB values slightly lower 

for the uniform ensemble than for the capsule systems with the same packing fraction.  

In the case considered above the relative strength of the dipolar interactions is not high.  Since 

the energy barrier calculations in a multidimensional space are time consuming we have not 

been able to take into consideration very high packing densities. To consider the case with 

strong dipolar fields and high concentrations we present in Fig. 9 the results for a smaller 

capsule (D=200 nm) and two anisotropy values. At low packing densities the blocking 

temperature decreases in agreement with the results above. However, at high packing 

densities the blocking temperature increases. This different regime is due to the fact that at 

high concentrations the NPs magnetically couple one to another and their energy barriers 

become collective. Collective energy barriers are associated with volumes of several NPs and 

thus are large. The transition between the regime of individual energy barriers and collective 

ones depends on the strength of the dipolar interactions. Thus the corresponding minimum of 

the blocking temperature versus concentration occurs at larger concentrations in the high 

anisotropy case.  

On the other hand, the measured value of r2 is proportional to the strength of the dipolar field 

acting on the proton of the water in the system. In Fig. 10 we present the absolute value of the 

dipolar field, averaged over the whole volume, and evaluated for sample FREE_NPS and the 

capsules, assuming two anisotropy values as described above. The average dipolar field is 

smaller for the capsules as compared to the uniform distribution, in agreement with the 

experiment (see the Table 1). This effect has two contributions: (i) In the case of capsules, the 

average distances between the protons in the water and NPs are larger than for free distributed 

NPs. (ii) The spherical geometry leads to additional minimization of the dipolar energy, 

favoring the parallel-to the surface magnetization distribution in systems with high packing 

density. The latter effect is responsible for the differences observed between high and low 

anisotropy cases (Fig. 10). In the case of low anisotropy, the magnetostatic interactions are 

relatively stronger producing additional minimization of the dipolar field. The difference 

between the uniform ensemble and the capsule are much more pronounced if the results are 

re-plotted as a function of the local packing fraction (see Fig. 10b). As an example, for the 

modeled capsule with 4000 NPs, the packing fraction is around 3% for the uniform ensemble 

and 23% (as in the experimental sample) on the surface of the capsule. It should be noted that 

the experimental values of the averaged dipolar field in the case of capsules should be much 
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smaller than the ones obtained in modeling due to a smaller volume concentration of 

microcapsules. 

Conclusions 

To sum up, the absolute value of the dipolar field averaged over the overall space is smaller 

for the capsule than for the uniformly distributed ensemble leading to a smaller r2 value for 

the former. The ensembles of FREE_NPs have low packing densities and are in the regime of 

individual energy barriers; therefore, the blocking temperature decreases as a function of 

packing fraction. The NPs on capsules have locally large packing densities and their behavior 

belongs to the regime of collective energy barriers. Consequently, the blocking temperature 

increases with concentration. The latter is also true for aggregated arrays of NPs as those 

present in commercial samples, where packing density is high; however, in these cases, the 

blocking temperature as well as the r2 values increase with concentration, as observed in Fig. 

6. Aggregation affects the spatially inhomogeneous particle distribution leading to collective 

magnetization. 

From these results is clear that the geometrical layout of the magnetic NPs plays also a role as 

important as the magnetic, structural or colloidal properties of the particles (magnetic 

saturation, anisotropy, homogeneous size and aggregate size). For low NPs concentration 

relaxivity values are comparable for both geometrical layouts. However, for high NPs 

concentration, the NPs arrangement on the capsule wall leads to a minimization of the dipolar 

energy, favoring the parallel-to the surface magnetization distribution. This fact together with 

lower water accessibility due to the increase in the distance between magnetic capsules at the 

same Fe concentration, results in lower relaxivity values. The design of complex materials 

that serve simultaneously as diagnostic and therapeutic agents requires the optimization of 

each component. Thus, for example, capsules for drug delivery would be better containing 

large quantities of magnetic NPs to produce an efficient local heating under an AC magnetic 

field.
36

 However, in the light of these results, the NMR imaging contrast produced by this 

system would be diminished if the particles are encapsulated at high packing density in the 

capsule wall. NPs with larger magnetic anisotropy could enhance the image contrast.  
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Figure 1: Schematic illustration of the synthesis of a polyelectrolyte capsule with low and 

high concentration of γ-Fe2O3 embedded in the wall. i) A spherical CaCO3 porous template is 

synthesized by mixing two solutions of Na2CO3 and CaCl2. ii) The CaCO3 particle is then 

coated via consecutive LbL deposition of oppositely charged polyelectrolytes to grow a 

multilayer polymer wall around the template. iii) The wall is functionalized by loading low 

and high concentrations of charged γ-Fe2O3 NPs onto an oppositely charged layer during the 

LbL assembly. The NPs were added as seventh and tenth layer giving the following wall 

architecture: (PSS/PAH)2(PSS/P(Am-DDA)/γ-Fe2O3)2(PSS/PAH-FITC)(PSS/PAH). iv) LbL of 

polyelectrolytes is repeated to obtain a stable multilayer wall on both capsules with loading 

low and high concentrations of NPs. A green fluorescent layer was also added to make the 

wall fluorescent. v) The spherical template is removed to obtain a multilayer capsule with 

loading low and high concentration of charged γ-Fe2O3 NPs in the walls. Capsules are not 

drawn to scale.  

Sample [Fe] (mg ml
-1

) Hc (Oe) TB (K) r2 ((mM s)
-1

) 

FREE_NPS  0.2 210 45 43.8 

FREE_NPS 0.05 200 55 - 

HCAP 0.2 230 65 1.8 

LCAP 0.05 200 55 46.1 

 

Table 1: Iron concentration, coercive field (Hc), Blocking temperature (TB) and transversal 

relaxivity values (r2) for maghemite nanoparticles freely dispersed (sample FREE_NP) and 

entrapped at the capsule wall (HCAP and LCAP).  
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Figure 2: TEM images of (PSS/PAH)2(PSS/P(Am-DDA)/γ-Fe2O3)2(PSS/PAH-

FITC)(PSS/PAH) polyelectrolyte capsules after core removal. a) Capsules with low 

concentration of γ-Fe2O3 nanoparticles. b) Capsules with high concentration of γ-Fe2O3 

nanoparticles. The upper row shows low magnification images of individual capsule. The 

lower row shows high resolution images zoomed into the capsule wall showing the 

distribution of the γ-Fe2O3 particles in the capsule wall. The scale bars in the upper and lower 

row correspond to 1µm and 100 nm, respectively. 
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Figure 3: CLSM images of (PSS/PAH)2(PSS/P(Am-DDA)/γ-Fe2O3)2(PSS/PAH-

FITC)(PSS/PAH) poly electrolyte capsules a) Capsules with low concentration of γ-Fe2O3 

nanoparticles. b) capsules with high concentration of γ-Fe2O3 nanoparticles. Left panels: 

Fluorescence images of green emitting dye. Central panels: optical transmission images. 

Right panels: corresponding overlay of both fluorescence and transmission channels. Scale 

bars correspond to 5 µm.  
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Figure 4: Normalized hysteresis curves of γ-Fe2O3 NPs in the wall of capsules (full circles) 

and freely dispersed (open circles). 
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Figure 5: ZFC-FC characterization of γ-Fe2O3 NPs (a) in the wall of capsules (LbL) and (b) 

freely dispersed (FREE_NPS) at low (full circles) and high (open circles) concentrations. The 

curves are normalized to the values at T = 5 K 
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 Figure 6: Transversal relaxivity values (r2) for magnetic nanoparticles of magnetite with 

different particle size and aggregate size. 

 

 

 

 

 

 

 

 

 

 

Figure 7: Distribution of volumes and energy barriers (normalized to the value K<V>) for a 

capsule of D=400 nm containing N=500 (packing fraction 3%) and N=1500 (packing fraction 

9%) NPs. 
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Figure 8: Blocking temperatures for an ensemble of uniformly distributed NPs and a capsule 

with D=400 nm, assuming the anisotropy value K=3.3 10
5
 erg/cm

3
 and low values of packing 

fractions. 
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Figure 9: Blocking temperature (normalized to the non-interacting ensemble case) as a 

function of surface packing densities. This calculations are performed for a capsule with 

D=200 nm and two values of the anisotropy parameter.  
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Figure 10: Average absolute value of the dipolar field in modeled systems as a function of (a) 

the number of NPs and (b) the packing fraction. (● free NPs with K= 3.3 10
5
erg/cm

3
; ■ 

capsules with K = 3.3 10
5
 erg/cm

3
 and □ capsules with K = 4.6 10

4
 erg/cm

3
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I) Synthesis of monodisperse hydrophobic maghemite (γ-Fe2O3) nanoparticles 

I.1)      Chemicals 

I.2)      Synthesis of γ-Fe2O3 nanoparticles 

I.3)      Absorption spectra of γ-Fe2O3 nanoparticles 

I.4)      Size distribution measurements using transmission electron microscopy (TEM) 

I.5)      X-ray diffraction of nanoparticles 

 

I.1) Chemicals  

Iron pentacarbonyl (Fe(CO)5 99.999% Sigma-Aldrich #481718), Octyl ether ([CH3(CH2)7]2O 

99% Sigma-Aldrich #249599), Oleic acid (CH3(CH2)7CH=CH(CH2)7COOH 90% Sigma-

Aldrich #364525), Trimethylamine N-oxide dehydrate ((CH3)3NO 98% Sigma-Aldrich 

#T0514), Toluene (C7H8 99.8% Sigma-Aldrich #244511), Methanol (CH3OH 99.8% Sigma-

Aldrich #322415 ), Chloroform (CHCl3 ≥99% Sigma-Aldrich #372978 ) 

 

I.2)  Synthesis of γ-Fe2O3 nanoparticles 

Monodisperse γ-Fe2O3 nanoparticles (NPs) were synthesized using published protocol by 

Hyeon and coworkers.
1
 Briefly 10 mL of octyl ether and 1.28 g of oleic acid were mixed and 

degassed in three neck flask for 20 min. at 60
0
C. After 20 min. temperature was increased up 

to 100
0
C. At this stage 0.28 mL of iron petacarbonyl was injected and temperature was 

increased up to refluxing temperature (~295-300
0
C). The solution was kept at this temperature 

for 1hour. During this time the initial yellow color of the solution changed to black. After one 

hour the solution was cooled to room temperature. Then 0.34 g of dehydrated trimethylamine 

oxide was added and temperature was increased up to 130
0
C. The solution was kept at this 

temperature for two hours. During this time the black color of the solution changed into dark 

brown. After two hours again the solution's temperature was increased up to refluxing 

temperature in steps each of 15 
0
C/min. The solution was kept at refluxing temperature for 

another hour. During this time the solution's color again changed from dark brown to black. 

After one hour the reaction was stopped by removing the heating mantel. At room 

temperature 2-5 mL of toluene was added followed by the 25-30 mL of methanol. Particles 

were precipitated with a centrifuge at the speed of 1800 rpm. The supernatant was removed 

and the precipitate was again washed using toluene and methanol. The precipitate was then 

redispersed in 10-20 mL of toluene or alternatively in chloroform. 

 

I.3)  Absorption spectra of γ-Fe2O3 nanoparticles 

Absorption spectra of synthesized γ-Fe2O3 nanoparticles were recorded using an UV/vis 

spectrometer (Agilent 8453 UV/vis absorbance spectrometer). The absorption spectrum of as 

synthesized γ-Fe2O3 dissolved in toluene is shown in Fig.SI-1. 
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Figure SI-1: UV/vis absorption spectrum of γ-Fe2O3 particles dissolved in Toluene. 

 

 

I.4)  Size distribution measurements using transmission electron microscopy (TEM) 

To analyze the size distribution and morphology of the synthesized nanoparticles a 

transmission electron microscope (TEM) was used for imaging. The TEM investigation was 

performed on a JEM 3010 high-resolution electron microscope (Jeol Ltd., Tokyo, Japan) 

operated at 300 kV. TEM samples were prepared by depositing the γ-Fe2O3 NPs on 300mesh 

copper grids covered with a thin carbon supporting film. The program Image J was used to 

derive the size distribution of particles from the TEM images. Fig. SI-2 shows one TEM 

image and the corresponding histogram of the size distribution as obtained using the Image J 

program. The average size distribution of nanoparticles was found to be is 10.8 nm with 

standard deviation σ=0.16. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI-2: TEM image of γ-Fe2O3 nanoparticles dissolved in toluene. The scale bar 

corresponds to 20 nm. The histogram shows the distribution of detected diameters of the        

γ-Fe2O3 particles as obtained from the TEM images. Only the inorganic γ-Fe2O3 is visible, but 

not the organic coating on the particle surface. The size distribution is 10.8 nm with standard 

deviation σ=0.16. 
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I.5)  X-ray diffraction (XRD) 

The γ-Fe2O3 nanoparticles were analyzed for phase composition by X-ray powder diffraction 

(XRD). The XRD patterns were recorded with a Philips XPert PRO MPD system operating at 

40 kV and 40 mA. The XRD scans were recorded over the 2θ range from 20–70
o
, using Cu-

Kα radiation ( =1.54060 Å). The XRD pattern confirmed the formation of iron oxide 

nanoparticles in maghemite phase. The XRD peaks were compared with reported data of 

Hyeon [1] and coworkers for γ-Fe2O3 nanoparticles. The peaks match well with the reported 

data for γ-Fe2O3 confirming the formation of iron oxide nanoparticles in maghemite phase. 

The sample for XRD was prepared by washing the nanoparticle sample four times with 

methanol and toluene and finally drying of the precipitate under vacuum. The dried 

precipitate was then grinded using an agate mortar for 8-10 min. to get fine powder. The 

powder was then deposited on a XRD sample holder. Figure SI-3 shows the XRD pattern of 

iron oxide nanoparticles in maghemite phase.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI-3: XRD pattern of γ-Fe2O3 nanoparticles. 
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II) Polymer coating of γ-Fe2O3 nanoparticles 

II.1)     Chemicals 

II.2)     Synthesis of amphiphilic polymer 

II.3)     Coating of γ-Fe2O3 using the amphiphilic polymer 

 

II.1)  Chemicals 

Dodecylamine (C12H27N 98% Sigma-Aldrich # D22,220-8), Tetrahydrofurane (THF) (C4H8O 

≥99.9% Sigma-Aldrich #186562), poly(isobutylene-alt-maleic anhydride) (6 kDa/mol Sigma-

Aldrich 531278), Chloroform (CHCl3>=99%, Sigma-Aldrich #372978 ). 

 

II.2)     Synthesis of amphiphilic polymer 

Synthesis of the amphiphilic polymer used for transferring the γ-Fe2O3 nanoparticles to 

aqueous solution was done using a published protocol.
2-3

 Briefly 2.70 g (15 mmol) of 

dodecylamine powder was dissolved in 100mL THF in a round flask. When the dodeclyamine 

had dissolved well, the solution was poured into another round flask containing 3.084 g (20 

mmol monomer) of poly(isobutylene-alt-maleicanhydride) powder. The mixture was 

sonicated until the solution was clear. In a next step this clear solution was heated under 

stirring condition at 55-60 
0
C for one hour. After one hour the solution was concentrated to 

30-40 mL by evaporating the THF solvent to enhance the reaction between the maleic 

anhydride rings of poly(isobutylene-alt-maleicanhydride) and the amino groups of 

dodeclyamine. This solution was left stirring overnight. On the next day the solution was 

completely dried by evaporation and the remaining powder of the resulting amphiphilic 

polymer was redissolved in 40 mL chloroform to a final monomer concentration of 0.5 M. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI-4: Structure of the amphiphilic polymer. A) Poly(isobutylene-alt-maleic anhydride) 

is used as hydrophilic backbone. The blue box shows one motif / monomer unit with a 

molecular weight of 154 g/mol. There are about 39 anhydride monomers in each polymer 

chain. B) Dodecylamine is used as hydrophobic side chain. C) The amphiphilic polymer was 

obtained by reaction of the hydrophilic backbone with hydrophobic side chains. The red box 

indicates one motif / monomer unit.  
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II.3)  Coating of γ-Fe2O3 using the amphiphilic polymer  

The polymer coating procedure was according to previous reports.
2-6

 In this work we mixed 

solutions of amphiphilic polymer and hydrophobic γ-Fe2O3 NPs by a molar ratio of 100-200 

polymer motifs per nm
2
 of NP’s effective surface area. The effective diameter Deff of the NPs 

includes the hydrophobic surfactant shell around the inorganic cores and the inorganic core 

diameter itself. In the case of γ-Fe2O3 we assumed Deff to be 11.9 nm. After mixing, the 

solvent was slowly evaporated under reduced pressure until the sample was completely dried. 

The remaining solid film in the flask was redissolved in SBB12 (sodium borate buffer, 50 

mM, pH 12) under vigorous stirring until the solution turned clear. Hereby the amphiphilic 

polymer wrapped around the surface of the hydrophobic NPs and thus the coated NPs became 

soluble in SBB12 buffer. The polymer coated nanoparticles were then purified using HPLC 

(high performance liquid chromatography; Agilent 1100). We used a self-packed sephacryl S-

300 HR column (GE Healthcare, Amersham Biosciences, #17-0599-10) or S-400 HR gel self-

packed column (GE Healthcare, Amersham Biosciences, #17-0599-10). After the HPLC 

purification the eluted polymer coated γ-Fe2O3 NPs were concentrated by centrifuge filters 

(membrane: 100kDa Mw cut off PES, Sartorius Stedim, #VS2042) at ~2000 rpm. This was 

followed by additional filtering with 0.2 mm filters (Millipore) to get rid of any possible big 

aggregates. The purified samples were stocked in SBBS buffer (50 mM sodium borate, 

100mM NaCl, pH 9.0). 

 

III) Synthesis of micro capsules with hydrophilic γ-Fe2O3 nanoparticles in their wall 

III.1)     Chemicals 

III.2)     Synthesis of CaCO3 cores 

III.3)     Layer by layer (LbL) assembly of polyelectrolytes on CaCO3 cores and embedding of 

γ-Fe2O3 in the wall of capsules 

III.4)     Confocal laser scanning microscopy of hollow capsules 

III.5)     Transmission electron microscopy of hollow capsules (TEM) 

III.6)     Scanning electron microscopy of hollow capsules (SEM) 

III.7)     Inductive coupled plasma emission spectroscopy (ICP_OES) 

III.8)     Calculation of the number of γ-Fe2O3 nanoparticles per capsule 

 

III.1)     Chemicals 

Poly(sodium 4-styrenesulfonate) (PSS, Mw ~70 kDa, Sigma-Aldrich #243051), 

poly(allylamine hydrochloride) (PAH, Mw ~56 kDa, Sigma-Aldrich #283223), 

poly(acrylamide-co-diallyl-dimethylammonium chloride) (P(Am-DDA, Mw 232.8 g/mol, 

Sigma-Aldrich #409081), calcium chloride dehydrate (CaCl2, Sigma-Aldrich #223506), 

sodium carbonate (Na2CO3, Sigma-Aldrich #S7795), poly(fluorescein isothiocyanate 

allylamine hydrochloride) (PAH-FITC, Mw ~56 kDa, Sigma-Aldrich #630209), 

ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich #E5134). 
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III.2)     Synthesis of CaCO3 cores 

Microparticles of CaCO3 were obtained from mixing solutions of calcium chloride (CaCl2) 

and sodium carbonate (Na2CO3) under vigorous stirring.
7
 Briefly, equal volumes (0.615 mL) 

of aqueous CaCl2 and Na2CO3 solutions (0.33 M) and 0.77 mL of distilled water were mixed 

and thoroughly agitated on a magnetic stirrer for 30 s at room temperature. After agitation the 

mixture was left without stirring for 4 min at room temperature. The solution was then 

precipitated using centrifugation at 6000 rpm for 4 s. The supernatant was removed and 

precipitate was washed three times by adding 1 mL of distilled water and using the same 

centrifuge speed and time (i.e 600 rpm, 4 s) to remove the unreacted species. As last step the 

particles were washed with acetone and dried in vacuum.  

 

III.3) Layer by layer (LbL) assembly of polyelectrolytes on CaCO3 cores and embedding 

of γ-Fe2O3 in the wall of the capsules 

Polyelectrolyte capsules were synthesized by using the layer by layer (LbL) technique on 

CaCO3.
8
 Briefly, the dried CaCO3 cores were dispersed in 0.5 M NaCl solution containing 

negatively charged polymer PSS (2 mg/mL). The dispersion was sonicated and shaken for 12 

minutes (2 min. sonication and 10 min. for shaking). After 12 minutes the particles were 

precipitated with centrifugation at a speed of 6000 rpm for 3-4 s and washed with distilled 

water three times to remove the excess and unreacted PSS. After three washing steps capsules 

were again dispersed in 0.5 M NaCl solution containing positively charged polymer PAH (2 

mg/mL) for 12 minutes followed by three washing steps. After one more bi-layers of PSS and 

PAH one bi-layer of (PSS/P(Am-DDA)) was added. The strong positively charged polymer 

P(Am-DDA) was used using the same concentration (2 mg/mL) in 0.5 M NaCl solution. After 

addition of the (PSS/P(Am-DDA)) bi-layer the sample solution was divided into two parts. 

One part of the sample was then incubated in 1 mL of nanoparticle solution containing a low 

concentration of iron oxide nanoparticles for 12 minutes. The second part of the sample was 

incubated in 1 mL of nanoparticle solution with a high concentration of nanoparticles for 12 

minutes. The reason for adding the strong positively charged polymer P(Am-DDA) before the 

addition of nanoparticles was to increase the attachment of polymer coated nanoparticles 

which were negatively charged. After nanoparticle addition again one bi-layer of (PSS/P(Am-

DDA)) was added followed by the addition of one more layer of negatively charged 

nanoparticles at the respective concentrations. Finally two bi-layers of (PSS/PAH) were 

added. Hereby one layer contained PAH conjugated with FITC fluorophore (PAH-FITC) to 

make the wall of the capsules fluorescent. In this way the morphology of the capsules could 

be observed with confocal microscopy after dissolution of the CaCO3 cores. After addition of 

each layer the sample was sonicated for two minutes to reduce aggregation of CaCO3 

particles. The final structure of capsules was (PSS/PAH)2(PSS/P(Am-DDA)/γ-

Fe2O3)2(PSS/PAH-FITC)(PSS/PAH). In a next step, the CaCO3 cores were removed by 

complexation with EDTA. Coated CaCO3 particles were shaken for 2 min with 1 mL of an 

EDTA solution (0.2 M, pH 5.5), followed by centrifugation and redispersion in 1 mL of a 

fresh EDTA solution (0.2 M, pH 7). The obtained hollow microcapsules were washed five 

times with 1 mL distilled water. The microcapsules were finally stored as suspension in water 

at 4 
0
C. 
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III.4)     Confocal laser scanning microscopy (CLSM) images of hollow capsules 

After the dissolution confocal laser scanning microscopy (CLMS) was used to take images of 

the capsules. For this purpose the wall of the capsules had been made fluorescent by adding 

one layer of poly(fluorescein isothiocyanate allylamine hydrochloride) (PAH-FITC) during the 

layer by layer assembly on the CaCO3 cores. All the fluorescence images were taken by a 

confocal laser scanning microscope (CLSM 510 META, Zeiss, Germany). The Ar/Kr laser 

(488 nm) was used to excite the FITC. Samples were observed through a 100X/1.45 NA oil-

immersion PLAN-FLUOAR objective. A 20 μL drop of sample was placed onto a cover glass 

and imaged in liquid. 

 

III.5)     Transmission electron microscopy of hollow capsules (TEM) 

To see the distribution of γ-Fe2O3 in the wall of polyelectrolyte capsules transmission electron 

microscope (TEM) images were taken. For TEM analysis the samples were prepared by 

putting a drop with low concentration of capsules on a Formvar®/carbon coated TEM-grid 

(300 Mesh 3.05 mm Copper, Plano GmBH) and dried at room temperature before imaging. 

All the images were taken on JEM 3010 high-resolution electron microscope (Jeol Ltd., 

Tokyo, Japan) operating at an accelerating voltage of 300 kV. 

 

III.6)     Scanning electron microscopy of hollow capsules (SEM) 

To see the morphology of the hollow polyelectrolyte capsules after the dissolution of the 

CaCO3 core scanning electron microscopy (SEM) was performed. SEM analysis was 

performed on a JEOL JSM-7500F SEM at an operation voltage of 2.00 kV. For the SEM 

recording a drop with low concentration of capsules was placed on a glass cover and dried in 

vacuum before the SEM analysis.  
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Figure SI-5: SEM images of (PSS/PAH)2(PSS/P(Am-DDA)/γ-Fe2O3)2(PSS/PAH-

FITC)(PSS/PAH) polyelectrolyte capsules after core removal. a) Capsules with low 

concentration of γ-Fe2O3 nanoparticles. b) Capsules with high concentration of γ-Fe2O3 

nanoparticles. Capsules collapse after core removal indicating the absence of the cores in their 

cavities. Scale bars represent 10 µm (left column), 1µm (right column).  

 

III.7)    Inductive coupled plasma emission spectroscopy (ICP-OES) 

The number of γ-Fe2O3 nanoparticles per capsules was calculated by using concentration of 

Fe in the capsule samples as obtained from Inductively Coupled Plasma Optical Emission 

Spectrometer (ICP-OES). ICP-OES measurements were performed on a PERKIN ELMER 

OPTIMA 2100 DV. For the ICP-OES measurements 0.1 mL of sample from the original 

stock was digested with 1 M concentrated nitric acid using 0.1 mL to oxidize the organic 

coating around the particles. Then 0.1 mL of 12 M hydrochloric acid was used to dissolve the 

iron oxide nanoparticles. The concentrations of iron obtained from ICP measurements were 

0.932, 0.227 and 0.0532 mg/mL for the nanoparticles freely dispersed in SBBS buffer, and for 

high density and for low density of γ-Fe2O3 in the wall of polyelectrolyte capsules, 

respectively. We calculated that one 10.8 nm γ-Fe2O3 nanoparticle contains 2.61x10
4
 atoms of 

Fe. Using this number we calculated the total number of γ-Fe2O3 nanoparticles which was 

(2.61x10
4
)

-1
 times the total number of Fe atoms in the solution. We also determined the 

concentration of capsules for each sample by counting the number of capsules in an aliquot 

using the microscope in phase contrast mode. We found that each sample contained 10
8
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capsules. Finally the number of γ-Fe2O3 NP per capsule was obtained by simply dividing the 

total number of γ-Fe2O3 NPs by the total number of capsules for each sample. 

 

III.8)     Calculation of the number of nanoparticles per capsule 

 

III.8.1) Counting of the number of capsules  

The number of capsules was determined by counting the number of capsules in an aliquot by 

using a hemocytometer chamber (cfg. Fig. SI-6) under a microscope in phase contrast mode. 

This was done by putting a drop of a diluted solution of capsules onto the chamber. The 

number of capsules deposited into the four regions marked by crossed double lines was then 

counted by using a 20X objective. Then the number of counted capsules in each region was 

averaged and multiplied by the volume of the capsule solution and by a factor of 10
4
 

(Formula: average n° of capsules x volume of capsule solution x 10
4
). Finally, the obtained 

number is multiplied by the dilution factor used to dilute the stock solution of capsules. We 

found that each sample contains 10
8
 capsules. 

 

 

 

 

 

 

 

 

Figure SI-6: a) Hemocytometer chamber used for the counting of capsules b) Image of the 

chamber from the top showing the region with cross in which capsules were counted. 

 

III.8.2) Calculation of the number of γ-Fe2O3 nanoparticles in each sample 

To calculate the number of iron oxide nanoparticles for each sample, we measured the number 

of Fe atoms for each sample.
9
 In the calculation we use the following symbols: 

p: refers to particles 

a: refers to atoms 

u: refers to unit (one unit corresponds to two Fe and three O atoms) 

ma,Fe: refers to the mass of one Fe atom 

ma,O: refers to the mass of one O atom  

mu,Fe2O3: refers to the mass of one unit of Fe2O3 containing two Fe and three O atoms 

ρFe2O3: refers to the density of γ-Fe2O3 

Vp,Fe2O3: refers to the volume of one γ-Fe2O3 nanoparticle (diameter 10.8 nm) 

mp,Fe2O3: refers to the mass of one γ-Fe2O3 nanoparticle (diameter 10.8 nm) 

Na,Fe: refers to the number of Fe atoms in one γ-Fe2O3 nanoparticle 

Nu,Fe2O3: refers to the number of Fe2O3 units (two Fe and three O ) per γ-Fe2O3 nanoparticle 
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Np,Fe2O3: refers to the number of γ-Fe2O3 particles in the sample solution 

NFe = number of detected Fe atoms within the sample solution 

cFe = concentration of Fe atoms in sample solution 

V = Volume of sample solution 

Ncaps = number of capsules in the sample solution 

To calculate the number of γ-Fe2O3 nanoparticle for each sample in the first step we 

calculated the mass of one 10.8 nm γ-Fe2O3 using the formula mp,Fe2O3 = ρFe2O3 • Vp,Fe2O3, 

where ρFe2O3 is the density of γ-Fe2O3 which is 5.25g/cm
3
 and Vp,Fe2O3 is the volume of one  

γ-Fe2O3 nanoparticle calculated using the formula Vp,Fe2O3= 4/3 π r
3
. Here r is the radius of 

the γ-Fe2O3 nanoparticles of 10.8 nm. The calculated volume Vp,Fe2O3 is 6.6x10
-19

 cm
3
. Thus 

the mass of one γ-Fe2O3 nanoparticle (mp,Fe2O3) was calculated to be 3.46x10
-18

 g. 

