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1 Introduction 
Parts of this chapter have been published in P1) P. Biehl, M. von der Lühe, S. Dutz, F. H. Schacher, Polymers, 

2018, 10, 91. 

1.1 Magnetic Nanoparticles 
Medicine faces a wide range of problems, ranging from prediction and diagnosis, over monitoring, 

treatment and curing to preventing diseases. For many of those problems, functional assemblies with 

dimensions of a few nanometers up to 100 nm provide promising features. Due to their unique properties 

and potential applications, magnetic nanoparticles (MNP) have gained tremendous interest in different 

research fields during the last decades.  

In general, the properties of nanoparticles are mainly dominated by a large surface to volume ratio and 

therefore differ significantly from the properties of the respective bulk materials.[1] The major differences 

compared to bulk materials are: 

• Increased chemical reactivity due to a high specific surface 

• Decreased influence of mass forces compared to van-der-Waals forces, electrostatic interactions 

and thermodynamic effects, enabling the possibility of stable dispersions 

• Material-specific properties, e.g., surface plasmon enhancement for Au-NP 

In case of nanoparticles made of ferro- or ferrimagnetic materials, nanoparticles can show very interesting 

magnetic properties, which cannot be observed for bulk materials. 

1.2 Magnetic Materials 
Ferro- or ferrimagnetic, superparamagnetic, and superferrimagnetic behavior at room temperature can 

be observed for three types of materials: 

• Ferromagnetic metals (Fe, Co, Ni) 

• Alloys (CoPt, FePt, FeNi, FeCo) 

• Oxides 

Both elemental metals and alloys are of little interest for applications due to several reasons. Elemental 

metals are prone to oxidation, and Co and Ni show cytotoxic side effects.[2-8] Furthermore, some 

ferromagnetic alloys show hard-magnetic behavior, resulting in a strong aggregation tendency of the 

particles. The group of oxides again can be divided into mixed oxides like magnetic garnets and ferrites, 

and pure metal oxides. Since all garnets show only very low saturation magnetizations, they are not 

suitable for biomedical applications. Ferrites are ceramic materials, containing oxides of iron and other 
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metals. Ferrites with either soft-, or hard-magnetic behavior exist, depending on their composition.[9-12] 

Soft-magnetic ferrites are only of little interest for biomedical applications, whereas the hard-magnetic 

Co-ferrite (CoFe2O4) is widely used.[13-15] Concerning the pure oxides, only the iron-oxides show 

ferromagnetic properties at room temperature. Out of all different iron oxides (Fe2O, FeO, Fe2O3, and 

Fe3O4), only -Fe2O3 (maghemite) and Fe3O4 (magnetite) show ferromagnetic behavior. 

1.2.1 Magnetic Properties of Nanoparticles 

The magnetic properties of iron oxide particles are determined by their size. In bulk materials, magnetic 

domains are formed, which are statistically oriented and separated by the so-called Bloch walls. This 

results in no apparent magnetization without an external magnetic field. With decreasing particle size, the 

wall-energy increases if compared to the overall particle energy, and therefore in nanoparticles only single 

domains are formed for energetic reasons. The critical size for the formation of single domain particles is 

determined by the specific magnetic anisotropy, and the form factor of the particles.[16] The upper limit 

for the formation of cubic and spherical single-domain particles made of magnetite for example is 

80 nm.[17-19] 

These single-domain particles can be magnetized in an external magnetic field H up to a maximum value, 

the saturation magnetization MS. In absence of an external field, the magnetization decreases, but will 

retain a certain magnetization at H = 0 (Scheme 1), the so called remanent magnetization MR. In vibrating 

sample magnetometry (VSM), this behavior leads to hysteresis loops, giving further information about the 

coercivity c, meaning the magnetic field which is needed to decrease the magnetization of the material 

to 0. 

 

Scheme 1: Schematic representation of a magnetic hysteresis curve of a ferromagnetic material (red line), and 
superparamagnetic behavior of nanoparticles (blue dashed line). 
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With further decrease of the particle size, the anisotropy energy of the particles is also decreased, leading 

to a probability that the thermal energy at certain temperatures exceeds the anisotropy energy. This leads 

to spontaneous changes in the magnetization orientation, and thus, a thermally induced relaxation of the 

remanent magnetization, the so-called Neel-relaxation.[20] The time after which the remanent 

magnetization MR reaches a value close to 0 is called the Neel relaxation time N and can be estimated 

from the ratio of the anisotropy energy (KV) to the thermal energy (kT) with the Boltzmann constant k and 

the temperature T following Equation 1 where 0 is the minimum natural relaxation time of 10-9 seconds: 

Equation 1:  e(KV)/(kT) 

For quasi-static measurements like VSM,  is small compared to the measurement time tM (tM > ). 

Therefore, the measurement shows no coercivity and remanent magnetization. This behavior is called 

superparamagnetism. Since remanent magnetization would lead to clustering of the particles in 

dispersions, superparamagnetism is of great interest for biomedical applications, as these particles show 

prolonged dispersion stabilities. 

Larger clusters of those superparamagnetic nanoparticles exhibit unique magnetic properties, as they 

show superparamagnetic behavior without an external field, but can show ferromagnetic properties with 

a hysteresis when an external field is applied. This behavior is typical for multicore nanoparticles 

(MCNP),[21-23] which show promising properties for medical applications (e.g., hyperthermia).[21, 24-26] 

1.2.2 Preparation of Magnetic Nanoparticles 

The choice of the preparation method strongly depends on the used material, as well as on the desired 

size and size distribution of the MNP. MNP synthesis can be divided into three different preparation 

routes: 

• Biomineralization 

• Physical methods 

• Chemical methods 

In this thesis, only iron oxide nanoparticles synthesized by co-precipitation were used. Nevertheless, a 

short overview on alternative synthesis possibilities is given in the following section. 

Biomineralization is a process, in which living organisms are capable of preparing magnetic particles for 

their own benefit.[27] Magnetotactic bacteria for example were found to synthesize and utilize nanosized 

iron oxide crystals as a compass to find their preferred habitat.[28] Those bacteria can be animated to 

synthesize MNP in the size between 20 and 45 nm in the lab by simulating the conditions of their natural 
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habitats.[29-31] Since the obtained magnetosomes are coated with bacterial proteins, they are of no use in 

medical applications yet. Therefore, current research aims on optimization of the biomineralization 

process to transfer the results to wet chemical preparation routes.[32-33] 

For physical preparation methods, both bottom up and top-down syntheses exist. In top-down methods, 

magnetic bulk material is reduced to the nm scale by milling, with the major drawback that the milling 

process allows only little control on the MNP size and shape.[34] An example for bottom-up strategies is 

laser evaporation of precursors like oxide powders.[35-36]  

The most prominent chemical methods to synthesize MNP are thermal decomposition of precursors, 

microemulsion synthesis, hydrothermal synthesis, and co-precipitation. For thermal decomposition 

synthesis, precursors like iron carbonyls or iron acetylacetonates (acac) are decomposed in high boiling 

organic solvents in the presence of surfactants (e.g., oleic acid). The thermal decomposition methods 

usually result in particles with narrow size distribution and the precursor-reactant-ratio (solvent, 

surfactant) allows control over size and shape of the resulting particles. Depending on the precursor, either 

a two step synthesis or one step synthesis is possible. The decomposition of iron carbonyls leads to 

elemental iron, which can subsequently be oxidized by moderate heating, whereas for example 

decomposition of Fe(acac)3 directly leads to iron oxide particles. Prominent examples of thermal 

decomposition synthesis are given by Hyeon et al. and Park et al., synthesizing almost monodisperse 

particles with 13 nm in diameter.[37-38] In microemulsion synthesis, emulsions of water droplets with a size 

of 10 – 15 nm in an oil phase serve as micro reaction vessels. The droplets are stabilized with surfactants. 

This route again leads to almost monodisperse particles.[39] Okoli et al. showed that nucleation and growth 

of the particles are very limited by the diffusion distance, leading to very uniform particles.[40] The narrow 

size distribution renders the obtained particles interesting for medical applications.[41]  

Metal salts can be hydrolyzed and dehydrated in aqueous media at temperatures above 200 °C and 

pressures above 2000 psi (137 bar) in autoclaves. This process called hydrothermal synthesis is based on 

the insolubility of the developing metal oxide nanoparticles under the given conditions.[42-43] Variation of 

concentration, temperature, and autoclaving time allows control over size and morphology of the resulting 

nanoparticles.[44-45].  

One of the most common synthetic routes is the co-precipitation of iron oxides in alkaline media. Despite 

all organic media would be suitable as growth medium, most research focuses on aqueous media. First 

works in this field were published in 1980 by Khalafalla and Reimers, adding a mixture of Fe(II) and Fe(III) 

salts to an aqueous ammonia solution and stabilizing the precipitate using dodecylamine (Scheme 2).[46] 
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Scheme 2: Co-precipitation of FeCl2 and FeCl3 with NaHCO3. 

In the same year, Massart published the preparation of MNPs by adding a solution of FeCl2 and FeCl3 to an 

aqueous ammonia solution and treating the precipitate with either 1 M tetramethyl ammonium hydroxide 

to obtain an alkaline sol or 2 M perchloric acid to obtain an acidic sol. The particle size can be controlled 

by adjustment of the pH and the Fe(II)/Fe(III) ratio. Higher pH values or lower Fe(II)/Fe(III) ratios lead to 

decreased particle diameters.[47] The particle size is usually in the superparamagnetic range from 5 to 

15 nm with rather broad size distributions. The particle size can be increased up to 40 nm, where particles 

show single domain ferrimagnetic behavior. Since the first publications, many modifications of the initial 

synthetic route have been investigated. Slow addition of the salts to the alkaline media for example 

resulted in superferrimagnetic clusters of single crystals of 10 to 15 nm showing very promising magnetic 

properties for medical applications[22, 25, 48]. Besides the co-precipitation of iron oxides, ferrites, e.g., cobalt 

ferrite, can be synthesized via co-precipitation by partially replacing Fe2+ by Co2+. 

1.3 Medical Applications of Magnetic Nanoparticles 
The magnetic properties of MNP render them interesting for medical applications, since they can be 

manipulated by external magnetic fields. The possible applications can be divided into three fields: in vivo 

imaging, drug delivery, and hyperthermia. Magnetic iron oxide nanoparticles offer the possibility of 

simultaneous in vivo imaging and therapeutic applications. In literature, this combination is typically 

referred to as theranostics. 

1.3.1 In vivo imaging 

One of the most interesting fields for possible applications of synthetic nanomaterials in medicine is in vivo 

diagnosis, covering contrast agents for computed tomography (CT), magnetic resonance imaging (MRI), or 

positron emission tomography (PET). Nanoparticles (NP) can be used as contrast agents for all of these 

methods, utilizing the particular features of different materials to enhance contrast in the observed tissue. 

For the X-Ray based CT imaging for example, gold nanoparticles and –nanoclusters, or NaGdF4 
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upconverting nanoparticles (UCNP) have been used to enhance the contrast of soft tissue, which generates 

no, or only very low contrast if compared to bones.[49-52] In comparison to CT and PET, which are based on 

polarizing radiation, MRI is based on the interaction of molecules with their surrounding in a magnetic 

field. It provides unlimited penetration depth and therefore is widely used for in vivo imaging.[53] 

Conventional contrast agents are based on paramagnetic complexes containing Gd3+, Mn2+, or Fe3+. These 

contrast agents usually enhance T1 contrast, but are rapidly cleared from the vascular system.[54-55] 

Compared to that, superparamagnetic iron oxide nanoparticles (SPIONs) accelerate T1 and T2 relaxation 

rates, enhancing accuracy and contrast of imaging in living organisms.[56] A crucial factor for MNP as 

contrast agents is the particle size and size distribution for a well defined magnetic behavior. The most 

potent example in literature was given by Khandhar et al., synthesizing uniform particles with a diameter 

of 25 nm.[57] 

1.3.2 Drug Delivery and –Targeting 

The second large field of research concerning nanosized assemblies in medicine is drug delivery or drug 

targeting. For drug delivery applications, conventional drugs are bound to or incorporated into a nanosized 

carrier system. Such systems are designed to increase circulation times of the drug in the bloodstream, or 

enable drug targeting, the directed accumulation and release of the drug at the infected site to decrease 

unwanted side effects of the drug. The by far most promising field for drug delivery research is cancer 

therapy.[58]  

Hybrid nanoassemblies featuring an inorganic core and an organic coating as well as organic block 

copolymer assemblies like micelles or polymersomes can be suitable as carrier systems (Scheme 3). The 

carrier system has to fulfill different requirements. The drug has to be immobilized on the carrier surface 

or incorporated into the carrier system. For micelles or polymersomes, this can be realized by 

encapsulation during the formation of the carrier system, whilst for hybrid systems, the drug has to be 

bound to the NP surface, or encapsulated within the polymer shell. An important factor is that the drug 

afterwards is not leeching from the carrier, since that would again cause unwanted side effects and 

decrease the efficiency of the drug delivery system. 
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Scheme 3: Schematic representation of different carrier systems: (A) hybrid nanoparticle with inorganic core and organic shell, 
(B) block copolymer micelle, and (C and D) polymersomes, each showing the possible position of hydrophobic drug (yellow 
stars), or hydrophilic drug (purple stars). 