The total atomic mass of one Fe atom (ma,Fe) is 9.2x10
-23

 g. The total atomic mass of one O 

atom (ma,O) is 2.6x10
-23

 g. The total mass of one unit of two Fe and three O atoms is 

(mu,Fe2O3) is 2.2x10
-22

 g. The total number of Fe2O3 units (Nu,Fe2O3) per particle was obtained 

by dividing the mass of one γ-Fe2O3 nanoparticle (mp,Fe2O3) by the total mass of one unit of 

two Fe and three O atoms (mu,Fe2O3). We found 1.3x10
4
 units of two Fe and three O atoms per 

nanoparticle. Each unit contains two Fe atoms. Thus the  total number of Fe atoms (Na,Fe) in 

one γ-Fe2O3 nanoparticle is two times the total number of units with two Fe and three O 

atoms. In this way there are 2.6x10
4
 Fe atoms in one γ-Fe2O3 nanoparticle of 10.8 nm 

diameter (Na,Fe). 

 

i)  γ-Fe2O3 freely dispersed in SBBS buffer 

From the ICP-OES measurements we got the concentration of Fe in the sample solution (cFe): 

cFe = 1.67 x 10
-5

mol / mL. From the obtained Fe concentration cFe we got the total number of 

Fe atoms (NFe) within the sample by using the formula NFe = cFe • V • NA with the Avogadro 

number NA = 6.02x10
23

 mol
-1

. The volume of the samples was V = 1 mL which lead to the 

number of Fe atoms in the sample of NFe = 1.0x10
19

. As one γ-Fe2O3 particle contains 2.6x10
4
 

(Na,Fe) Fe atoms the number of γ-Fe2O3 nanoparticle in the sample solution (Np,Fe2O3) was 

calculated by dividing NFe by Na,Fe. The calculated value was Np,Fe2O3 = 3.8x10
14

. 

 

ii) Calculation of number of γ-Fe2O3 particles per capsule for the low density sample 

Knowing the concentration of Fe (cFe) for the sample we used the same method as described 

in i) to calculate the number of γ-Fe2O3 particles. Finally the number of γ-Fe2O3 nanoparticles 

per capsules was obtained by dividing the total number of γ-Fe2O3 nanoparticles in the sample 

with total number of capsules in the sample. 

cFe = 9.5 x10
-7

mol / mL as determined with ICP-OES on sample V = 1 mL 

 NFe= 5.7x10
17

 (number of Fe atoms in the sample) 

 Np,Fe2O3 = 2.2x10
13

 (number of γ-Fe2O3 particles in the sample) 

Ncaps = 3.0 x10
8 (number of capsules in the sample as determined by counting) 

 Np,Fe2O3 /Ncaps = 2.2x10
13 

/ 3.0 x10
8 
= 7.15x10

4
  (number of nanoparticles per capsule)  

 

iii) Calculation of number of γ-Fe2O3 nanoparticles per capsule for the high density sample 

Using the same method as in i) we calculated the number of γ-Fe2O3 NPs per capsules  

cFe = 4.0 x10
-6

mol / mL as determined with ICP-OES on sample V = 1 mL 
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 NFe = 2.4x10
18

 (number of Fe atoms in the sample) 

 Np,Fe2O3 = 9.3x10
13

 (number of γ-Fe2O3 particles in the sample) 

Ncaps = 3.2 x10
8
 (number of capsules in the sample as determined by counting) 

 Np,Fe2O3 /Ncaps = 9.3x10
13 

/ 3.2 x10
8 
= 2.8x10

5
 (number of nanoparticles per capsule) 

 

III.8.3) Calculation of the packing fraction  

The packing fraction for a low and high density of nanoparticles in the volume of the capsule 

wall was obtained by dividing the total volume of nanoparticles in each sample by the volume 

of the capsule walls in which the nanoparticles are distributed. First volume in which the 

nanoparticles are distributed was calculated. This was done by multiplying the thickness of 

the wall of capsules and the surface area of capsules. The thickness of one polyelectrolyte 

layer is ~1.5 nm.
10

 The wall of each capsule is made of six bi-layers leading to a total 

thickness of the wall of 18 nm. The surface area of spherical capsules was calculated to be 

4πr
2
, where r is the radius of one capsules. The capsule radius is r = 1.9 µm as obtained from 

CLSM and TEM images of the hollow capsules (diameter D= 3.8 ± 0.5 µm). The obtained 

value for surface area of one capsule was 4.5x10
-7 

cm
2
. This leads to a value for the volume of 

each capsule in which the nanoparticle are distributed of 8.16 x10
-13 

cm
3
. Next we calculated 

the total volume of the nanoparticles which was obtained by multiplying the volume of one γ-

Fe2O3 nanoparticle of 10.8 nm diameter with the total number of nanoparticle per capsule. 

Finally the packing fraction was obtained by dividing the calculated total volume of 

nanoparticles by the obtained volume of the capsule wall in which the nanoparticle are 

distributed. 
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IV) Numerical modeling details 

We consider an ensemble of nanoparticles which are described as interacting macrospins. The 

total energy of the system is the sum of the anisotropy, Zeeman, and dipolar-dipolar 

contributions: 
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Here mi is the magnetic moment for the nanoparticle i, ei is the anisotropy direction, K is the 

anisotropy constant, Ms is the saturation magnetization value, Vi is the nanoparticle volume,  

H is the applied field and rij is the vector connecting the position of the nanoparticle i with the 

nanoparticle j. We generate an ensemble of nanoparticles with a log-normal distribution 

having the most probable diameter D = 10 nm and 10% of the volume dispersion. The 

nanoparticles are distributed inside a cube in two geometries: (a) uniform volume distribution 

and (b) uniform distribution within a surface layer of 18 nm on a sphere with a given diameter 

(see Fig. SI-9). To avoid the edge effects, periodic boundary conditions were applied. We 

consider nanoparticles in a macrospin approximation with saturation magnetization values Ms 

= 400 emu/cm3 and two possible values of the anisotropies K= 4.6 104 erg/cm3 and K= 3.3 

105 erg/cm3. The anisotropy axes are considered distributed randomly.  

 

 
Figure SI-7: Modeled systems: (left) uniformly distributed nanoparticle ensemble (right) 

nanoparticles distributed on the surface of a capsule. Periodic boundary conditions are 

assumed.  

 

The total energy of the system was minimized using the integration of the Landau-Lifshitz-

Gilbert equation of motion. To prepare the initial state the system was slowly quenched under 

a decreasing applied field. The averaged dipolar field and energy barriers were evaluated in 

zero applied field. To evaluate energy barriers E
i
B for low packing densities we used the 

Pfeiffer approximation.
11-12
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where the interaction field h
i
int contains the local dipolar field, normalized to the anisotropy 

field HK
i
=2Ki/Ms. The function gi() depends on the angle between the local dipolar field and 

the anisotropy field and is defined as 
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The values E

1
i, min  and E

2
i, min  denote the two energy minima of the individual nanoparticle i ,evaluated 

by minimizing the total system energy. Note that each nanoparticle has two individual energy barriers 

and only the largest one is relevant for the blocking temperature. The Pfeiffer approximation is a 

local approximation for the individual energy barrier of each nanoparticle. It is valid for a 

relatively weak interaction strength of approximately 0.2 HK.
13-14

 For a larger packing 

fraction, the obtained energy barriers were corrected using the augmented Hessian method in 

a multidimensional space.
13-15

 

To evaluate the blocking temperature we assume the Arrhenius-Neel law for the switching 

time of each nanoparticle: 

)/exp( TkE B

i

Bi  0  

where kB is the Bolzmann constant, T is the temperature and the reversal constant 

s 

was taken from Ref 
16

. For the measurement time approximately 1 ms this corresponds to the 

blocking condition E
i
B>20.8 kBT . The blocking temperature was defined from the condition 

that 90% of the nanoparticles are in the blocked state. 
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Abstract 

Micrometer-sized polyelectrolyte capsules are synthesized, which had ion-sensitive 

fluorophores embedded in their cavities. As the membranes of the capsules are permeable to 

ions, the fluorescence of the capsules changes with the ion concentration. In particular 

capsules sensitive for proton, sodium, potassium, and chloride ions are fabricated and their 

fluorescence response analyzed. In order to allow for ratiometric measurements additional 

fluorophores whose emission does not depend on the ion concentration and which are 

emitting at a different wavelength are co-embedded in the capsule cavities. 
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1. Introduction 

Sensing analyte concentrations plays a pivotal role for numerous studies in the bio-medical 

field, ranging from cell biology to diagnostics. In cells there is a large difference in the 

concentration of ions, such as protons (H
+
), sodium (Na

+
), calcium (Ca

2+
), potassium (K

+
) and 

chloride (Cl
-
), between the intracellular and extracellular environments. For instance, the 

concentration of K
+
 is normally 30-50 times greater in the intracellular space compared to the 

extracellular, whereas the intracellular Na
+
 concentration is lower than the extracellular.

[1]
 

Variations of any of these ions in the body or inhibition of their transport across the cell 

membranes can initiate processes which finally compromise cell viability leading to 

pathological disturbances.
[2-6]

 Therefore, real-time measurements of the difference in the 

intra- and extracellular concentration of the aforementioned analytes may give crucial 

information about the activity, integrity and functionality of the cells. 

In the last decades, many types of ion sensitive sensors, mainly based on optical detection, 

have been developed.
[7-12]

 Fluorescence ion sensors are typically based on the feature of the 

sensor to reversibly change its optical properties upon chemical interaction with the 

corresponding analyte (i.e., fluorescence intensity changes, or spectral shifts in either 

absorption or emission spectra). The changes are used to determine the analyte concentration. 

Major advantages of this class of sensors over conventional electrochemical approaches 

include their fast response and their relatively intense signal, as well as the possibility to use 

simple instrumentation to read the output signals. Disadvantages lie on the potential 

cytotoxicity of the dye molecules purely injected into the cells, on the eventual inactivation of 

the dyes by sequestration into specific organelles or by their non-specific binding to proteins 

and other cell components. Moreover, it is hard to perform ratiometric measurements because 

the ratiometric probes (dyes which have dual excitation or emission peaks) are few and they 

are complicated to synthesize. Thus it is often required to inject into the cell a separate 

reference dye (a fluorescent dye which fluorescence is not affected upon different ion 

concentrations) to ensure accurate analysis of ions levels. Finally, by free injection of sensor 

probes into the cells it is difficult to measure several analytes in parallel. In order to 

circumvent some of these limitations, considerable research effort has been shifted towards 

the development of fluorescence sensors based on new strategies. One approach consists on 

combining the fluorescence indicators to nano- or micrometer sized particulate systems, such 

as solid particle matrices,
[8, 13-16]

 liposomes,
[17, 18]

 vesicles
[19]

 or polyelectrolyte multilayer 

capsules,
[12, 20-23]

 which act as carriers of the sensing component. As result, the fluorescent 

sensor is confined to a small volume, protecting it from the cellular environment, and 

conversely, protecting the cell from chemical pertubation by the sensor
[24]

. Also, by loading 

similar nano- and microparticle carriers with fluorophores sensitive to different ions, ion-

sensitive probes having the same surface chemistry but which respond to different ions, can 

be made. This is in contrast to plain ion-sensitive dyes, of which dyes for different ions 

typically possess different chemical structure and therefore surface chemistry. 
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In this study, we describe the synthesis of ratiometric sensor systems based on polyelectrolyte 

microcapsules for sensing of H
+
, Na

+
, K

+
 and Cl

- 
ions. We have chosen polyelectrolyte 

capsules as platform because of the possibility offered by such system to combine different 

functions for each individual sensor.
[25-28]

 Each sensor consists of the indicator and the 

reference dye separately conjugated to dextran molecules and entrapped within the cavity of 

the multilayer capsule. Such configuration enables ratiometric measurements of each ion by 

measuring the ratio of the fluorescent indicator peak to the fluorescent reference dye peak. 

Similarly to NPs-based sensors, 
[7, 15, 29]

 the sensing mechanism is based on the permeation of 

analytes (ions) into the cavity of the capsules followed by their binding to the sensing element 

(Scheme 1). In this approach, a change of the fluorescence signal of the sensor is detected 

after its interaction to the analyte. The response of the free fluorescent probes has been 

compared to the probes after their linking to the dextran molecules as well as after their 

encapsulation in order to assess that the intermediate steps did not affect the activity of the 

indicators. The resulting capsules displayed a ratiometric output in solution detectable by both 

fluorescence spectroscopy and fluorescence microscopy. 

 

2. Results 

2.1. H
+
-sensor capsules based on FITC as fluorescent indicator 

Fluorescein isothiocyanate (FITC) displays pH-indicative properties.
[30]

 The dye is 

characterized by a pKa of 6.5 and its ionization equilibrium leads to pH-dependent 

fluorescence over a range of 5 to 9.
[30]

 Figure 1 shows the fluorescence intensity ratio (g/r), 

obtained by fluorimetric cuvette measurements, for free (square), dextran-conjugated (circle) 

and encapsulated dextran-conjugated (triangle) FITC and AF594 with increasing pH values 

(2.0 to 11). For the sake of clarity, the form “green-yellow to red ratio” is hereinafter used to 

refer to all ratio measurements of FITC/AF594, whereas the abbreviation “Ig/Ir” is used to 

refer to all the fluorescence intensity ratios of FITC/AF594. The green-yellow to red ratio for 

each pH value has been calculated by dividing the fluorescence intensity at 520 nm (FITC, 

indicator dye) to the fluorescence intensity at 610 nm (AF594, reference dye) (the 

corresponding fluorescence emission spectra are displayed in SI, Figure SI-8). The resulting 

Ig/Ir has been plotted against corresponding pH values of buffer (Figure 1) and the data points 

fitted with a Boltzmann sigmoid function using the equation:  

b
inf

ba

r

g
I

ΔpH

pHpH
exp1

II
(pH)

I

I











 





                Eq. 1 

where Ig/Ir are the measured data points, Ia is the value of the Ig/Ir curve at low pH values 

which is considered as the acidic titration endpoint, and Ib is the value of the Ig/Ir curve at high 

pH values which is considered as the basic titration endpoint as well, pHinfl describes the point 

of inflection of the Ig/Ir curve, i.e. the pH value at which the slope of the curve is maximum.
[8]

 

From the fit of the Ig/Ir data, the fit parameters Ia, Ib, pHinfl and ΔpH were determined for each 

set of spectra (see also SI, Figure SI-19). The graphs reported in Figure 1 show an increase 
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of the fluorescence intensity in the range between pH 2.0 and 11 for each analyzed system. 

The fluorescence response trend of FITC-/AF594-dextran was almost identical to those of 

free FITC and AF594 (see also fluorescence spectra in SI, Figure SI-8), indicating that the 

conjugation of the dye to amino-dextran does not impair the sensitivity of the dye. 

Furthermore, the fluorescence trend of encapsulated FITC-/AF594-dextran was almost 

comparable to the trend of free dyes and dextran-conjugated dyes. A point of inflection 

(pHinfl) of 4.9, 6.2 and 5.6 was found for the free dyes, dye-dextran conjugates and 

encapsulated dye-dextran conjugates, respectively. However, there are some changes in the 

intensity ratios of the FITC-dextran and AF594-dextran after encapsulation in comparison to 

the free and conjugated indicator dyes. These changes might reflect the presence of a higher 

concentration of FITC-dextran inside the capsules compared to AF594-dextran (see also SI, 

Figure SI-8). It has to be pointed out that the fluorimetric titration measurements of free dye 

and dye-dextran conjugates were performed by keeping the concentration of both the 

indicator and reference dyes constant in the investigated solutions (12.5 µM each). In this 

way, slight differences in the overall intensity of all the readings were mainly attributed to the 

small variations of the dye concentration during sample preparation and cuvette 

measurements. Instead, in the case of encapsulated samples, we analyzed capsules with a 

lower concentration of embedded dye-dextran conjugates (see SI, Table 1). For this reason, 

the three curves shown in Figure 1 should be compared in terms of trend of the fluorescence 

and not in terms of intensity, since the last comparison is difficult because the concentration 

of dye-dextran conjugates inside the capsules is lower than the free and conjugated dyes in 

solution. Despite these changes in the intensity of the fluorescence, the difference in the g/r 

ratio of capsules is still efficiently detected in the whole investigated range. These results 

indicate that once loaded in the capsule cavities FITC-/AF504-dextran can efficiently senses 

different pH values in the surrounding bulk solution, thus making such capsules suitable for 

pH-sensing measurements. 

The response of FITC-/AF594-dextran loaded capsules was then analyzed by fluorescence 

microscopy. For this purpose, a 20 µL drop of capsules was resuspended in a solution of 

buffer with the desired pH value and deposited onto a glass coverslip (see SI, Figure SI-21). 

Figure 2a shows the fluorescence response of the capsules in buffer solution at pH 5.0 and pH 

9.0. As expected, the fluorescence of FITC-dextran decreases at acidic pH and increases at 

basic pH. In contrast, the red fluorescence of AF594-dextran remains constant at different pH 

values (the response of the capsules has been recorded over the whole pH range 2.0-11 and 

the corresponding data are reported in the SI, Figure SI-22). For homogeneity, the 

fluorescence signals of all ion-sensitive dyes (FITC, SNARF, SBFI, PBFI and amino-MQAE) 

are shown as false colors in green in all the microscopy images and the corresponding channel 

is abbreviated by using the letter “g”. To quantify the pH-depending response of the FITC-

/AF594-dextran loaded capsules, the fluorescence microscopy images were processed by 

ROI-analysis as described above (see Material and Methods). Some examples of measured 

ROIs are reported in Figure 2a. Figure 2b contains a plot of peak ratio (Ig/Ir) as a function of 

proton concentration obtained by quantifying the fluorescence intensity of green-yellow and 
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red signals. These were detected inside single capsules exposed to buffer solutions with pH 

from 2.0 to 11 (30 capsules were analyzed for each pH value). The Ig/Ir data points were again 

fitted with eq. 1 (fit parameters values are shown in the corresponding graph). According to 

the fluorescence images, the ratio-imaging data confirmed that there is a sigmoid relationship 

between FITC fluorescence increase and proton concentration. This analysis does not only 

confirm the previous data obtained by fluorimteric titration analysis of encapsulated dye-

dextran conjugates (Figure 1, triangles), but also shows that ROI-analysis can be applied to 

quantify via software fluorescence changes of both, the indicator and the reference dyes 

embedded into the capsule cavities.  

2.2. H
+
-sensor capsules based on SNARF as fluorescent indicator 

pH-sensitive capsules based on SNARF as indicator dye were also fabricated as alternative 

system to FITC-based sensor for pH-sensing. SNARF offers the advantage to perform 

ratiometric measurements without the requirement of a reference dye. Upon basification, 

SNARF typically exhibits a shift from yellow to red fluorescence (hereinafter abbreviated as 

“green-yellow to red ratio” and Ig/Ir). The pH-dependency of the fluorescence of free SNARF, 

SNARF conjugated to dextran and capsules loaded with SNARF-dextran was tested and 

evaluated by means of fluorescence spectroscopy and fluorescence microscopy. Figure 3 

shows the fluorescence intensity ratio (Ig/Ir), recorded by fluorimetric analysis of SNARF in 

solution (squares), SNARF-dextran in solution (circles) and SNARF-dextran loaded capsules 

(triangles) with increasing pH values (2.0 to 11). The green-yellow to red ratio for each pH 

value has been obtained by dividing the fluorescence intensity at 585 nm (Ig) by the 

fluorescence intensity at 640 nm (Ir) (the corresponding fluorescence spectra are displayed in 

SI, Figure SI-9). The results show that the SNARF dye conjugated to dextran, before and 

after encapsulation, can still sense different pH values in the surrounding bulk solution. 

Except for small differences in the overall intensity, the trends of the Ig/Ir ratios of free 

SNARF and SNARF-dextran, before and after encapsulation, are substantially the same (see 

also SI, Figure SI-9). The SNARF emission peaks are at approximately the same spectral 

position in both the solution and capsules (see also SI, Figure SI-9). A clear sigmoid curve as 

a function of proton concentration has been observed when Ig/Ir data points of every type of 

SNARF were fitted with eq. 1 (Figure 3), only slight differences in the slope of the (Ig/Ir) 

versus pH curve can be observed. Additionally, the data reported in Figure 3 demonstrate that 

the conjugation of the SNARF to dextran and its encapsulation did not significantly affect the 

sensitivity of the fluorophore. In contrast to the pH-sensitive capsules based on FITC as 

indicator dye and AF594 as reference dye, such sensor capsules are loaded with only one type 

of dye-dextran conjugate, the SNARF-dextran. In this way, the Ig/Ir ratio of SNARF capsules 

is calculated by measuring the fluorescence changes of only one dye. 

Figure 4a shows the fluorescence images of SNARF-dextran loaded capsules in buffer 

solution at pH 5.0 and 9.0. Also in this case, the response of the capsules has been recorded 

over the whole pH range 2.0-11 (SI, Figure SI-23). As expected, the green-yellow 

fluorescence signal increases at acidic pH and decreases at basic pH. Differently, the red 
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fluorescence signal decreases at acidic pH and increases at basic pH. Figure 4b contains a 

plot of peak ratio (Ig/Ir) as a function of proton concentration obtained by quantifying the 

fluorescence intensity of SNARF-dextran loaded capsules at different pH values (some 

example of measured ROIs are reported in Figure 4a). Similarly to fluorimetric 

measurements (Figure 3), the ratio-imaging ROI analysis indicated a sigmoid relationship 

between SNARF fluorescence and proton concentration (fit parameter values are showed in 

the corresponding graph). These data are in agreement with previous results reported by Kreft 

et al. who studied the fluorescence response of SNARF-dextran conjugate loaded in the 

cavities of polyelectrolyte capsules inside living cells (in vitro).
[22]

 

2.3. Na
+
-sensor capsules based on SBFI as fluorescent indicator 

The sodium sensitive dye, sodium-binding benzofuran isophthalate (SBFI), and the potassium 

sensitive dye, potassium-binding benzofuran isophthalate (PBFI), are two of the most widely 

used selective ion indicators for the fluorimetric determination of intracellular concentrations 

of Na
+ 

and K
+
, respectively. These dyes consist of two benzofuran isophthalate fluorophores 

linked to the nitrogens of diaza-crown ether with a cavity size that confers selectivity for Na
+ 

and K
+
, respectively.

[31]
 The monovalent cations bind to the active site of the dye with a 1:1 

stoichiometry. Upon binding, the excitation maxima of both PBFI and SBFI shift to shorter 

wavelengths, with changes in the intensity of the emission maximum. The ratio of the 

fluorescence signals obtained by exciting the indicator probe, SBFI or PBFI, and the reference 

dye, AF594, at 340 nm, while monitoring the fluorescence at 520 nm and 610 nm, was used 

to detect increasing concentrations of Na
+
 or K

+
, respectively. Because a certain degree of pH 

sensitivity of SBFI has been described in a cell-free in vitro system
[32]

 all the ion-sensing 

measurements were performed by dissolving NaCl or KCl in Tris 0.05 M buffer solutions 

keeping the pH constant (7.5) while raising the ion concentration in the solution up to 0.14 M 

(see SI, Figure SI-10). Figure 5 shows the fluorescence intensity ratio (Ig/Ir) of SBFI and 

AF594 in solution (squares), SBFI- and AF594-dextran in solution (circles), and SBFI- and 

AF594-dextran loaded capsules (triangles) as a function of Na
+
 concentration. The green to 

red ratio for each Na
+
 value has been obtained by dividing the fluorescence intensity at 520 

nm (Ig) to the fluorescence intensity at 610 nm (Ir) (the corresponding fluorescence spectra are 

displayed in Figure SI-11). The resulting curves were fitted with an exponential function 

using the following equation: 











 0)/cc(Na
0

r

g
exp  1 ΔI  I) )c(Na (

I

I
               Eq. 2 

here I0 is the offset , I a scaling factor and c0 [M] the decay constant. The fit parameters 

values are shown in the Figure 5. As expected, upon binding to Na
+
 ions, the emission 

maxima of every type of SBFI increase. These changes are very clear in the control sample 

made of free SBFI/AF594 dyes (Figure 5, squares) (see also raw data in SI, Figure SI-11). 

Unlike pH-sensor capsules, the ratios of dye-dextran conjugates and encapsulated dye-dextran 

conjugates revealed some differences in terms of trends as well as intensities. In particular, 

after linking of the dyes to amino-dextran, SBFI-/AF594-dextran showed a lower intensity 
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compared to the free SBFI/AF594 in solution (concentration of the dyes in free and linked 

forms were kept constant during titration measurements, 12.5 µM). We assumed that the 

positive charges carried by the amino-dextran polymer (i.e., -NH2 groups) influence the 

sensing properties of the dyes by repelling the sodium ions. It is known that the linking can 

influence the fluorescence of the indicator dyes. Recently, we have demonstrated that charges 

of nanoparticles (NPs) can affect the ion-sensing properties of NP-fluorophore systems.
[8, 33]

 

In particular, by studying proton sensing with SNARF fluorophores coupled to the surface of 

negatively charged Au NPs it was found that the local anionic concentration close to the NP 

surface, and thus in direct contact to SNARF linked onto the NPs surface, is lower than in the 

bulk.
[8]

 This effect has been addressed to the negative charges of NPs (i.e., COO
-
 groups), 

which attract positively charged ions and repel negatively charged ions, according to the 

Debye Hückel theory.
[34, 35]

 Thus, depending on the surface charge and the sensed ion, higher 

or lower local ion concentrations are present in the direct environment of the sensitive 

fluorophore as compared to bulk. As a result, the fluorophore detects the local ion 

concentration close to the NP surface, but not the bulk concentration. This model has been 

further validated by studying chloride sensing with the chloride sensitive dye amino-MQAE 

and a reference dye (cresyl violet) coupled to the surface of negatively charged Au NPs. It 

was found that by varying the distance between amino-MQAE and the negatively charged 

polymeric surface of the NPs through PEG spacers, the distance dependent charge effect on 

local chloride concentration could be adjusted.
[33]

 SBFI-/AF594-dextran conjugates are 

positively charged because of the excess of -NH2 groups onto the amino-dextran (see also SI, 

Figure SI-6) and thus, oppositely to NP-fluorophore systems, they might attract negatively 

charged ions while repelling positively charges ones. Consequently, the intensity of the 

fluorescence signal of dye-dextran conjugated should be reduced compared to the free dyes, 

of which fluorescence spectra have been recorded in absence of amino-dextran (Figure 5). 

Upon encapsulation, the peak of SBFI in the blue-green becomes more intense and a small 

blue shift can be observed (SI, Figure SI-11). This might be due to some autofluorescence of 

the polyelectrolytes employed during the LbL step. To address this question, we have 

recorded the emission spectra of PSS and PAH by using the same excitation wavelength used 

for exciting SBFI dye. A clear emission spectrum has been found for PSS, whose emission 

maximum peak occurs at 385 nm and ends at around 500 nm (exc = 340 nm), whereas no 

emission was detected by PAH (data not shown). Additional proof of the contribution of PSS 

to the analyzed spectra is given by the observation that the contribution from PSS was 

detected only in sensor capsules loaded with indicator dye excited at lower wavelengths 

where also PSS absorbs (340 nm for SBFI and PBFI, 350 nm for amino-MQAE). In fact, no 

contribution from PSS was detected in FITC-/AF594-dextran (exc = 490 nm) or SNARF-

dextran capsules (exc = 540 nm). To overcome this limitation, an anionic polyelectrolyte 

without autofluorescence could be employed for capsule fabrication. However, the 

fluorescence response of encapsulated SBFI-/AF594-dextran increases from low to high 

concentration of sodium, which is crucial to distinguish between extra- and intracellular levels 

of Na
+
 (Figure 5, triangles). Figure 6a shows the fluorescence images of SBFI-/AF594-

dextran loaded capsules in buffer solution at 0 and 0.14 M Na
+
 concentration. For some 
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capsules a higher concentration of the SBFI-dextran has been observed in the inner wall, 

probably due to a slight diffusion of the dextran from the cavities or to electrostatic attractions 

of the cargo to the inner anionic polyelectrolyte layer (PSS). Nevertheless, this phenomenon 

did not prevent the determination of different concentrations of sodium. It is not yet 

completely understood why the same type of amino-dextran linked to two different dyes 

behave in a different way inside the cavities. In particular, a good entrapment of the AF594-

detxran is observed in all tested capsules, whereas partial filling of cavities with SBFI-dextran 

was observed in some capsules (Figure 6a and SI). Firstly, diffusion of the SBFI-dextran out 

of the capsules during LbL assembly and core removal procedure had been hypothesized. 

However, since the molecular weight of the dextran used for linking both types of dyes is the 

same (500 kDa), diffusion of only one type of dextran should be excluded. Secondly, 

adhesion of SBFI-dextran to the first PSS layer has been taken into account. Although the 

charge of both types of linked dextran is positive (see SI, Table 1), thus electrostatic 

interactions between the PSS layer and only one type of labeled dextran should be also ruled 

out. Hence, the different behavior between the two types of linked dextran could be addressed 

to a different efficiency of loading of the capsules during the first step of capsules synthesis 

(CaCO3 co-precipitation, see Scheme 1 and SI). In fact, by mixing equal quantity of dextran-

conjugated dyes, it was found that different concentrations of dyes were entrapped into the 

resulting CaCO3 templates (see Table 1, SI). However, in case of sodium sensitive capsules, 

very similar quantities of the SBFI-dextran and of AF594-dextran were estimated in the 

resulting CaCO3 particles (see Table 1, SI), which also leaves out this last assumption. The 

chemical structure of the linked fluorophores might also play a role on the entrapment of 

dextran. We are currently investigating this issue to address the above raised points in order to 

better understand the properties of these systems. It has to be pointed out that besides these 

observations, a clear difference in the overall SBFI fluorescence intensity could be observed 

between low and high Na
+
 concentration, whereas the fluorescence intensity of the reference 

dye was constant. In Figure 6b a plot of the peak ratio (Ig/Ir) is reported as a function of the 

Na
+
 ion concentration as obtained by quantifying the fluorescence intensity of green and red 

signals detected inside single capsules at different Na
+
 concentrations (0 to 0.14 M) (some 

examples of measured ROIs are reported in Figure 6a). Notably, only capsules with cavities 

homogenously loaded with SBFI-dextran were used for the ROI analysis (see circles in 

Figure 6a). The Ig/Ir data points were plotted against the Na
+
 concentration and fitted to eq. 2 

(fit parameters values are shown in the corresponding graph). In line with the fluorescence 

images (SI, Figure SI-24), the ratio-imaging data indicate that there is almost an exponential 

increase relationship between SBFI fluorescence and Na
+
 concentration. The detection limit 

of the capsules appears to be roughly 0.1 mM. 

2.4. K
+
-sensor capsules based on PBFI as fluorescent indicator 

Figure 7 shows the results obtained for free PBFI and AF594 (squares), PBFI and AF594 

conjugated to dextran (circles) and PBFI-dextran and AF594-dextran loaded into the capsule 

cavities (triangles). The Ig/Ir data points were plotted against the K
+
 concentration and fitted 

again by using eq. 2 (however with c(K
+
) instead of c(Na

+
), fit parameters are shown in 
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Figure 7). Similarly to SBFI-/AF594-dextran loaded capsules, PBFI-/AF594-dextran capsules 

showed an exponential increase of fluorescence versus the K
+
 concentration. Also in this case 

the intensity of the PBFI-/AF594 dyes after conjugation resulted lower than for the free dyes 

PBFI/AF594 (Figure 7, circles) (see also SI, Figure SI-12b). This trend might confirm the 

previous mechanism hypothesized for SBFI-/AF594-dextran based on the assumption that 

positively charged amino-dextran affects the sensing properties of PBFI by repelling 

potassium ions in the local environment. Also here, in the case of encapsulated PBFI-/AF594-

dextran, emission maxima of PBFI shift to shorter wavelengths while increasing in intensity 

because of increasing K
+
 concentration. As in the case of SBFI, PBFI fluorescence was 

elicited at 340 nm and measured from 400 nm to 670 nm (in order to detect also the red 

reference dye AF594). In this way, autofluroescence of PSS was once more detected during 

fluorimteric titration measurements of encapsulated PBFI-/AF594-dextran samples (Figure 7, 

triangles) (see also SI, Figure SI-12c). 

 

The response of capsules loaded with both PBFI-dextran and AF594-dextran (PBFI-/AF594-

dextran) was studied by fluorescence microscopy. Figure 8a shows two representative images 

of capsules in buffer solution at 0 and 0.14 M K
+
 concentrations (all the images are reported 

in the SI, Figure SI-25). Similarly to sodium sensitive capsules, an increase of the 

fluorescence signal of the encapsulated potassium probe PBFI was also detected at high K
+
 

concentrations. This indicates the ability of these capsules to sense low and high 

concentrations of K
+
. Figure 8b shows the plot of peak ratios (Ig/Ir) as a function of K

+
 ion 

concentration (0 to 0.14 M) obtained by ROI analysis performed in the cavities of single 

capsules (some examples of measured ROIs are reported in Figure 8a). The graph shows that 

the fluorescence intensity of PBFI increases exponentially with increasing potassium 

concentration. 

2.5. Cl
-
-sensor capsules based on MQAE as fluorescent indicator 

The halide-sensitive fluorescent indicator amino-MQAE has been used to assemble capsules 

sensitive to Cl
-
 concentrations. Amino-MQAE belongs to the class of N-substituted quinoline 

compounds that are suited for determining c(Cl
-
) by measuring the quenching of fluorescence 

emission. The quenching results in an ion concentration-dependent fluorescence decrease 

without a shift in wavelength (see SI, Figure SI-13). The fluorescence spectra at varying 

chloride concentrations were recorded and the Ig/Ir ratio at 440/610 nm were plotted against 

the chloride concentrations. The data points of free dyes and dextran-conjugated dyes were 

fitted with an exponential decay function by using the following equation:
[33]

 

0)/cc(Cl
0

r

g
exp ΔI  I) )c(Cl (

I

I  
                 Eq. 3 

where I0 is the offset, I is a scaling factor for the amplitude, and c0 is the decay constant. The 

fit parameter values are shown in the Figure 9.  
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The fluorescence intensity ratio (Ig/Ir), shown in Figure 9, illustrates the quenching of amino-

MQAE fluorescence by the presence of Cl
-
, as measured at several concentrations of chloride 

ions in Tris 0.05 M buffer (pH 7.5). The fluorescence behavior of a mix of amino-MQAE and 

AF594 after conjugation to dextran (Figure 9, circles) resulted to be similar to the control 

(free amino-MQAE and AF594, Figure 9, squares). After co-loading amino-MQAE-dextran 

and AF594-dextran into the cavities of the capsules, the quenching of the sensor dye is 

reduced (Figure 9, triangles).  

Chloride sensor capsules were fabricated by linking the amino-modified MQAE to a 

negatively charged carboxy dextran. Thus, similarly to the charge effect present for the 

amino-dextran in the SBFI and PBFI sensor systems, hereby chloride ions, which are 

negatively charged, can be electrostatically repulsed by the negatively charged dextran. This 

might explain the lower degree of quenching observed for encapsulated amino-MQAE-

/AF594-dextran samples (Figure 9, triangles). Notably, similar results have been observed for 

amino-MQAE dye bound to the surface of negatively charged colloidal nanoparticles.
[33]

 By 

adjusting the distance between the amino-MQAE dye and the negatively charged surface of 

polymer-coated Au NPs with PEG spacers of different length, the fluorescence quenching 

behavior of amino-MQAE upon presence of chloride ions could be tailored.  

Unlike proton, sodium and potassium sensitive capsules which were loaded with 500 kDa 

dye-dextran conjugates, chloride sensitive capsules were obtained by loading amino-MQAE 

linked to a 12 kDa CM-dextran and AF594 linked to a 500 kDa amino dextran. CM-dextran 

of 500 kDa (CarboMer, Inc., #500939) was initially used for conjugating the amino-MQAE 

dye; however the conjugation reaction was not efficient because of the poor solubility of the 

high molecular weight compound in a variety of tested solvents (see SI for details). To 

overcome these solubility problems, we decided to conjugate the chloride sensitive dye to 

carboxy dextran of lower molecular weight (Mw = 12 kDa, Sigma, #86524). As expected, this 

choice reduced the filling efficiency of the capsule cavities because of the small molecular 

weight of the dextran. As a result, amino-MQAE-dextran partially diffused out of the capsules 

during LbL assembly as well as during core removal. Thus the data obtained should be 

carefully interpreted because diffusion of the sensor from the cavities of the capsules should 

also be taken into account. In Figure 10a, two fluorescent images of the capsules loaded with 

both amino-MQAE-dextran and AF594-dextran and imaged with 0 and 0.14 M Cl
- 

buffer 

solution, are reported. Figure 10b shows the ratio obtained by quantifying the fluorescence of 

the probe indicator and the reference dye with increasing concentration of Cl
-
. According to 

the spectroscopic analysis (Figure 9, triangles) the sensitivity of the dye has been impaired, 

which makes the determination of c(Cl
-
) practically impossible. Fluorimetric titration and 

microscopy results agree in the finding that the encapsulation corrupts the sensing of Cl
-
. One 

strategy for solving the problem related to encapsulation of amino-MQAE might be the 

linking of the dye onto a dextran of higher molecular weight. To do this, a MQAE dye with 

carboxy reactive groups instead of amino reactive groups should be synthesized in order to 
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covalently bind it to a 500 kDa amino-dextran. This is the object of studies that are being 

currently performed in our laboratory and will be reported in due course.  

3. Discussion 

One advantage of capsules-based sensor systems consists on the possibility of loading a wide 

range of ion-sensitive fluorophores within their cavities by maintaining the external surface of 

the sensor platform identical. In this way, capsules will be taken up by the cells via the same 

uptake process, whereas their cavity will display different sensing properties. In this study, we 

have synthesized ion-sensitive polyelectrolyte capsules for optical ratiometric investigation of 

H
+
, Na

+
, K

+
 and Cl

-
 ions in vitro. The indicator and reference dyes were separately linked to 

dextran cargo molecules to prevent the diffusion of the low molecular weight dyes out of the 

capsule cavities. By loading the cavities of the capsules with ratiometric dextran-labeled 

molecules, it was possible to optically determine the concentration of ions in the surrounding 

solution by recording the fluorescence intensity of the encapsulated dyes. From the 

fluorescence intensity of the indicator and reference dyes, the Ig/Ir ratio was calculated and 

plotted against the tested ion concentrations thus obtaining calibration curves for several 

analytes. The response of each sensor capsule measured by fluorimetric measurements was 

compared to the response of the corresponding free dye and dye-dextran conjugate (Figures 

1,3,5,7,and 9). It was found that upon encapsulation the response of the fluorophores is 

influenced by the charge of dextran. In particular, the sensitivity of SBFI and PBFI was 

negatively affected after their linking to amino-dextran (Figures 5 and 7, circles). These 

results are in agreement with recent studies in which we demonstrated that the response curve 

of ion sensitive dyes coupled to the external surface of charged gold NPs can be shifted when 

the dyes are close to a charged environment.
[8]

 Furthermore, by varying the distance between 

the sensitive dye and the charged carrier NPs, the sensitivity of the indicator fluorescent probe 

can be tuned
[33]

 thus confirming that charges play a crucial role on the ion sensing with 

organic fluorophore-NP hybrids. In this work, similar charge effects on the ion-sensing with 

fluorophore-dextran conjugates have been observed in terms of sensitivity (Figures 5 and 7, 

circles). Additional studies are being performed to gain deeper insight into the ion sensing 

mechanisms of organic fluorophores conjugated to charged molecules. However after 

encapsulation, the sensitivity of fluorophore-dextran conjugates increased again suggesting a 

positive effect of the encapsulation process on the indicator activity (Figures 5 and 7, 

triangles). Apart from some changes detected by fluorimetric measurements in the overall 

intensity ratios of encapsulated sensor dye to encapsulated reference dye, sensor capsules 

were able to sense different ion concentrations. By passing through the porous multilayer 

polyelectrolyte shell, ions such as H
+
, Na

+ 
and K

+
, are able to diffuse inside the cavities of the 

capsules where they interact with the embedded sensor dyes (Figures 1,3,5,7, triangles). In 

the case of Cl
-
 sensor capsules, diffusion of the low molecular weight amino-MQAE-dextran 

out of the capsules or hindering of the Cl
-
 ions to the sensor dye due to charge repulsion 

effects have been hypothesized to elucidate the reduced quenching of the encapsulated amino-

MQAE-dextran under high concentrations of chloride (Figure 7, triangles). Future 

investigations will determine the validity of these proposals. 
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The fluorescence response of each sensor system has been analyzed also by fluorescence 

microscopy and quantified by ROI-analysis (Figures 2,4,6,8,10). For this purpose, 

fluorescence images of the sensor and reference dyes, co-embedded within the cavities of the 

capsules, were separately recorded under different ion concentrations. By measuring the 

intensity of the fluorescence within definite regions of the capsules, ratiometric measurements 

of the sensors were performed. The obtained data showed the possibility to quantify the 

fluorescence response of the sensors via ROI-analysis. Current investigations are focused on 

the writing of a universal program able to simultaneously evaluate the fluorescence response 

of multiple sensor capsules via ROI-analysis for real-time measurements of ions. 

 

4. Conclusions 

In conclusion, we have described the synthesis of ratiometric ion-sensitive polyelectrolyte 

capsules sensitive for protons, sodium, potassium, and chloride ions. We have characterized 

their fluorescence response by titration fluorimetric measurements and fluorescence 

microscopy. pH-sensor capsules, based on FITC or on SNARF as fluorescent indicator, were 

able to efficiently sense different proton concentration after linkage of the dyes to amino-

dextran molecules as well as after their encapsulation. In contrast, in the case of Na
+
- and K

+
-

sensor capsules, the response of the fluorophores resulted to be influenced by the conjugation 

of the dyes to amino-dextran molecules. In particular, SBFI and PBFI dye fluorophores 

showed a lower intensity response after their linking to amino-dextran. We assumed that the 

positive charges carried by the amino-dextran polymer might influence the sensing properties 

of the covalently linked dyes (SBFI or PBFI) by affecting their interaction to the cations (Na
+
 

or K
+
). However, an increase of the fluorescence signal of both the encapsulated SBFI-

dextran and PBFI-dextran was detected at high Na
+
 and K

+
 concentrations, thus indicating the 

ability of the capsules to sense low, medium and high concentrations of these ions. In the case 

of chloride sensor capsules, we also observed a charge effect of the carboxy-dextran on the 

fluorescence response of the amino-MQAE indicator dye which resulted in a reduced 

quenching of the dye after its encapsulation. Notably, similar results have been observed for 

amino-MQAE dye bound to the surface of negatively charged colloidal nanoparticles.
[33]

 

Future work will focus on studying the influence of charges carried by dextran molecules 

and/or by polyelectrolyte layers on the sensing properties of the embedded fluorophores. The 

use of indicator dyes with different chemical structure as well as the use of different 

macromolecules as anchor components will be also investigated. The peculiar features of 

polyelectrolyte capsules systems, along with the possibility to modify their properties by 

manipulating their two compartments (cavities and walls), may provide several advantages for 

their use in future applications in intracellular biosensing. Experiments aimed at designing 

multilayer capsules which combine a barcode labeling system of the walls (by engineering the 

shell of every sensor type capsule with mixtures of different quantum dots) to the sensor 

activity of the cavities, are currently under investigation. By analyzing the fluorescence of the 

walls, it will  be possible to distinguish between different sensor types possibly localized in 

different area of the cells. These studies are expected to allow for carrying multiplex real-time 

sensing measurements of different ions inside living cells.  
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5. Experimental Section 

Materials: Poly(sodium 4-styrenesulfonate) (PSS, Mw ~70 kDa, #243051), poly(allylamine 

hydrochloride) (PAH, Mw ~56 kDa, #283223), calcium chloride dehydrate (CaCl2, #223506), 

sodium carbonate (Na2CO3, #S7795), fluorescein 5(6)-isothiocyanate (Mw 389.38, #46950), 

carboxymethyl-dextran sodium salt (CM-dextran, Mw ~12 kDa, #86524), 

ethylenediaminetetraacetic acid calcium disodium salt (EDTA disodium salt, #ED2SC), 2-(N-

Morpholino)ethanesulfonic sodium buffer 0.05 M at pH 6.0 (MES-Na, #M3671), N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, Mw 191.71, #E7750), 

Tris(hydroxymethyl)aminomethane (Tris, #T1503),  and glass vials (shorty vials, #Z106399) 

were purchased from Sigma-Aldrich. Alexa Fluor® 594 carboxylic acid, succinimidyl ester 

(AF594, Mw 819.85, #A-20004), PBFI tetraammonium salt (Mw 950.99, # P-1265MP), SBFI 

tetraammonium salt (Mw 906.94, #S-1262), 5-(and-6)-carboxy SNARF®-1 (SNARF, Mw 

453.45, # C-1270), and amino dextran (AM-dextran, Mw ~500 kDa, #D7144) were obtained 

from Invitrogen. Carboxymethyl dextran (CM-dextran, Mw ~ 500 kDa, #500939) was bought 

from CarboMer, Inc (San Diego, CA 92196-1026 USA). All chemicals were used as received. 

Ultrapure water with a resistance greater than 18.2 M cm was used for all experiments. The 

chloride sensitive quinolinium-derivate dye amino-MQAE, 2-(2-(6-

Methoxyquinoliniumchloride)ethoxy)-ethanamin-hydrochloride (Mw 311.167), ((2-(2-(6-

methoxyquinolininiumchloride)ethoxy)-ethanamine-hydrochloride (adopted from Invitrogen 

#E3101), was synthesized and kindly provided by Prof. Ulrich Koert, Faculty of Chemistry, 

Philipps University of Marburg (Germany).
[33]

 

 

Synthesis of CaCO3 particles loaded with Dextran: Five types of polyelectrolyte capsules 

were fabricated: pH-sensor capsules based on FITC or on SNARF as fluorescence indicators, 

Na
+
-sensor capsules based on SBFI as fluorescence indicator, K

+
-sensor capsules based on 

PBFI as fluorescence indicator, and Cl
-
-sensor capsules based on amino-MQAE as 

fluorescence indicator. For each capsule system, CaCO3 microparticles were precipitated from 

solutions of calcium chloride (CaCl2) and sodium carbonate (Na2CO3) under vigorous 

stirring.
[36]

 The schematic illustration of the synthesis is reported in Figure SI-5. In a glass 

vial, equal volumes (615 µL) of aqueous CaCl2 and Na2CO3 solutions (0.33 M) were mixed 

with 400 µl of a dextran solution labelled with a desired ion-indicator dye (usually 50 µM dye 

concentration), and with 370 µl of a dextran solution labelled with the reference dye AF594 

(usually 50 µM dye concentration) as an internal standard (Figure SI-5,i). A detailed protocol 

for conjugation of amino-dextran and carboxy-dextran with fluorophores can be found in the 

Supporting Information (SI). The solution was thoroughly agitated on a magnetic stirrer 

(1000 rpm) for 30sec at room temperature (RT). After the agitation, the mixture was left 

without stirring for 4 min at RT. During this time, the amorphous CaCO3 crystals generated 

by mixing the two supersaturated solutions of aqueous CaCl2 and Na2CO3 are transformed 

into spherical and porous CaCO3 particles. After this resting time, the resulting suspension 

was centrifuged at 6000 rpm for 5 s to sediment all the particles to the bottom of the vial. The 

supernatant was removed with a pipette and the particles were washed three times with 1 mL 

of Milli-Q water in order to remove unreacted species. Every washing step was performed by 
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centrifugation of the particles at 6000 rpm for 5 s, removal of the supernatant followed by 

addition of fresh Milli-Q water. In the last step, the particles were washed with 1 mL of 

acetone (>99.5% for synthesis, #5025.6, Roth,) and after removal of the supernatant, air-dried 

in a dessicator at ~ 1mbar for 10-15 minutes. The resulting powder (stable against dissolution 

and recrystallization) was used directly for the LbL assembly of polylectrolytes or stored in 

dry and dark for several weeks. By using the above described protocol, spherical CaCO3 

particles with an average diameter ranging from 2.5-3.5 µm are typically formed. However 

some variability of size of the cores can be observed between different batches of 

microparticles (see also SI). This can be mainly addressed to small changes of some 

conditions, such as the temperature and the stirring speed, which turned out to be crucial 

parameters for the control of morphologies of CaCO3. For instance, it was observed that by 

using cold solutions of CaCl2 and Na2CO3 or by performing the co-precipitation step in an ice 

bath (T~4°C), the size of the CaCO3 microparticles can be increased up to 5-10 µm. 

Conversely, by increasing the temperature (30°C) and the mixing speed (1200 rpm) particles 

of approximately 1 µm can be obtained.  

LbL assembly of polyelectrolytes around CaCO3 Particles loaded with Dextran: The CaCO3 

particles were then coated by multiple LbL assembly of oppositely charged polyelectrolytes 

(Figure SI-5, ii-iii). 20 mg of dextran-loaded CaCO3 particles powder were weighted and 

dispersed in a 0.5M NaCl solution containing the polyanion PSS (2 mg mL
–1

, pH 6.5). The 

dispersion was initially left for 2 minutes in a sonication bath and subsequently continuously 

shaken for 10 min at ~200 rpm to avoid precipitation of the particles on the bottom of the tube 

and aggregation. After this exposure time, the excess polyanion was removed by three 

centrifugation/washing steps with 1 mL of Milli-Q water (6000 rpm for 5 s. Subsequently, 1 

mL of a 0.5M NaCl solution containing the polycation PAH (2 mg mL
–1

, pH 6.5) was added 

and the dispersion was mixed as previously for 12 min, followed again by three 

centrifugation/washing steps with 1 mL of Milli-Q water (6000 rpm for 5 s). This procedure 

was repeated three times for each incubation step with a polyelectrolyte resulting in the 

deposition of 5 polyelectrolyte bi-layers on the dextran-loaded CaCO3 particles. In a second 

step, the CaCO3 template core was removed by complexation with EDTA (Figure SI-5, iv). 

Coated CaCO3 particles were shaken for 2 min with 1 mL of EDTA solution (0.2M, pH 5.5) 

followed by gentle centrifugation at 1100 rpm for 8 minutes in order to settle down the 

template-free capsules. After that, the supernatant was removed and the capsules resuspended 

with 1 mL of a fresh EDTA solution (0.2 M, pH 7.0). This washing step was used to quickly 

adjust the pH of the suspension to neutral value. Additional details can be found in the SI. 

Afterward, the capsules were extensively washed (five times) with Milli-Q water (1 mL) by 

centrifuge steps at 1100 rpm for 8 minutes. Finally, the microcapsules were stored as 

suspension in 500 µL of Milli-Q water at 4°C. After core removal, the capsule number per 

volume was determined by direct counting by a hemocytometer chamber under a microscope. 

A drop of a diluted solution of capsules was added onto the chamber and the number of 

capsules deposited into the four regions marked by crossed double lines was counted by using 

a 20X objective. Then the number of counted capsules in each region was averaged and 
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multiplied by the volume of the capsule solution and by a factor of 10
4
 (formula: average n° 

of capsules x volume of capsule solution x 10
4
). Finally, the obtained number is multiplied by 

the dilution factor used to dilute the stock solution of capsules. From each synthesis we 

typically obtained about 10
8 
capsules/mL. 

Absorbance and Fluorescence Spectroscopy: The concentration of the fluorophores was 

obtained by UV-vis spectroscopy (Agilent 8453 UV-vis absorbance spectrometer) by utilizing 

Lamberts-Beer’s law (a detailed description is given in the SI). The analyte-dependent 

fluorescence of each indicator was investigated for the free dye, the dye conjugated to 

dextran, and the encapsulated dye-dextran conjugate via fluorescence spectroscopy for 

calibration purposes. Fluorescence measurements were recorded using a Fluorolog (FL3-122) 

fluorescence spectrometer equipped 450-W Xenon short arc (Ushio-UXL-450S-O) with 

450W as the source of excitation. The emitted light was observed at right angles to the 

excitation radiation. All of the spectra were recorded at RT under air. The indicator dyes FITC 

was excited at 490 nm, SNARF at 540 nm, SBFI and PBFI at 340 nm and the amino-MQAE 

at 350 nm. The reference dye AF594 was excited at the same wavelength used for each 

indicator. For example, for fluorimetric titration measurements of sodium, SBFI and AF594 

were both excited at 340 nm, so that the ratios of emission of SBFI (increase of its emission 

upon increasing sodium concentration) and AF594 (stable emission, internal standard) could 

be obtained from one spectrum. The raw data for all presented results and all control 

measurements are provided in detail in the SI. 

Fluorescence Microscopy: All images were recorded with a Zeiss Axiovert 200M microscope 

equipped with a mercury lamp (FluoArc, Zeiss) as source of light and a CCD camera 

(AxioCam HRm, Zeiss) as detector. Fluorescent imaging was performed with two sets of 

green and red fluorescence filters to separately detect the indicator and the reference dyes 

embedded into the capsule cavities. Capsules co-loaded with FITC- or SBFI- or PBFI- or 

amino-MQAE-dextran and AF594-dextran, were imaged by using the excitation filter F39-

340 (BrightLine HC 340/26, AHF, Germany) with the emission filters F37-584 (BrightLine 

HC 510/84) and F42-601 (HQ 500 LP, AHF Germany) for green and red fluorescence, 

respectively. Capsules loaded with SNARF-dextran were imaged by using a different set of 

yellow and red fluorescence filters specific for the SNARF dye (exciter: BP515/30 nm; 

yellow emitter: BP580/25 nm; red emitter: BP640/25 nm, AHF, Germany). For each 

measurement in which ionic concentrations were detected by reading out the fluorescence of a 

capsule, a 20 µL drop of capsules was resuspended in a solution of buffer with the desired ion 

concentration and deposited onto a glass coverslip. After the capsules had settled down to the 

surface of the substrate two fluorescence images with the green and red filter set were 

recorded at fixed exposure time (the detailed description of the measurements is given in the 

SI). The obtained fluorescent images were processed using ImageJ v1.42m software 

(http://rsb.info.nih.gov/ij/) in order to perform the following ratio-imaging analysis: spherical-

shaped regions of interest (ROIs) of the same size were drawn into the cavities of single 

capsules and the fluorescence intensities in both channels (green and red), under different ion 

http://rsb.info.nih.gov/ij/
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concentrations were measured by means of the image calculator. A total number of 30 

individual capsules were analyzed per each measured concentration. For each measurement, a 

ROI of the same shape and size was measured into an area without capsules and the obtained 

value was subtracted from the overall intensity measured in the capsule cavities to correct for 

background interference. Quantitative fluorescence data were exported from ImageJ into 

Microsoft Excel software for further analysis. 
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Scheme 1. Concept of a ratiometric fluorescent analyte sensor based on polyelectrolyte 

multilayer capsules. The indicator and the reference dyes are separately linked to 

macromolecules (i.e., dextran) and encapsulated in the cavity of the capsule. Because of the 

porous nature of the multilayer wall, small analytes (e.g., ions) diffuse in and out the cavities 

and virtually freely interact with the embedded fluorescent indicators. The analyte 

concentration is read-out as fluorescence ratio between the emission of the indicator probe 

and the emission of the reference dye (Ig/Ir). The use of both, indicator dyes and reference 

dyes, enables ratiometric fluorescent detection, which can correct for variations in excitation 

source intensity and minimizes the effects of photobleaching on quantitative measurements. 

For the sake of clarity only few layers are showed. Capsules are not drawn to scale. 

analytepolyelectrolytesreference cargosensor cargo

c(analyte) = low

c(analyte) = medium

c(analyte) = high
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Figure 1. Comparison of fluorescence intensity ratio (g/r) of FITC and AF594 in solution 

(squares) to FITC-/AF594-dextran in solution (circles) and to FITC-/AF594-dextran loaded 

capsules in solution (triangles) with increasing pH values. The green-yellow to red ratios (g/r) 

of the fluorescence intensities at 520 nm (Ig) and 610 nm (Ir) are plotted versus the pH of the 

solution. All data represent the average of three replicate cuvette measurements at each 

concentration and the error bars show the standard deviation. Data points were fitted with a 

Boltzmann sigmoid function using eq. 1 (see SI).
[8]

 The fit parameters used for the 3 curves 

are given in the table below. From these data the pKa has been calculated (see SI, Figure SI-

19)
[8]

 and the following values have been obtained. The most important parameter for the pH-

sensitivity is pKa (based on pHinfl). 

 

cuvette measurements Ia Ib pHinfl pH pKa 

free dye 0.21 5.01 4.9 0.56 4.9 

dye bound to dextran 0.19 5.77 6.21 0.52 6.2 

encapsulated dye 0.87 13.3 5.67 0.64 5.6 

2 4 6 8 10 12

0,0

2,5

5,0

7,5

10,0

12,5

15,0

Data: 

Model: Boltzmann

  y = A2 + (A1-A2)/(1 + exp((x-x0)/dx))

Chi^2 =  84.49635

R^2 =  0.99687

  

A1 0.20995 ±0.00999

A2 5.00881 ±0.01059

x0 4.89136 ±0.01497

dx 0.55536 ±0.01209

-----------------------------------------

Data: 

Model: Boltzmann 

  y = A2 + (A1-A2)/(1 + exp((x-x0)/dx))

Chi^2 =  20.60833

R^2 =  0.99045

  

A1 0.19187 ±0.02955

A2 5.76654 ±0.04869

x0 6.20789 ±0.03375

dx 0.52146 ±0.018

-----------------------------------------

Data: 

Model: Boltzmann 

  y = A2 + (A1-A2)/(1 + exp((x-x0)/dx))

Chi^2 =  51.76767

R^2 =  0.99192

  

A1 0.87367 ±0.03875

A2 13.32438 ±0.07596

x0 5.66722 ±0.02216

dx 0.64128 ±0.01739

I g
/I

r

pH

 Free FITC/AF594

 FITC-dex/AF594-dex

 encapsulated FITC-dex/AF594-dex
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Data: Data2_B

Model: Boltzmann 

  

Chi^2 =  0.00222

R^2 =  0.97972

  

I
a
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I
b

1.02627 ±0.02962

pH
inlf

6.09132 ±0.2241

pH 0.75892 ±0.20377

I g
/I

r

pH

 encapsulated FITC-dex/AF594-dex

(a)

(b)

 

Figure 2. Ratio-imaging derived from ROI analysis performed in the cavity of single capsules 

simultaneously loaded with both FITC-dextran and AF594-dextran. (a) Example of ROI 

analysis showing fluorescence microscopy images as obtained with a green (g) and red (r) 

filter of capsules in buffer solution at pH 5.0 (top row) and pH 9.0 (bottom row) which are 

sedimented onto a glass coverslip. The circles indicate the ROIs drawn into the cavities that 

were used to measure the intensity of fluorescence in the green (Ig) and red channel (Ir) at 

different pH values. For simplicity, only the images of capsules at pH 5.0 and 9.0 are reported 

(see also SI, Figure SI-22) (scale bars 3 µm). (b) Fluorescence intensity ratio (Ig/Ir) obtained 

from images such as shown in (a). The (Ig/Ir) values correspond to the mean values of the 

ratios of the green and red fluorescence intensities as obtained for 30 capsules plotted versus 

the pH of the solution. Error bars correspond to the standard deviation. Data points were fitted 

again with a Boltzmann sigmoid function using the eq. 1.
[8]

 The fit parameters are the 

following. The most important parameter for the pH-sensitivity is pKa (based on pHinfl). 