Drug targeting, the selective enrichment of the drug in the tumor tissue, can be achieved by different ways. 

The nanocarrier surface can be functionalized with receptors or antibodies, which are designed to be 

recognized by tumor cells, enabling the selective uptake to the tumor tissue. Still, only the carrier systems 

which pass the tumor, can be taken up into the tumor cells. To enable an enrichment by this passive 

targeting, long circulation times are important, because otherwise most of the carrier might end up in the 

liver or kidney instead of reaching the tumor tissue. Using inorganic/organic hybrids with a magnetic NP 

core, active accumulation of the carrier can be enforced at the location of the tumor by applying an 

external magnetic field. For this external mechanical manipulation, the MNP need a high magnetic 

moment. This can be realized using large particles, which tend to undergo secondary aggregation and 

sedimentation,[59-64] or using Co-ferrite NP showing comparable magnetic properties at smaller particle 

sizes.[65] 

Once the carrier system is taken up by the tumor cells, the incorporated drug has to be released. Therefore, 

different triggers like changes in temperature or pH[66] or irradiation with light can be utilized. In this 

regard, the intrinsic magnetic response of MNP is beneficial since heating can easily be achieved by an 

external alternating magnetic field.[67] 

Several hybrid polymer@MNP systems are reported in the literature, which successfully delivered anti-

cancer drugs like doxorubcin to tumor tissue.[66, 68] Unterweger et al. for example reported on the synthesis 

of dextran coated SPIONs, which in a second step were coated with hyaluronic acid bearing the anti cancer 

drug cisplatin.[69] Kohler et al. immobilized methotrexane, another anti tumor drug, covalently on the 

surface of iron oxide nanoparticles and subsequently coated the particles with poly(ethyleneglycol) (PEG). 

The particles showed increased cell uptake compared to control particles, and in vitro experiments showed 

increased cytotoxicity compared to the free drug. Furthermore, MRI contrast could be enhanced by the 

particles.[70] 
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1.3.3 Hyperthermia 

Another therapeutic application of magnetic nanoparticles is hyperthermia. Once injected into the 

organism, MNP can be directed to the tumor tissue by external magnetic fields. When the MNP are 

accumulated in the tumor tissue, they can be heated by an external high frequency alternating field. Since 

the emitted heat depends on the reverse magnetic loss, MNP for these applications should have 

maximized magnetization losses for given magnetic fields. For magnetic fields below 10 kA/m, 

superparamagnetic iron oxide nanoparticles with sizes around 10 nm are the most promising systems, 

whereas for higher fields, larger ferromagnetic particles show improved performance.[13] Depending on 

the combination of particle size and magnetic field, either narrower or broader size distributions can be 

beneficial for the heating performance.[71-72] 

In recent research, the previously introduced superferrimagnetic multicore nanoparticles showed 

promising results for heating applications.[21, 24, 26] They show high stability against sedimentation due to 

their low remanent magnetization on the one hand, and a higher coercivity than the superparamagnetic 

SPIONs on the other. 

 

1.4 Polymeric Coating Materials 
For all biomedical applications, nanoassemblies face several difficulties concerning circulation times, 

accumulation, cellular uptake, and intracellular drug release. All these problems can be addressed by 

controlling the surface chemistry of the nanostructured assemblies. First, the NP need to be stable against 

precipitation under physiological conditions to prevent clustering upon injection, which would lead to the 

formation of, e.g., thrombi. For long circulation times, it is furthermore necessary that recognition of the 

NP by the immune system as well as uptake into the liver is inhibited. Therefore, some surface coatings 

provide a stealth effect. A crucial issue for recognition, as well as for secondary aggregation of the carrier 

systems upon contact with biological fluids is the formation of a protein corona due to protein adsorption 

upon contact with biological fluids. 
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1.4.1 Protein Corona 

The most crucial factor for the application of NP in biomedical applications is the formation of the protein 

corona. Once NPs enter the human organism, they get in contact with different biological fluids. Upon 

contact with these, proteins from the fluid will start to adsorb to the particle surface and form a protein 

corona around the NP (Figure 1). 

 
Figure 1: Formation of protein corona: (A) bare  particle, (B) nanoparticle in contact with proteins, (C) corona formation. The 
corona can consist of a hard corona , proteins firmly attached to the surface, or a soft corona  of proteins which are only 
weakly bound to the nanoparticles and form an equilibrium layer with the surrounding matrix. Reprinted from [Advanced Drug 
Delivery Reviews, 2012, 64, 129-137] with permission of Elsevier. 

The corona formation is a dynamic process. First, the proteins with the highest concentration, often mainly 

al u i , ill adsor  to the parti les a d for  the soft- oro a  hi h ill ha ge o er ti e. The proteins 

are slowly exchanged by larger and less mobile proteins, forming the hard- oro a  due to their stronger 

binding to the NP surface. This effect was first described by Leo Vroman in the 1960s and is therefore 

called the Vroman-effect.[73-74] 

If undesired and unspecific protein adsorption takes place, the resulting corona provides the biological 

identity of the NP, which can drastically differ from its synthetic identity. This concerns particle size, 

secondary aggregation, dispersion stability, surface charge, cell interactions, and recognition by the 

immune system and thus, has great impact on circulation times and cell uptake.[75-76] 

Apart from composition and temperature of the biological fluid,[77] the corona formation strongly depends 

on different factors like the size and surface chemistry, especially surface charges of the used NPs.[78-79] 

Tenzer et al. showed that the particle size has a quantitative influence on the corona formation, but does 

not affect its composition.[80] The influence of the surface net charges was investigated by Hühn et al. 

resulting in increased cell uptake and cytotoxicity of positively charged particles if compared to negatively 

charged NPs.[81] 
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These results show that the surface chemistry of the nanomaterials is of great interest for biomedical 

applications. For nanoparticles based on organic materials like block copolymer micelles, the surface 

chemistry can directly be influenced by the choice of block copolymers. 

In order to adjust the surface properties of inorganic nanoparticles, surface modifications with different 

materials are useful to influence the corona formation. 

1.4.2 Polymers as Surfactants 

Polymers are of great interest as surfactants for NPs, since their structure and composition can be designed 

to fulfill different requirements like dispersion stability, stealth effects, or targeting. In 1920, Hermann 

Staudinger pioneered the field of polymer chemistry predicting the existence of macromolecules 

consisting of covalently bound repeating units. Since then, huge research efforts have been made 

developing monomers and polymerization techniques. Two different groups of synthetic polymerization 

techniques can be divided. Step growth polymerizations and chain growth polymerizations. In the first 

group, two different reaction types exist: polyaddition and polycondensation. Both types require bi- or 

higher functional monomers, which can undergo condensation- (including elimination of small molecules, 

e.g., water, HCl) or addition reactions.  

Chain growth polymerizations require an initiator, attacking the first monomer in the start reaction. The 

reactive functionality is thereby transferred to the monomer, and in this manner, polymeric chains with 

reactive end-groups are formed. Chain growth polymerizations can be divided into several polymerization 

techniques, depending on the nature of the reactive group. The main subdivision can be made into 

radical-, ionic-, and coordination polymerization.  

Regarding industrial processes, radical polymerization is the most important chain growth reaction. 

A broad variety of monomers can be polymerized via free radical polymerization, including vinyl 

monomers, styrenes, dienes, alkenes, acrylic acid, and acrylates. Since almost all polymerizations in this 

thesis were carried out as free radical polymerizations, this method will be discussed in detail. 

The radical polymerization process can be divided into 5 steps (Scheme 4): initiation, starting reaction, 

propagation, termination, and transfer reactions. In the first step a radical initiator is decomposed 

thermally or by UV irradiation. Typical thermal initiators are peroxides or azo-compounds.[82] 

Photoinitiators are for example 2,4,6-Trimethylbenzoyldiphenylphosphine oxide (Lucirin®-TPO) or 

-hydroxy ketones (Irgacure®). In this decomposition step radicals are generated by homolytic fission of a 

chemical bond. In the second step, the starting reaction, the generated radicals attack the double bond of 

a monomer preferably at the unsubstituted CH2. The resulting active species adds further monomers by 

attacking the double bonds during the propagation step, resulting in the formation of polymer chains. In 
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an idealized polymerization, the propagation step would continue until a termination agent is added 

quenching the polymerization. Under real conditions, the high reactivity and concentration of radicals in 

the reaction mixture leads to undesired side reactions. First, recombination of a propagating radical with 

either another propagating radical or an initiator radical can lead to termination. Another possibility is the 

abstraction of a proton from one propagating radical by a second one, resulting in two terminated polymer 

chains, one with a saturated end group and the other one with a terminal double bond, and this process 

is called disproportionation. Recombination as well as disproportionation lead to a decrease in the overall 

radical concentration. The third possibility is the transfer reaction, where the radical is transferred to 

another molecule, for example a solvent molecule or another polymer chain. Transfer reactions do not 

decrease the radical concentration, but might lead to a certain amount of chain branching by transfer of 

the radical to polymer backbones, resulting in chains with more than one propagating radical. 

 

Scheme 4: Fundamental steps of free radical polymerization. 
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Apart from the molar mass, the dispersity Ð is an important value for the characterization of polymers. Ð 

is the result of the weight average molar mass Mw divided by the number average molar mass Mn. 

According to Koltzenburg et al.,[83] the dispersity of polymers obtained by free radical polymerizations is 

approximately 2 due to the high reactivity and concentration of radicals resulting in a large amount of side 

reactions. 

In order to reduce the amount of side reactions and thus, obtain polymers with narrower size distributions, 

different techniques were established to decrease the radical concentration during the polymerization. 

Three major types of controlled radical polymerization techniques (CRP) were developed. Atom transfer 

radical polymerization (ATRP) was established in 1995 by Matyjaszewski.[84] The propagating radicals are 

reversibly deactivated by the formation of dormant carbon-halogen bonds, which can be reactivated by a 

transition metal (mostly Cu- or Ru-) complex. The second technique is called nitroxide mediated 

polymerization (NMP), first published by Solomon, Rizzardo and Cacioli in 1986.[85] Here, persistant 

nitroxide radicals recombine with the active propagating species to form dormant species. The third 

technique is the reversible addition-fragmentation chain transfer (RAFT) polymerization and was 

established in 1998 by Moad, Rizzardo and Thang.[86] In RAFT polymerizations, control is gained by 

reversible addition of a chain transfer agent, typically dithioates with additional anchor groups, leading to 

homogeneous chain growth of all polymer chains.  

Even narrower dispersities can be obtained by ionic polymerizations. In ionic polymerization, the 

propagating chain end is either an anionic or cationic species. The first anionic polymerization was 

published by Szwarc in 1956.[87] Common initiators for anionic polymerizations are organo-lithium 

compounds, sodium naphthalene, or alkali metal hydrides. Cationic polymerizations are initialized by 

Brønstedt- or Lewis acids. Both atio i  a d a io i  pol erizatio s are o sidered to e li i g  

processes since every chain end is considered to be able to add monomers throughout the whole 

polymerization process due to the absence of termination reactions.[83] Cationic ring opening 

polymerization (CROP) of heterocyclic monomers is the second polymerization technique, which was used 

in this thesis. The starting reaction is the electrophilic attack at the heteroatom, followed by the 

propagation step. Due to the evenly charged chain ends, termination reactions as observed for radical 

polymerizations do not occur, and thus, the process under certain conditions can be considered a living 

polymerization. Nevertheless, the active chain end is highly reactive and sensible to impurities in the 

polymerization mixture.[88] CROP is used for the polymerization of 2-alkyl-2-oxazolines (Scheme 5). The 

initiation takes place by electrophilic attack at the nitrogen. In the propagation step, the nitrogen of 

another monomer attacks the propagating species at the -carbon and by rearrangement throughout the 

ring system, the C-O bonding is cleaved resulting in N-substituted poly(ethylene imines). 
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Scheme 5: Cationic ring opening polymerization of 2-alkyl-2-oxazolines. 

Polymer Architecture 

In the yet discussed cases, the polymers consist of only one monomer and are polymerized as linear chains. 

The possibility of branching was already described in the radical polymerization technique section where 

it was considered to be an undesired side reaction. But branching can also be introduced into polymer 

chains deliberately to achieve different polymer architectures, ranging from stars[89] to hyperbranched 

polymers (Scheme 6).[90-91] 

 

Scheme 6: Possible structures of homopolymers: (A) linear, (B) star-shaped, and (C) branched. 