 

ROI measurements Ia Ib pHinfl pH pKa 

encapsulated dye 0.42 1.03 6.09 0.76 5.9 

 

 



                                                                   Submitted to  

L. L. del Mercato et al.      Ion sensing with ratiometric polyeletrolyte capsules 

129 

[A3] 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Comparison of fluorescence intensity ratio (Ig/Ir) of SNARF in solution (squares) to 

SNARF-dextran in solution (circles) and to SNARF-dextran loaded capsules (triangles) with 

increasing pH values. The green-yellow to red ratios (Ig/Ir) of the fluorescence intensities at 

585 nm (Ig) and 640 nm (Ir) have been plotted versus the pH of the solution. All data points 

represent the average of three replicate cuvette measurements at each concentration and the 

error bars show the standard deviation. The data were fitted with a Boltzmann sigmoid 

function using eq. 1.
[8]

 The fit parameters used for the 3 curves are given in the table below. 

From these data the pKa of every form of SNARF were calculated (see SI, Figure SI-20)
[8]

 to 

obtain the following values. The most important parameter for the pH-sensitivity is pKa 

(based on pHinfl). 

 

cuvette measurements Ia Ib pHinfl pH pKa 

free dye 3.47 0.34 7.07 0.64 7.0 

dye bound to dextran 3.28 0.22 6.80 0.44 6.8 

encapsulated dye 3.29 0.23 6.65 0.54 6.6 

1 2 3 4 5 6 7 8 9 10 11 12

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

Data:  

Model: Boltzmann 

  

Chi^2 =  1.10622

R^2 =  0.99917

  

A1 3.2902 ±0.02148

A2 0.23333 ±0.03557

x0 6.64806 ±0.04871

dx 0.54231 ±0.03913

Data:  

Model: Boltzmann 

  

Chi^2 =  2.24224

R^2 =  0.99825

  

A1 3.27912 ±0.02867

A2 0.22011 ±0.02465

x0 6.79601 ±0.03049

dx 0.44043 ±0.03769

Data:  

Model: Boltzmann 

  

Chi^2 =  10.02062

R^2 =  0.99897

  

A1 3.47131 ±0.01357

A2 0.33869 ±0.01312

x0 7.06788 ±0.04633

dx 0.63644 ±0.02551

 Free SNARF

 SNARF-dex

 encapsuated SNARF-dex

pH

I g
/I

r
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Figure 4. Ratio-imaging derived from ROI analysis of single SNARF-dextran loaded capsule. 

(a) Example of ROI analysis showing fluorescence microscopy images obtained with yellow 

(g) and red (r) fluorescence filters of SNARF-dextran loaded capsules in buffer solution at pH 

5.0 (top row) and pH 9.0 (bottom row), which are sedimented onto a glass coverslip. The 

circles indicate the ROIs drawn into single capsules cavity that were used to measure the 

intensity of fluorescence in the yellow and red channel at different pH values. For simplicity, 

only the images of capsules at pH 5.0 and 9.0 are reported (see also SI, Figure SI-23) (scale 

bars 3 µm). (b) Fluorescence intensity ratio Ig/Ir obtained from images such as shown in (a). 

The Ig/Ir value corresponds to the mean value of the ratios of the yellow and red fluorescence 

intensities as obtained with 30 capsules and plotted versus the pH of the solution. Error bars 

correspond to the standard deviation between the individual capsules. Data points were fitted 

with a Boltzmann sigmoid function using the eq. 1.
[8]

 The fit parameters used are given in the 

table below. The most important parameter for the pH-sensitivity is pKa (based on pHinfl). 

 

ROI measurements Ia Ib pHinfl pH pKa 

encapsulated dye 1.52 0.21 7.33 0.59 7.3 
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Figure 5. Comparison of fluorescence intensity ratio (Ig/Ir) of SBFI/AF594 in solution 

(squares) to SBFI-/AF594-dextran in solution (circles) and to SBFI-/AF594-dextran 

embedded in the capsules (triangles) with increasing Na
+
 concentrations (pH 7.5). All values 

were averaged from three replicate scans at each concentration. Error bars show the standard 

deviation. Data points were fitted with eq. 2. The fit parameters used for the 3 curves are 

given in the table below. The important parameter for the Na
+
-sensitivity is c0. 

 

cuvette measurements I0 I c0[M] 

free dye 0.42 0.64 0.013 

dye bound to dextran 0.09 0.18 0.046 

encapsulated dye 0.62 0.44 0.039 

 

0,00 0,02 0,04 0,06 0,08 0,10 0,12 0,14 0,16

0,2

0,4

0,6

0,8

1,0

1,2

c(Na
+
) (M)

I g
/I

r

Data: 

Model: Exp: y = a+b*(1 - exp(-c*x))

  

Chi^2 =  0.00344

R^2 =  0.96366

  

a 0.41695 ±0.03658

b 0.63536 ±0.04682

c 78.59623 ±17.11123

---------------------------------------------

Data: 

Model: Exp: y = a+b*(1 - exp(-c*x))

  

Chi^2 =  0.00003

R^2 =  0.99495

  

a 0.09325 ±0.00275

b 0.18251 ±0.00676

c 21.68796 ±2.02594

---------------------------------------------

Data: 

Model: Exp: y = a+b*(1 - exp(-c*x))

  

Chi^2 =  0.0003

R^2 =  0.9915

  

a 0.61974 ±0.00926

b 0.44462 ±0.01931

c 25.7443 ±2.94303

 Free SBFI/AF594

 SBFI-dex/AF594-dex

 encapsulated SBFI-dex/AF594-dex
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1,0
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 encapsulated SBFI-DEX/AF594-dex

Model: Exp: y = a+b*(1 - exp(-c*x))

  

Chi^2 =  0.00297

R^2 =  0.94818

  

a 0.41367 ±0.02909

b 0.56685 ±0.0646

c 23.99579 ±7.08379

I g
/I

r

c(Na
+
) (M)

(b)

 

Figure 6. Ratio-imaging derived from ROI analysis performed in the cavity of single capsules 

simultaneously loaded with both SBFI-dextran and AF594-dextran. (a) Example of ROI 

analysis showing fluorescence microscopy images of capsules suspended in Tris 0.05 M 

buffer solution (pH 7.5) without (0) and with (0.14 M) Na
+
. The circles indicate the ROIs 

drawn into the cavities that were used to measure the intensity of fluorescence in the green 

(Ig) and red channel (Ir) at different Na
+
 concentrations. For simplicity, only the images of 

capsules at 0 and 0.14 M c(Na
+
) are reported (see SI, Figure SI-24) (scale bars 3 µm). (b) 

Fluorescence intensity ratio Ig/Ir obtained from images such as shown in (a). The Ig/Ir value 

corresponds to the mean value of the ratios of the green and red fluorescence intensities 

plotted versus increasing c(Na
+
) of the solution and fitted to a sigmoid curve. Error bars 

correspond to the standard deviation between 30 different capsules). Data points were fitted 

with eq. 2. The fit parameters used for the 3 curves are given in the table below. The 

important parameter for the Na
+
-sensitivity is c0. 

 

ROI measurements I0 I c0[M] 

encapsulated dye 0.41 0.57 0.042 
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Figure 7. Comparison of fluorescence intensity ratio (Ig/Ir) of PBFI and AF594 in solution 

(squares) to PBFI-/AF594-dextran in solution (circles) and to PBFI-/AF594-dextran 

embedded inside capsules (triangles) with increasing K
+
 concentration (pH 7.5). All values 

were averaged from three replicate scans at each concentration. Error bars show the standard 

deviation. Data points were fitted with eq. 2 (with c(K
+
) instead of c(Na

+
)). The fit parameters 

used for the 3 curves are given in the table below. The important parameter for the K
+
-

sensitivity is c0. 

 

cuvette measurements I0 I c0[M] 

free dye 0.20 0.85 0.010 

dye bound to dextran 0.09 0.32 0.034 

encapsulated dye 0.57 0.39 0.030 

 

0,00 0,02 0,04 0,06 0,08 0,10 0,12 0,14 0,16
0,0

0,2

0,4

0,6

0,8

1,0

1,2

Data: 

Model: Exp: y = a+b*(1 - exp(-c*x))

  

Chi^2 =  0.00189

R^2 =  0.98855

  

a 0.20445 ±0.02799

b 0.84742 ±0.03448

c 97.97572 ±11.8393

-------------------------------------------

Data: 

Model: Exp: y = a+b*(1 - exp(-c*x))

  

Chi^2 =  0.00018

R^2 =  0.99078

  

a 0.0929 ±0.00733

b 0.32488 ±0.01392

c 29.04649 ±3.35128

-------------------------------------------

Data: 

Model: Exp: y = a+b*(1 - exp(-c*x))

  

Chi^2 =  0.00068

R^2 =  0.97717

  

a 0.5745 ±0.0145

b 0.3883 ±0.02509

c 33.52984 ±5.96052

I g
/I

r

c(K
+
) (M)

 Free PBFI/AF594

 PBFI-dex/AF594-dex

 encapsulated PBFI-dex/AF594-dex
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Figure 8 Ratio-imaging derived from ROI analysis performed in the cavity of single capsules 

simultaneously loaded with both PBFI-dextran and AF594-dextran. (a) Example of ROI 

analysis showing fluorescence microscopy images of capsules suspended in Tris 0.05 M 

buffer solution (pH 7.5) without (0) and with (0.14 M) K
+
. The circles indicate the ROIs 

drawn into the cavities that were used to measure the intensity of fluorescence in the green 

and red channels at different K
+
 concentrations. For simplicity, only the images of capsules at 

0 and 0.14 M c(K
+
) are reported (see SI, Figure SI-25) (scale bars 3 µm). (b) Fluorescence 

intensity ratio Ig/Ir obtained from images such as shown in (a). The Ig/Ir values correspond to 

the mean value of the ratios of the green and red fluorescence intensities plotted versus 

increasing K
+
 of the solution and are fitted with a sigmoid curve. 30 capsules were analyzed 

and error bars correspond to the standard deviation between the individual capsules. Data 

points were fitted with eq. 2 (with c(K
+
) instead of c(Na

+
)). The fit parameters are given in the 

table below. The important parameter for the K
+
-sensitivity is c0. 

 

ROI measurements I0 I c0[M] 

encapsulated dye 0.52 0.22 0.008 
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Figure 9. Comparison of fluorescence intensity ratio (Ig/Ir) of amino-MQAE and AF594 in 

solution (squares) to amino-MQAE-/AF594-dextran in solution (circles) and to amino-

MQAE-/AF594-dextran embedded inside capsules (triangles) with increasing chloride 

concentration (pH 7.5). All values were averaged from three replicate scans at each 

concentration and error bars show the standard deviation. Data points were fitted with eq. 3. 

The fit parameters used for 2 curves are given in the table below. Encapsulated amino-

MQAE/AF594-dextran data points were not fitted because of their non exponential behavior. 

The important parameter for the Cl
-
-sensitivity is c0. 

 

cuvette measurements  I
0
  I  c

0
[M]  

free dye 0.27  0.85  0.029  

dye bound to dextran  0.56  0.61  0.035  

encapsulated dye -  -  -  
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Figure 10. Ratio-imaging derived from ROI analysis performed in the cavity of single 

capsules simultaneously loaded with both MQAE-dextran and AF594-dextran. (a) Example of 

ROI analysis showing fluorescence microscopy images of capsules suspended in Tris 0.05 M 

buffer solution (pH 7.5) without (0) and with (0.14 M) Cl
-
. The circles indicate the ROIs 

drawn into the cavities that were used to measure the intensity of fluorescence in the blue, 

here abbreviated as “g” and red (r) channels at different Cl
- 

concentrations. For simplicity, 

only the images of capsules at 0 and 0.14 M Cl
-
 concentration are reported (see SI, Figure SI-

26) (scale bars 3 µm). (b) Fluorescence intensity ratio Ig/Ir obtained from images such as 

shown in (a). The Ig/Ir values correspond to the mean values of the ratios of the blue (Ig) and 

red (Ir) fluorescence intensities plotted versus increasing Cl
-
 of the solution. Error bars 

correspond to the standard deviation between the individual capsules, whereby 30 capsules 

were analyzed. Data points were fitted with eq. 3. The fit parameters used are given in the 

table below. The important parameter for the Cl
-
-sensitivity is c0. 

ROI measurements I0 I c0[M] 

encapsulated dye 0.43 0.11 0.002 
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Table of Content entry: 

Ion-sensitive polyelectrolyte capsules for proton, sodium, potassium, and chloride are 

fabricated by embedding sensor dye molecules and reference dye molecules into their 

cavities. The fluorescence response of every sensor type is quantitatively evaluated by 

ratiometric fluorescence spectroscopy and ratiometric fluorescence microscopy 

measurements. Typically, the capsules are able to sense low, medium and high concentration 

of ions in vitro. In some conditions the read-out in ion sensing is affected by the surface 

charge of the macromolecules linked to the sensor dye molecules.  

 

Table of Content figure: 

 

Keywords: Polymeric Capsules; Ion Sensing; Ratiometric Sensor; Fluorescence; 

Nanotechnology  
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SUPPORTING INFORMATION 
 

I) Long term motivation 

II) Description of the commercially available ion-sensitive fluorophores 

III) Conjugation of dyes to dextran and subsequent encapsulation 

IV) Fluorescence spectra from cuvette measurements 

V) Calculation of pKa of pH sensitive fluorophores 

VI) Microscopy images 

 

 

I) Long term motivation 

 

The goal of our work consisted on using fluorescent indicators for K
+
, Na

+
, H

+
 and Cl

-
 ions to 

build up ratiometric sensor systems based on polyelectrolyte microcapsules for multiple ion 

sensing inside living cells. We have chosen polyelectrolyte capsules as platform because of 

the possibility offered by such system to combine different functions for each individual 

sensor.
[1-4]

 Indeed, the cavity can be loaded with the indicator probe, thus overcoming some of 

the main limitations of freely injected dyes (i.e., intracellular sequestration or inactivation, 

non-specific binding, toxicity). The semi-permeable wall plays two important functions: on 

the one hand it allows the diffusion of small analytes (e.g., ions) inside the cavities of the 

capsules, where the indicators are embedded. On the other hand it provides a barrier against 

the diffusion of high molecular weight components (e.g., proteins) inside the capsules, which 

would possibly affect the activity of the encapsulated indicator probes. Additionally, the wall 

of each sensor capsule can be further engineered by adding fluorescence molecules or 

quantum dots of different colors, thus in principle enabling multiplex real-time measurements 

of different ions inside living cells. Finally, by encapsulating also a reference dye, ratiometric 

fluorescence-based sensors can be effectively fabricated by rationing the fluorescence 

intensities of both indicator and reference dye.  

Ratiometric sensors based on hollow polyelectrolyte microcapsules have been firstly reported 

by McShane et al.
[5-7]

 In this work the authors loaded both, the bare indicator and the bare 

reference dyes into the shells of the capsules and then measured their sensing activity under 

different ion concentrations via fluorescence spectroscopy. The authors demonstrated that 

microcapsules may be used as chemical sensors for various analytes like potassium, sodium 

and oxygen through modification of the polyelectrolyte multilayer shells. In a different 

approach we have previously employed fluorescence microscopy as detection method for 

mailto:wolfgang.parak@physik.uni-marburg.de
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measuring the answer of multifunctional ratiometric pH-sensor capsules inside living cells.
[8]

 

The capsule-based sensors were assembled by loading the ratiometric fluorescence probe 

seminaphtharhodafluor (abbreviated as SNARF, Invitrogen) into the cavities and pH-

insensitive fluorophores into the shells of the capsules. In this way, two distinct compartments 

were individually utilized for sensing (cavity) and labeling (shell) purposes. In order to retain 

the sensor probes in the interior of the capsules, the SNARF molecules were covalently linked 

to a cargo macromolecule. In this way it was possible to distinguish between basic, neutral 

and acidic environments during the transition of the capsules from the alkaline cell medium to 

the acidic endosomal/lysosomal compartments.
[8]

  

Thus, by loading different dextran-conjugate indicator and reference dyes together into the 

capsule cavities it is possible to design a set of ion sensitive capsules which undergo virtually 

the same interaction with cells. In this study, the fluorophores FITC and SNARF have been 

investigated as pH indicator probes, whereas the dyes SBFI, PBFI and amino-MQAE have 

been employed as Na
+
, K

+
 and Cl

-
 indicator probes, respectively. For non-ratiometric dyes 

(e.g., FITC, SBFI, PBFI and amino-MQAE) a reference dye was used (AF594) as internal 

standard to perform ratiometric determination of H
+
, Na

+
, K

+
 and Cl

-
 ions. The indicator and 

the reference dye were separately conjugated to dextran molecules and entrapped within the 

cavity of the multilayer capsule. From the fluorescence intensity of the indicator and reference 

dyes, the Ig/Ir ratio was calculated and plotted against the tested ion concentrations thus 

obtaining calibration curves for several analytes. The response of each sensor capsule 

measured by fluorimetric measurements was compared to the response of the corresponding 

free dye and dye-dextran conjugate (Figures 1,3,5,7,and 9). Notably, pH sensor capsules 

were analyzed in buffer solutions from pH 2.0 to pH 11, in 1 pH step, and K
+
, Na

+
 and Cl

-
 

sensor capsules were tested in buffer solutions with ion concentrations varying from 0 M to 

0.14 M in several steps. The aim of such measurements was to characterize the behavior of 

the capsules at numerous ion concentrations as well as to compare their trends to control 

samples (free dyes and dye-dextran conjugates). However, for sensing applications in living 

cells, the main prerequisite of the sensor would be dependent on its ability to distinguish 

between environments containing low (~0.01 M) or high (0.14 M) ion concentrations. Indeed, 

the extracellular concentration of Na
+
 ions is estimated to be around 0.15 M, whereas its 

intracellular concentration is around 0.015 M. Similarly, the extracellular concentration of Cl
-
 

ions is about 0.11 M and its intracellular concentration is around 0.007 M. Conversely, a low 

concentration of K
+
 is found in the extracellular environment (~0.005 M) while an high 

concentration of this ion is found in the intracellular environment (~0.15 M).
[9]

 These data 

indicate that the two environments are characterized by large difference on the concentration 

of these ions, thus sensor systems (e.g., polyelectrolyte capsules) able to detect such changes 

can be ideally suitable for ion-sensing inside cells. However, it has to be pointed out that for 

such measurements, crosstalk of the indicator probes to other ions should be taken into 

account. For example, MQAE shows crosstalk to other halogenides. It is well known that 

SBFI is also responsive for K
+
 and vice versa.

[10]
 In particular, SBFI is ~18-fold more 

selective for Na
+
 than for K

+
, whereas PBFI is only 1.5-fold more selective for K

+
 than for 

Na
+
. However, because there is normally about 10 times more K

+
 than Na

+
 in cells, it has 

been accepted from the scientific community that PBFI is suitable for intracellular potassium 

determinations. Following this approach, sensor capsules can still be suitable for intracellular 

measurements of ions by detecting between low and high ion concentrations. We are currently 

measuring the crosstalk between every capsules sensor and different ions in order to include a 

calibration for quantitative measurements of intra- and extracellular concentration ions. 
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Clearly, the key properties of the resulting hybrid sensor-based systems (such as sensitivity, 

selectivity, reversibility and stability) mainly depend on the characteristics of the available 

fluorescence probe indicators. Therefore, it is evident that the design and synthesis of novel 

fluorophores that allow for ratiometric sensing must be under continuous progress to enhance 

the final properties of the sensors. However, as explained the integration of fluorophores to 

nano- and micrometer-sized carrier systems brings in advantages compared to the plain 

fluorophores. 

 

II) Description of the Analyte-Specific Fluorescent Indicators  

II.1) FITC, fluorescein 5(6)-isothiocyanate  

II.2) SNARF, SNARF, 5-(and-6)-carboxy SNARF®-1 

II.3) PBFI. tetraammonium salt and SBFI, tetraammonium salt 

II.4) Amino-MQAE, 2-(2-(6-Methoxyquinoliniumchloride)ethoxy)-ethanamin-hydrochloride 

 

II.1) FITC, fluorescein 5(6)-isothiocyanate  

FITC (Fluka, #46950) is an amine reactive derivative of fluorescein. FITC has a pKa ~6.5 and 

its fluorescence is significantly reduced below pH 7.0, thus making this dye useful for 

intracellular measurements of pH. The fluorescence of the dye increases when the ambient pH 

changes from acidic to alkaline.  
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Figure SI-1. (Left) Chemical structure of the pH indicator FITC (image taken from Sigma). 

(Right) Fluorescence emission spectra of FITC under different pH (λexc = 490 nm; λem = 518 

nm) (Author recorded spectra). 

 

II.2) SNARF, 5-(and-6)-carboxy SNARF®-1 

SNARF (Invitrogen, #C-1270) is a fluorescent ratiometric probe that allows pH quantification 

virtually independent of probe concentration and/or laser intensity. As a dual-emission pH 

indicator, the fluorescent probe. SNARF changes its fluorescence spectrum from green-

yellow to red when the ambient pH changes from acidic to alkaline (pKa of ~7.5). This pH 

dependence determines the ratio of the fluorescence intensities of the dye at two emission 

wavelengths - typically 580 nm and 640 nm. The ratio of intensities obtained at both 

wavelengths provides a quantitative measure of pH.  
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Figure SI-2. (Left) Chemical structure of the pH indicator SNARF. (Right) Absorption and 

fluorescence emission (excited at 514 nm) spectra of carboxy SNARF-1 in pH 9.0 and 6.0 

buffers (λexc= 488 nm or 514 nm; λem = 580 nm/640 nm). Images taken from Invitrogen. 

 

II.3) PBFI. tetraammonium salt and SBFI, tetraammonium salt 

SBFI (Invitrogen, #S1262) and PBFI (Invitrogen, #P1265MP) are fluorescent indicators for 

sodium and potassium, respectively. The fluorescence of both PBFI and SBFI increase as 

c(K
+
) or c(Na

+
) increases, respectively. The Kd of SBFI for Na

+
 is 11.3 mM in the presence of 

physiological concentrations of K
+ 

and 3.8 mM without K
+
. SBFI is ~18 times more selective 

for Na
+
 than for K

+
.  

PBFI SBFI

135 mM Na+

0 mM Na+

I 
(

)

 (nm)

0

 
 

Figure SI-3. (Left) Chemical structures of the potassium (PBFI) and the sodium (SBFI) 

indicators. (Right) Fluorescence excitation (detected at 505 nm) and emission (λexc= 340 nm) 

spectra of SBFI in pH 7.0 buffer containing 135 mM or zero c(Na
+
). Images taken from 

Invitrogen. 

 

 

II.4) Amino-MQAE, 2-(2-(6-Methoxyquinoliniumchloride)ethoxy)-ethanamin-hydrochloride 

MQAE is a 6-methoxyquinolinium derivative and is a chloride-sensitive dye of which the 

fluorescence is quenched by chloride ions. The amino-modified MQAE dye has been 

provided by Florian Dommerhausen from the group of Prof. Dr. Ulrich Koert.
[11]
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Figure SI-4. (Left) Chemical structure of the chloride sensitive quinolinium-derivate amino-

MQAE.
[11]

 (Right) Fluorescence emission spectra of amino-MQAE in increasing 

concentrations of c(Cl
-
) (λexc= 350 nm; λem = 518 nm).  
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III) Conjugation of dyes to dextran and subsequent encapsulation 

III.1) Conjugation of amino- and carboxyl- reactive dyes to carboxy- and amino-dextran 

III.2) Estimation of dye concentration 

III.3) Scheme of the synthesis of LbL multilayer capsules based on CaCO3 cores 

III.4) Estimation of the amount of encapsulated dextran labeled molecules after synthesis of  

    CaCO3 microparticles 

III.5) Estimation of the charge of different dextran labeled molecules 

 

III.1) Conjugation of amino- and carboxyl- reactive dyes to carboxy- and amino-dextran 

The dyes were covalently linked to dextran molecules via simple coupling reactions between 

the dyes functionalized with carboxyl- (SBFI, PBFI, SNARF), amine- (MQAE) or 

isothiocyanate- (FITC) groups and the dextran, which contained either amine- or carboxyl- 

groups. This procedure prevents the diffusion of the low molecular weight dyes out of the 

capsule cavities. In this way the fluorescent indicator and the reference dye are kept inside the 

cavities and are able to sense the ion concentration of the surrounding bulk solution. In fact, 

as already described, the multilayer shell of the capsules acts as a porous membrane through 

which small molecules, such as ions, can travel in and out and can thus virtually freely 

interact with eventual probes encapsulated inside the capsule interior (Scheme 1).  

The carboxyl containing fluorophores (SNARF, SBFI and PBFI) were reacted with free 

amino groups of AM-dextran 500 kDa (Invitrogen, # D-7144) by means of a condensation 

reaction to yield amide bonds. For this, a high excess molar ratio of water-soluble 

carbodiimide, EDC hydrochloride
[12]

 was added to each reaction mixture. After forming an 

intermediate compound with the carboxylic moiety, the activated group is reactive towards 

the amines.
[12]

 Similarly, the amino containing dye, amino-MQAE, was conjugated to 

carboxymethyl-dextran sodium salt (CM-dextran) 12 kDa (#86524, Sigma) by use of the EDC 

reaction. Carboxymethyl-dextran of 500 kDa (CarboMer, Inc., #500939) was initially used for 

conjugating the amino-MQAE dye. However the conjugation reaction was not efficient 

because of the poor solubility of the high molecular weight compound in a variety of tested 

solvents. In particular, small aliquots of CM-dextran 500 kDa (5 and 10 M) were dispersed 

in SBB buffer pH 9.0, MES-Na buffers pH 7.0, DMSO and THF. In all cases the CM-dextran 

was not fully soluble and the formation of a gel-like solution was observed also after 

sonication at 40-50°C for several hours (up to 10 hours). Therefore we decided to use the 12 

kDa CM-dextran in order to overcome the solubility problems of the 500 kDa CM-dextran. 

However, this choice resulted in the partial loss of the cargo molecules from the cavities of 

the capsules because of the permeability of the capsules which allows molecules <70 kDa to 

diffuse through the multilayer wall. The details of the protocols used to conjugate CM-dextran 

and AM-dextran to amino- and carboxyl- reactive dyes are given below. The dye:polymer 

ratios in the labeling reaction are meant in number of molecules. 

The SBFI and PBFI dyes were separately conjugated to 500 kDa AM-dextran by using a 

molar ratio of 25:1 (dye:polymer). 40 mg of AM-dextran (500 kDa) was dissolved in 8 mL of 

MES-Na buffer 0.05 M at pH 6.0 (2-(N-Morpholino)ethanesulfonic acid, #M3671, Sigma). 

Subsequently, 1 mL of 2 mM SBFI or 2 mM PBFI dye in Milli-Q water was added to the 

AM-dextran solution. Finally, 800 L of 1 M EDC in MES-Na buffer 0.05 M at pH 6.0 was 

added to the reaction mixture (molar ratio 10000:1, EDC:dextran) and the resulting solution 

was incubated 2 hours under agitation (dark, room temperature). SNARF was conjugated to 

500 kDa AM-dextran by using a molar ration of 35:1 (dye:polymer). 30 mg of AM-dextran 

(500 kDa) was dissolved in 6 mL of MES-Na buffer 0.05 M at pH 6.0 (2-(N-

Morpholino)ethanesulfonic acid, #M3671, Sigma). Subsequently, 1.05 mL of 2 mM SNARF 
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dye in Milli-Q water was added to the AM-dextran solution. Finally, 600 L of 1 M EDC in 

MES-Na buffer 0.05 M at pH 6.0 was added to the reaction mixture (molar ratio 10000:1, 

EDC:dextran) and the resulting solution was incubated 2 hours under agitation (dark, room 

temperature).  

The amino-MQAE was conjugated to 12 kDa CM-dextran by using a molar ratio of 50:1 

(dye:polymer). The reaction was carried out in the following way: 15 mg of CM-dextran (12 

kDa) was dissolved in 1.25 mL of Sodium borate buffer 0.05 M at pH 9.0. Subsequently, 2.5 

mL of 25 mM amino-MQAE dye in SBB pH 9.0 was added to the CM-dextran solution. 

Finally, 3.75 mL of 1 M EDC in SBB pH 9.0 was added to the reaction mixture (molar ratio 

3000:1, EDC:dextran) and the resulting solution was incubated 2 hours under agitation (dark, 

room temperature).  

The amine-reactive AF594, containing the active ester N-hydroxysuccinimide (NHS), was 

conjugated to AM-dextran by reacting the NHS ester with free amino groups on the dextran of 

500 kDa by forming a stable, covalent amide bond. A molar ratio of 6:1 (dye:polymer) was 

used. The reaction was carried out in the following way: 50 mg of AM-dextran (500 kDa) was 

dissolved in 5 mL of Sodium borate buffer 0.05 M at pH 9.0. Subsequently, 50 l of AF594 

dye 12 mM, dissolved in DMSO 99.9%, was added to the AM-dextran solution and the 

resulting solution was incubated 2 hours under agitation (dark, room temperature).  

FITC-dextran was obtained by reaction of the isothiocyanate group (NCS) of the dye with the 

free amino groups of AM-dextran 500 kDa by forming a stable thiourea bond (#09161: 

Bioconjugate Techniques). A molar ratio of 12:1 (dye:polymer) was used. The reaction was 

carried out in the following way: 50 mg of AM-dextran (500 kDa) was dissolved in 5 mL of 

Sodium borate buffer 0.05 M at pH 9.0. Subsequently, 100 l of FITC dye 12 mM, dissolved 

in DMSO 99.9%, was added to the AM-dextran solution and the resulting solution was 

incubated 2 hours under agitation (dark, room temperature).  

After 2 hours of incubation, all the solutions were extensively washed against with water 

(about 2 weeks) to remove non-reacted reagents by using centrifugal filter tubes (3000 rpm, 

15 minutes each cycle). Filter units with a molecular weight cut-off of 30 kDa (Amicon Ultra-

15, Cat. No. UFC903024; Millipore, Bedford, MA) were used to wash the labeled 500 kDa 

AM-dextran. To wash the labeled 12 kDa CM-dextran, centrifugal filter tubes with a 

molecular weight cut-off of 3 kDa were used. Washing was performed until no fluorescence 

signal in the downstream of the tubes was detectable by spectrometer analysis. The 

concentration of the dye was measured by absorbance spectrometer. Then the conjugated 

dextrans were stored protected from light at -20°C. 

 

III.2) Estimation of dye concentration 

From the Beer-Lambert Law (A =  * l * c) and the maximum absorption peak (A) of each 

dye solution at given path length (l), the concentration (c) of the free and conjugated species 

of the dyes in aqueous suspensions were determined. For the AF594, SBFI, PBFI and SNARF 

dyes, we have used the available molar extinction coefficients () reported from Invitrogen 

Company (AF594: 90,000 cm
-1

M
-1

 at 590 nm; PBFI and SBFI: 42,000 cm
-1

M
-1

 at 340 nm; 

SNARF: 27,000 cm
-1

M
-1

 at 540 nm). For amino-MQAE and for FITC dyes, we have 

determined the  value by measuring the maximum absorption peak of aqueous dye 

suspensions at different known molar concentrations. Six concentrations were measured 

(0.01, 0.008, 0.006, 0.004, 0.002, 0.001 mM) and three readings for each concentration were 

recorded and averaged. The average absorption maxima values (A) were then plotted versus 

the concentration (c) to build a calibration curve. We determined the extinction coefficient () 

http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Sulfur
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from the following equation A = A0 +  * c by the linear fit function of the plotted values.  

values of 537,270 cm
-1

M
-1

 and 30,560 cm
-1

M
-1

 were determined for amino-MQAE and FITC, 

respectively. 

 

III.3) Scheme of the synthesis of LbL multilayer capsules based on CaCO3 cores 

Figure SI-5 shows the main steps used in the synthesis of  LbL multilayer capsules based on 

CaCO3 cores. Steps 1 (core formation) and steps 4 (core removal) are the most important steps 

which may strongly influence the quality of the resulting capsules in terms of morphology and 

sensing properties. 

Regarding step 1, after mixing equal quantities of CaCl2 and Na2CO3 solutions, CaCO3 cores 

with some variability of size can be observed, especially between different batches of 

microparticles. This can be mainly addressed to small changes of some conditions, such as the 

temperature and the stirring speed, which turned out to be crucial parameters for the control of 

morphologies of CaCO3. For instance, it was observed that by using cold solutions of CaCl2 

and Na2CO3 or by performing the co-precipitation step in an ice bath (T~4°C), the size of the 

CaCO3 microparticles can be increased up to 5-10 µm. Conversely, by increasing the 

temperature (30°C) and the mixing speed (1200 rpm) particles of approximately 1 µm can be 

obtained. These factors must be strictly controlled in order to produce batches of capsules 

with comparable properties for long-time studies in living cells. 

Regarding step 4, we observed that the initial exposure of the microcapsules to a slightly 

acidic EDTA solution lead to a faster and complete decomposition of the CaCO3 cores 

compared to their direct exposure to a neutral EDTA solution. The use of an acidic EDTA 

solution has been previously reported by others.
[13-15]

 In particular, the dissolution of the cores 

appears to be very fast when EDTA is added onto microcapsules which cores have been pre-

loaded with some dextran macromolecules. Instead, microcapsules prepared onto plain cores 

must be incubated for longer time (around 1 hour) with fresh solutions of EDTA to efficiently 

remove the templates. This different behavior might be due to some changes into the structure 

of the templates between filled and non-filled CaCO3 particles.  

During this step we also observed the partial diffusion of dye-dextran conjugates out of the 

cavities of some capsules. It was found that diffusion of dextran varies not only depending on 

its molecular weight but also on the chemical structure of the conjugated dye as well as on the 

reactivity of the dye. This phenomenon may affect the optical ratiometric imaging analysis of 

the sensors which is based on the study of the fluorescence changes of the sensor probes 

embedded in the cavities of the capsules. We tried to overcome diffusion of cargo by 

increasing the molecular weight of dextran up to 500 kDa. In this way we have limited the 

diffusion of dextran through the multilayer shell of 5 polyelectrolyte bi-layers (PSS/PAH) 

capsules. 
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Figure SI-5. LbL assembly of a multilayer polyelectrolyte sensor capsule. (i) CaCO3 

microparticles are fabricated by co-precipitation from supersaturated CaCl2 and Na2CO3 

solutions. The fluorescent analyte-indicator and the reference dyes are covalently linked onto 

individual dextran polymers and are both encapsulated within the same CaCO3 matrix by 

adding them during the particle formation process. (ii–iii) Oppositely charged polyelectrolytes 

are consecutively adsorbed around the spherical templates by electrostatic attractions. (iv) The 

original template is removed by dissolution to obtain a hollow capsule with encapsulated 

fluorescent indicator and reference dye. Capsules are not drawn to scale.  

 

III.4) Estimation of the amount of encapsulated dextran labeled molecules after synthesis of 

CaCO3 microparticles 

UV/vis spectroscopy was used to measure the amount of dextran molecules loaded into 

CaCO3 cores by monitoring the changes in the concentration of the dye molecules (sensor 

dyes and reference dye) covalently linked to the dextran molecules during each step of core 

synthesis.  

For this purpose, an aliquot of the dye-dextran solution was used to measure the concentration 

of the dye molecules in the original stock solution (Table 1, ci) before their loading into the 

CaCO3 microparticles. After synthesis of CaCO3 cores, the resulting microparticles were 

centrifuged and precipitated at the bottom of the tube. The supernatant solution, containing 

the excess dextran molecules not embedded into the cores, was removed and replaced by 

Milli-Q water to wash the spherical cores. An aliquot of the supernatant was used to measure 

the concentration of the dye molecules (Table 1, cf). By subtracting the amount of the dextran 

molecules remained in the supernatant solution to the original amount added into the reaction 

mixture, the total amount of molecules actually encapsulated could be estimated (Table 

1,ccore). During LbL coating of such CaCO3 filled particles a partial loss of dextran cannot be 

excluded, thus the final quantity of dye-dextran conjugates into the cavities of the capsules 

might be further reduced.  
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Dye-Dex(500kDa) ci (µM)  cf (µM)  ccore (µM)  

FITC 10 4.34 5.66 
Alexa 9.24 8.05 1.18 
PBFI 10 7.55 2.45 
SBFI 10 8.82 1.17 

SNARF 9.62 6.53 3.0 

 

Table 1. Calculation of the amount of embedded dye molecules conjugated to dextran after 

co-precipitation of CaCO3 microparticles (ci = initial concentration; cf = supernatant 

concentration; ccore = concentration in the cores particles). 

 

III.5) Estimation of the charge of different dextran labeled molecules 

The charge of the labeled dextran molecules was measured by gel electrophoresis: a 10 µM 

aliquot of each labeled dextran was loaded on a 2% agarose gel and run for 1 hour at 100V in 

Tris-borate-EDTA (TBE) buffer 0.5 M. As expected, after labeling the overall charge of each 

AM-dextran remains positive, as can be seen by the migration of the polymers toward the 

negative electrode (Figure SI-6). 
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Figure SI-6: Gel electrophoresis of (a) AM-dextran (500 kDa) after linking to FITC, AF594, 

PBFI, SBFI or SANRF; (b) CM-dextran (12 kDa) after linking to amino-MQAE. 

 

IV) Fluorescence spectra from cuvette measurements 

IV.1) Scheme of cuvette measurements 

IV.2) FITC and AF594 mixtures 

IV.3) SNARF 

IV.4) SBFI and AF594 mixtures 

IV.5) PBFI and AF594 mixtures 

IV.6) Amino-MQAE and AF594 mixtures 

IV.7) Reproducibility between different batches 

 

IV.1) Scheme of cuvette measurements 

All Na
+
, K

+
 and Cl

-
 sensing measurements were achieved by dissolving NaCl or KCl in Tris 

0.05 M buffer solutions, keeping the pH constant (7.5) while raising the ion concentration in 

the solution up to 0.14 M. All the pH-sensing measurements were recorded in commercial 
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standard buffers of different pH values (2.0-11) (#38741; #38742; #38743; #38744; #38745; 

#38745; #38747; #38748; #38749; #38750, Fluka, Sigma).  

For analysis of free dye and dye-dextran conjugates, the final concentration of the indicator 

and reference dyes in the solution was kept constant (12.5 µM each) while changing the ion 

concentration. For example, to measure the response of SBFI (or SBFI-dextran) in a 0.14 M 

NaCl solution 10 µL of a 50 µM stock of FITC dye (or FITC-dextran) was added to 10 µL of 

a 50 µM stock of AF594 dye (or AF594-dextran). The resulting 20 µL of dyes was then 

diluted with 20 µL of 0.28 M NaCl solution (final concentration of the dyes = 12.5 µM, final 

concentration of NaCl = 0.14 M). For capsule analysis, 10μl of capsules loaded with the 

dextran-conjugated dyes was diluted in 10μl of ion-solutions containing the double amount of 

ion concentration respect to the desired final concentration. 

pH-sensing measurements were performed by mixing the samples with an excess of buffer in 

a sample to buffer ratio of about 1:10. The pH of all final solutions was checked by a pH 

meter (Professional-Meter PP-50, Sartorius, equipped with a Mettler Toledo, InLab®Micro 

thin detector, for pH 2-11, electrolyte: 3 M KCl, Item code: T-LOQ, Item number: 51343160) 

before and after buffer addition as control. 

 
 

Figure SI-7. Schematic representation showing fluorescence spectroscopy measurements 

performed by adding the sensor capsules into a cuvette containing buffer with the desired ion 

concentration. The fluorescence intensity signal of both the indicator (Ig) and reference (Ir) 

dye were simultaneously recorded. The indicator dyes SBFI and PBFI were excited at 340 

nm, amino-MQAE at 350 nm, FITC at 490 nm and SNARF at 540 nm. The reference dye 

AF594 was excited at the same wavelength used for each indicator (exc). Ratiometric 

measurements of H
+
, Na

+
, K

+
 and Cl

-
 ions were performed by measuring the ratio of the 

fluorescent indicator peak (Ig) to the fluorescent reference dye peak (Ir). 
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IV.2) FITC and AF594 mixtures 
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Figure SI-8. Fluorescence spectra (normalized to 610 nm) of (a) FITC and AF594 free in 

solution, (b) FITC-/AF594-dextran in solution and (c) FITC-/AF594-dextran embedded inside 

the capsules, with increasing pH values. 
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IV.3) SNARF 
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Figure SI-9. Fluorescence spectra of (a) SNARF free in solution, (b) SNARF-dextran in 

solution and (c) SNARF-dextran embedded inside the capsules, with increasing pH values.  
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IV.4) SBFI and AF594 mixtures 

12.5 µM of free SBFI dye was mixed with NaCl stock solutions (1:1) in a 50 µL plastic tube 

and then transferred into a quartz cuvette for fluorimteric titration analysis. Figure SI-10a 

shows the fluorescence spectra of SBFI recorded at Na
+
 concentrations from 0 M to 0.14 M. 

As expected, the fluorescence response of the indicator is sensitive to Na
+
 ions. Subsequently, 

in order to measure the degree of pH sensitivity of SBFI, the free dye (12.5 µM) has been 

mixed with buffer solutions of different pH values (1:1) and with constant Na
+
 concentration 

(~ 0.07 M). Changes in the emission wavelength or emission intensity of SBFI occurs over 

the whole investigated pH range (2.0-10) indicating a certain degree of pH sensitivity of the 

dye (exc 340 nm). 
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Figure SI-10. Fluorescence spectra of SBFI dye free in solution under different conditions. 

(a) Free SBFI (12.5 µM) in Tris 0.05 M buffer at constant pH value (pH = 7.6), with 

increasing sodium concentration (0-1.14 M). (b) Free SBFI (12.5 µM) at constant Na
+
 

concentration (~ 0.07 M) under different pH values.  
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Figure SI-11. Fluorescence spectra (normalized to the emission peak at 610 nm) of (a) SBFI 

and AF594 dyes free in solution, (b) SBFI-/AF594-dextran in solution and (c) SBFI-/AF594-

dextran embedded inside the capsules, with increasing sodium concentration. 
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IV.5) PBFI and AF594 mixtures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure SI-12. Fluorescence spectra (normalized to the emission maximum at 610 nm) of (a) 

PBFI and AF594 dyes free in solution, (b) PBFI-/AF594-dextran in solution and (c) PBFI-

/AF594-dextran embedded inside the capsules, with increasing potassium concentration.  
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IV.6) Amino-MQAE and AF594 mixtures 
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Figure SI-13. Fluorescence spectra (normalized to the emission peak at 610 nm) of (a) 

amino-MQAE and AF594 dyes free in solution, (b) amino-MQAE-dextran12 kDa and 

AF594-dextran500 kDa in solution, and (c) amino-MQAE-dextran12 kDa and AF594-

dextran500 kDa both embedded inside the capsules, with increasing chloride concentration. 
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IV.7) Reproducibility between different batches 
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Figure SI-14. Comparison between the calibration curves of two different batches of each 

analyte fluorescent sensor. (a) pH-sensor capsules based on FITC as probe indicator. Green 

(Ig) and red fluorescence (Ir) was detected at 520 nm and 610 nm, respectively. (b) pH-sensor 

capsules based on SNARF as probe indicator. Green-yellow (Ig) and red fluorescence (Ir) was 

detected at 585 nm and 540 nm, respectively. (c) Na
+
-sensor capsules based on SBFI as probe 

indicator. Green (Ig) and red fluorescence (Ir) was detected at 520 nm and 610 nm, 

respectively. (d) K
+
-sensor capsules based on PBFI as probe indicator. Green (Ig) and red 

fluorescence (Ir) was detected at 520 nm and 610 nm, respectively. The Ig/Ir values have been 

plotted versus the H
+
, Na

+
 and K

+
 concentration of the solution, respectively. For each batch 

all values were averaged from three replicate scans at each concentration. Error bars show the 

standard deviation. The raw data for these images are shown in Figure SI-15 - Figure SI-18. 
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Figure SI-15. Comparison between the calibration curves of two different batches of pH-

sensor capsules based on FITC as probe indicator. The Ig/Ir values have been plotted versus 

the pH of the solution. Error bars show the standard deviation (all values were averaged from 

three replicate scans at each concentration). The data were then fitted with a Boltzmann 

sigmoid function using eq. 1.
[16]

 The fit parameters are given in the table. From these data the 

pKa has been calculated (see SI, Figure SI-20).
[16]

 The most important parameter for the pH-

sensitivity is pKa (based on pHinfl). 

 

cuvette measurements  Ia  Ib  pHinfl  pH  pKa  

encapsulated dye (batch 1)  0.87  13.33  5.66  0.64  5.7  

encapsulated dye (batch 2)  1.13  12.33  5.54  0.43  5.5  
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Figure SI-16. Comparison between the calibration curves of two different batches of pH-

sensor capsules based on SNARF as probe indicator. The Ig/Ir values have been plotted versus 

the pH of the solution. Error bars show the standard deviation (all values were averaged from 

three replicate scans at each concentration). The data were then fitted with a Boltzmann 

sigmoid function using eq. 1.
[16]

 The fit parameters are given in the table. From these data the 

pKa has been calculated (see SI, Figure SI-20).
[16]

 The most important parameter for the pH-

sensitivity is pKa (based on pHinfl).  

 

cuvette measurements  Ia  Ib  pHinfl  pH  pKa  

encapsulated dye (batch 1)  2.78  0.28  6.78  0.51  6.8  

encapsulated dye (batch 2)  3.11  0.41  6.59  0.43  6.6  
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Figure SI-17. Comparison between the calibration curves of two different batches of Na
+
-

sensor capsules. The Ig/Ir values have been plotted versus increasing Na
+
 of the solution (pH 

7.5). Error bars correspond to the standard deviation between the individual capsules (SD, n = 

30). Data points were fitted with eq. 2. The fit parameters used for the 3 curves are given in 

the table. The important parameter for the Na
+
-sensitivity is c0.  

 

cuvette measurements  I0  I  c0[M]  

encapsulated dye (batch 1)  0.63  0.62  0.046  

encapsulated dye (batch 2)  0.62  0.45  0.053  
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Figure SI-18. Comparison between the calibration curves of two different batches of K
+
-

sensor capsules. The Ig/Ir values have been plotted versus increasing K
+
 of the solution (pH 

7.5). Error bars correspond to the standard deviation between the individual capsules (SD, n = 

30). Data points were fitted with eq. 2 (but with c(K
+
) instead of c(Na

+
)). The fit parameters 

used for the 3 curves are given in the table. The important parameter for the K
+
-sensitivity is 

c0.  

 

cuvette measurements I0 I c0[M] 

encapsulated dye (batch 1) 0.56  0.44  0.023  
encapsulated dye (batch 2) 0.64  0.49  0.023  
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V) Calculation of pKa of pH sensitive fluorophores 

V.1) pKa value of free FITC, FITC-dextran and encapsulated FITC-dextran 

V.2) pKa value of free SNARF, SNARF-dextran and encapsulated SNARF-dextran 

 

V.1) pKa value of free FITC, FITC-dextran and encapsulated FITC-dextran 

For each sample fluorescence spectra I() at an excitation wavelength of 490 nm was 

recorded in commercial standard buffers of different pH. Hereby the samples were mixed 

with buffer in a sample to buffer ratio of about 1:1. The pH of all final solutions was checked 

by a pH meter before and after buffer addition as control. 

To calculate the pKa values for free, conjugated and encapsulated FITC, firstly fluorescence 

spectra were recorded using an excitation wavelength of 490 nm (Figure SI-8). For simplicity 

we explain the steps to calculate the pKa for the free FITC (Figure SI-19, a-d). The pKa 

values for the other samples (i.e., dye-dextran conjugates and encapsulated dye-dextran 

conjugates) were calculated using the same approach.
[16]

 For the calculation of the pKa of free 

FITC, for each obtained spectrum the fluorescence intensities Ig= I(520 nm) and Ir = I(610 

nm) were determined (Figure SI-19a). The ratios of intensities Ig/Ir was calculated and 

plotted against the corresponding pH values of the buffer (Figure SI-19b). The points of the 

Ig/Ir curve were then fitted with a Boltzmann-function (Figure SI-19c). 
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Here Ig/Ir are the measured data points, Ia is the value of the Ig/Ir curve at low pH values which 

is considered as the acidic titration endpoint, and Ib is the value of the Ig/Ir curve at high pH 

values which is considered as the basic titration endpoint as well; pHinfl describes the point of 

inflection of the Ig/Ir curve, i.e. the pH value at which the slope of the curve is maximum. 

ΔpH is an indicator for the slope at the point of inflection.
[16]

 From the fit of the Ig/Ir data the 

fit parameters Ia, Ib, pHinfl and ΔpH were determined for each set of spectra.  

In the next step we applied eq. 4 to derive the pKa value from these data: 
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At the end the term –log(…………) was calculated for all pH values from pH = 3.0 to pH = 

9.0 and plotted versus pH (see Figure SI-19d). All the Ig/Ir values fitted with eq. 1 to yield as 

previously described the Ia, Ib, pHinfl and ΔpH. Using these parameters then gives an analytical 

formula for Ig/Ir(pH). This was put in eq. 4. Ia,g and Ib,g are the absolute fluorescence 

intensities of FITC (green-yellow channel,  = 520) nm at the pH values where the measured 

Ig/Ir values are the most approximate values to the fitted Ia and Ib values, respectively (in our 

case we took pH 3.0 and pH 9.0, respectively). Ia,g and Ib,g were directly derived from the 

original fluorescence spectra as shown in Figure SI-8a. The obtained curve -log(...) versus 
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pH is a linear function. We thus fitted the -log(...) versus pH curve with a linear function, of 

which the intercept corresponds to the pKa value according to eq. 4.
[16]

  

 

 
 

Figure SI-19. Calculation of the pKa value for free FITC mixed with AF594. (a) Fluorescence 

spectra I() at different pH of free FITC+AF594 recorded using an excitation of 490 nm. (b) 

The ratios Ig/Ir from the determined Ig = I( = 520 nm) and Ir = I( = 610 nm) values as 

obtained from the spectra at different pH shown in (a) were plotted versus the pH. (c) The Ig/Ir 

data points were fitted with the Boltzmann function given in eq. 1.
[16]

 The fit delivered the fit 

parameters Ia = 0.21, Ib = 5.00 , pHinfl = 4.89, and ΔpH = 0.56. (d) The pH was plotted versus 

the function 
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. The values Ig/Ir (pH) were hereby derived from 

eq. 1 with the fit parameters as obtained in (c) and the Ia,g and Ib,g values were directly 

obtained from the original spectra shown in (a): Ia,g = 0.3648 and Ib,g = 5.5. Then the resulting 

data points were fitted with a linear function pH = pKa + *X with X =  
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[16]

 The linear fit derived the fit parameters pKa = 4.9 and 

=0.68. According to eq. 4 the intercept is the pKa value for free FITC (+ AF594) which was 

determined to be 4.9. Using the same approach we calculated the pKa of conjugated FITC-

dextran (+ AF594-dextran) (6.2) and encapsulated FITC-dextran (+ AF594-dextran) (5.6). 

 

V.2) pKa value of free SNARF, SNARF-dextran and encapsulated SNARF-dextran 

To calculate the pKa value of SNARF, firstly we recorded the fluorescence spectra of three 

different samples of SNARF (free, conjugated and encapsulated) as shown in Figure SI-9. 

Here we explain the method to calculate the pKa of free SNARF (Figure SI-20a-d) (the same 

approach was used to calculate the pKa of conjugated and encapsulated SNARF).
[16]

 To 

calculate the pKa of free SNARF, for each obtained spectrum the fluorescence intensities Ig= 

I(585 nm) and Ir = I(640 nm) were determined (Figure SI-20a). Then the ratio of intensities 

Ig/Ir was calculated and plotted against corresponding pH values of buffer (Figure SI-20b). 

The data points of the Ig/Ir curve were then fitted with a Boltzmann-function eq.1 (Figure SI-

20c). Again from the Boltzmann function fit of the data Ig/Ir we obtained the fit parameters Ia, 

Ib, pHinfl and ΔpH for each set of spectra. In the next step we used eq. 4 to get the pKa of 

SNARF. The term -log(…………) was calculated for all pH values from pH = 5.0 to pH = 11 

and plotted versus pH (see Figure SI-20d). Hereby all the Ig/Ir values were calculated with eq. 

1 and the previously determined parameters Ia, Ib, pHinfl and ΔpH. Hereby Ia,r and Ib,r are the 

absolute fluorescence intensities of SNARF in the red channel ( = 640 nm) at the pH values 

where the measured Ig/Ir values are the most approximate values to the fitted Ia and Ib values, 

respectively (here we took pH 5.0 and pH 10 respectively). Ia,r and Ib,r were directly derived 

from the original fluorescence spectra as shown in Figure SI-9a. The obtained curve -log(...) 

versus pH was a linear function, see eq. 4. We thus fitted the -log(...) versus pH curve with a 

linear function, of which the intercept corresponds to the pKa value according to eq. 4.
[16]
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Figure SI-20. Calculation of the pKa value for free SNARF. (a) Fluorescence spectra of free 

SNARF recorded using excitation wavelength of 540 nm. (b) The ratios Ig/Ir determined from 

the values Ig and Ir which were obtained from the spectra at different pH shown in (a) were 

plotted versus the pH. (c) The Ig/Ir data points fitted with the Boltzmann function given in 

eq.1.
[16]

 The fit delivered the fit parameters Ia = 3.47, Ib = 0.34, pHinfl = 7.07, and ΔpH = 0.64. 

(d) The function - log(...) was plotted versus pH. The values Ig/Ir were derived from eq. 1 with 

the fit parameters as obtained in (c) and the Ia,r and Ib,r values were directly obtained from the 

original spectra shown in (a): Ia,r = 81610 and Ib,r = 534190. Then the resulting data points 

were fitted with a linear function.
[16]

 According to eq. 4 the intercept is the pKa value for free 

SNARF which was determined to be 7.0. Using the same approach we calculated the pKa of 

conjugated SNARF-dextran (6.8) and encapsulated SNARF-dextran (6.6).  
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VI) Microscopy images 

VI.1) False colors used for microscopy images 

VI.2) Scheme of fluorescence microscopy measurements 

VI.3) FITC and AF594 capules 

VI.4) SNARF capsules 

VI.5) SBFI and AF594 capsules 

VI.6) PBFI and AF594 capsules 

VI.7) Amino-MQAE and AF594 capsules 

 

VI.1) False colors used for microscopy images 

For the sake of clarity the fluorescence signals of all the ion-sensitive dyes (FITC, SNARF, 

SBFI, PBFI and amino-MQAE) are showed as false colors in green in all the microscopy 

images. 

 

VI.2) Scheme of fluorescence microscopy measurements 

For microscopy ratiometric imaging, 10 μl of sensor capsules was diluted in 10 μl of ion-

solutions containing the double amount of ion concentration respect to the desired final 

concentration. After seeding on glass, capsules were imaged by using a 100X/1.45 NA 

Planofluoar oil-immersion objective. Then per each ion concentration value, the green and red 

fluorescence images were taken. By overlaying the images of the green and red fluorescence, 

the response of the indicator dye can be directly analyzed. 

 

 
 

Figure SI-21. Schematic representation showing fluorescence microscopy measurements 

performed by depositing onto a glass coverslip a 20 µL drop of sensor capsules re-suspended 

in solutions of buffer with the desired ion concentration. A mercury lamp was used as source 

of light and a CCD camera was used as detector. After the capsules were settled to the surface 

of the substrate, two fluorescence images were recorded at fixed exposure time using two sets 

of filters to separately read out the fluorescence intensity of the indicator and the reference 

dyes embedded into the capsule cavities. 
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VI.3) FITC and AF594 capsules 

 

 

 
 

Figure SI-22. FITC-/AF594-dextran loaded capsules. Fluorescence microscopy images of 

FITC-/AF594-dextran loaded capsules under different pH values.  
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Figure SI-22. FITC-/AF594-dextran loaded capsules. Fluorescence microscopy images of 

FITC-/AF594-dextran loaded capsules under different pH values.  
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VI.4) SNARF capsules 

 

 
 

Figure SI-23. SNARF-dextran loaded capsules. Fluorescence microscopy images of SNARF-

dextran loaded capsules under different pH values.  
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Figure SI-23. SNARF-dextran loaded capsules. Fluorescence microscopy images of SNARF-

dextran loaded capsules under different pH values.  
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VI.5) SBFI and AF594 capsules 

 

 
 

Figure SI-24. SBFI-/AF594-dextran loaded capsules. Fluorescence microscopy images of 

SBFI-/AF594-dextran loaded capsules under different Na
+
 concentrations.  
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VI.6) PBFI and AF594 capsules 

 

 
 

Figure SI-25. PBFI-/AF594-dextran loaded capsules. Fluorescence microscopy images of 

PBFI-/AF594-dextran loaded capsules under different K
+
 concentrations.  
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VI.7) Amino-MQAE and AF594 capsules 

 

 
 

Figure SI-26. Amino-MQAE-/AF594-dextran loaded capsules. Fluorescence microscopy 

images of MQAE-/AF594-dextran loaded capsules under different Cl
-
 concentrations.  
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Here we report for the first time the design and expression of highly charged, unfolded protein 

polymers based on elastin-like peptides (ELPs). Positively and negatively charged variants 

were achieved by introducing lysine and glutamic acid residues, respectively, within the 

repetitive pentapeptide units. Subsequently it was demonstrated that the monodisperse protein 

polyelectrolytes with precisely defined amino acid compositions, sequences and 

stereochemistries can be transferred into superstructures exploiting their electrostatic 

interactions. Hollow capsules were assembled from oppositely charged protein chains by 

using the layer-by-layer technique. The structures of the capsules were analyzed by various 

microscopy techniques revealing the fabrication of multilayer containers. Due to their low 

toxicity in comparison to other polyelectrolytes, supercharged ELPs are appealing candidates 

for the construction of electrostatically induced scaffolds in biomedicine. 
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Introduction 

Genetically encoded polypeptides with repetitive motifs have gained increasing attention in 

recent years due to their high potential for biotechnological and biomedical applications. This 

development was mainly fueled by progress in recombinant DNA technology allowing 

precise control of the structure of the resulting macromolecules.
[1, 2]

 Important examples are 

silk-like,
[3]

 collagen-like
[4, 5]

 and elastin-like proteins (ELPs).
[6]

 The latter are derived from a 

repeating motif within a hydrophobic domain of mammalian tropoelastin. The most common 

pentapeptide motif has the sequence (VPGXG)n with X being any guest amino acid except 

proline and n denoting the number of repeats.
[7]

 The structural and physical properties of 

ELPs, such as their elastic/mechanical as well as thermoresponsive behavior, have been 

investigated.
[8-10]

 Their ability to undergo a reversible phase transition at the so-called lower 

critical solution temperature (LCST) has been exploited for the purification of proteins
[11]

 and 

DNA.
[12]

 For tissue engineering purposes, ELPs were designed as thermally sensitive 

hydrogels that solidify when injected into the body.
[13]

 Furthermore, their temperature 

responsiveness was utilized for drug delivery applications. In hyperthermia treatment, ELPs 

were accumulated in tumors
[14]

 and the LCST-behavior was employed to induce micelle 

formation of block ELP structures.
[15]

  

Results and Discussion 

Design, Preparation and Characterization of Elastin-like Polypeptides 

The choice of different guest amino acids within the ELP motif allows the precise control of 

LCST and the incorporation of chemical modifications.
[16]

 Here, we took advantage of the 

flexibility of amino acid composition at the fourth position within the repeat to transform 

ELPs into unprecedented highly charged anionic and cationic polyelectrolytes. These 

structures of biosynthetic origin are much better defined than their chemically synthesized 

counterparts. To assess their viability in a common application for polyelectrolytes in a 

biomedical context, these materials were transformed into superstructures, i.e. hollow 

capsules, employing the electrostatic interactions of oppositely charged variants. 