Upon addition of a second, or even multiple additional monomers, even more complex structures are 

possible. The simultaneous polymerization of two monomers can result in statistical, gradient, or 

alternating[92] copolymers, depending on the reactivity of the monomers (Scheme 7). The CRP and ionic 

polymerization techniques can furthermore be used to design block copolymers by successive addition of 

the monomers after the first monomer is used up.[93] The polymerization of oligomers or polymers, which 

were previously functionalized with a polymerizable end-group (macromonomers) results in comb-like 

polymers. 

 

Scheme 7: Possible structures of copolymers: (A) statistical, (B) gradient, (C) alternating, (D) block, and (e) comb-like copolymer. 
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The choice of monomers in the synthesis of block copolymers allows the design of amphiphilic block 

copolymers, consisting of a hydrophobic block, e.g., polystyrene or polyisoprene and a second, hydrophilic 

block, made of water-soluble monomers. For the hydrophilic block, the use of polyethers like PEG, or a 

charged polyelectrolyte block like poly(acrylic acid) (PAA) is possible. By dissolution of amphiphilic block 

copolymers in a non-selective solvent and subsequent addition of a polar solvent (e.g., water), the 

copolymer can self-assemble to form micelles, in which the hydrophobic block forms the core and the 

hydrophilic block the corona. These block copolymer micelles are interesting for medical applications like 

drug delivery, as shown in chapter 1.3.2.[94] 

End-group Functionalization 

End-group functionalization describes the introduction of a terminal functionality to a polymer chain. Since 

free radical polymerization leads to a large amount of undesired termination reactions, this type of 

functionalization is limited to the CRP and ionic polymerization techniques. End-group functionalities can 

be introduced either by using a functional initiator or a suitable termination agent. Ionic polymerizations 

can be terminated by nucleophilic substitutions, whereas the reactants have to be of very high purity in 

order to avoid undesired side products. 

Polymer-analogous Reactions 

Reactions carried out after the polymerization is terminated and with retention of the degree of 

polymerization (DP) are called polymer-analogous reactions or post-polymerization modification. On the 

one hand, this group of reactions implies the functionalization of the polymer by introduction of side 

chains (e.g., by click chemistry), or quaternization of amines. On the other hand, the release of functional 

groups by deprotection of side chains is also possible. For example, amines or carboxylic groups can be 

protected to enable or improve the polymerization of the corresponding monomers, and deprotected 

after the polymerization to obtain functional polymers. Typical protective groups for amines are for 

example the tert-butoxycarbonyl (Boc) group, which is stable against alkaline conditions and can be 

cleaved under acidic conditions, for example trifluoroacetic acid.[95] For carboxylic acids, various esters 

(e.g., methyl ester, tert-butyl ester, or benzyl ester) are suitable protection groups, depending on the 

desired stability. The methyl ester for example is stable under acidic conditions, and therefore thought to 

be orthogonal to the Boc group.[96] 
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1.4.3 Polyelectrolytes 

Polyelectrolytes (PE) are a subclass of polymers bearing a high amount of charged functional groups. Both 

positively charged polycations and negatively charged polyanions are known. Almost all cationic moieties 

used in polyelectrolytes are represented by nitrogen containing functional groups,[97] whereas anionic 

moieties are represented by different acidic groups like carboxylic-, sulfonic-, or phosphates (e.g., 

poly(acrylic acid) (PAA), or poly(styrenesulfonic acid) (PSS)).[98-100] Polyelectrolytes can be subdivided into 

weak polyelectrolytes, exhibiting charges only in a certain pH range, and strong polyelectrolytes, bearing 

charges over the entire pH range. Weak cationic moieties are for example primary or secondary amines, 

which are only positively charged upon protonation in acidic media, whereas quaternized amines 

represent permanently cationic moieties. Also, acidic functional groups of polyanions can be divided into 

weak polyanions, which are only dissociated over a certain pH range like for example carboxylic- and 

phosphonic acids, and strong polyanions, which are dissociated over the full pH range, like sulfonic acid. 

One of the most prominent polyelectrolytes used for biomedical applications is poly(ethylene imine) (PEI). 

Due to the high positive net charge and charge density, PEI is known to penetrate cell membranes and 

enable high transfection rates. Furthermore, it can form stable complexes with DNA and RNA. These 

complexes can then be internalized into cells, where the RNA or DNA is released.[101-102] Most commercially 

available PEI products are branched PEIs, since the synthesis of linear PEI (LPEI) is more elaborate. 

Depending on the molar mass and degree of branching, PEI shows high cytotoxicity.[103] Therefore, smaller 

LPEI gained interest in research throughout the last years. LPEI can for example be synthesized by CROP 

of 2-alkyl-oxazolines and subsequent hydrolysis of the side chains.[104-105] 
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Polyampholytes and Polyzwitterions 

Polymers carrying both cationic and anionic charges are called polyampholytes or polyzwitterions, 

depending on the structure of the polyelectrolyte (Scheme 8). 

 

Scheme 8: Simplified models of polycations (A), polyanions (B), polyampholytes (C), and polyzwitterions (D). 

The IUPAC defines polyzwitterions as polyelectrolytes, bearing both anionic and cationic charges at every 

repeating unit, whereas in polyampholytes the different charges are located in separate monomer 

units.[106] Nevertheless, both terms are mixed up in the literature. Polyzwitterions gained peculiar interest 

for biological applications, since they often exhibit antifouling properties by means of reduced unspecific 

protein adsorption.[107-108] The reduced protein binding is often attributed to strong electrostatic 

interactions between the polyzwitterions and water, leading to a high hydration capacity.[109] Examples for 

such antifouling polyzwitterions are poly(carboxybetaine acrylamide) (PCBAA),[110] poly(sulfobetaine 

methacrylate) (PSBMA),[111] or poly(carboxybetaine methacrylate) (PCBMA).[112] An advantage of 

polyzwitterions compared to the commonly used stealth polymer PEG[113-114] is that zwitterionic species 

naturally occur in biological systems, as for example phospholipids in membranes, or enzymes.[115] Recent 

investigations showed, that PEG causes immune responses and, in addition, is prone to oxidation.[116] 

Further comparison with polyions revealed longer circulation times in blood for polyzwitterions[117-119] as 

well as reduced cytotoxicity compared to polycations, binding unselectively to cell membranes.[120] As the 

definition only demands the presence of the charged groups, there are multiple possibilities to arrange 

them in the polyzwitterionic structure. Scheme 9 shows the different possibilities to implement charged 

groups in the side chain. Additionally, there are a couple of structures bearing the functional groups in the 

polymer backbone, which is synthetically more challenging. Examples for such zwitterionic ionenes are 

phospholipid polymers.[121] 
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Scheme 9: Possible arrangements of charged moieties in polyzwitterions. 

For the different polyzwitterionic structures, different synthetic strategies are essential, since the 

polymerization of zwitterionically charged, or bulky monomers is challenging. Structure (A) is the by far 

most common structure, as it represents the class of betaines, which can be obtained by post-

polymerization functionalization of polycations. This strategy was used by Harry Ladenheim and Herbert 

Morawetz, synthesizing the first synthetic polyzwitterion in 1957. They obtained poly(4-vinyl pyridine 

betaine) by quarternization of poly(4-vinyl pyridine) with ethylbromoacetate and subsequent hydrolysis 

of the resulting ester.[122] Another method to obtain polyzwitterions by polymer-analogous reactions is the 

deprotection of the functional groups as shown for polydehydroalanine (PDha) by Günther et al. They 

polymerized poly(tert-butoxycarbonylamino methacrylate) (PtBAMA), bearing a Boc protected amine and 

a methyl ester protected carboxylic acid, followed by subsequent deprotection of both groups.[123] For 

some systems, direct polymerization of zwitterionic monomers is possible without protection of the 

functional groups, as shown for 2-(methacryloyloxy)ethyl phosphorylcholine,[124] or carboxybetaine 

methacrylate.[125] The latter one showed an example for a controlled radical polymerization of a 

zwitterionic monomer, as ATRP was used. Another example for ATRP for the synthesis of polyzwitterions 

was given by Billing et al. using ATRP to synthesize a PAA-b-PDha block copolymer.[126] 
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1.5 Surface Modification 

1.5.1 Silica Coatings 

For elemental metal MNPs being prone to oxidation, silica coatings can be utilized as protective layers 

against corrosive environments. Although this is not the case for iron oxide NPs, a layer of SiO2 around the 

particles can be used to invert the surface charge or to increase the resistance against acidic hydrolysis. 

Furthermore, the SiO2 shell can be utilized for additional functionalization with surface immobilized 

initiators, polymerizable groups, or for grafting-to processes. Stöber developed the synthesis of SiO2 NPs 

by precipitation of tetraethyl orthosilicate (TEOS) in ammonia solutions.[127] Several groups already 

modified the Stöber-method to obtain iron oxide nanoparticles with SiO2 shells.[128-130] 

1.5.2 Polymer Coatings 

In general, surface functionalization can be divided into covalently attached and adsorbed coatings. For 

covalent attachment, there are 3 possible strategies (Scheme 10): 

• Grafting-to 

• Grafting-from 

• Grafting-through 

The most common way to achieve covalently attached surface coatings is the grafting-to process. For this 

procedure, the surfactant is functionalized with an end-group, which can be bound to the NP surface by 

triethoxysilanes. For grafting-from surface modifications, first, an initiator is immobilized at the NP surface, 

which then initiates the polymerization. Compared to grafting-from and grafting-through, this method 

typical yields the highest grafting densities. For iron oxide nanoparticles, this was performed using, e.g., 

2-bromo-2-methyl propionic acid-2-hydroxy-ethyl ester as ATRP initiator for the polymerization of methyl 

methacrylate (MMA).[131] 

Grafting-through can be realized by functionalization of the NP surface with a polymerizable group. For 

example, Chen et al. published the functionalization of magnetite NPs, which were first coated with a thin 

shell of SiO2, follo ed  further fu tio alizatio  ith -methacryloxypropyl trimethoxysilane (-MPS), 

resulting in active double bonds on the nanoparticle surface.[132] The polymerization is then carried out in 

the presence of the NP, leading to incorporation of the immobilized polymerizable groups in the polymer 

backbone, and thus immobilization of the polymer on the NP surface. 

The most common way to attach polyelectrolytes to NP surfaces is adsorption. Driving forces for the 

adsorption can be electrostatic interactions or hydrophilic/hydrophobic interactions. In literature, this 
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ethod is ofte  also e titled as grafti g-to  fu tio alizatio . Adsorptio  a  e realized usi g either the 

functional charged groups of the polyzwitterion, or end groups, e.g., phosphonates,[133] or catecholes.[134] 

Comparing coatings bound via end group and coatings bound via the functional groups along the 

backbone, the latter ones bind to the surface with multiple functional groups, resulting in a more stable 

coating. This method can be realized by dispersion of the pristine particles in solutions of the desired 

coating material, followed by multiple washing steps. 

 

Scheme 10: Schematic representation of covalent grafting methods, and electrostatic adsorption of polyelectrolytes to NP 
surfaces. 

Several functional groups can be used for the immobilization of polymers on nanoparticle surfaces, such 

as the previously introduced triethoxysilanes, catecholes and phosphonates. Furthermore carboxylic acids, 

polyols or more exotic examples like arsonic acid[135] have been presented in the literature (Scheme 11). 

Whilst the silanes form a SiO2 network with the nanoparticle surface, resulting in covalent bondings, all 

other functionalities are adsorbed by electrostatic interactions. 

 

Scheme 11: Different functional groups which can be utilized for the immobilization of polymers on NP surfaces. 

The probably most prominent functional group for polymer immobilization on NP surfaces is the carboxyl 

group which can bind directly to the surface of iron oxide. Each carboxyl group can bind as bidentate 
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chelate, bidentate bridging or monodentate coordination to iron(III) ions at the iron oxide surface.[136] 

Maliakal et al. showed that phosphonate groups form more stable bonds to metal oxide nanoparticles 

than for example carbonates.[137] 

The choice of the immobilization method has a major influence on the properties of the resulting shell 

concerning thickness and shell stability. Surface grafted polymers are bound to the NP surface with an end 

group (grafting-to and grafting-from) or one specific repeating unit (grafting-through), leading to thick 

coatings. Compared to that, adsorption leads to deposition of the multiple repeating units of the 

polyelectrolyte to the NP surface, often resulting in very thin monolayers due to electrostatic repulsion. 

Furthermore, the high surface concentration compared to the solution concentration results in a high 

diffusion barrier.[138-139] Although these layers are thinner than the grafted surface coatings, they shield the 

NP surface more effectively from the surrounding. The highest grafting densities for end-functionalized 

polymers can be achieved with grafting-from approaches.[139] Moreover, grafted polyelectrolytes are 

covalently bound to the surface and thus, cannot be easily removed, whereas adsorbed polyelectrolytes 

may be desorbed under appropriate conditions (e.g., pH, temperature, ultrasonication). 

1.5.3 Polyzwitterions@Magnetic Nanoparticles 

Most of the previously presented methods have been used for the immobilization of polyzwitterions on 

magnetic nanoparticles. Since the main part of this thesis addresses the synthesis and characterization of 

polyzwitterion@MNP hybrids, the following section will give a brief overview on this field. Although not 

all examples fulfill the IUPAC definition of polyzwitterions, the resulting iron oxide nanoparticles have 

surface coatings with zwitterionic character. 

Xiao et al. published the synthesis of amine and acid functionalized iron oxide nanoparticles by adsorption 

of PAA to the MNP in a first step, followed by esterification with 3-(diethylamino)propylamine. The as 

prepared particles showed low macrophage cell uptake and low cell toxicity.[140]  

The naturally occurring polysaccharide O-carboxymethyl chitosan was functionalized by Zhu et al. with 

succinic anhydride, resulting in additional carboxylic groups being present. The resulting ampholytic 

polymer was immobilized on iron oxide nanoparticles utilizing the carboxylic acid groups for 

adsorption.[141] The resulting hybrids showed increased dispersion stability and good cytocompatibility.  

Phosphorous acid groups were used for the immobilization by Monteil et al. They modified commercially 

available PEI with different amounts of phosphorus acid, resulting in zwitterionic poly(ethylene imine 

phosphonate) (PEIP).[133] The particles were subsequently used for the removal of organic pollutants from 

waste water. Demillo et al. synthesized an amphiphilic copolymer with two different zwitterionic moieties 
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by polymer-analogous functionalization of poly(maleic anhydride-alt-1-octadecene) (PMAO) with 3-

(dimethyl-amino)-1-propylamine. The following addition of -propiolactone and 1,3-propanesultone 

resulted in carboxy- and sulfobetaine structures. Micelles of the obtained polyzwitterion were prepared, 

incorporating both magnetic NPs and fluorescent quantum dots.[142] The multifunctional hybrids show 

minimal cytotoxicity and high colloidal stability and could be used for in vivo imaging.  

A similar system was introduced by Wang et al. encapsulating magnetic nanoparticles and CdTe quantum 

dots into microspheres of chitosan and poly(aspartic acid), beeing of interest for bio-labeling and –imaging, 

too.[143] Urena-Benavides et al. presented the formation of silica coated iron oxide nanoparticle clusters, 

which were subsequently grafted with poly(2-acrylamido-3-methylpropanesulfonate-co-acrylic acid) 

(P(AMPS-co-AA)). The grafting was performed in two steps: first, the SiO2 surface was functionalized with 

3-aminopropyl triethoxysilane, resulting in amino groups on the surface, which were in a second step 

utilized to graft the P(AMPS-co-AA) copolymer to the nanoparticle surface. The adsorption to porous 

materials was reduced after the grafting process.[144] Zhang et al. show a rare example of end-group 

functionalized polyzwitterions immobilized on iron oxide NPs. They published the synthesis of a TBDMS-

protected, double-dopamine functionalized ATRP initiator, which was used for the polymerization of 

carboxybetaine methacrylate (CBMA). PCBMA was then grafted to the surface of iron oxide NP after 

deprotection of the catecholic hydroxyl groups. The colloidal stability of the grafted NP in ionic solutions 

and blood serum was improved if compared to pristine and citrate stabilized NP, whereas macrophage 

uptake was drastically decreased.[125] MNP with high surface charge were synthesized by Yeh et al.. First, 

poly(acrylic acid) was applied to the MNP and subsequently, poly(4-vinylpyridinium N-ethylsulfonate) was 

added to the system. The polyzwitterion was adsorbed due to electrostatic interactions between the PAA 

and the positively charged vinylpyridinium moieties. The authors point out that direct attachment of the 

polyzwitterion without the PAA shell would be possible but result in a less stable coating.[145] Pombo-Garcia 

et al. first functionalized ultra small superparamagnetic iron oxide nanoparticles with oleic acid and, 

subsequently, attached poly(maleic anhydride-alt-1-decene) by intercalation of the decene with the oleic 

acid.[146] Characterization concerning protein adsorption and biocompatibility showed reduced protein 

adsorption and minimal cytotoxic effects. 

In Chapter 1.5.2, the surface functionalization of MNP by a grafting-through approach for the example of 

Chen et al. was discussed. The particles were first coated with a thin SiO2 shell and subsequently 

fu tio alized ith -methacryloxypropyl tri etho sila e -MPS). The active double bonds on the MNP 

surface were then copolymerized with zwitterionic-2-(methacryloyloxy)ethyl)-dimethyl-(3-sulfopropyl) 

ammonium hydroxide (MSA), MMA, and N,N’-methylenebisacrylamide as crosslinker, resulting in a 
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crosslinked polyzwitterionic shell.[132] The resulting particles were used for selective enrichment of 

glycopeptides and could be useful in glycoproteome research. Two biocompatible polyelectrolytes, 

N-carboxyethylchitosan (CECh) and poly(2-acrylamido-2-methylpropanesulfonic acid) (PAMPS), were used 

by Mincheva et al. to stabilize MNP in aqueous solution by in-situ formation of the particles in the presence 

of the polyzwitterions. The first polyzwitterion, CECh was synthesized by polymer-analogous 

functionalization of chitosan with acrylic acid. PAMPS was polymerized by free radical polymerization (FRP) 

of 2-acrylamido-2-methylpropanesulfonic acid. The functionalized particles were investigated concerning 

suspension stability, size, and magnetic properties. Furthermore, the hybrid particles were used for 

electrospinning.[147] 

Apart from the previously discussed polymers, block copolymers containing one zwitterionic block have 

been used for the coating of iron oxide nanoparticles, too. For example, poly[2-(methacryloyloxy)ethyl 

phosphorylcholine]-block-(glycerol monomethacrylate) (PMPC-b-PGMA) was synthesized by ATRP and 

subsequently added to a co-precipitation of iron oxide NPs. The PGMA block allows the immobilization of 

the polymer on the surface of the resulting NP and the zwitterionic block increases long term-stability.[124] 

The last example to be mentioned here is the work of Billing et al., synthesizing gradient copolymers of 

vinylpyridine and tert-butyl acrylate by RAFT polymerization. The tert-butyl groups were deprotected and 

the 2-vinylpyridine moieties were sultonated, resulting in zwitterionic units. The polymer was then used 

for functionalization of multicore nanoparticles, showing increased stability towards secondary 

aggregation and unchanged influence on cell viability in cytotoxicity essays after the coating.[148] 
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1.6 Outline 
As discussed above, the surface chemistry plays an important role concerning the adsorption of protein 

upon contact of nanoparticles with biological fluids. Therefore, we wanted to investigate the influence of 

surface charges of the coating material on the protein adsorption independent from other influences. 

This thesis is divided into three main chapters: the synthesis of functional polymers, their utilization as 

coating materials, and finally, investigations of protein adsorption to the functionalized nanoparticles. 

The first chapter focuses on the synthesis and post-functionalization of PtBAMA, resulting in polycations, 

polyanions, or polyzwitterions simply by deprotecting one or both of the functional groups. This system 

allows to investigate the influence of surface charges on protein adsorption separated from other 

influences like the polymer structure, as differently charged derivatives of the same material can be 

obtained (Scheme 14). 

For this purpose, different polymerization conditions were investigated to obtain polymers of the desired 

molecular weight, followed by investigations of the orthogonality of the deprotection of the two 

functionalities of PtBAMA, as well as pH dependent behavior and thermal properties of the resulting 

polyelectrolytes. 

 
Scheme 14: Schematic synthesis of polycations, polyanions, and polyzwitterions starting from PtBAMA. 

 

In the second part, the obtained polyelectrolytes are utilized for the functionalization of magnetic 

nanoparticles. Therefore, two differently sized types of iron oxide nanoparticles were used for adsorptive 

surface functionalization. The resulting hybrids are characterized concerning size and agglomeration 

behavior by dynamic light scattering (DLS) and transmission electron microscopy (TEM) investigations. 
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Surface charges were investigated via zeta potential measurements, and the amount of adsorbed polymer 

was determined by thermogravimetric analysis (TGA). Furthermore, complex multilayer systems are 

investigated, facilitating the possibility of selectively releasing the second shell upon changes of the pH of 

the dispersant. Additional polyelectrolytes and polyzwitterions were used for coating studies to allow 

statements on the generalization of the developed methods and hybrid systems. Furthermore, poly(alkyl 

oxazolines) were synthesized and functionalized for grafting-to functionalization of MNP with and without 

previous functionalization with a SiO2 shell. 

In the third part, interactions of the PDha@MNP hybrid nanomaterials with proteins are investigated. We 

focused on the adsorption of proteins by incubation in fetal calve serum (FCS) to determine the influence 

of the coating material, time, and temperature on the amount of adsorbed protein. Furthermore, the pH 

dependent release of adsorbed protein from PDha coated nanoparticles was investigated using bovine 

serum albumin (BSA) as a model protein. Finally, the hybrid materials were characterized concerning 

toxicity.
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2 PtBAMA: Polymerization, Functionalization and Characterization 
Parts of this chapter have been published in P2) M. von der Lühe, U. Günther, A. Weidner, C. Gräfe, 

J. H. Clement, S. Dutz, F. H. Schacher, RSC Adv., 2015, 5, 31920-31929. 

To obtain polydehydroalanine based polyelectrolytes, which form one of the fundamental materials used 

throughout this thesis, the synthesis and free radical polymerization of the monomer tert-butoxycarbonyl 

amino methacrylate (tBAMA) was investigated. Furthermore, the orthogonality of the deprotection of the 

obtained polymers was examined. 

2.1 Monomer Synthesis 
The monomer 2-tert-butoxycarbonylaminomethylacrylate (tBAMA) was synthesized as described before 

by Günther et al.[123] In a one pot reaction, the hydroxyl group of n-(tert-butoxycarbonyl)-D-serine methyl 

ester is esterificated with methanesulfonyl chloride followed by elimination of methanesulfonic acid as 

shown in Figure 2. 

 

Figure 2: Synthesis of tBAMA 

The monomer was purified via column chromatography with a mixture of ethyl acetate and Hexane (4:1) 

as eluent. The 1H-NMR spectrum in Figure 3 shows the signals of the purified monomer. 

 

Figure 3: 1H-NMR Spectrum of tBAMA showing signals for (A) NHCOOC(CH3)3 ( = 6.97 ppm, 1H); (B) CH2-CR2 ( = 6.07 and 
5.62 ppm, each 1H); (C) COOCH3 ( = 3.73 ppm, 3H); and (D) -NHCOOC(CH3)3 ( = 1.39 ppm, 9H) 
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2.2 Polymerization 
As for our purposes mass distributions play a subordinate role, FRP was chosen as polymerization 

technique. The FRP of tBAMA with the photoinitiator TPO was shown by Günther et al. in 2013.[123] 

Since the polymers should later on be used for the coating of nanoparticles, the polymer chain length has 

a major influence on whether single particles or larger clusters are coated. Polymers with higher molecular 

weights, and thus increased chain-length, have a higher probability to encapsulate clusters of 

nanoparticles, whereas with lower molecular weights chains, the encapsulation of single nanoparticles 

should be more probable. Therefore, we wanted to obtain polymers with rather low molecular weights of 

approximately 10 000 g/mol. To obtain such polymers, different approaches of polymerization were 

investigated. 

2.2.1 Bulk Polymerization 

The free radical polymerization of tBAMA was carried out as bulk polymerization with Lucirin®-TPO as 

photoinitiator. Different monomer:initiator ratios (M:I) and reaction times were investigated. At first, 

different M:I ratios were irradiated in a 100 W UV-cube for 120 minutes. The resulting polymers were 

dissolved in MeOH and precipitated in a mixture of ethylacetate and hexane (4:1). By decreasing M:I to 50 

molar masses of Mn = 50 000 g/mol could be obtained. Further reduction of the M:I ratio had no effects 

on the molar mass, neither had the reduction of the reaction times. 

2.2.2 Solution Polymerization 

As the different bulk approaches showed only a small effect on the molar mass, the FRP was carried out 

in solution in 1,4-dioxane. Two different monomer concentrations (33 wt.% and 50 wt.%) as well as 

different reaction times (5, 10 and 30 minutes) with a M:I ratio of 100 were investigated. The 

polymerizations with 33 wt.% of tBAMA yielded very low molar masses (Mn = 3 000 – 4 000 g/mol), whereas 

higher concentrations led to molar masses of roughly 10 000 – 40 000 g/mol, but with very low yields. 

By reducing the M:I ratio to 25:1, the yield after 5 minutes of irradiation could be improved to 50 % for 

polymers with a molar mass of Mn = 25 000 g/mol.  