We thus decided to introduce lysine and glutamic acid residues in order to obtain highly 

positively and negatively charged polypeptide chains, respectively. Monomer units of the 

ELP gene encoded ten pentapeptide repeats (Val-Pro-Gly-Lys/Glu-Gly) and were 

multimerized using recursive directional ligation, as described by Chilkoti and co-workers.
[10]

 

ELPs with 48 positive (K48) or 57 negative (E57) charges were produced in E. coli and 

purified (Supporting Information). Protein yields were 1 and 5 mg per liter of bacterial cell 
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culture for K48 and E57, respectively. The purity of the products was analyzed by 

polyacrylamide gel electrophoresis and subsequent staining with either SimplyBlue
TM

 

SafeStain (Invitrogen) or copper(II) chloride (Figure 1). ELPs exhibited reduced 

electrophoretic mobilities compared to globular proteins, a finding widely observed with 

ELPs.
[10]

 It was also observed that the negatively charged variant E57 was poorly stained with 

the SimplyBlue
TM

 SafeStain as well as with Coomassie brilliant blue R-250 (data not shown). 

Staining with copper(II) chloride, however, led to a clear E57 protein band and a white K48 

protein band against an opaque, whitish-blue background (Figure 1b). Analysis of the purified 

ELPs by mass spectrometry resulted in molecular weights that were in excellent agreement 

with the theoretical values (see Supporting Information). As expected,
[17]

 the proteins K48 

and E57 do not exhibit LCST behavior until 90°C and show mainly random coil structure 

when dissolved in water (see Supporting Information). 

 

Capsule Preparation and Characterization 

After successful expression our next goal was to exploit the high net charges of K48 and E57 

for self assembly of the ELP variants into supramolecular structures, namely multilayer 

polypeptide capsules, using a Layer-by-Layer (LbL) technique
[18]

 (Figure 2). This technique 

is based on the consecutive assembly of oppositely charged polymers around a preformed 

charged spherical template
[18]

 with typical diameter from a few hundred nm to a few m. At 

the end of the LbL adsorption process, the cores can be successfully removed to obtain hollow 

and intact capsules. Polymer containers based on the LbL technique have recently attracted 

high interest for a variety of different applications, ranging from drug delivery systems and 

targeted gene therapy to biosensor devices.
[19, 20]

 To date, capsules have been made of 

synthetic and biodegradable polyelectrolytes,
[21, 22]

 comprising natural molecules such as 

oligonucleotides
[23]

 and proteins,
[24, 25]

 which demonstrates the high versatility of LbL 

assembly. 

Using standard LbL preparation techniques
[18]

 and employing supercharged proteins E57 and 

K48 as building blocks, we generated capsules exhibiting the following wall structure: 

(DEXS/pARG)(E57/K48)3(E57/K48AF488)E57, where DEXS denotes dextran sulfate and 

pARG poly(arginine), two charged biodegradable polymers made from naturally occurring 

monomers (see Supporting Information). The use of DEXS/pARG as a first bi-layer proved 

crucial to growing a stable multilayer (E57/K48) wall, providing a barrier against diffusion of 

the proteins into the porous CaCO3 particle templates (see Supporting Information, Figure S6). 

For visualization purposes, one layer of K48 was fluorescence labeled with Alexa AF488 (see 

Supporting Information). Capsules were characterized with confocal laser scanning 

microscopy (CLSM), transmission electron microscopy (TEM) and scanning electron 

microscopy (SEM).  

In Figure 3 representative images of the capsules formed by supercharged proteins are shown. 

These images clearly demonstrate the existence of capsules with an empty interior and stable 

walls. Notably, the dissolution of the core is a critical step in the preparation of hollow 

capsules, as it may result in capsules breaking or swelling due to decomposition conditions 

(i.e., low pH) where the polymer wall may disaggregate. In view of that, the results reported 

in Figure 3 indicate that a hollow and stable wall remains when the inorganic core is dissolved. 
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Compared to capsules formed by standard synthetic polyelectrolytes, such as polystyrene 

sulfonate (PSS) and poly(allylamine hydrochloride) (PAH),
[18]

 the walls of capsules based on 

supercharged proteins are rather porous (see Supporting Information, Figures S10, 12-13). 

This may be a result of the lower charge density of E57 and K48 compared to PSS and PAH 

(see Supporting Information, Table 1), which results in a higher mechanical pressure during 

the dissolution procedure. For instance, permeability tests performed on (E57/K48) capsules 

without cores showed the diffusion across the protein wall of the encapsulated dextran (500 

kDa MW) (see Supporting Information, Figure S10), thus indicating the formation of large 

pores in the multilayer wall. This hypothesis was subsequently supported by TEM and SEM 

observation of capsules after core dissolution (see Supporting Information, Figures S12-13). 

At any rate, the two structural compartments of capsules, cavity and wall, are well defined 

and prove successful and stable assembly (Supporting Information, Figures S7 and S9).  

 

Evaluation of In Vitro Cytotoxicity  

Such capsules might be appealing containers for use in biomedicine. Since positively charged 

polymers are the most common source of toxicity in charged systems due to their interaction 

with anionic intracellular components,
[26-28]

 the toxicity of K48 was investigated and 

compared to the other positive polyelectrolytes used for the synthesis of capsule controls (i.e. 

PLL, PAH, pARG). A fluorimetric metabolic assay employing NIH/3T3 embryonic fibroblast 

cells was utilized to assess cytotoxicity. The normalized fluorescence of Resorufin, a dye 

indicating metabolically active cells, was plotted against polyelectrolyte concentrations 

(Figure 4). The resulting dose response curves yielded the following polymer concentrations 

causing 50% cell death (LD50, mg mL
−1

) in decreasing order of toxicity: PLL (LD50 = 0.007), 

PAH (LD50 = 0.009), pARG (LD50 = 0.015) and K48 (LD50 = 0.196). PLL, PAH and 

pARG exhibited similar dose response curves with similar LD50 values, whereas the curve 

for K48 was strongly shifted to higher concentration values. This indicates that lower 

concentrations of PLL, PAH and pARG than of K48 are able to induce cell death. K48 

induces toxicity at the maximum concentration value used (1 mg mL
−1

) and this effect was 

immediately mitigated by halving the dose. A plateau level of viability was reached at a 

concentration of 3.1 x 10
-2

 mg mL
−1

. 

 

Conclusion 

In this work we demonstrated the expression of supercharged polypeptides consisting of 

repetitive motifs. As a result of incorporating a single charge per almost every repeat, 

unfolded polyelectrolytes were obtained that are perfectly defined regarding their number and 

distribution of charges, monomer composition, stereochemistry and dispersity, which is 

almost impossible by conventional polymerization techniques. With K48 for example, 1 

positive charge per 5.7 amino acids was reached. ELPs with charged amino acids as guest 

residues have already been produced, but with much lower charge densities than reported 

herein.
[16]

 So far only a single folded protein, Green Fluorescent Protein (GFP), was equipped 

with similar amounts and densities of charges.
[29]

 However, within GFP the charges were by 

far not as equally distributed as in the ELP backbone. In this respect we demonstrated that the 
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concept of supercharging by genetic engineering can be extended to other peptide-based 

biopolymers. When comparing supercharged ELPs with naturally occurring polypeptides, we 

see that with K48 it was even possible to realize a charge density comparable to only a few 

naturally occurring unfolded proteins,
[29, 30]

 all while using a minimal set of the amino acid 

alphabet.  

It was further shown that the high number of charges of these de novo designed proteins could 

be exploited for the fabrication of supramolecular structures. Oppositely charged variants 

were transformed into multilayer capsules by electrostatic interactions employing the widely 

used Layer-by-Layer technique. Due to their low toxicity, supercharged proteins like the 

highly charged ELPs presented in this work promise to be a favorable alternative to their 

chemically synthesized counterparts in the context of biomedical scaffolds. In the future we 

will employ supercharged ELPs for the generation of other electrostatically induced 

polymeric architectures such as polyplexes and hydrogels with well defined network porosity. 
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Figure 1. Purified ELP variants K48 and E57 examined by SDS-PAGE. a) 4-12% NuPAGE 

gel stained with SimplyBlue
TM

 safe stain. K48: 2 µg, E57: 8 µg. b) 12% SDS-PAGE gel 

stained with a 0.3 м copper (II) chloride solution. K48: 2 µg, E57: 4 µg. 

 

           
 

Figure 2. Schematic illustration of the multiple assembly of the two oppositely supercharged 

proteins onto spherical CaCO3 porous microparticles via LbL assembly technique, and 

fabrication of a hollow protein-based capsule by dissolution of the template core. The 

turquoise lines represent the supercharged negative E57 ELP, the violet lines represent the 

supercharged positive K48 ELP. For simplicity, only two layers are shown. Capsules are not 

drawn to scale.  

 
 

Figure 3. Structural analysis of capsules assembled by the supercharged proteins E57 and 

K48 after removal of the template cores. a) CLSM image of one capsule in aqueous solution 

whose wall had been labeled with Alexa Fluor 488. The inset shows a low resolution image of 

several capsules. Images demonstrate the particulate nature of the capsules. b) –c) TEM and 

SEM image of one capsule. As TEM and SEM are performed in vacuum capsules collapse, 

indicating the absence of the template core and thus an empty cavity. Scale bars represent 1 

µm.  
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Figure 4. Comparison of the polyelectrolyte-induced toxicity on NIH/3T3 embryonic 

fibroblasts. Cells were incubated with the different polymers in a concentration range from 1 

mg mL
-1

 to 6.1 x 10
-5

 mg mL
-1

 and some cells were left untreated as positive control for 

viability. Cell viability was assessed by an increase in the fluorescence signal and is given as 

mean of normalized intensities. The normalized fluorescent intensity is plotted against the 

concentration (c) and shows a sigmoidal concentration-toxicity relationship. PLL: poly-L-

lysine; PAH: poly(allylamine hydrochloride); pARG: poly-L-arginine.  

 

 

Table of Contents 

Supercharged, unfolded protein polymers based on elastin-like peptides (ELPs) are 

designed and expressed by introducing positively and negatively charged amino acids, 

respectively, within the repetitive pentapeptide units. An example of their potential for the 

fabrication of supramolecular structures is presented in this work by the assembly of 

multilayer capsules. 
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Supporting Information for 

De Novo Design of Supercharged, Unfolded Protein Polymers and their Assembly into 

Supramolecular Aggregates 

Anke Kolbe, Loretta L. del Mercato, Azhar Z. Abbasi, Pilar Rivera Gil, Sekineh J. Gorzini, 

Wim H.C.Huibers, Bert Poolman, Wolfgang J. Parak, and Andreas Herrmann 

Materials 

E.coli XL1-Blue competent cells were purchased from Stratagene (La Jolla, CA). The pUC19 

cloning vector, restriction endonucleases, T4 DNA ligase (LC), Fast AP
TM

 thermosensitive 

alkaline phosphatase (Fast AP), and GeneJET
TM

 Plasmid Miniprep kit were purchased from 

Fermentas (St. Leon-Rot, Germany). Digested DNA fragments were purifed using QIAquick
®
 

spin miniprep kits from QIAGEN, Inc. (Valencia, CA). The pET-25b(+) vector and E.coli 

BLR(DE3) competent cells were purchased from Novagen Inc. (Milwaukee, WI). 

Oligonucleotides were synthesized by biomers.net (Ulm, Germany). Bacto
TM

 tryptone and 

BBL
TM

 yeast extract were purchased from Becton, Dickinson and Co. (Sparks, MD). 

Potassium phosphate monobasic, potassium phosphate dibasic, sodium phosphate monobasic, 

sodium phosphate dibasic, sodium chloride, and glycerol were purchased from Merck KGaA 

(Darmstadt, Germany). Ampicillin and imidazole were purchased from Roth (Karlsruhe, 

Germany). Isopropyl ß-thiogalactopyranoside (IPTG) was purchased from Duchefa (Harlem, 

Netherlands). 3,5 dimethoxy-4-hydroxycinnamic acid and internal standards bovine serum 

albumin and trypsinogen were purchased from LaserBio Labs (Sophia-Antipolis, France). 

Poly(sodium 4-styrenesulfonate) (PSS, Mw ~70,000), poly(allylamine hydrochloride) (PAH, 

Mw ~56,000), poly(fluorescein isothiocyanate allylamine hydrochloride) (PAHFITC, Mw 

~56,000), poly-L-arginine (pARG, Mw> 70 kDa), dextran sulfate (DEXS, Mw ~10 kDa), 

poly-L-lysine hydrobromide (pLL, Mw 15,000 – 30,000 Da), calcium chloride dehydrate 

(CaCl2), Sodium carbonate (Na2CO3) and ethylenediaminetetraacetic acid (EDTA) were 

purchased from Sigma-Aldrich. Alexa Fluor488, Alexa Fluor 594 carboxylic acid 

succinimidyl ester and amino dextran (Mw ~500,000)  carboxylic acid succinimidyl ester 

were obtained from Molecular Probes (Invitrogen). All chemicals were used as received. 

Ultrapure water with a resistivity greater than 18.2 M cm was used for all experiments. 

Monomer gene synthesis and gene oligomerization 

Construction of the monomer genes and subsequent multimerization were performed as 

described by Chilkoti and co-workers.
[1]

 Briefly, a monomer gene was constructed from eight 

5’-phosphorylated, PAGE-purified synthetic DNA oligonucleotides. For annealing, equimolar 

mixtures of the oligonucleotides in T4 DNA ligase buffer were heated to 94ºC and then slowly 

cooled down to 4ºC, yielding a double-stranded DNA cassette with EcoRI and HinDIII 

compatible ends. pUC19 was digested with EcoRI and HinDIII, dephosphorylated with Fast 

AP and run on a 1% agarose gel in TAE buffer (per 1L, 108 g Tris base, 57.1 mL glacial 

acetic acid, 0.05 м EDTA, pH 8.0). The vector band was cut out and purified using a spin 

column purification kit. The annealed oligonucletides were ligated to the linearized vector. 

For transformation, 200 µL of chemically competent E.coli XL1-Blue cells were combined 

with 5 µL of the ligation mixture and further treated according to the manufacturer’s protocol. 
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Cells were spread on Lysogeni broth (LB) agar plates (for 1L, 10 g Bacto
TM

 tryptone, 5 g 

BBL
TM

 yeast extract, 5 g NaCl, 15 g agar) supplemented with 100 µg/mL ampicillin, and 

incubated over night at 37ºC. Colonies were picked and grown in 6 mL LB media (for 1L, 10 

g Bacto
TM

 tryptone, 5 g BBL
TM

 yeast extract, 5 g NaCl) supplemented with 100 µg/mL 

ampicillin over night, and plasmids were isolated using the GeneJET Plasmid Miniprep kit. 

Positive clones were verified by plasmid digestion with EcoRI and HinDIII and subsequent 

gel electrophoresis. The DNA sequence of putative inserts was further verified by DNA 

sequencing (SequenceXS, Leiden, The Netherlands).  

Gene oligomerization was performed as described by Chilkoti and co-workers.
[1]

 Positive 

clones were verified by plasmid digestion with EcoRI and HinDIII and subsequent gel 

electrophoresis. The DNA sequences of putative inserts were further verified by DNA 

sequencing (SequenceXS, Leiden, The Netherlands). Gene sequences and respective amino 

acid sequences of K48 and E57 are shown in figure S1. As the recognition sites of the 

restriction enzymes PflMI and BglI have to be preserved, a valine residue instead of a lysine or 

glutamic acid residue is incorportated with every step of oligomerization. 
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Figure S1. Genes and corresponding polypeptide sequences of (a) ELP K48 (lysine variant) and (b) 
ELP E57 (glutamic acid variant). Recognition sites for the restriction enzymes EcoRI, PflMI, BglI, 
and HindIII are underlined. 

Expression vector construction 

The expression vector pET 25b(+) (Novagen) was modified by cassette mutagenesis as 

described by Chilkoti and co-workers.
[1]

 The DNA sequence spanning NdeI to EcoRI was 

exchanged for a sequence which incorporates a unique Sfi I recognition site and which 

encodes for an affinity tag consisting of six histidine residues (Fig. S2). The modified pET 

25b(+) expression vector was digested with SfiI, dephosphorylated and purified using a 

microcentrifuge spin column kit. The ELP gene was excised from the pUC19 vector by 
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digestion with PflMI and BglI, and the excised gene was purified by agarose gel extraction 

following gel electrophoresis. The linearized vector and ELP-encoding gene were ligated, 

transformed into XL1-Blue cells, and screened as described above.  

 

Figure S2. Sequence inserted into pET-25b(+) between recognition sites NdeI and EcoRI. The 
modified pET-25b(+)-SfiI-H6 vector contains a unique SfiI recognition site to insert ELP genes into 
the vector, and sequence encoding for a hexa-histidine (H6) tag at the C-terminus of the expressed 
protein for affinity purification. 

 

Protein expression and purification 

E.coli BLR (DE3) cells (Novagen) were transformed with the pET expression vectors 

containing the respective ELP genes. For protein production, Terrific Broth medium (for 1L, 

12 g tryptone and 24 g yeast extract) enriched with phosphate buffer (for 1L, 2.31 g potassium 

phosphate monobasic and 12.54 g potassium phosphate dibasic) and glycerol (4 mL per 1L 

TB), and supplemented with 100 µg/mL ampicillin was inoculated with an overnight starter 

culture to an initial OD600 of 0.1 and incubated at 37°C with orbital agitation at 250 rpm until 

OD600 reached 0.7. Protein production was induced by addition of IPTG to a final 

concentration of 1 mM. Cultures were then continued for an additional 4 h post-induction. 

Cells were subsequently harvested by centrifugation (7,000 x g, 20 min, 4ºC), resusupended in 

lysis buffer (50 mм sodium phosphate buffer, pH 8.0, 300 mм NaCl, 20 mм imidazole) to an 

OD600 of 100 and disrupted with a French Press. Cell debris was removed by centrifugation 

(40,000 x g, 90 min, 4ºC). Proteins were purified from the supernatant under native conditions 

by Ni-sepharose chromatography (GE Healthcare). Product-containing fractions were pooled 

and dialyzed against Ultrapure water (>18 MΩ). K48 was further purified by affinity 

chormatography using a Heparin HP column (GE Healthcare) and protein-containing fractions 

were dialyzed against Ultrapure water (>18 MΩ). Purified proteins were stored at -20ºC or 

lyophilized and stored at room temperature until further use. 

Protein characterization 

The concentrations of the purified ELPs were determined by measuring absorbance at 280 nm 

using a spectrophotometer (NanoDrop
TM

, Thermo Scientific). Protein purity was analyzed by 

PAGE (poly(acrylamide) gel electrophoresis) on a 4-12% NuPAGE
®
 Bis-Tris gel (Invitrogen) 

and subsequent staining of the gel with SimplyBlue
TM

 SafeStain (Invitrogen). Furthermore, 

purified proteins were characterized by SDS-PAGE (SDS - sodium dodecyl sulfate) on a 12% 

polyacrylamide gel according to Laemmli
[2]

 and subsequent copper (II) chloride staining as 

reported by Lee and coworkers.
[3]

 Mass spectrometric analysis was performed using a 4800 

Plus MALDI-TOF/TOF Analyzer (Applied Biosystems, Foster City, CA, USA). The samples 

were prepared in a recrystallized 3,5 dimethoxy-4-hydroxycinnamic acid matrix with the 

calibration standards bovine serumalbumin (MW = 66,429.9) for K48 and trypsinogen (MW = 

23980.9) for E57. Mass spectra were recorded in positive ion mode with the 4000 Series 

Explorer Software, version 3.0 (Applied Biosystems, Foster City, CA, USA). The data were 

analyzed in Data Explorer, version 4.9 (Applied Biosystems, Foster City, CA, USA). The 
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masses determined by MALDI-TOF were 24,105 +/- 50 Da for K48 and 28,967 +/- 50 Da for 

E57, which is in excellent agreement with the calculated masses of 24,150.7 and 28,970.1 Da, 

respectively. 

Figure S3. MALDI-TOF mass spectra of supercharged elastin-like proteins K48 and E57. a) Mass 
spectrum of K48 (m/z is 24,104.6) with internal standard bovine serum albumin (BSA; m/z is 
22,135.5 for BSA +3H and m/z is 33,215.3 for BSA +2H). b) Mass spectrum of E57 (m/z is 28,967.1) 

with internal standard trypsinogen (m/z is 23,982.0). I = absolute intensity. 

 

Analysis of secondary structure 

Circular dicroism (CD) spectra were recorded using a Jasco-815 spectropolarimeter (Jasco, 

Japan). Measurements were carried out at room temperature with a cell path length of 1 mm. 

The polypeptide concentrations in Ultrapure water were 10 and 5 µM for K48 and E57, 

respectively. The CD sprectra of of both polypeptides showed a smaller trough at around 220 

nm and a larger trough at around 200 nm (Fig. S4). This spectral behavior is usually 

interpreted to represent largely random coil structure with some contribution of α-helical 

segments.
[4, 5]

 

Fig. S4. Circular dicroism (CD) spectra of aqueous solutions of ELPs K48 (10 µM) and E57 

(5µM). Data represent averages of 25 scans. 
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LCST behavior analysis 

To characterize the ELP inverse temperature transition, the OD350 of K48 and E57 ELPs in 

ultrapure water at a concentration of 57 and 24 µM, respectively, were measured as a function 

of temperature on a Jasco V630 spectrophotometer. Measurements were performed between 

20 and 90ºC by increasing the temperature every 10 min in 5ºC increments. No significant 

increase in the OD350 values for either of the ELP variants could be observed at any 

temperature measured. OD350 values were below 0.1 at all times. This finding is in line with 

published data, where the incorporation of increasing numbers of lysine or glutamic acid 

residues in ELPs led to an increase in the lower critical solution temperature (LCST) at neutral 

pH values.
[6, 7]

 

Labelling of proteins 

Alexa Fluor
® 

488 sulfodichlorophenol ester (AF488) was purchased from Molecular Probes 

(Invitrogen) and dissolved in DMF to a concentration of 10 mg/mL. To 3.15 mg of K48 in 0.1 

м sodium carbonate buffer, pH 8.6, an equimolar amount of AF488 was added under vigorous 

stirring. After incubation for 2 h at room temperature under vigorous stirring, hydroxyamine 

solution (pH 8.6) was added to a final concentration of 0.14 м and incubated for additional 90 

min at room temperature. Uncoupled dye was removed by size exclusion using an illustra 

NAP™-25 column (GE Healthcare) and 0.1 м sodium carbonate buffer (pH 8.6) as 

equilibration and elution buffer. Protein-containing fractions were pooled and dialyzed (cut-

off 500 Da) against Ultrapure water (>18 MΩ). Protein concentration was determined using 

the following equation: 

c [mg/mL] = (A280 – 0.11 * A495) * MWK48 

where A280 and A495 are the absorbance values at 280 and 495 nm, respectively, and MWK48 is 

the molecular weigth of K48. The labelled protein (K48AF488) was lyophilized and stored at 

room temperature until further use. 

Cytotoxicity assay of positively charged polyelectrolytes (PEs) 

NIH/3T3 embryonic fibroblasts were seeded in a 96-well-platte (Greiner by Sigma-Aldrich) at 

a cell density of 10
4
 cells/well in 100 µL growth medium (DMEM-F12 Ham´s basal medium 

supplemeted with 10% calf serum, 1% L-glutamine and 1% penicilline/streptomycine 

whereby all material were provided by Sigma-Aldrich). The next day, the cells were incubated 

with the PEs under investigation (i.e. PLL, PAH, pARG, and K48) for 24h. A starting 

concentration of 1 mg/mL was used for each PE and consecutively halved until a final 

concentration of 6.1 x 10
-5

 mg/mL. All concentrations were done in duplicate. Cells that were 

not treated with any PE served as a positive control for viability. After 24 h, the cells were 

washed once with PBS, 100 µL of a 10% Resazurin (TOX-8 kit from Sigma-Aldrich) solution 

(in growth medium) were added to each well and incubated for 3 h at 37°C and 5% CO2. 

Resazurin is a blue, non-fluorescent sodium salt, which is converted to resorufin by 

metabolically active cells. Resorufin is a pink, fluorescent sodium salt that accumulates 

outside the cells. This reduction process requires functional mitochondrial activity which is 

inactivated immediately after cell death. Fluorescence spectra were measured using a 96-

microwell plate reader connected to a Fluorolog® spectrofluorometer (Jovin Yvon) at an 

excitation wavelength of 560 nm. The emission was recorded in the range of 572-650 nm with 

1 nm resolution and a slit of 5 nm. Firstly, the mean of the intensities of the emission spectra 

of the duplicates was calculated and then, the maximum intensity values found in the range 

578-585 nm were also averaged. The mean background signal (640-650 nm) was substracted 

from the mean maximum emission values and subsequently normalized with the maximum 
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fluorescence value obtained. The maximum fluorescence value corresponded not always to 

the untreated cells, probably due to the formation of hydroresorufin, a transparent 

nonfluorescent product which is formed upon further reduction of resorufin by viable cells.
[8]

 

The experiments were repeated three times for each PE. The means of the normalized 

fluorescence intensity values of the three experiments (I/Imax) were plotted against the 

different concentrations of the PEs. A sigmoidal distribution was obtained and fitted as a 

function of a logistic dose response curve which enables us calculating the PE concentration 

yielding 50% cell death (LD50).  

Charges of positive and negative polyelectrolytes (PEs) 

The main driving force in alternate LBL assembly of multilayer capsules is the electrostatic 

interaction between oppositely charged species. Hence, the charges per molecule of the two 

supercharged unfolded proteins K48 and E57, employed as component layer of ELPs-derived 

capsules, was calculated and compared to the number of charges per molecule of the other 

PEs used for the synthesis of capsules controls (i.e. PAH, pARG, PSS and DEXS) (Table 1). 

As expected, all the control PEs have a higher number of charges per molecule than the ELPs 

except for DEXS, which has around 27 charges per molecule. The µmol charges per 1 mg are 

also higher for all of the control PEs than for the ELPs. 

PE 

 

full name MW (average) 

[Da]  

charges/

molecule 

at pH 7.0 

µmol 

charges 

in 1 mg 

E57 ELP-glutamic acid 28,970 57 1.97 

K48 ELP-lysine 24,150 48 1.99 

DEXS Dextran sulfate sodium salt from Leuconostoc spp. 6,500-10,000 27.79 3.37 

pARG Poly-L-arginine hydrochloride 70,000 498 7.11 

PSS 
Poly(sodium 4-styrenesulfonate) 

70,000 339 4.84 

PAH 
Poly(allylamine hydrochloride) 

56,000 605 10.8 

pLL 
poly-L-lysine hydrobromide 

15,000-30,000 108 4.8 

 

Table 1: Calculation of the charges per molecule and µmol charge per 1 mg of each PE (E57, 

K48, DEXS, pARG, PSS and PAH). 

 

Capsule preparation 

The negatively charged E57 and the positively charged K48 ELPs were alternatively 

assembled onto inorganic calcium carbonate (CaCO3) microparticle templates for the 

preparation of hollow polypeptide microcapsules (Scheme S1). CaCO3-based cores were used 

because compared to organic templates
[9]

 they allow for the synthesis of capsules under mild 

conditions, as the CaCO3 core material can be easily removed by complexation with 

ethylenediaminetetraacetic acid (EDTA) buffer.
[10]

 Additionally, the encapsulation of 

biomacromolecules can be performed directly during the synthesis of the CaCO3 

microparticles by entrapping the cargo within the sacrificial template particles, owing to their 

high porosity.
[10, 11]

 As control samples, capsules made of degradable and non-degradable 
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polylectrolytes were produced. Degradable capsules, susceptible to enzymatic degradation, 

were composed of dextran sulfate (DEXS) as the polyanion and of poly-L-arginine (pARG) as 

the polycation,
[12]

 non-degradable capsules were made of poly(sodium 4-styrenesulfonate) 

(PSS) as the polyanion and of polyallylamine hydrochloride (PAH) as the polycation. 

 

 

 

Scheme S5. Schematic representation of polyelectrolyte capsule fabrication by layer-by-layer (LbL) 
assembly. (i) Spherical CaCO3 microparticles are fabricated by precipitation from supersaturated 
CaCl2 and Na2CO3 solutions. (ii–iii) Oppositely charged polymer layers are consecutively adsorbed 
around the spherical templates by electrostatic attractions. (iv) The original template is removed by 
dissolution to obtain a capsule with an empty cavity. Only few layers of polyelectrolyte are shown, for 
sake of clarity. Capsules are not drawn to scale. 

 

Preparation of CaCO3 microparticles  

For each capsule system, CaCO3 microparticles were precipitated from solutions of calcium 

chloride and sodium carbonate under vigorous stirring.
[10]

 Briefly, equal volumes (0.615 mL) 

of aqueous CaCl2 and Na2CO3 solutions (0.33 M) were mixed in the presence of 5 mg/mL 500 

kDa dextran and thoroughly agitated on a magnetic stirrer for 30 s at room temperature. After 

the agitation, the mixture was left without stirring for 4 min at room temperature. During this 

time precipitation of CaCO3 occurs and spherical CaCO3 particles with an average diameter 

ranging from 2.5-3.5 µm are formed. Dextran is integrated in the cores.
[13]

 Subsequently, the 

precipitate was separated from the supernatant by centrifugation (6000x g, 6 s) and washed 

three times with pure water to remove unreacted species. In the last step, the particles were 

washed with acetone and air-dried. We incorporated dextran in the CaCO3 cores, as 

dissolution of the cores including dextran by addition of EDTA was faster than that of cores 

without dextran. Naturally, in this way dextran remains in the capsule cavities after core 

dissolution. The whole powder obtained from one synthesis (about 20 mg) was employed for 

the LbL coating. 
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Fabrication of multilayer capsules 

The resulting spherical cores were coated by sequential incubation of the particles in the 

corresponding polyanion and polycation solutions. Three different types of microcapsules 

made of different layer constituents were prepared by sequential adsorption of negatively 

charged and positively charged species on CaCO3 microparticles (20 mg per samples) to give 

the following shell architectures comprising 11 layers in total: 

PSS/PAH - capsules: (PSS/PAH)3(PSS/PAHFITC)(PSS/PAH)PSS, 

DEXS/pARG - capsules: (DEXS/pARG)3(DEXS/pARGAF488)(DEXS/pARG)DEXS, and  

E57/K48 - capsules: (DEXS/pARG)(E57/K48)3(E57/K48AF488)E57.  