To obtain a large quantity of PtBAMA for encapsulation studies of magnetic nanoparticles, 18 batches of 

PtBAMA were polymerized using this method and blended by dissolution in 1,4-dioxane, stirring and freeze 

drying of the mixture. Each batch was between 6.5 and 11 g of tBAMA, and a corresponding volume of a 

solution of TPO in 1,4-dioxane. In this way, 64.3 g of PtBAMA were obtained. The reaction conditions can 

be seen in Table 1 together with the molar masses determined via size exclusion chromatography (SEC). 

The resulting PtBAMA blend was characterized by SEC measurements, resulting in a molar mass of 
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Mn = 27 000 g/mol and a dispersity of Ð = 2.2. This polymer was used for all further experiments, if not 

indicated otherwise. 
Table 1: Reaction conditions and SEC results of different PtBAMA batches and the blend consisting of these batches. 

sample m (tBAMA) 

[g] 

c (tBAMA) 

[wt.%] 

M:I t 

[min] 

yield 

[g (%)] 

Mn
a 

[kg/mol] 

Mw
a 

[kg/mol] 

Ða 

ML215A 6.5 50 25 5 3 (46.2) 23.9 60.6 2.54 

ML215B 8 50 25 5 4.5 (56.3) 22.6 62.6 2.77 

ML215C 11 50 25 5 6 (54.5) 29.8 84.4 2.83 

ML215D 5.9 50 25 5 3.2 (54.2) 25.5 67.8 2.65 

ML215E 8 50 25 5 4 (50) 23.4 70.5 3.01 

ML215F 8 50 25 5 4.2 (50.3) 23.7 71.8 3.03 

ML215G 8.3 50 25 5 4.1 (49.4) 22.8 67.1 2.94 

ML215H 9 50 25 5 4.5 (50) 23.6 69.9 2.97 

ML215I 8 50 25 5 3.2 (40) 23.9 70.4 2.94 

ML215K 8.3 50 25 5 4.6 (55.4) 25.7 76.4 2.98 

ML215L 8 50 25 5 4.7 (58.8) 23.6 69.1 2.93 

ML215M 8 50 25 5 4.8 (60) 28.5 83.2 2.92 

ML215N 8 50 25 5 4.7 (58.8 26.7 76 2.84 

ML215O 8 50 25 5 4.6 (55.4) 25.7 76.2 2.96 

ML215P 8 50 25 5 4.2 (52.5) 25.6 74.2 2.89 

blend 121 - - - 64.3 

(53.14) 

27.0 59.5 2.2 

a) determined by SEC (DMAc/LiCl, PMMA calibration) 

2.2.3 Laser-assisted Polymerization 

To increase control and reproducibility over the photopolymerization of tBAMA, an alternative UV-source 

was investigated. The 100 W UV-cube was substituted by a 100 mW UV laser with a wavelength of 

 = 405 nm. 

In a first approach, each 200 µL of a TPO solution (8.6 g/L, M:I = 200) were added to 4 vials each filled with 

200 mg of tBAMA. The vials were irradiated with the UV laser for 3, 5, 7, and 10 minutes. Figure 4 shows 

the SEC traces of the reaction mixtures, and the data is summarized in Table 2. All SEC traces show very 

broad distributions and the results show no trend. 
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Figure 4: SEC-traces of PtBAMA obtained from solution polymerization with a 100 mW laser after different irradiation times: 
3 minutes (Mn = 3 800 g/mol, black line), 5 minutes (3 600 g/mol, red line), 7 minutes (7 200 g/mol, green line) and 10 minutes 
(4 000 g/mol, blue line). 

 

Table 2: SEC results of PtBAMA obtained by Laser-assisted polymerization after different irradiation times. 

t 

[min] 

Mn
a 

[g/mol] 

Mw
a 

[g/mol] 

Ða 

3 3 800 21 000 5.51 

5 3 600 17 500 4.92 

7 7 200 27 800 3.81 

10 4 000 21 500 5.29 

a) determined by SEC (CHCl3/TEA/i-PrOH (94/2/4) PMMA-calibration) 

 

In order to obtain further information about the polymerization kinetics, each 4 mixtures with a 

concentration of 50 wt.% of tBAMA and M:I = 200 were irradiated for 1, 3, 5, 7, and 10 minutes, 

Additionally, each 1 sample with the same mixture was irradiated for 20 and 45 minutes, and one sample 

without TPO was irradiated for 10 minutes. The results are shown in Table 3. After 10 minutes without 

Laser irradiation, SEC and 1H-NMR show no polymer, also a sample irradiated for 10 minutes without TPO 

shows no polymerization. The further results of the polymerizations show that the reaction is not 

reproducible, as for every reaction time there are polymers with low molar masses, but also polymers with 

molar masses > 10 000 g/mol. 
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Table 3: SEC results after multiple repetitions of Laser-assisted polymerizations. 

t 
[ i ] 

M a

 
[g/ ol] 

Mw
a

 
[g/ ol] 

Ða 

 - - - 
 - - - 

 - - - 
     .  
     .  
     .  

     .  

     .  
     .  
     .  

     .  

     .  
     .  
     .  

     .  

     .  

     .  
     .  
     .  

     .  
     .  
     .  
     .  
     .  

a) determined by SEC (CHCl3/TEA/i-PrOH (94/2/4) PMMA-calibration), 
b) no TPO 

 

Since the polymerizations then seemed to stop after a few minutes, the monomer concentration was 

increased to 75 wt.%. Four samples were irradiated for different times, and the results of the SEC 

measurements are shown in Figure 5 and Table 4. The SEC results show strongly increased molar masses 

in comparison to the laser-assisted polymerization with 50 wt.%. With 50 wt.%, the molar mass reached 

roughly 20 000 g/mol after 10 minutes. For the polymerization with 75 wt.%, the molar mass after 

30  seconds is already Mn= 40 000 g/mol, and increases to 263 000 g/mol after 1 minute, whereas after 2 

minutes, the molar mass was lower (Mn = 50 000 g/mol). The 2 minutes reaction was repeated and showed 

again a molar mass of Mn = 64 000 g/mol, which is comparable to the first attempt. Nevertheless, 

comparison of the molar masses after 60 and 120 seconds again shows, that the polymerization is not 
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polymerization method for tBAMA, although the dispersities of the polymers are much lower than those 

of PtBAMA obtained from polymerizations with the UV-cube. 

2.3 Thermal Characterization 
The thermal decomposition of PtBAMA was investigated via thermogravimetric analysis coupled with an 

infrared (IR) spectrometer. A sample of PtBAMA was heated from 30 °C to 1 000 °C under a N2 atmosphere 

with a heating rate of 5 K/min. The resulting gasses were directed to an IR spectrometer and a time 

dependent measurement was performed over the whole time of heating. Figure 6A shows both the 

thermogram and the overall IR transmission of the sample. Both curves show three separated events. The 

first step of decomposition in the thermogram can be observed between 100 and 350 °C. In this region, a 

weight loss of 66.6 % takes place. The corresponding peak in the overall IR transmission can be seen at 

279 °C. The corresponding spectrum is shown in Figure 6B and shows mainly signals of CO2 (2360 and 2342 

cm-1), isobutene (3086; 2944; 1653; 1394; 1456 and 889 cm-1), and methanol (3727; 1055 and 1011 cm-1). 

This shows, that at this temperature the Boc protective group as well as the ester are cleaved. The Boc 

protective group represents 50.3 % of the molar mass of each repeating unit, methanol represents 15.9 %. 

Together, both groups represent 66.7 % of the overall mass of a repeating unit, which is in good agreement 

with the 66.6 % weight loss in this step. In a second step between 350 and 600 °C, the mass is further 

reduced by 16.2 %. Again, the IR transmission shows a corresponding peak at 448 °C. The extracted 

spectrum in Figure 6C shows signals of ammonia (3337; 966; 936; 713 and 668 cm-1), showing the 

elimination of the amine, and CO2 (2360 and 2342 cm-1) which shows the partial decarboxylation of the 

acrylic acid. In a last step between 600 and 1 000 °C, the weight is further reduced by 3.9 %. The 

corresponding IR spectrum at 775 °C shows mainly signals of CO2 (2360 and 2342 cm-1; Figure 6D), 

revealing that the remaining carboxylic acid is decarboxylated. Assuming that the ester of each repeating 

unit decomposes by elimination of 1 equivalent of MeOH in the first step, 0.5 equivalents of CO2 in the 

second and third step and 0.5 equivalents of carbon remain, that would result in a total share of 10.9 % 

for the CO2 released from the ester function. Together with 8.4 % for the ammonia, this results in 19.3 % 

for both functionalities, which is in good accordance with 20.1 % weight loss observed for the two steps. 

The polymer backbone and 0.5 equivalents per repeating unit remain as carbon, and the residual mass of 

13.3 % is in good accordance with its share on overall mass (15.1 %).  



PtBAMA: Polymerization, Functionalization and Characterization 

42 

 

Figure 6: (A) Thermogram (solid line) and temperature dependent overall IR transmission (dashed line) of a sample of PtBAMA, 
IR spectra at (B) 279 °C, (C) 448 °C, and (D) 775 °C. 

Fehler! Ungültiger Eigenverweis auf Textmarke. shows the weight losses and calculated shares on the 

molecular mass of compounds released under heating. 

Table 5: Compounds released from PtBAMA under heating. 

event weight lossa 

[%] 

expected compoundsb Molar mass  

[g/mol] 

share on the overall mass 

[%] 

repeating unit - C9H15NO4 201.22 100 

100 - 350 °C 66.6 

methanol 32.04 15.9 

65.7 isobutene 56.11 27.9 

CO2 (from BOC) 44.01 21.9 

350 – 600 °C 16.2 
20.1 

NH3 17.03 8.4 
19.3 

600 – 1 000 °C 3.9 0.5 CO2 (from ester) 22.01 10.9 

residual mass 13.2 2.5 C 30.03 15.1 

a) calculated from thermogram, b) derived from IR spectra database 
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2.4 Deprotection 
The obtained PtBAMA was deprotected as described earlier to obtain three different polyelectrolytes. 

Alkaline deprotection with LiOH for 3 hours at 100 °C leads to polyanionic poly(tert-butoxycarbonyl amino 

acrylic acid) (PtBAA), acidic deprotection with trifluoroacetic acid (TFA) at 50 °C for 1 hour leads to 

polycationic poly(amino methacrylate) (PAMA). By alkaline deprotection of the polycationic PAMA, 

polyzwitterionic poly(dehydroalanine) (PDha) was obtained (Figure 7). 

 

 
Figure 7: Deprotection of PtBAMA leads to differently charged polyelectrolytes: alkaline deprotection cleaves the methyl ester 
leading to polyanionic PtBAA (left); acidic deprotection cleaves the Boc-group leading to polycationic PAMA (right); subsequent 
treatment with acid and alkalies leads to polyzwitterionic PDha (bottom middle). 

Although the deprotection of PtBAMA was thought to be orthogonal, NMR studies of the obtained semi-

deprotected polyelectrolytes show, that in each case nearly 30 % of the undesired group was also 

deprotected, leading to copolymers of the type P(Dha30-stat-tBAA70), or P(Dha30-stat-AMA70) respectively. 

Therefore, different conditions for both pathways were investigated to probe eventual orthogonal 

deprotection. 

2.4.1 PtBAA 

PtBAA was obtained by alkaline deprotection of the methyl ester. Therefore, PtBAMA was dissolved in a 

mixture of 1,4-dioxane and a saturated solution of LiOH in micropure water (1,4-dioxane/water 1/1) and 

stirred at 100 °C for 3 hours. A typical 1H-NMR spectrum of the obtained PtBAA is shown in Figure 8. 
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Figure 8: 1H-NMR spectrum of P(tBAA41 - stat – Dha59) obtained by alkaline deprotection at 100 °C for 3 h and precipitation in 
diluted HCl showing signals of the polymer backbone ( = 2.2 ppm, 2 H) and remaining BOC group ( = 1.29 ppm, 3.74 H). 

The NMR spectrum shows the remaining signals for the polymer backbone (d = 2.2 ppm, 2 H) and the Boc-

protective group (d = 1.29 ppm, 3.74 H) These values show, that only 41.5 % of the Boc-protective group 

are still intact after the alkaline treatment, resulting in P(tBAA41 - stat – Dha59). 

The first attempt to increase the amount of remaining Boc-groups was a different way of purification. 

Therefore, the reaction mixture was freeze dried without treatment with HCl, redissolved in 5 mL of 

micropure water and dialyzed with a dialysis tube with a molar mass cut-off of 100-500 g/mol against 

micropure water for 5 days. The resulting 1H-NMR spectrum is shown in Figure 9. 

 

 
Figure 9: 1H-NMR spectrum of P(tBAA61 - stat – Dha39) obtained by alkaline deprotection at 100 °C for 3 h and dialysis against 
water, showing signals of the polymer backbone ( = 2.2 ppm, 2 H) and remaining B-group ( = 1.29 ppm, 5.5 H). 
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The NMR shows, that the amount of intact Boc-functionalities is increased to 61 % with this method. The 

second attempt was to lower the reaction temperature and concentration of LiOH, since the thermal 

analysis of PtBAMA showed that the thermal decomposition of the Boc-group already starts at 100 °C. 

Therefore, the reaction was carried out at 50 °C in a mixture of 1 mL LiOH in water (128 g/L) and 3 mL 

1,4-dioxane. The reaction mixtures were freeze dried, the remaining solid was dissolved in each 1 mL of 

micropure water and dialyzed against micropure water for 7 days. Figure 10 shows the 1H-NMR spectra of 

PtBAA obtained by this method after 1, 2, and 3 hours. All spectra were normalized to 2 protons for the 

Backbone at  = 2.5 ppm. Compared to that, the integral of the signal for the methyl ester at  = 3.71 ppm 

is decreased to 0.2 protons after 1 and 3 hours and 0.1 after 2 hours. This shows that already after 1 hour 

93.3 % of the methyl ester are cleaved off under these conditions. Furthermore, the signal of the Boc-

protective group is decreasing with increased reaction time: after 1 hour, the signal shows 9 protons, which 

means, that the Boc group is still completely intact. After 2 hours, the signal decreases to 7.2 H and after 

3 hours to 6.4 H, showing that 10 % of the Boc groups are cleaved after 2 hours and 29 % after 3 hours. 

 

Figure 10: 1H-NMR spectra of P(tBAA – stat – tBAMA) obtained by hydrolysis in LiOH at 50 °C for different times: 1 hour 
(black line), 2 hours (red line), and 3 hours (green line) showing signals for (A) the polymer backbone at = 2.5 ppm (2 H); (B) 
Boc-protecting group at  = 1.4 ppm, (9 H after 1 h; 7.2 H after 2 h; and 6.4 H after 3 h); and (C) remaining methyl ester at 
 = 3.71 ppm , (0.2 H after 1 h; 0.1 H after 2 h; and 0.2 H after 3 h). 

According to these data, a copolymer of the composition P(tBAA94 – stat – tBAMA6) is obtained after one 

hour. This procedure was repeated in a larger scale to obtain PtBAA for coating and titration experiments, 

and showed similar results. With this method, almost complete deprotection of the methyl ester without 

deprotection of the amine is possible.  
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To determine the pka of the carboxylic acid, titration experiments of P(tBAA94 – stat – tBAMA6) were carried 

out. In a first experiment, P(tBAA94 – stat – tBAMA6) was dissolved in 0.1 M NaOH at a concentration of 

5 g/L and titrated with 0.1 M HCl. The resulting curve shows 2 equivalence points: the first representing 

the neutralization of excess NaOH where the carboxylic acid is completely dissociated (7.21 mL, pH = 8.89, 

(COO-) = 1), and the second for the complete protonation of the carboxylic acid (8.45 mL, pH = 3.85, 

(COO-) = 0). The pka then calculates to 5.6. Since the slope of the titration curve in the relevant section 

between  = 1 and  = 0 was quite steep, the titration was repeated with the 10-fold concentration of 

P(tBAA94 – stat – tBAMA6) (50 g/L). The resulting curve again shows two equivalence points for  = 1 

(5.56 mL, pH = 9.45), and  = 0 (15.51 mL, pH = 3.05). Since the second transition is rather broad, pka values 

were calculated using as well the peak, as the volume at 50 % height of the derivative peak. The pka at the 

peak calculates to 5.08, whereas calculation with the lower, and upper threshold result in 5.55 or 4.8, 

respectively. For both titrations, slight turbidity of the solutions was observed at pH < 2.5, but no complete 

precipitation took place. We dedicate this slight precipitation to cleavage of the Boc protective group, and 

precipitation of the polymer because of the formation of hydrogen bondings. Both titration curves are 

shown in Figure 11. 

 

Figure 11: Titration curves of PtBAA at different concentrations: (A) 5 g/L, and (B) 50 g/L. 

Both calculated pka values are in a reasonable range compared to literature, as pka values of PAA in 

literature vary between 5.35 and 6.8.[151-152] Nevertheless, the titrations only give the apparent pka under 

the given salt concentration. 
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2.4.2 PAMA 

As described before, cationic PAMA was obtained by acidic cleavage of the Boc-protective group. 

Therefore, 500 mg PtBAMA were dissolved in 10 mL of trifluoroacetic acid and stirred at 50 °C for 1 hour. 

The product was then purified by precipitation in cold methanol. Although the methyl ester should be 

stable under the given conditions, Billing et al. showed for block copolymers containing a PtBAMA block, 

that 70 % of the methyl ester are cleaved under these conditions.[126] 

To obtain PAMA with a higher amount of intact methyl ester, the Boc cleavage was carried out with 1 M 

HCl in water free ethyl acetate under argon atmosphere as described by Chen et al.[153] In a first attempt, 

a mixture of 500 mg PtBAMA in 5 mL 1 M HCl in dry ethyl acetate was stirred at 0°C for 30 minutes. 

Subsequently, the solvent was evaporated under reduced pressure. The resulting solid was still soluble in 

chloroform and a 1H-NMR spectrum (Figure 12) shows that the Boc group was still intact. 

 

Figure 12: 1H-NMR spectrum of PtBAMA after treatment with 1 M HCl in dry ethyl acetate at 0 °C for 30 minutes. 

Also repetition of the reaction at 50 °C for 90 minutes and in an overnight reaction did not result in 

cleavage of the Boc group. 

The reaction was repeated with methanol as solvent. 500 mg PtBAMA were dissolved in 4.5 mL dry 

methanol and 0.5 mL 1 M HCl in dry ethyl acetate was added. The mixture was stirred at room temperature 

for 45 minutes. Subsequently, the solvent was evaporated under reduced pressure. 

It was mentioned before that the Boc group is thermosensitive, but as the characterization of the thermal 

decomposition of PtBAMA showed, both the Boc and the ester function start to decompose at the same 

temperatures (between 100 and 350 °C), thermal deprotection of the Boc group in this case is not possible. 
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Figure 14: 1H-NMR of PDha obtained by thermal deprotection of PtBAMA. 

Although the thermal deprotection was almost complete according to NMR, the resulting PDha shows bad 

solubility, and furthermore, the yield was very low (25 %) if compared to the previously reported 

deprotection strategy. Therefore, the thermal deprotection was not further performed. 
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Titration of PDha 

PDha with a molar mass of Mw = 236 000 g/mol was titrated before, showing a pka of 9.2 for the amine. 

Since the polymer precipitated at pH =6.6, the determination of the pka of the carboxylic acid was not 

possible.[123] The herein used PDha with a molar mass of Mn = 11 700 g/mol is soluble also under acidic 

conditions up to pH values of 3.5. The titration was carried out several times with different concentrations 

between 5 and 50 g/L, whereas at the higher concentration the mixture coagulated at pH < 3.5. Finally, a 

titration was carried out with 250 mg of PDha dissolved in 10 mL 0.1 M NaOH. The solution was titrated 

with 0.1 M HCl at a constant rate of 0.01 mL/min. The titration curve is shown in Figure 15 and shows 4 

equivalence points. The first point at V = 7.87 mL shows the titration of excess NaOH, giving (NH2) = 1, 

followed by a slow decrease in pH dedicated to the protonation of the amine up to the second equivalence 

point at V = 9.37 mL ((NH2) = 0). The mid point between the two points calculates to V = 8.62 mL, and the 

corresponding pH value was read from the titration curve, giving the pka, amine = 9.7. 

The second equivalence point at V = 9.37 mL furthermore represents (COO-) = 1 and is followed by two 

additional equivalence points although only one ((COO-) = 0) was expected. Calculations revealed, that 

the third equivalence point at 11.49 mL represents the midpoint between the second (9.37 mL) and fourth 

equivalence point (13.66 mL). Therefore, the fourth equivalence point was dedicated to  

(COO-) = 0, resulting in pka, COOH = 5.3. The distinct decrease in pH at (COO-) = 0 is assumed to result from 

the precipitation of PDha due to protonation of the carboxylic acid. 

The pka, amine of 9.7 is in good accordance with the pka reported for PDha previously,[123] and the pka of the 

carboxylic acid is in the same range as the pka of PtBAA, which was investigated in Chapter 2.4.1. 

 

Figure 15: Titration curve (black line) of PDha, and derivative (blue line) showing 4 equivalence points. 

 



51 

3 Polyelectrolyte Adsorption onto Iron Oxide Nanoparticles 
Parts of this chapter have been published in P2) M. von der Lühe, U. Günther, A. Weidner, C. Gräfe, 

J. H. Clement, S. Dutz, F. H. Schacher, RSC Adv., 2015, 5, 31920-31929, P3) M. von der Lühe, A. Weidner, 

S. Dutz, F. H. Schacher, ACS Appl. Nano Mater. 2018, 1, 232-244, P4) P. Biehl, M. von der Lühe, F. H. 

Schacher, Macromol. Rapid Commun. 2018, 1800017, P6) C. Gräfe, M. von der Lühe, A. Weidner, J. H. 

Clement, S. Dutz, F. H. Schacher, in preparation. 

 

Scheme 15: Overview about magnetic nanoparticles and shell materials. 
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For the investigation of polyelectrolyte coated nanoparticles, two different types of magnetic cores were 

used (Scheme 15). For first experiments, superparamagnetic nanoparticles (SPION) with a core size of 

roughly 8 nm were used. The second type of MNP are raspberry-like MCNP with an approximated size of 

60-80 nm. As discussed in chapter 1.3.3, the MCNP are more interesting for biomedical applications like 

hyperthermia, because of the increased magnetic loss heating if compared to SPIONs. In addition, the 

handling of the MCNP is improved compared to SPION, as MCNP could easily be separated magnetically 

from dispersions in short times, whereas SPION needed longer sedimentation times. However, the 

synthesis of MCNP is more time consuming. For following incubation studies with model proteins, both 

MNP types were investigated to examine an eventual size dependency of the protein adsorption. All 

nanoparticles were synthesized by the group of Silvio Dutz at the Technische Universität Ilmenau. DLS and 

TEM measurements were performed to investigate particle sizes. Furthermore, TEM micrographs were 

used to determine shell thicknesses of polyelectrolyte coated nanoparticles. Further characterizations 

were performed via zeta potential measurements to monitor changes in surface charge of the coated 

particles, and thermogravimetric analysis to determine the amount of adsorbed polyelectrolyte. Due to 

the error of the TGA, all obtained values are rounded to an accuracy of 0.5 %. The absolute amount of 

polyelectrolyte determined from TGA, together with the core radius was used to calculate theoretical shell 

thicknesses. Therefore, the following equation was used: 

Equation 2 

𝑟𝑠 = √𝑟𝑐3 + (𝑟𝑐3 (𝜌𝑐𝜌𝑠) (𝑊𝑅 ))3 − 𝑟𝑐 
with  

• rs  shell thickness 

• rc core radius 

• c core density (Fe2O3, = 5.2 g/cm3) 

• s shell density 

• WL weight loss dedicated to shell 

• RM residual mass 
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The densities of PtBAA, PDha, PAMA, poly(imidazoliumacrylic acid) (PImAA), and poly(dimethylaminoethyl 

methacrylate) (PDMAEMA) were determined using a 5 mL pycnometer. The density of sodium 

poly(styrene sulfonate) (NaPSS) was received from literature.[154] All densities used for calculations are 

shown in Table 6. 

Table 6: densities of different polyelectrolytes used for nanoparticle coating. 

Polyelectrolyte Density 

[g/cm3] 

PtBAAa 0.918 

PAMAa 0.873 

PDhaa 1.11 

PDMAEMAa 1.23 

NaPSSb 0.801 

PImAAa 1.073 

a) determined using 5 mL pycnometer, b) received from Literature[154] 
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3.1 Synthesis and Characterization of Single Core Nanoparticles 
Superparamagnetic nanoparticles (SPION) were synthesized by the co-precipitation method of Dutz et 

al.[22] An aqueous solution of NaHCO3 (1 M) is slowly added to a solution of FeCl2 and FeCl3 (ratio 1:1.3; 

total Fe concentration 1.25 M) at a rate of 15 mL/min under stirring up to pH = 8. The particles are formed 

according to Equation 3. 

Equation 3:   𝑭𝒆 + + 𝑭𝒆 + + 𝟖 𝑶𝑯−                      →      𝑭𝒆 𝑶 +  𝑯 𝑶 

Due to ageing of the particles, different batches of SPION have been used for encapsulation experiments 

during this work. In the following, the different batches will be compared to prove independency of 

subsequent experiments from the different SPION batches. 

The size of the nanoparticles was determined using DLS and TEM measurements. DLS measurements show 

hydrodynamic radii between 3.5 and 5.5 nm (diameter between 7 nm (SC1604) and 11 nm (SC01)) at pH 

values < 7 (Figure 16A). At higher pH values, DLS shows larger radii (e.g., 11 nm at pH = 12) indicating 

aggregation of the particles. At these pH values, precipitation of the SPION occurs after several minutes. 