The adsorption of polyelectrolytes PSS, PAH, PAHFITC and DEXS was conducted in 2 mg/mL 

solutions in 0.5 м NaCl, whereas the polyelectrolyte pARG and the positively charged and 

negatively charged proteins (K48 and E57, respectively) were suspended in 1 mg/mL 

solutions in 0.5 м NaCl. The pH of the polyelectrolyte solutions was adjusted to 6.5 by 

addition of NaOH, whereas the pH of the protein solutions was maintained neutral (7.2-7.6). 

The adsorbing protocol started with the negatively charged polymer (PSS or DEXS). PAHFITC 

(obtained from Sigma) and PAHAF488 (obtained by reacting NHS-ester modified Alexa488 to 

the amino groups of PAH or pARG) were used instead of non-labeled polycation for the 

eighth layer of the multilayer polymer shell, so that the capsules had a green emitting dye label 

in their walls. Similarly, K48AF488 was used for the tenth layer of the protein capsules to label 

the capsule walls. After addition of each charged species, samples were continuously shaken 

for 12 min. The coated particles were then centrifuged at 6000x g for 6 s and the supernatant 

containing unabsorbed species was removed. This procedure was repeated three times after 

each absorption step. After each cycle the CaCO3 suspension was resuspended with 

ultrasound pulses to prevent aggregation. At the end eleven layers were deposited for each 

capsule type, starting from the polyanion. We want to point out that in the case of the protein 

capsules the first two layers were DEXS and pARG in order to mechanically stabilize the 

capsules. As the capsule cavities include dextran, the first layer of dextran sulphate has the 

same constituency as the interior of the capsule cavity. Poly-L-arginine is a polypeptide and 

thus similar in nature to the following layers of supercharged proteins. Both DEXS and pARG 

are biodegradable.
[12]

 After assembly of the capsule walls by LbL deposition the CaCO3 core 

was removed by complexation with EDTA. Coated CaCO3 particles were shaken for 2 min 

with 1 mL of an EDTA solution (0.2 M, pH 5), followed by centrifugation and redispersion in 

1 mL of a fresh EDTA solution (0.2 M, pH 7). The thus obtained hollow microcapsules with 

some dextran in their cavities were washed five times with pure water with centrifugation at 

1000 x g for 8 min. The microcapsules were finally stored as suspension in water at 4°C.  

Capsule characterization 

Confocal laser scanning microscopy (CLSM) 

Fluorescent images were taken by a confocal microscope (LSM 510 META, Zeiss). The 

excitation wavelength was 488 nm. Samples were observed through a 100X/1.45 NA oil-

immersion PLAN-FLUOAR objective. Capsules labeled with FITC and Alexa488 

fluorescence were studied with the Ar/Kr laser 488 nm. A 20 μL drop sample was placed onto 

a cover glass and imaged in liquid. 

The typical morphologies of core-shell microparticles after LbL assembly with the same 

number of layers but with different layer components are presented in Figure S5. In the three 

systems investigated the diameter of the microparticles was found to be in the range of 2-2.5 
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µm. As shown in the fluorescence channels, the fluorescence signal corresponding to the 

labeled layers, which had been added as tenth layer in the ELP capsules and as eighth layer in 

the biodegradable and non-degradable capsules, was detected only from the walls. This 

indicates that the layers were efficiently adsorbed around the spherical templates during the 

LbL assembly. As expected, the CaCO3 cores were clearly visible in the corresponding 

transmission channels. By overlaying the fluorescent and transmission channels, the two 

compartments of the capsules, walls and cavities, were distinguished. 

 

Figure S5. CLSM images of (a) (DEXS/pARG)(E57/K48)3(E57/K48AF488)E57,  
(b) (DEXS/pARG)3(DEXS/pARGAF488)(DEXS/pARG)DEXS and  
(c) (PSS/PAH)3(PSS/PAHFITC)(PSS/PAH)PSS capsules before core removal. The capsule walls were 
labeled with AF488 (a, b) and FITC (c). Left panels: Fluorescence images of green emitting dyes. 
Central panels: optical transmission images. Right panels: corresponding overlay of both fluorescence 
and transmission channels. The fluorescence signal coming from the capsule walls can be seen 
whereas the spherical shape of CaCO3 porous cores can be observed in the corresponding 
transmission images. Scale bars represent 1 µm. 

 

In a previous experiment, protein capsules assembled by using E78 as first layer showed the 

diffusion of the fluorescent layer K48AF488 inside the capsule cavity during the LbL steps (Fig. 

S6). Moreover after core removal, no spherical capsules were detected under fluorescent 

microscopy, thus confirming that both the E57 and the K48 polypeptides were mostly 

localized as complexes inside the CaCO3 cores instead of alternately depositing at the 

template surface. It is worth noting that CaCO3 microparticles are characterized by a high 

porosity which pores ranging from 20 to 60 nm.
[10]

 This allows small molecules with a size of 

several nanometers to penetrate inside the templates during the LbL assembly. Thus, in order 

to prevent the diffusion of the ELP inside the cavities, we decided to start to build up the ELP 

multilayer shell after adsorption of one biodegradable bi-layer made up of (DEXS/pARG) 

polymers. This results in the final structure of E57/K48 - capsules: 

(DEXS/pARG)(E57/K48)3(E57/K48AF488)E57.  
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Figure S6. Fluorescence images of capsules consisting of 8-layers of (K48/E57)3(K48AF488/E57) ELP 
polypeptides. CaCO3 core-shell microparticles before (a-b) and after (c-d) core removal. Fluorescence 
signal from the capsules cavities indicated the diffusion of the K48AF488 polypeptide inside the capsule 
interior during the LbL assembly (a-b). After core removal, no spherical capsules were visible under 
the fluorescence microscope (c-d), whereas a fluorescent carpet layer and small aggregates of 
particles were observed due to the release of the K48AF488 out of the microparticles following the core 
dissolution. This confirmed that the E57 and K48 polypeptides were mostly localized inside the 
CaCO3 cores instead of depositing on the wall. Scale bars represent 2 µm. 

After following the core removal procedure, CLSM pictures were taken of the resulting 

capsules (Figures S7 and S8). Notably, the fluorescence signal in the ELP capsules was found 

to be still confined to the walls even after core removal, showing that the integrity of the 

multilayer polypeptide shell (DEXs/pARG)(E76/K48)3(E76/K48AF488)E76 was not affected 

during the core dissolution. Instead, in some of the biodegradable capsules a slight diffusion 

of the labeled polymer pARGAF488 inside the cavities was observed, owing to the above 

mentioned porosity of the CaCO3 cores.
[10]

 The absence of the cores was clearly detected in 

each capsule type sample, as shown in the transmission channels. 

 

Figure S7. CLSM images of (a) (DEXS/pARG)(E57/K48)3(E57/K48AF488)E57, 
 (b) (DEXS/pARG)3(DEXS/pARGAF488)(DEXS/pARG)DEXS and 
 (c) (PSS/PAH)3(PSS/PAHFITC)(PSS/PAH)PSS single capsule after core removal. The capsule walls 
were labeled with AF 488 (a, b) and FITC (c). The absence of the CaCO3 cores can be clearly 
observed in the transmission images. Inset: CLSM images of several capsules showing spherical and 
intact capsules after core removal. Scale bars represent 1 µm. 
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Figure S8. Three-dimensional CLSM image (Top row) and corresponding cross-section profiles 
(Bottom row) of single capsules after core removal. The graphs in the bottom show the intensity of 
the fluorescence along the red lines traced on the single capsule. The peaks are due to emission from 
the AF488 (a and b) and FITC (c) fluorophores on the capsule walls. 

 

The efficient assembly of the protein layers was confirmed by the following control 

experiment: CaCO3 particles were coated with 1 bi-layer of DEXS/pARGAF488 and analyzed 

by CLSM before and after core removal (Figure S9). Before core removal, the typical 

morphology of capsules with a green-fluorescent labeled wall was observed (Figure S9, top 

row) (pARG labeled with the dye AF488 was used enabling characterization by CLSM). After 

core removal, no capsules were observed in the bulk solution indicating that capsules made of 

only 1 bi-layer are not stable against the dissolution conditions. The core removal treatment 

with EDTA solution resulted in dismantling of the (DEXS/pARG) bi-layer shell, which 

showed fluorescence only in the bulk solution (Figure S9, bottom row). In contrast, the 

multilayers of the (DEXS/pARG)(E57/K48)3(E57/K48AF488)E57-coated particles remained 

intact after exposure to EDTA (Figure S7). These data confirmed that the protein-based 

capsules prepared by LbL assembly of E57/K48 onto 1 bi-layer of (DEXS/pARG) were 

actually made of alternately assembly of the protein layers with the fluorescently labeled 

K48AF488 as second-last layer. 

 

 

 

 

 

 

 

Figure S9. CLSM images of 1 bi-layer (DEXS/pARGAF488) capsules before (top row) and after 
(bottom row) core removal. AF488-labeled pARG was used as fluorescent layer. Before core removal, 
CaCO3 cores can be clearly observed in the transmission channel, whereas the green signal indicates 
the presence of the pARGAF488 layer only in the wall. After core removal, no capsules are found out in 
the bulk solution, indicating the disassembly of the bi-layer wall during the core decomposition. Scale 
bar represents 5 µm. 
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Capsules permeability 

In order to compare the permeability behavior of the protein-based capsules with the control 

capsules based on DEXS/pArg and PSS/PAH layers, dextran 500 kDa, labeled with AF594, 

was entrapped inside the cavities during the synthesis of the CaCO3 cores. Figure S10 shows 

LSM images of the capsules before and after core removal. The wall of each capsule system 

was labeled with AF488. After core removal the diffusion of the dextran across the wall was 

observed in the (E57/K48) capsules whereas no diffusion was observed across the wall of 

control capsules. These data suggested the existence of large pores in the wall of supercharged 

protein-based capsules, as confirmed by further SEM and TEM analysis. 

 

 

Figure S10. CLSM images of 11-layer (a) (E57/K48), (b) (DEXS/pARG) and (c) (PSS/PAH) 
capsules before and after core removal. The capsule cavities were loaded with 500 kDa dextran 
labeled with AF543, the capsule walls were labeled with AF488 (a, b) and FITC (c). The presence and 
the absence of the CaCO3 cores can be clearly observed in the transmission images of each sample. 
After core removal the diffusion of the dextran outside was observed for the  (E57/K48) capsules 
suggesting a higher porosity of the wall compared to the control capsules. Scale bars represent 5 µm. 
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Electron Microscopy  

Protein capsules were then analyzed by Scanning Electron Microscopy (SEM) and 

Transmission Electron Microscopy (TEM) to gain deeper insight into the structure and 

morphology of the multilayer polypeptide wall, both before and after core removal, and to 

compare their properties to the control capsules. SEM micrographs were conducted with a 

JEOL JSM-7500F SEM at an operation voltage of 2.00 kV. A 10 μl drop sample was placed 

onto a cover glass, dried at room temperature, and sputtered with a platinum layer under 

vacuum for 90 s. TEM were recorded by using a JEOL 3010 TEM operating at an accelerating 

voltage of 300 kV. A 10 μl drop sample was placed on a Formvar
®
/carbon coated TEM-grid 

(300 Mesh 3.05 mm Copper, Plano GmBH) and dried at room temperature before imaging. 

Figure S11 shows the SEM images corresponding to the  core-shell microparticles previously 

presented in Figure S6. The images in the bottom row show a magnified area of the wall of 

the particles reported in the top row in which the surface texture of the particles can be 

appreciated. In general, protein-coated cores and (DEXS/pARG)-coated cores were 

characterized by a thick surface, suggesting that the polymers were densely packed into the 

multilayer shells. On the contrary, in the case of capsules made up of (PSS/PAH) 

polyelectrolytes, a highly porous surface was observed. This might be explained by the 

adsorption of the polylelctrolytes onto the very rough surface of the CaCO3 microparticles 

which results in the formation of a very porous polyelectrolyte network of the capsule wall.
[10]

 

However, after dissolution of the templates, a porous network with clear holes was observed 

in the protein capsules sample (Fig. S12). These capsules correspond to the ones shown in 

Figure S7. A thick wall and a porous-like wall were detected in the biodegradable and non-

degradable capsules.  

 

Figure S11. SEM images of CaCO3 cores after coating  
(a) (DEXS/pARG)(E57/K48)3(E57/K48AF488)E57,  
(b) (DEXS/pARG)3(DEXS/pARGAF488)(DEXS/pARG)DEXS and  
(c) (PSS/PAH)3(PSS/PAHFITC)(PSS/PAH)PSS. The typical spherical, porous-like structure of capsules 
templated on CaCO3 cores can be observed. Scale bars represent 1 µm (top row), 100 nm (bottom 
row). 
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Figure S12. SEM images of  
(a) (DEXS/pARG)(E57/K48)3(E57/K48AF488)E57, 
(b)(DEXS/pARG)3(DEXS/pARGAF488)(DEXS/pARG)DEXS and  
(c) (PSS/PAH)3(PSS/PAHFITC)(PSS/PAH)PSS capsules after core removal. Capsules collapse after 
core removal indicating the absence of the cores in their cavities. Scale bars represent 1 µm (top row), 
100 nm (bottom row). 

 

In line with the LSM and SEM data the walls of the protein capsules investigated under TEM 

were found to be more porous than biodegradable and non-degradable capsules (Fig. S13), 

indicating that the two investigated polypeptides, E57 and K48, formed thinner shells during 

the LbL assembly. Nonetheless we would like to point out that the porosity, and thus the 

permeability, of the protein capsules could be reduced by increasing the number of layers 

employed to grow the multilayer wall or by cross-linking the proteins after their adsorption 

onto the sacrificial core surfaces (i.e., by using glutaraldehyde as a cross-linker agent).
[14, 15]

 

Finally, the use of unfolded, supercharged proteins with higher number of charges per 

molecule (see Table 1) might be taken into account to build up a multilayer shell with stronger 

electrostatic attractions between each component layer. 
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Figure S13. TEM images of  
(a) (DEXS/pARG)(E57/K48)3(E57/K48AF488)E57,  
(b) (DEXS/pARG)3(DEXS/pARGAF488)(DEXS/pARG)DEXS and  
(c) (PSS/PAH)3(PSS/PAHFITC)(PSS/PAH)PSS capsules after core removal. Capsules collapse after 
core removal indicating the absence of the cores in their cavities. 

References 

[1] D. E. Meyer,  A. Chilkoti, Biomacromolecules 2002, 3, 357. 

[2] U. K. Laemmli, Nature 1970, 227, 680. 

[3] C. Lee, A. Levin, D. Branton, Anal. Biochem. 1987, 166, 308. 

[4] M. Miao, C. M. Bellingham, R. J. Stahl, E. E. Sitarz, C. J. Lane, F. W. Keeley, J. Biol. 

Chem. 2003, 278, 48553. 

[5] D. W. Urry, J. Prot. Chem. 1988, 7, 1. 

[6] A. Girotti, J. Reguera, F. J. Arias, M. Alonso, A. M. Testera, J. C. Rodriguez-Cabello, 

Macromolecules 2004, 37, 3396. 

[7] K. Trabbic-Carlson, L. A. Setton, A. Chilkoti, Biomacromolecules 2003, 4, 572. 

[8] J. O'Brien, I. Wilson, T. Ortaon, F. Pognan, Small 2001, 164, 132. 

[9] G. B. Sukhorukov, E. Donath, S. Davis, H. Lichtenfeld, F. Caruso, V. I. Popov, H. 

Möhwald, Polymers for Advanced Technologies 1998, 9, 759. 

[10] D. V. Volodkin, A. I. Petrov, M. Prevot, G. B. Sukhorukov, Langmuir 2004, 20, 3398. 

[11] G. B. Sukhorukov, D. V. Volodkin, A. M. Günther, A. I. Petrov, D. B. Shenoy, H. 

Möhwald, J.  Mater. Chem. 2004, 14, 2073. 

[12] B. G. De Geest, R. E. Vandenbroucke, A. M. Guenther, G. B. Sukhorukov, W. E. 

Hennink, N. N. Sanders, J. Demeester, S. C. d. Smedt, Adv. Mater. 2006, 18, 1005. 

[13] O. Kreft, A. Muñoz Javier, G. B. Sukhorukov, W. J. Parak, J. Mater. Chem. 2007, 17, 

4471. 

[14] W. Qi, L. Duan, K. W. Wang, X. H. Yan, Y. Citi, Q. He, J. B. Li, Adv. Mater. 2008, 20, 

601. 

[15] Y. Zhu, W. J. Tong, C. Y. Gao, H. Mohwald, J. Mater. Chem. 2008, 18, 1153. 



 

197 

[A5] 

Synthesis and evaluation of gold nanoparticle-modified polyelectrolyte capsules under 

microwave irradiation for remotely controlled release for cargo 

 

 

Loretta L. del Mercato
1
, Edgar Gonzalez

2
, Azhar Z. Abbasi

1
, Wolfgang J. Parak

1,
 Victor 

Puntes
2,
* 

 

 
1
 Fachbereich Physik and Wissenschaftliches Zentrum für Materialwissenschaften, Philipps 

Universität Marburg, Marburg, Germany 
2
 Institut Català de Nanotecnologia, Barcelona, Spain, and Institut Català de Recerca i Estudis 

Avançats (ICREA), Barcelona, Spain 

 

* Victor.Puntes.icn@uab.es 

 

Keywords: Polymeric Capsules; gold nanoparticles; MW irradiation; drug delivery; radiation 

controlled release 

 

 

Abstract 

 

The Layer-by-Layer fabrication of polyelectrolyte capsules with and without Au nanoparticles 

(NPs) embedded into their walls is reported. We have studied the behaviour of these capsules 

under microwave irradiation. Their properties have been investigated by transmission electron 

microscopy and dynamic light scattering measurements. We demonstrate that microwaves 

affect the structure of both capsules types by inducing remarkable damages into the multilayer 

wall. We also show that upon microwave exposure the walls of Au NP modified 

polyelectrolyte capsules undergo a rapid damage compared to capsules without NPs. These 

results indicate that microwaves can be used to simultaneously control the opening of 

numerous cargo-loaded capsules for drug delivery purposes. 

 

 

Introduction 

 

Layer-by-Layer (LbL) capsules have attracted high interest in the last layers as versatile 

platform for fabricating multifunctional carrier systems suitable for numerous applications 

ranging from drug delivery to medical diagnostic to biological sensing (Stuart, Huck et al. 

2010). Polyelectrolyte capsules are fabricated by the stepwise LbL deposition of oppositely 

charged polymers around a charged spherical surface (Decher 1997). The multilayer build-up 

is electrostatically driven via the surface charge reversal which occurs after each adsorption 

step (Decher and Schlenoff 2002). Once the desired LbL composition is obtained, the original 

template can be removed to obtain hollow polymeric capsules (Donath, Sukhorukov et al. 

1998; Sukhorukov, Donath et al. 1998). Since the layers of polyelectrolyte microcapsules are 

held together primarily by electrostatic forces, charged NPs (or other charged 

macromolecules) can be integrated into the polyelectrolyte network (Radt, Smith et al. 2004; 

Skirtach, Antipov et al. 2004; Bedard, Braun et al. 2008). So far different types of inorganic 

NPs have been introduced into multilayer polyelectrolyte walls in order to address different 

functions (Sukhorukov, Rogach et al. 2007; Rivera Gil, del Mercato et al. 2008; Bedard, De 

Geest et al. 2009). 
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The ideal polymer capsule carrier system for targeting release must be capable of hosting, 

protecting, transporting and releasing the embedded payload to the target site (e.g. tumors). 

Those tasks can be achieved by applying external physical stimuli capable to induce some 

changes into the structure of the wall of the capsules (i.e., formation of pores), so that the 

loaded drugs can freely diffuse outside. To this purpose, the wall of the capsules can be 

modified with inorganic NPs (NPs) in order to build up multilayer containers responsive to 

specific stimuli, such as light, magnetism, ultrasound, or microwaves. 

 

Light irradiation has been employed to remotely open the wall of polymer capsules modified 

with metal NPs (Bedard, De Geest et al. 2009). Capsules with silver or gold NPs in their wall 

can be opened upon laser irradiation as a result of the temperature increase of the metal NPs 

upon light absorption. The viability of cells after photo-activated release has been investigated 

to probe for side effects (Muñoz_Javier, Pino et al. 2009). The obtained data have 

demonstrated the possibility to release cargo molecules into the cytosol of living cells without 

significantly impairing the cell viability on the time scale of hours (Palankar, Skirtach et al. 

2009). Notably, this method allows for the controlled opening of individual capsules in single 

cells. Thus it appears to be mostly suitable for in vitro studies. In particular it has been 

employed for time-resolved investigation of stimulated reactions inside living cells. 

For burst-like release, there is the need to develop a method which allows for remotely 

inducing the opening of a large number of capsules simultaneously. In this context, 

magnetism, ultrasound and microwave treatments applied to LbL NP-modified capsules have 

being considered as safe methods for in vitro and in vivo opening of capsules. Magnetic force 

has been used to localize and release encapsulated material from capsules modified with 

magnetic NPs (Lu, Prouty et al. 2005; Zebli, Susha et al. 2005; Hu, Tsai et al. 2008). For 

example, Fe-based NPs have been embedded within the walls of polyelectrolyte capsules (Lu, 

Prouty et al. 2005; Hu, Tsai et al. 2008). Such capsules were used for targeted drug delivery, 

in which capsules could be directed to target locations upon application of external magnetic 

field gradients (Zebli, Susha et al. 2005). The magnetic field induces the NPs to rotate, 

damaging the capsule wall. As a result the permeability of the wall is increased and the 

encapsulated substances are released (Gorin, Portnov et al. 2008). Compared to photo-

activated release, magnetism has the potential advantage of being applied inside tissues to 

switch on the unloading of several capsules at the same time. Ultrasound has been employed 

to trigger the release of encapsulated material from polyelectrolyte multilayer capsules with 

both silver and gold NPs in their walls (De_Geest, Skirtach et al. 2007; Skirtach, De_Geest et 

al. 2007). When the capsules are subjected to ultrasound, cavitation and collapse of 

microbubbles from dissolved gases occur. The ultrasonic shock waves propagate through the 

liquid and cause high shear forces between the successive liquid layers. When such shear 

forces cleave through the membrane of the capsules, the membrane is torn apart and the 

capsules are destroyed (De_Geest, Skirtach et al. 2007). Notably, sonication was found to 

destroy both plain and NP-modified capsules. However NP containing capsules responded 

more sensitive to ultrasound exposure. It was postulated that at low frequency the temperature 

difference between the NPs and the medium will be in equilibrium, whereas at high frequency 

only a small portion of the surface will be affected by thermal waves. Similar frequency 

dependence is applicable to viscous losses, wherein extensive NP motion occurs at low 

frequency while little movement takes place at high frequencies. Thus, when the capsules 

were subjected to ultrasound, a morphological change of the capsule wall occurred which 

resulted in the disruption of the capsule membrane and release of encapsulated species. 
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Microwave (MW) radiation has also been investigated as an alternative strategy for in vivo 

controlled release of pharmaceutical compounds without the need for excessive heat, 

prolonged process and toxic reactants (Hallahan, Qu et al. 2001; Zhou, Sun et al. 2004; 

Martin, Craciun et al. 2008). Such method is based on the application of microwaves with 

shorter waves than ultrasound, to modify the molecular interactions between the organic 

molecules. The general concept is depicted in Figure 1.  

 

Besides, Gorin et al. demonstrated that microwaves can be used to destroy polyelectrolyte 

microcapsules and that the effects of MW action depends on the capsules composition and on 

the frequency and power of radiation (Gorin, Shchukin et al. 2006). Especially, the destructive 

effect resulted to be particularly evident in capsules with embedded silver NPs in the polymer 

wall. The authors correlate the observed results to the high electric and thermal conductivity 

of silver, as well as to the MW induced heating of metal NPs and the adjacent regions of 

polymer walls (Gorin, Shchukin et al. 2006). However, it has to be kept in mind that the 

electromagnetic radiation is transformed into molecular vibrations between molecular dipoles, 

especially in water. Therefore, non-thermal effects can be of significant importance. Such 

NP–microwave interaction might be a promising approach to release encapsulated materials 

from polymeric microcapsules. However, to the best of our knowledge, the work of  Gorin et 

al. is the only work reported so far using microwaves as external trigger to remotely destroy 

the wall of polyelectrolyte capsules. 

 

In a different approach, the use of microwaves combined to gold NPs has been employed to 

locally and remotely manipulate protein aggregation (Kogan, Bastus et al. 2006; Araya, 

Olmedo et al. 2008). In particular, the effect of MWs and gold NPs linked to amyloidogenic 

proteins has been investigated to inhibit and reversed their spontaneous aggregation into 

amyloid fibrils and plaques. In this approach the local heat dissipated by gold NPs upon 

radiation with low Gigahertz electromagnetic fields was postulated and has been used to 

redissolve the amyloidogenic deposits (Kogan, Bastus et al. 2006; Araya, Olmedo et al. 

2008). However, again, the energy balance indicated that the mechanism is not only due to the 

heating of the NPs induced by Foucault and Joule effects, since the administrated energy was 

not enough to break the polypeptide bonds. We also want to mention early work by Hamad-

Schifferli et al. who used MW generated heat in Au NPs to melt double-stranded.  

 

In this work, capsules, with and without gold NPs embedded in the multilayer wall, were 

fabricated and the effect of MW radiation was explored by comparing transmission electron 

microscopy (TEM) images and dynamic light scattering (DLS) data obtained before and after 

irradiation of the two different samples. The obtained results show that by combining weak 

microwave fields (~104 mW) and gold NPs, the wall of the capsules can be rapidly destroyed 

with moderate heat generation (~6.279 J) likely thanks to some conformational changes of the 

polyelectrolytes chains Au-NPs composites caused by MW radiation. 
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Figure 1. Schematic representation of the release of substances from Au NP-modified 

polyelectrolyte capsules. Capsules with Au NPs embedded in their walls are loaded with 

cargo molecules. After MW treatment, the wall of capsules undergoes rupture and releases the 

encapsulated substances 
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Results and Discussions 

 

Two types of microcapsules were prepared (Scheme 1, SI), one was composed of 5 bi-layers 

of (PSS/PAH) polyelectrolytes (control sample) (Figure 2, top row), and the other was 

composed of 5 bi-layers of (PSS/PAH) polyelectrolytes containing Au NPs added after the 

eighth PAH layer (Figure 2, bottom row). The size and the morphological properties of both 

capsules types before and after exposure to MW irradiation were investigated via DLS and 

TEM analysis. 

 

The average size of capsules in solution before MW irradiation resulted in 1.5 + 0.1 µm 

(without Au NPs) an 2.0 + 0.2 µm (with Au NPs) determined with DLS with a Malvern 

ZetaSizer. Note that the geometry of the capsule may underestimate the capsule diameter 

since this commercial DLS set-up is rather designed to analyze solid particles (Murdock, 

Braydich-Stolle et al. 2008). 

  

The surface morphology of capsules has been analyzed by TEM before MW irradiation 

(Figure 2). The two capsule types showed a good structural integrity after core removal. As 

expected, a size enlargement was measured under TEM analysis because of the collapse of 

capsules upon the drying procedure. For (PSS/PAH)4AuNP(PSS/PAH) capsules, the Au NPs 

were homogeneously dispersed in the polyelectrolyte wall and no defects, such as breaks or 

holes, were detected in the walls. Also an even distribution of Au NPs in the capsule walls 

was observed evidencing a good control on electrostatic interactions between the oppositely 

charged building blocks, i.e. the Au NPs and the polyelectrolytes. By using Inductive coupled 

plasma mass spectrometer (ICP-MS) analysis, a total number of 6.7x10
8
 Au NPs per capsule 

was estimated. A detailed protocol for calculating the number of Au NPs per capsule can be 

found in the Supporting Information (SI).  

 

     
 

Figure 2. TEM images of 5 bi-layer (PSS/PAH)4AuNP(PSS/PAH) (top row) and (PSS/PAH)5 

(bottom row) capsules before microwave (MW) treatment. The low magnification images 

show a large number of individual capsules with typical folds and creases due to drying of the 

capsules without cores in the cavities. The high resolution images are zoomed into the capsule 

walls and show the integrity of the multilayer wall after core removal. The inset show a higher 

magnification of the Au NPs embedded into the polymer matrix.  

In Figure 3 the time evolution of equivalent capsules, with and without Au NPs, under 

irradiation followed by DLS measurements is shown. It is observed that as control samples 
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(capsules without Au NPs) were irradiated (up to 10 minutes) they progressively decreased in 

their size. A different behaviour was observed once polyelectrolyte-Au NP capsules were 

exposed to same electromagnetic (e/m) fields of 2.45 GHz, 104 mW. In this case, the mean 

capsule diameter decreased earlier and dramatically collapsed at shorter times (4 minutes). 

 

Figure 3. Capsule irradiation. (left) normalized DLS signal of the irradiated capsules 

containing Au NPs (spheres) and without NPs (triangles).  