The particle sizes of all batches were confirmed by TEM micrographs (Figure 16C and D). Each 150 particles 

were measured from minimum 5 different TEM micrographs. The average particle diameter is 11 ± 2 nm. 

For SC02, the particle size was furthermore confirmed using VSM measurements (Chantrell method), 

showing a diameter of 8.3 nm. Further results of the VSM measurements confirmed the 

superparamagnetic properties of the particles, e.g., high saturation magnetization of 72 AM2kg-1 and low 

coercivity (1.6 kA m-1). The zeta potentials of the SPION vary slightly between +31.2 ± 4.7 mV and 

+40.1 ± 6.0 mV. Except for the first batch SC01, all batches were characterized by TGA measurements, 

showing overall weight losses between 3.5 % and 7.5 % in each three steps. Thermograms of the three 

batches are shown in Figure 16B. The first step (20 - 150 °C) can be attributed to the release of adsorbed 

water, whereas the second step (200 - 500 °C) shows the transformation of a small amount of impurity 

phases to hematite, and the last step (500 – 800 °C) results from the decomposition of remaining 

carbonates trapped inside of particles. The water content was deducted to calculate the weight loss of the 

SPIONs itself. The calculated data is summarized in Table 7. 

The results show that the particles have slight differences concerning particle size and thermal properties, 

but nearly constant zeta potentials. Therefore, we assume that the choice of the SPION batch has no 

influence on the reproducibility of the adsorption experiments. 
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Figure 16: (A) Number-weighted DLS CONTIN plots of 4 different SPION batches: SC01 (black line, <Rh>n,app = 5.5 nm, diameter 
of 11 nm), SC02 (red line, <Rh>n,app = 4 nm, diameter of 8 nm) , SC1604 (blue line, <Rh>n,app = 3.5 nm, diameter of 7 nm), and 
SC1702 (dark cyan line, <Rh>n,app = 5 nm, diameter of 10 nm), (B) thermograms of SC02 (red line, 3.5 % overall weight loss), 
SC1604 (blue line, 5.5 %), and SC1702 (deep cyan line, 7.5 %), and TEM micrographs of (C) SC02 and (D) SC1702. 

 

Table 7: Characterization of different SPION batches. 

Batch Rh (Dh)a 

[nm] 

Db 

[nm] 

ZP 

[mV] 

weight lossc 

[%] 

carbonate content 

[%]  

Ms
e 

[Am2/kg] 

SC01 5.5 (11) 10 ± 3 + 40.1 ± 6.0 - - 61.5 

SC02 4 (8) 12 ± 2 + 31.7 ± 5.8 3.5 2.5 72 

SC1604 3.5 (7) 11 ± 2 +31.2 ± 4.7 5.5 4 35 

SC1702 5 (10) 10 ± 2 +33.4 ± 5.2 7.5 5.5 59 

a) obtained from DLS, b) obtained from TEM micrographs, c) obtained from TGA measurements,  

d) calculated from TGA measurements, e) obtained from VSM measurements 
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3.2 Polyelectrolyte Adsorption to Single Core Nanoparticles 
The adsorption of polyelectrolytes was in general performed as a simple layer-deposition method. 

Therefore, the particles were dispersed in a solution of the corresponding polyelectrolyte for a defined 

time and subsequently washed until the polymer content was not further decreased with additional 

washing steps. For the characterization of polyelectrolyte coated SPION, DLS, TEM, TGA, zeta potential, 

turbidimetry and IR measurements were performed. 

 

3.2.1 PDha based Polyelectrolytes 

 

Scheme 16: Schematic representation of nanoparticle coating. 

The polydehydroalanine based polyelectrolytes described in Chapter 0 were used for coating studies. For 

PtBAA and PDha, SPION were dispersed in solutions of the respective polyelectrolyte in micropure water 

under alkaline conditions and ultrasonicated for 1 hour at 50 °C. Afterwards, the particles were 

magnetically separated and washed with micropure water 5 times. 

 

PtBAA@SPION  

 

Figure 17: Structure of PtBAA. 

In first experiments, PtBAA was dissolved at pH = 12 and the SPION were dispersed in the solution. 

Different SPION:PtBAA ratios were investigated to determine the influence of the ration on the amount of 

adsorbed PtBAA. The addition of 1, 2, 4, and 8 equivalents PtBAA was investigated. 

After adsorption and washing, the particles showed drastically changed dispersion stabilities. Whilst 

pristine SPION form stable dispersions under acidic conditions and precipitate at high pH values, 
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PtBAA@SPION only remain dispersed at high pH values for days, whereas precipitation occurs at pH values 

below 7. This can be attributed to the solution properties of PtBAA, which also precipitates at low pH. The 

particle radii obtained from DLS measurements are strongly increased from 4 nm (diameter of 8 nm) for 

the pristine SC02 to 177 nm (diameter of 354 nm) after addition of 1 equivalent PtBAA (Figure 18A). With 

increasing amounts of PtBAA added, the hydrodynamic radius decreases to 113 nm (2 eq.; diameter of 

226 nm), 51.5 nm (4 eq.; diameter of 103 nm) and finally 20 nm (8 eq.; diameter of 40 nm). This can be 

interpreted as increased stability as well as reduced secondary aggregation of the particles with increasing 

amount of PtBAA added. A further contribution to this assumption are the results of zeta potential 

measurements. The pristine particles exhibit a strongly positive zeta potential of +31.7 ± 5.8 mV, which is 

already decreased to +5.3 ± 59 mV after the addition of 1 equivalent of PtBAA, and further to -

31.8 ± 5.2 mV (4 eq; Figure 18B). With increasing surface charge, the particles are less likely to form larger 

aggregates due to electrostatic repulsion. Furthermore, TEM micrographs showed large aggregates of 

PtBAA@SC02 (1:1), as it is shown in Figure 18C, but smaller aggregates for PtBAA@SC02 (8:1) (Figure 18D). 

 
Figure 18: (A) Number-weighted DLS CONTIN plots of pristine SC02 (black line, <Rh>n,app = 4 nm, diameter of 8 nm), and 
PtBAA@SC02 with different PtBAA:SC ratios: 1:1 (red line, <Rh>n,app = 354 nm, diameter of 708 nm), 2:1 (blue line, <Rh>n,app = 
226 nm, diameter of 452 nm ), 4:1 (dark cyan line, <Rh>n,app = 103 nm, diameter of 206 nm), and 8:1 (pink line, <Rh>n,app = 40 nm, 
diameter of 80 nm), (B) zeta potentials of pristine SC02 (+31.7 ± 5.8 mV) and PtBAA@SC02 with different PtBAA:SC ratios: 1:1 
(+5.3 ± 5.9 mV), 2:1 (-18.8 ± 4.3 mV), 4:1 (-31.8 ± 5. 2 mV) and 8:1 (-25.9 ± 5.9 mV), and TEM micrographs of PtBAA@SC02 with 
2 different PtBAA:SC ratios: (C) 1:1, and (D) 8:1. Derived from P2 [RSC Adv., 2015, 5, 31920-31929]. 
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The amount of PtBAA adsorbed to the SPION was determined using thermogravimetric analysis as well as 

VSM measurements. The obtained thermograms show only one single decomposition step between 200 

and 800 °C. The overall weight losses are 3 % (PtBAA:SC02 1:1), 9 % (2:1), 13 % (4:1), and finally 12 % (8:1; 

Figure 19A). The increasing weight losses with increasing PtBAA show, that the amount of polyelectrolyte 

added has a major impact on the amount of adsorbed PtBAA. The comparable values after addition of 4 

and 8 equivalents hint towards a saturation. VSM measurements resulted in decreasing saturation 

magnetizations (Ms), showing the presence of non-magnetic material. Ms is reduced by 9 % after the 

addition of 1 and 2 equivalents PtBAA, 11 % for 4 equivalents, and 15 % for 8 equivalents (Figure 19B). 

 

 

Figure 19: (A) Thermograms of PtBAA@SC02 with different PtBAA:SC ratios: 1:1 (black line, 3% overall weight loss), 2:1 (red 
line, 9 % overall weight loss), 4:1 (green line, 13 % overall weight loss), and 8:1 (blue line, 12 % overall weight loss), and (B) VSM 
measurements of pristine SC02 (black line, Ms = 72 Am2/kg), and PtBAA@SC02 with different PtBAA:SC ratios: 1:1 (red line, 
Ms = 65.4 Am2/kg), 2:1 (green line, Ms = 64.3 Am2/kg), 4:1 (blue line, Ms = 61.5 Am2/kg), and 8:1 (cyan line, Ms = 60.8 Am2/kg). 
Derived from P2 [RSC Adv., 2015, 5, 31920-31929]. 

Calculations of the theoretical shell thicknesses result in 0.2 nm (1:1), 0.6 nm (2:1), 0.9 nm (4:1), and 0.8 nm 

(8:1). When the data was published in 2015, a wrong equation was used for the calculations, resulting in 

more reasonable values.[155] The new values between 0.2 and 0.8 nm cannot represent a complete shell 

around the nanoparticles. Interpretation of the values is difficult, as the equation is based on assumptions 

for perfect, monodisperse spheres. By coating of the SPION, aggregates are formed, which are then coated 

with the polyelectrolyte, resulting in thicker shells then the calculated values. 

In conclusion, the results of DLS, zeta potential and VSM show that PtBAA@SPION could successfully be 

synthesized with different amounts of PtBAA adsorbed to the particle surface. TGA measurements 

however show only negligible amount of PtBAA after the addition of 1 equivalent PtBAA. These results 

prompt the assumption, that a minimum amount of PtBAA of 2 mass equivalents has to be added, to 
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successfully coat the particles. Furthermore, zeta potential, TGA, and VSM, show very similar properties 

for the samples with 4 and 8 equivalents, which indicates that the adsorption is saturated at higher 

amounts. Nevertheless, a polyelectrolyte:SPION ratio of 8:1 was chosen for further experiments. 

Despite the promising first results, the adsorption could not be reproduced with the following batches of 

SPION under the given conditions. To again improve the adsorption, PtBAA was dissolved at pH = 10 with 

a concentration of 20 g/L and carefully brought to pH = 5 with 0.1 M HCl. At pH = 5, PtBAA is still negatively 

charged, whereas the SPION are strongly positively charged, which should improve the polyelectrolyte 

adsorption. 

With these changes, a large batch of PtBAA@SC1702 could successfully be synthesized for following 

incubation experiments. 700 mg of SC1702 were added to a solution of 5.6 g PtBAA in micropure water at 

pH =5. After ultrasonication for 1 hour and 5 washing steps, DLS measurements showed a hydrodynamic 

radius of 11 nm (22 nm in diameter), which is a distinct increase compared to 5 nm for pristine SC1702 

(10 nm in diameter; Figure 20A). The zeta potential is decreased from +33.4 ± 5.2 mV to -40.4 ± 5.8 mV. 

TGA measurements show an increased overall weight loss of 9.5 %, and thus a PtBAA content of 2.0 % 

after deduction of 1.5 % water and 5.5 % weight loss of pristine SC1702 (Figure 20B). The calculated shell 

thickness results in 0.2 nm. 

 

Figure 20: (A) Number-weighted DLS CONTIN plots of pristine SC1702 (black line, <Rh>n,app = 5 nm, diameter of 10 nm), and 
PtBAA@SC1702 (blue line, <Rh>n,app = 11 nm, diameter of 22 nm), and (B) thermograms of pristine SC1702 (black line, 7.5 % 
overall weight loss), and PtBAA@SC1702 (blue line). 
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PAMA@SPION 

 

Figure 21: Structure of PAMA. 

Since the polycationic PAMA is not soluble in aqueous systems except for pH values > 10, where the ester 

is further deprotected, first coating attempts were carried out in DMSO. Therefore, PAMA was dissolved 

in DMSO with a concentration of 20 g/L, and a dispersion of SC02 in micropure water/HCl at pH = 4 was 

added. After 1 hour of ultrasonication, the particles were separated by centrifugation and washed with 

DMSO 5 times. For comparison, also a sample of SPION was ultrasonicated in the same DMSO/water 

mixture for 1 hour without the addition of PAMA. The obtained particles did not form stable dispersions 

in aqueous systems but in DMSO. Both samples showed a decreased zeta potential of +24.3 ± 6.3 mV with 

PAMA, or +25.7 ± 4.7 mV without the addition of PAMA, respectively. DLS measurements of the particles 

after the addition of PAMA show only a small shift of 2 nm. Furthermore, VSM showed no changes in Ms. 