This phenomenon cannot be attributed to thermal-effects, i.e., Au NPs cannot act as local and 

remote energy sources increasing the temperature of the solution. Assuming that all the 

radiation is absorbed only by the Au NPs and considering the weakness of the employed 

radiation and the littleness of the Au NPs, temperature increase would be only of the order of 

few mK. In addition, since incoming photons have the frequency of a water absorption peak 

(absorption resonance frequency), no microwave photons are expected to significantly reach 

Au NPs, discarding therefore thermal heating by combined Foucault and Joule effects. 

Thermal effects of electromagnetic (e/m) fields on macromolecules, for instance, proteins, 

arise from heat generation by e/m energy absorption. However, significant “non-thermal” 

effects were noted, such as marked changes in the protein’s secondary structure 

(denaturalization) relative to the zero-field state when proteins were irradiated by low power 

MW photons (English and Mooney 2007). This occurred primarily as a consequence of 

alignment of the protein’s total dipole moment with the external field, although the dipolar 

alignment of water molecules in both the solvation layer and the bulk was also found to be 

influential. In fact, this swing effect produced by surrounding water dipoles dissipates energy 

which could break weak chemical bonds responsible for the protein ternary and quaternary 

structures and as hydrophobic or electrostatic interactions. This swing oscillation appears 

when MWs are produced in a resonating chamber and stationary waves are set. Water 

molecules absorb the incoming photons which resonate with their dipolar moments 

transducing the e/m wave into GHz vibrations. We think that such high frequency dipolar 

mechanical vibration is responsible for the observed capsule wreckage. When the Au NPs are 

inserted into the capsule walls the presence of the NPs in the structure has strong effects on 
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the resilience of the capsules to this dipolar oscillation. This might be due to the high surface 

charge of the small NPs (-45 mV surface charge, 10nm diameter), which could be more 

susceptible to the fluctuations of the dipolar field than the surrounding polymer, producing 

sheer forces. However, the high screening effects of charges present in solution and the fact 

that the NPs are buried within the electrolyte layers may attenuate this effect. Besides, respect 

to the mechanical vibration, as Au is almost 20 times denser then the capsule molecules, the 

impulse the Au NPs will experience due to the water vibrations and the capsule molecules 

(pushed by the water molecules) will be considerably smaller than that of neighbouring 

molecules inducing again sheer forces that may be the leading cause in the simultaneous 

breakage of many capsules at shorter times. 

TEM microscopy also showed how the capsules where broken when microwaves were 

applied. In Figure 4 the TEM comparative analysis of capsules with (top row) and without 

(bottom row) Au NPs after MW irradiation is reported. As it can be observed, the wall of the 

capsules comprising Au NPs resulted to be significantly destroyed after MW exposure. In 

particular the formation of large pores into the polyelectrolyte multilayer wall was observed. 

Instead in the control sample (capsules without NPs), no evident effects could be observed as 

rupture of the capsules' walls, whereas a clear size reduction was noticed. 

 

Figure 4. TEM images of 5 bi-layers (PSS/PAH)4AuNP(PSS/PAH) (top row) and 

(PSS/PAH)5 (bottom row) capsules after microwave treatment (irradiation time: 4 min). Top 

row: capsules with Au NPs are significantly damaged after irradiation. The high resolution 

image shows the Au NPs embedded into the polymer matrix of the capsules. Bottom row: 

capsules without Au NPs retain their integrity after irradiation.  

 

The observation of the broken capsules and large pieces of capsule walls in the case of MW 

irradiated NP-containing capsules suggests that once a capsule is broken it rapidly collapses. 

The used irradiation was 2.45 GHz, 104 mW, which is able to heat 1.5 ml by 1°C in 1 min. In 

this condition a (geometrically) coherent and polarized vibration induces an oscillation of the 

dipolar distribution via the water molecule dipoles to which highly charged molecules are 

susceptible, as the used electrolytes. This is complementary to the observed fact that the 

presence of the NPs in the capsules' walls increments their stability as had been observed 

when sonicating or vigorously shaking the capsules (data not shown) (Gorin, Shchukin et al. 

2006). This means that NP modified capsules will be both, more robust and yet more 

susceptible to MW irradiation.  
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This is related to previous work where the use of microwaves was used to dehybridize DNA 

double strands attached to Au NPs or dissolve beta-amyloid deposits decorated with Au. In 

view of these results, the consideration of the Au NPs as antennas for micro-wave irradiation 

in water (highly microwave absorbing media) should be reviewed, because the above 

described non-thermal effects might be the responsible for the data observed in these 

publications. It is remarkable that random vibrations of the water molecules, as those 

produced by conventional thermal effects, surrounding the capsule walls, do not have this 

ability of perturbation as they are induced by static nodes in a resonating chamber.  

Conclusion 

Polyelectrolyte capsules containing gold NPs into their walls were fabricated via the LbL 

technique and their behaviour under MW irradiation was investigated with DLS and TEM 

analyses. The structure of the capsules' walls, comprising 5 bi-layers of (PSS/PAH) 

polyelectrolytes with integrated Au NPs, resulted significantly affected after 4 minutes of 

MW irradiation (2.45 GHz, 104 mW) due to the formation of large pores into the multilayer 

wall. It is assumed that capsules with Au NPs absorb more energy compared to capsules 

without NPs. Heating of a high number of NPs causes strong local surface defects and finally 

leads to collapse of the whole system after few minutes (4 minutes) of MW exposure. In the 

case of capsules without NPs, MW irradiation interacts with the dipole of water molecules 

and polyelectrolytes of the multilayer walls which are charged. After a certain time (10 

minutes), the capsules break. 
 

The obtained results show that MW irradiation can be used to induce a burst-like rupture of 

capsules by applying the field to microcapsules comprising Au NPs in their wall for a short 

period of time (4 minutes). Such a MW-sensitive microcapsule would permit a fast and 

remotely controlled opening and could be suggested as method for simultaneous opening of 

numerous cargo loaded capsules. In case a sustained release is desired, MW irradiation could 

be applied to capsules without Au NPs in order to induce a progressive rupture of the 

capsules. 

 

Future investigations will be performed to tune the opening of the capsules under different 

conditions, e.g. by changing the irradiation parameters (such as the frequency and power of 

radiation), or the composition of the polymer capsules (such as the number of polyelectrolyte 

layers and the concentration of the Au NPs in the walls). 
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Supporting Information 
 

 

I) Synthesis of microcapsules with and without Au nanoparticles into their wall 

II) Microwave (MW) Irradiation 

III) Dynamic Light Scattering (DLS) 

IV) Transmission electron microscopy (TEM)  

IV) Inductive coupled plasma mass spectroscopy (ICP-MS)  

 

I) Synthesis of microcapsules with and without Au nanoparticles into their wall 

I.1) Chemicals 

I.2) Synthesis of CaCO3 Particles  

I.3) Layer by layer (LbL) assembly of polyelectrolytes on CaCO3 cores and embedding of Au 

NPs in the wall of capsules 

 

 

I.1) Chemicals 

Poly(sodium 4-styrenesulfonate) (PSS, Mw ~70,000, # 243051), poly(allylamine 

hydrochloride) (PAH, Mw ~56,000, # 283223), poly(fluorescein isothiocyanate allylamine 

hydrochloride) (PAHFITC, Mw ~56,000, # 630209), calcium chloride dehydrate (CaCl2, # 

223506), sodium carbonate (Na2CO3, #S7795), ethylenediaminetetraacetic acid (EDTA, 

#E5134) and dextran (Mw ~2000,000, # 95771) were purchased from Sigma-Aldrich. Citrate-

coated gold nanoparticles (NPs) of 20nm diameter were obtained from BBI/TED Pella 

(Redding, Calif,USA). In order to improve their stability in buffer solution, the adsorbed 

citrate molecules were replaced by a phosphine (bis(p-sulfonatophenil)phenylphosphine 

dehydrate, dipotassium salt) (Zanchet, Micheel et al. 2001). The concentration of the Au NPs 

was determined by UV/vis spectroscopy by using the molecular extinction coefficient 

(1.13E+9 M
-1

Cm
-1

) of their absorption at the plasmon peak. 

 

I.2) Synthesis of CaCO3 Particles  

CaCO3 microparticles were precipitated from solutions of calcium chloride (CaCl2) and 

sodium carbonate (Na2CO3) under vigorous stirring (Volodkin, Petrov et al. 2004). In a 

typical synthesis, equal volumes (0.615 mL of aqueous CaCl2 and Na2CO3 solutions (0.33 M) 

were mixed in the presence of 5 mg/mL of the dextran and thoroughly agitated on a magnetic 
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stirrer for 30 s at room temperature. After the agitation, the mixture was left without stirring 

for 4 min at room temperature. Subsequently, the precipitate was separated from the 

supernatant by centrifugation (6000 rpm for 5 s) and washed three times with pure water to 

remove unreacted species. In the last step, the particles were washed with acetone and air-

dried. We incorporated dextran in the CaCO3 cores as dissolution of the cores including 

dextran by addition of EDTA was faster than that of cores without dextran. Naturally, in this 

way trace of dextran remain in the capsule cavities after core dissolution.  

 

I.3) Layer by layer (LbL) assembly of polyelectrolytes on CaCO3 cores and embedding 

of Au NPs in the wall of capsules 

20 mg of dried CaCO3 particles were weighted and dispersed in a 0.5M NaCl solution 

containing the polyanion PSS (2 mg mL
–1

). The dispersion was continuously shaken for 12 

min. The excess polyanion was removed by three centrifugation/washing steps with 1 mL of 

milli-Q water (6000 rpm for 5 s). Subsequently, 1 mL of a 0.5M NaCl solution containing the 

polycation PAH (2 mg mL
–1

) was added and the dispersion was continuously shaken for 12 

min, followed again by three centrifugation/washing steps (6000 rpm for 5 s). This procedure 

was repeated three times for each polyelectrolyte resulting in the deposition of ten 

polyelectrolyte layers around the CaCO3 particles.  

 Two different types of microcapsules were produced: with and without Au NPs in the 

multilayer wall (Scheme 1). For capsules with Au NPs, the capsules were resuspended in a 

solution of phosphine-stabilized 20nm Au NPs (500µL of 0.045µM stock) following the 

deposition of the eighth layer (PAH). The final multilayer composition was 

(PSS/PAH)4AuNP(PSS/PAH). For capsules without Au NPs, the final multilayer composition 

was (PSS/PAH)5. 

 In a second step, the CaCO3 core was removed by complexation with EDTA buffer. 

Coated CaCO3 particles were shaken for 2 min with 1 mL of an EDTA solution (0.2M, pH 

5.0), followed by centrifugation (1200 rpm for 8 min) and redispersion in 1 mL of a fresh 

EDTA solution (0.2 M, pH 7.0). We observed that the initial exposure of the microcapsules to 

a slightly acidic EDTA solution lead to a faster and complete decomposition of the CaCO3 

cores compared to their direct exposure to a neutral EDTA solution, as previously reported by 

others (De_Geest, Skirtach et al. 2007; Hu, Tsai et al. 2008; De Koker, Naessens et al. 2010). 

Then the capsules were washed with 1 mL of neutral EDTA for quickly increasing the pH up 

to 7. To remove the dissolved ions, the thus obtained hollow microcapsules were gently 

washed three times centrifugation (1200 rpm for 6 minutes) and washings steps with 1 mL of 

fresh milli-Q water. The microcapsules were finally stored as suspension in water at 4°C. The 

microcapsules concentration was estimated to be 3.12x10
8
 microcapsules/mL. The capsule 

number per volume was determined by direct counting by a hemocytometer under a 

microscope. A drop of a diluted solution of capsules was added onto the chamber and the 

number of capsules in the volume defined by the hemocytometer was counted by using a 20X 

objective.  
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Scheme 1. Schematic illustration of the synthesis of a polyelectrolyte capsule with and 

without Au NPs embedded in the wall. i) A spherical CaCO3 porous template is synthesized 

by mixing two solutions of Na2CO3 and CaCl2. ii) The CaCO3 particle is then coated via 

consecutive LbL deposition of oppositely charged polyelectrolytes to grow a multilayer 

polymer wall around the template. iii) The wall is functionalized by loading charged Au NPs 

onto an oppositely charged layer during the LbL assembly. iv) LbL of polyelectrolytes is 

repeated to obtain a stable multilayer wall on both capsules with and without Au NPs in the 

wall. v) The spherical template is removed to obtain a multilayer capsule with and without Au 

NPs in the walls. Capsules are not drawn to scale. Only few layers of polyelectrolyte and of 

NPs are shown for sake of clarity. 
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II) Microwave (MW) Irradiation 

MW radiation was produced by a house customized RF microwave generator at 2.45 GHz. 

The sample was placed inside a resonating chamber for irradiation. In this condition, and for a 

sample volume of 1.5 mL, the temperature increases by 1
0
C in a radiation time of one minute. 

The power administrated to the system is of 104 mW with a total thermal energy of 6.3 J 

every minute. An aqueous suspension (1 mL) of capsules with and without NPs containing 

1.12x10
8
 capsules/mL was placed into a resonating chamber for irradiation. Samples were not 

shaken to avoid interference with mechanical disruption and an inner temperature probe was 

used to monitor the temperature variation at the sample position.  

 

 

III) Dynamic Light Scattering 

Measurements were made with a Malvern ZetaSizer Nano ZS Instrument operating at a light 

source wavelength of 532nm and a fixed scattering angle of 173° for detection. Aliquots of 

0.8 mL of the colloidal NP solutions were placed into the specific cuvette and the software 

was arranged with the specific parameters of refractive index and absorption coefficient of the 

material and solvent viscosity. DLS allows for determining of the hydrodynamic diameter of 

colloidal particles. This is the diameter of the equivalent sphere with the same Brownian 

motion as the analyzed sample. The observed differences of the initial diameter between the 

DLS values of capsules with and without NPs  are attributed to the different contrast of the 

different capsules under the measuring beam but with and without the presence of metallic 

(plasmonic) NPs. 

 

 

IV) Transmission electron microscopy (TEM)  

Polyelectrolyte capsules, with and without Au NPs into the multilayer walls, were analyzed 

by Transmission Electron Microscopy (TEM) after core removal by using a JEOL 3010 TEM 

operating at an accelerating voltage of 300 kV. A 10 μl drop sample was placed on a 

Formvar
®
/carbon coated TEM-grid (300 Mesh 3.05 mm Copper, Plano GmBH) and dried at 

room temperature before imaging. 

 

V) Inductive coupled plasma mass spectroscopy (ICP-MS) 

 

The number of Au NPs per capsules has been calculated by measuring the amount of Au ions 

per capsules as obtained from the Inductive coupled plasma mass spectrometer (ICP-MS). For 

the ICP-MS measurements 100 µL of capsule sample from the original stock was first 

digested with 20 µL of 12 M concentrated nitric acid to oxidize the organic coating around the 

NPs. Then 80 µL of 12 M hydrochloric acid was used to dissolve the Au NPs into Au ions. 

Concentration of Au determined from ICP-MS measurement was 2E-3 m mol/ml. We 

calculated that one Au NP of 20nm contains 2.4x10
5
 atoms of Au. Using this number we 

calculated the total number of Au NPs in the solution to be 2.4x10
5
 times smaller than the 

total number of Au ions in the solution. The concentration of capsules in a capsules sample of 

the same volume of 100 µl was determined to be 10
8
 capsules per mL, by counting the 

number of capsules using the microscope in phase contrast mode. At the end the number of 

Au NPs per capsules was calculated by dividing the concentration of Au NPs and the number 

capsules in the solution. The obtained value was 7.29x10
3
 Au NPs per capsule. The 

calculation is given in details below. 
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p refers to nanoparticles 

maAu = mass of 1 Au atom / ion 

ρAu = density of Au 

VpAu = Volume of 1 Au NP (diameter 20nm) 

mpAu = mass of 1 Au NP (diameter 20nm) 

NaAu: refers to the number of Au atoms in one Au NP 

NpAu: refers to the number of Au NPs in the sample solution 

NAu = number of detected Au ions within the sample solution 

cAu = concentration of Au ions in the sample solution 

V = Volume of sample solution 

Ncaps = number of capsules in the sample solution 

 

To calculate the number of Au atoms per 20nm Au NP firstly we calculated the mass of one 

Au NP of 20nm (mpAu) using the following formula: mpAu = ρAu • VpAu. ρAu is the mass density 

of Au which is 19.3 g/cm
3
. VpAu is the volume of one Au NP calculated using the formula 

VpAu = 4/3 π r
3
, whereby r is the radius of one Au NP. The calculated volume VpAu is 4.1x10

-

18
 cm

3
. Using the above given ρAu and VpAu values, the mass of one Au NP (mpAu) was 

calculated to be 8.1x10
-17

 g. The total mass of one Au atom / ion (maAu) is 3.2x10
-22

. The 

number of Au atoms in one 20 nm Au NP was obtained by dividing the mass of one Au NP 

(mpAu) by the total atomic mass of Au (maAu). We found 2.4x10
5
 atoms of Au in one 20nm Au 

NP (NaAu).  

 

With ICP-MS measurements we determined the concentration of Au ions in solution after 

dissolving the Au NPs: cAu From the Au concentration cAu we got the total number of Au 

atoms (NAu) within sample by NAu = cAu • V • NA with the Avogadro number NA = 6.02x10
23

. 

The volume of the samples was V = 1 mL. In our experiments we got cAu = 2E-3 mmol / 1 

mL as result. From this concentration value we got the total number of Au atoms (NAu) in this 

sample, which was NAu = 1.21x10
18

. Each Au NP contains 2.4x10
5
 (NaAu) Au atoms. Thus the 

number of Au NPs in the sample solution (NpAu) was calculated by dividing NAu with 

2.47x10
5
. This resulted in the value NpAu = 4.88x10

12
. 

 

The number of capsules Ncaps in the samples was counted to be Ncaps = 6.70x10
8
. Finally, the 

number of Au NPs per capsule was obtained by dividing the number of Au NPs (NpAu) by the 

number of capsules (Ncaps) in the sample. NpAu/Ncaps = 4.88x10
12

 / 6.70x10
8
 = 7.29x10

3
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I) Synthesis of FePt nanoparticles 

I.1) Chemicals 

I.2) FePt synthesis 

I.3) Comments to nanoparticle synthesis 

I.4) Absorption spectra of FePt nanoparticles 

I.5) Size characterization with transmission electron microscopy (TEM) 

 

I.1) Chemicals 

Octyl ether (99%), 1,2 hexadecanediol (Tech 90%) and iron pentacarbonyl (99.99%), oleic 

acid (Tech90%), oleyl amine (Tech 70%) were purchased from Sigma, platinum 

acetylacetonate  (98%) was purchased from ABCR chemicals. All solvents used for 

precipitation and re-dispersion of the particles (methanol, ethyl acetate, chloroform, toluene 

and hexane) were purchased as anhydrous solvents from Sigma.  

 

I.2) FePt synthesis 

For the synthesis of the iron platinum particles we followed the recipe previously reported by 

Sun 
5
. In this synthesis method a combination of oleic acid and oleyl amine was used to 

stabilize the monodisperse FePt colloids and prevent oxidation. FePt particles were obtained 

by the reduction of Pt(acac)2 (acac= acetylacetonate, CH3COCHCOCH3) by a diol and the 

decomposition of Fe(CO)5 in high-temperature solutions. 1,2-hexadecanediol was used to 

reduce the Pt(acac)2 to Pt metal. Briefly in a 50 ml three neck flask 10 ml of octyl ether, 95 

mg of Pt(acac)2 and 195 mg of 1,2 hexadecanediol were mixed under nitrogen atmosphere. 

The temperature was raised to 100°C until the solution turned into clear translucent yellow 

color. A mixture of oleic acid (0.08 ml), oleyl amine (0.08 ml), and iron pentacarbonyl (0.06 

ml) was injected quickly under vigorous stirring into the Pt(acac)2  solution. The mixture 

solution was heated to 280 °C at a heating rate of 12 °C/min. The solution was incubated at 

this temperature for 15 minutes. Finally the heating mantle was removed to stop the reaction. 

At room temperature particles were precipitated from the solution by addition of anhydrous 

methanol (15 ml) and a small quantity of ethyl acetate (2-3 ml) in order to prevent phase 

separation of the solvents. The supernatant was discarded, and the precipitate could be 

redispersed in chloroform, toluene or hexane. If the precipitation of these particles was 

performed at a moderate speed (800 rpm) the re-dispersed solution was stable for months 

 

I.3) Comments to nanoparticle synthesis 

During the synthesis Pt(acac)2 and 1,2 hexadecanediol dissolve well in octyl ether at 100
0
C 

giving a clear translucent yellow solution. Sometimes we observed that, under the same 

conditions, the above mentioned chemicals were not dissolving well in octyl ether. As final 

result it was not possible to get a clear translucent yellow solution at 100
0
C. In particular the 

solution sometimes started making gel near 150
0
C when it was cooled down after reaching 

280
0
C. To dissolve this gel we used small amounts of toluene and the particles were 

precipitated again (at room temperature) using methanol and finally redispersed in chloroform. 

Nevertheless after one day these particles started precipitating in chloroform indicating that 

they were no longer stable. We think that this problem is due to the 1,2hexadecandiol: we had 

used two packages of this chemical (chemical#1 Cat#21,374-8, Lot# S10101-462; chemical#2  

Cat# 21,374-8 Lot# S42511-277) from the same manufacturer. For chemical #1 the synthesis 

was working well and we did not observe any gel formation, also the particles were stable 

after precipitation in chloroform for months whereas for chemical #2 the synthesis process 

was less efficient (gel formation and particle precipitation were observed sometimes as 

described above). In summary 1,2hexadecanediol is very critical for the FePt particle 

synthesis. 
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I.4) Absorption spectra of FePt nanoparticles 
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Figure SI-I.2.1: UV/vis absorption spectrum of FePt particles dissolved in chloroform.  

 

 

I.5) Size characterization with transmission electron microscopy (TEM) 

 

TEM analysis was carried out to characterize the morphology and the size distribution of the 

FePt nanoparticles. Here the nanoparticles dissolved in chloroform (before the polymer 

coating) are described. The average diameter of one FePt nanoparticle (only the inorganic 

FePt part, without the organic surfactant shell) was determined to be 3.16  0.44 (3.2  0.4) 

nm. 

 

 
 

Figure SI-I.3.1: TEM images of FePt particles which had been dissolved in chloroform. The scale bars 

correspond to 20 and 10 nm. 
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Figure SI-I.3.2: Histogram of the size distribution of the diameter of the FePt particles as obtained 

from the TEM images (3.2 + 0.4 nm). 
 

II) Embedding of FePt nanoparticles in polyelectrolyte capsules 

 

Estimation of the number of FePt particles per capsule 

 

To estimate the number of FePt nanoparticles per capsule, we calculated the number of Fe 

atoms per FePt nanoparticle (i), then we calculated the number of FePt nanoparticles in the 

sample solution (ii) and finally we calculated the number of FePt nanoparticles per capsule 

(iii). Below the legend used during the calculations is given. 

 

a: refers to atoms 

p: refers to particles 

m
a
Fe: refers to the mass of 1 Fe atom 

m
a
Pt: refers to the mass of 1 Pt atom 

FePt : refers to density of FePt  

V
P

FePt: refers to the volume of 1 FePt  nanoparticle (diameter 3.16  0.44 nm) 

m
p

FePt: refers to the mass of 1 FePt nanoparticle (diameter 3.16  0.44 nm) 

m
a
FePt: refers to the mass of 1Fe + 1Pt atom 

N
a
FePt: refers to the number of Fe atoms + number of Pt atoms in one FePt nanoparticle 

N
a
Fe: refers to the number of Fe atoms per FePt particle 

N
p
FePt: refers to the number of FePt particles in the sample solution 

NFe = number of detected Fe atoms within the sample solution 

cFe = concentration of Fe atoms in sample solution 

V = Volume of sample solution 

Ncaps = number of capsules in the sample solution 

 

 

(i) Calculation of the number of Fe atoms per FePt nanoparticle: 
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To calculate the number of Fe atoms per FePt nanoparticle firstly we calculated the mass of 

one FePt nanoparticle of 3.1 nm (m
p

FePt) using the following formula m
p

FePt = FePt  V
p

FePt, 

where FePt is the mass density of FePt which is 14 g/cm
3
 as reported by Wu et al. 

37
 and 

V
p

FePt is the volume of one FePt nanoparticle calculated using the formula V
p

FePt = 4/3 π r
3
, 

where r is the radius of one FePt nanoparticle. The calculated volume V
p

FePt is 1.6510
-20

 

cm
3
. Using the above calculated FePt and V

p
FePt values, the mass of one FePt nanoparticle 

(m
p

FePt) was calculated to be 2.3110
-19

 g.  

 

The total atomic mass of one Fe and one Pt atoms (m
a
FePt) was obtained by adding the atomic 

mass of these two elements (m
a
FePt: m

a
Fe+ m

a
Pt). Given m

a
Fe = 9.2710

-23
 g and ma

Pt = 

3.2410-22 g, m
a
FePt is 4.1710

-22
 g. 

The number of Fe and Pt atoms in one 3.1 nm FePt nanoparticle was obtained by dividing the 

mass of one FePt nanoparticle (m
p

FePt) with the total atomic mass of one Fe and one Pt atom 

(m
a
FePt). We found 554 atoms of Fe and Pt in one FePt nanoparticle (N

a
FePt). Since we 

assumed that there are 50% of Fe atoms and 50% Pt atoms in one FePt nanoparticle of 3.2 

nm, the total number of Fe atoms in one FePt nanoparticle is N
a
Fe= 277. 

The error is directly correlated to the error in determining the volume of one FePt nanoparticle. 

As the diameter has been determined to be 3.16  0.44 nm the volume V
p

FePt is 16,5  6,0 

nm
3
. This corresponds to an error of 33%. In this way the accuracy in the number of Fe atoms 

in one FePt nanoparticle is N
a

Fe= 277  91. 

 

(ii) Calculation of the number of FePt nanoparticles in the sample solution (N
p

FePt): 

From the ICP measurements we measured the Fe-concentration cFe for the capsules samples 

containing low (S2), medium (S3) and high (S4) concentration of FePt nanoparticles (see the 

capsule synthesis section). Moreover, the concentration of Fe of the original nanoparticle 

solution was measured (Control without capsules).  

 

From the Fe concentration cFe we got the total number of Fe atoms (NFe) within each sample 

by NFe = cFe  V  NA with the Avogadro number NA = 6.0210
+23

.  

The volume of the samples was V = 2 ml. Accuracy in the measurements is around 10%. 

 

 Concentration of Fe atoms in S1 sample (Control: FePt particles without capsules)  

     cFe = 0.8410
-3

 mol / 2 ml
 

From this concentration value we got the total number of Fe atoms (NFe) in this sample, 

which was NFe = 5.0610
+20

. As we know, one FePt particle contains 277  91 (N
a
Fe) Fe 

atoms, thus the number of FePt nanoparticle in the sample solution  (N
p

FePt) was calculated 

simply by dividing NFe with 277 and the calculated value was N
p

FePt= 1.8310
+18

. 

 

 Concentration of Fe atoms in S2 sample (low capsule concentration)     

     cFe = 0.2310
-3

 mol / 2 ml 

From this concentration value we got the total number of Fe atoms (NFe) in this sample, 

which was NFe = 1.3910
+20

. The number of FePt nanoparticles in the solution thus was 

N
p

FePt = 5.0210
+17

. 
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 Concentration of Fe atoms in S3 sample (medium capsule concentration)  

       cFe = 0.4410
-3

 mol / 2 ml 

From this concentration value we got the total number of Fe atoms (NFe) in this sample, 

which was NFe = 2.6510
+20

. The number of FePt nanoparticle in solution (N
p

FePt) was 

0,9610
+18

. 

 Concentration of Fe atoms in S4 sample (high capsule concentration)  

       cFe = 1.310
-3

 mol / 2 ml 

From this concentration value we got the total number of Fe atoms (NFe) in this sample, 

which was NFe = 7.83 10
+20

. The number of FePt nanoparticles in the sample (N
p

FePt) was 

2.8310
+18

. 

Related to the accuracy in determining N
p

FePt the error of these values is around 30%. 

 

 

(iii) Calculation of the number of FePt nanoparticles per capsule (N
p

FePt / Ncaps) 

The number of capsules Ncaps in the samples S2, S3, S4, and S5 (capsules without FePt) (with 

sample volume V = 2 ml) was counted 

 

sample S2 : Ncaps = 1.810
+9

  

sample S3: Ncaps = 2.810
+9

 

sample S4: Ncaps = 4.110
+9

 

sample S5: Ncaps = 2.810
+9

  

                        

Finally, the number of FePt nanoparticles per capsule was obtained by dividing the calculated 

number of FePt nanoparticles (N
p

FePt) by the calculated number of capsules (Ncaps) in the 

original samples. Theses values (N
p

FePt/Ncaps) are reported in the Table 1 of capsule 

characterization section. 

 

sample S2 : N
p

FePt/Ncaps = 5.0210
+17 

/ 1.810
+9

  = 2.810
+8

  

sample S3: N
p

FePt/Ncaps = 0,9610
+18 

/ 2.810
+9

= 3.410
+8

  

sample S4: N
p

FePt/Ncaps = 2.8310
+18

/ 4.110
+9 

= 6.910
+8

 

 

As described above the major source of error is determination of the nanoparticle diameter 

due to the limited narrowness of the size distribution and in this way the amount of iron atoms 

per nanoparticle. Counting in FePt nanoparticles therefore has an error of around 33%, 

whereas error in counting capsules is associated to an error of 10%. Therefore errors in 

determination of N
p

FePt/Ncaps are around 33%: 

 

sample S2 : N
p

FePt/Ncaps = (2.8  0.9)10
+8

  

sample S3: N
p

FePt/Ncaps = (3.4  1.1)10
+8

  

sample S4: N
p

FePt/Ncaps = (6.9  2.3)10
+8
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