A second attempt to adsorb PAMA to SPION was the addition of a SPION dispersion (1 g/L) directly to the 

deprotection solution of PAMA in TFA. After stirring in TFA for 1 hour, the color of the particle solution had 

changed from dark brown to slight yellow, showing the decomposition of the SPION. Nevertheless, the 

dispersion was centrifuged and the precipitate was washed with micropure water. DLS measurements of 

the precipitate were performed from TFA and aqueous HCl dispersion. The measurements from the HCl 

solutions show a shift from 4.5 nm hydrodynamic radius (9 nm in diameter) for the pristine particles to 

10.5 nm (21 nm in diameter) for the coated particles. Measurements from the TFA dispersions show only 

aggregates with 52 nm hydrodynamic for the pristine particles, and 90 nm for the coated particles, 

(Figure 22A). TEM measurements of the TFA solution were performed (Figure 22B). It shows mainly salt 

of decomposed SPION, but also some left nanoparticles. 
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Figure 22: DLS CONTIN plots of pristine SC02 (dashed lines) and PAMA@SC02 (solid lines) from HCL (red), and TFA solutions 
(black), and (B) TEM micrograph of PAMA@SC02 from TFA. 

Since straightforward adsorption of PAMA to MNP does not work, a layer-by-layer approach using 

PDha@MNP was performed and will be described in Chapter 4.1. 
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PDha@SPION 

 

Scheme 17: Schematic representation of the preparation of PDha@SPION. 

In first attempts, PDha was dissolved in micropure water at pH = 8, and the SPION were dispersed in this 

solution. Different amounts of PDha were added to SC02 to investigate the influence of the PDha:SPION 

ratio on the amount of PDha adsorbed to the SPION surface. PDha:SPION ratios 1:2, 1:1, 2:1, 4:1, and 8:1 

were investigated. 

 

Figure 23: Structure of PDha. 

The coated particles showed altered dispersion stabilities compared to the pristine SPION. Whilst the 

pristine SPION are only stable at pH ≤ 7, and rapidly sediment at higher pH values, PDha@SC02 are only 

stable at higher pH values and sediment already within minutes at pH = 7. As already mentioned for 

PtBAA@SC02, interpretation of DLS measurements is difficult due to agglomeration of the particles. 

Particle sizes obtained by DLS measurements show no systematical trend, PDha:SC02 ratios of 1:2 

(Rh = 13 nm, 26 nm in diameter), 2:1 (Rh = 32 nm, 64 nm in diameter), 4:1 (Rh = 23 nm, 46 nm in diameter), 

and 8:1 (Rh = 5 nm, 10 nm in diameter) lead to increased hydrodynamic radii, whereas a ratio of 1:1 leads 

to a decreased radius of 3 nm (6 nm in diameter, Figure 24A). The particle sizes were determined from 

TEM micrographs, resulting in 11 nm (2:1, 4:1) or 12 nm (1:2, 1:1, 8:1; Figure 24C). Furthermore, the TEM-

micrographs of PDha@SC02 with a PDha:SC02 ratio of 8:1 showed a shell of organic material around small 

aggregates with a thickness of 2 – 5 nm (Figure 24D). Zeta potential measurements of PDha@SC02 show 

decreased, but still positive values between +11.2 ± 3.1 mV and +16.0 ± 4.9 mV for all PDha:SC02 ratios 

(Figure 24B). 
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Figure 24: (A) Number-weighted DLS CONTIN plots of pristine SC02 (black line, <Rh>n,app = 4 nm, diameter of 8 nm), and 
PDha@SC02 with different PDha:SC ratios: 1:2 (red line, <Rh>n,app = 13 nm, diameter of 26 nm), 1:1 (green line, <Rh>n,app = 3 nm, 
diameter of 6 nm ), 2:1 (blue line, <Rh>n,app = 32 nm, diameter of 64 nm), 4:1 (cyan line, <Rh>n,app = 23 nm, diameter of 46 nm) 
and 8:1 (pink line, <Rh>n,app = 5 nm, diameter of 10 nm), (B) zeta potentials of pristine SC02 (+31.7 mV) and PDha@SC02 with 
different PDha:SC ratios: 1:2 (+13.5 mV), 1:1 (+14.9 mV), 2:1 (+16.0 mV), 4:1 (+13.8 mV) and 8:1 (+11.2 mV), and TEM 
micrographs of PDha@SC02 with 2 different PDha:SC ratios: (C) 1:1, and (D) 8:1, showing a shell of organic material (purple 
arrows) with a thickness of 2 – 5 nm. Derived from P2 [RSC Adv., 2015, 5, 31920-31929]. 

The overall weight losses of PDha@SC02 were increased by 0.5 % (PDha:SC02 1:1, and 4:1), 1.0 % (1:2), 

1.5 % (2:1), or 4.5 % (8:1) (Figure 25A). VSM measurements show decreases in Ms between 1.1 and 8.9 %, 

showing the same trend as the TGA measurements, but with slightly higher values (Figure 25B). 
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Figure 25: (A) Thermograms of pristine SC02 (black line, 3.5 % overall weight loss), and PDha@SC02 with different PDha:SC 
ratios: 1:2 (red line, 4.5 % overall weight loss) 1:1 (green line, 4.0 % overall weight loss), 2:1 (blue line, 4.5 % overall weight 
loss), 4:1 (cyan line, 4.0 % overall weight loss), and 8:1 (pink line, 8.0 % overall weight loss), and (B) VSM measurements of 
pristine SC02 (black line, Ms = 72 Am2/kg), and PDha@SC02 with different PDha:SC ratios: 1:2 (red line, Ms = 65.6 Am2/kg), 1:1 
(green line, Ms = 71.2 Am2/kg), 2:1 (blue line, Ms = 68.5 Am2/kg), 4:1 (cyan line, Ms = 68.5 Am2/kg), and 8:1 (pink line, 
Ms = 65.9 Am2/kg). Derived from P2 [RSC Adv., 2015, 5, 31920-31929]. 

As previously reported for the adsorption of PtBAA, also for PDha the adsorption was not reproducible 

under the given conditions. To overcome this problem, the same strategy as for PtBAA was used: the PDha 

was first dissolved at pH = 10 and subsequently the solution was titrated to pH = 5 with diluted HCl. In this 

way, two batches of each 800 mg SPION (SC1604) could successfully be coated with PDha, showing 

comparable results concerning zeta potential, weight loss and dispersion stability. 

Figure 26A shows the number-weighted DLS CONTIN plots of the pristine SC1604 and two batches of 

PDha@SC1604. The obtained hydrodynamic radius of the pristine SPION was 3.5 nm (7 nm in diameter). 

After the coating with PDha, the particles show a hydrodynamic radius of 4.5 nm (PDha@SC1604_1, 

Dh = 9 nm), or 3.5 nm (PDha@SC1604_1, Dh = 7 nm) respectively. The zeta potential of both samples is 

clearly shifted from +31.5 ± 4.7 mV to -43.4 ± 6.1 mV and -54.8 ± 18.3 mV after the coating. The successful 

coating of the SC1604 is also shown with TGA measurements, which are shown in Figure 26B. The 

measurements for the pristine particles show an overall weight loss of 5.5 % between 30 and 850 °C. The 

overall weight loss of PDha@SC1604 in the same temperature range is 15.5 % for PDha@SC1604_1, and 

20.0 % for PDha@SC1604_2. Deducting the weight loss of the pristine particles and the respective water 

contents of the samples, this results in 9.0 %, and 12.5 % PDha adsorbed on the particle surface. Taking 

these values into account for the shell thickness calculations, thicknesses result in 0.5 nm, or 0.7 nm 

respectively. 
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Figure 26: (A) Number-weighted DLS CONTIN plots of pristine SC1604 (black line, <Rh>n,app = 3.5 nm, diameter of 7 nm), and 2 
different batches of PDha@SC1604: PDha@SC1604 _1 (purple line, <Rh>n,app = 4.5 nm, diameter of 9 nm), and PDha@SC1604_2 
(pink line, <Rh>n,app = 3.5 nm, diameter of 7 nm), and (B) thermograms of SC1604 (solid black line, 5.5 % overall weight loss), 
and 2 different batches of SPION@PDha: PDha@SC1604 _1 (purple line, 15.5 %), and PDha@SC1604_2 (pink line, 20.0 %). 

 

3.2.2 (2-Carboxymethyl)(2aminoethyl) cellulose carbamate 

To generalize the coating procedure, a zwitterionic cellulose derivative was used for coating experiments. 

A statistically substituted (2-carboxyethyl)(2-aminoethyl) cellulose carbamate (Figure 27) was used, which 

was provided by cooperation partners. 

 

Figure 27: Structure of (2 carboxyethyl)(2-aminoethyl)cellulose carbamate 

The carbamate was dissolved at pH = 10 with a concentration of 10 g/L and added to a dispersion of SC02 

with a concentration of 10 g/L in 3 different ratios of SC:carbamate = 1:1, 1:2, and 1:4. The particles were 

then ultrasonicated for 1 hour, subsequently washed with micropure water 5 times and characterized by 
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zeta potential and TGA measurements. DLS measurements of the resulting particles were not performed. 

The zeta potentials in micropure water remained unchanged compared to the initial particles (Table 8). 

Thermograms of the different batches are shown in Figure 28A. The overall weight loss is slightly increased 

if compared to pristine SC02, resulting in carbamate contents of 1 % (1:1), 2 % (1:2), and 3.5 % (1:4). 

pH dependent zeta potential measurements resulted in slightly decreased values at pH values between 7 

and 9, but no changes at pH values <7 (Figure 28B). 

 

Figure 28: (A) Thermograms of pristine SC02 (black line, 3 % overall weight loss), and cellulosecarbamate@SC02 with 3 different 
SC: carbamate ratios: 1:1 (red line, 4 %), 1:2 (green line, 5 %), and 1:4 (blue line, 6.5 %), and (B) pH dependent zeta potentials 
of pristine SC02 (black dots), and cellulosecarbamate@SC02 with 3 different SC: carbamate ratios: 1:1 (red triangles), 1:2 (green 
dots), and 1:4 (blue triangles). 

 

Table 8: Zeta potentials and weight losses of cellulosecarbamate@SC02. 

sample zeta potential 
[mV] 

weight lossa 
[%] 

SC02 30.7 ± 0.45 3 

SC02 + 1 eq. MKIL20 21.0 ± 0.75 4 

SC02 + 2 eq. MKIL20 32.3 ± 0.74 5 

SC02 + 4 eq. MKIL20 27.3 ± 1.63 6.5 

a) determined via TGA measurements 
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3.3 Synthesis and Characterization of Multicore Nanoparticles 
As mentioned in the beginning of chapter 3, MCNP have a number of benefits compared to SPION, like 

facilitated separation from dispersions, resulting in shorter timescales for experiments, and improved 

properties concerning hyperthermia. Multicore nanoparticles were synthesized by the workgroup of Silvio 

Dutz by coprecipitation of FeCl2 and FeCl3 (Fe2+/Fe3+ ratio = 1/1.3) as described in 2011.[156]. Briefly, a 1 M 

NaHCO3 solution was added to a FeCl2/FeCl3 solution (c(Fe) = 1.25 M) at a rate of 0.75 mL/min under 

permanent stirring up to pH = 8. During the addition a brownish precipitate was formed. Afterwards, the 

solution was boiled for 5 min to form an almost black precipitate. The resulting MCNP were then washed 

with water. 

Different batches of MCNP have been used for coating experiments. All batches were analyzed concerning 

particle size (DLS, TEM), surface charges (zeta potential), and thermal properties (TGA). Whilst the zeta 

potentials (+42.3 ± 6.6 mV – + 46.5 ± 5.5 mV), and thermal properties are almost unchanged for all batches, 

the hydrodynamic radii vary between 26 and 51 nm (52 - 102 nm in diameter). The DLS CONTIN plots are 

shown in Figure 29A. The particle sizes were confirmed by TEM measurements. For all samples, slightly 

lower particle sizes were determined from TEM micrographs than by DLS measurements, as can be seen 

from Table 9. The small differences show, that only a thin hydration shell surrounds the particles in 

aqueous dispersions. Thermograms obtained from TGA measurements of the particles are shown in Figure 

29B. All thermograms show comparable weight losses (3.5 – 5.0 %). In a first step between room 

temperature and 150 °C, remaining water is released from the particle surface, followed by decomposition 

of carbonates, remaining from the particle synthesis up to 850 °C. The batch MC1704 additionally shows 

an increase in weight of 0.4 % between 150 and 240 °C which we assume to result from the oxidation of 

magnetite (Fe3O4) to maghemite (Fe2O3). To calculate the amount of carbonates in the particles, the water 

content was deducted from the overall weight loss. The carbonate content varies between 2.0 and 3.0 %. 



Polyelectrolyte Adsorption onto Iron Oxide Nanoparticles 

68 

 

Figure 29: (A) Number-weighted DLS CONTIN plots of 4 different MCNP batches showing radii between <Rh>n,app = 26 nm 
(MC1606, red line, diameter of 52 nm), and <Rh>n,app = 51 nm (MC1707, blue line, diameter of 102 nm), and (B) thermograms of 
4 different MCNP batches, showing overall weight losses of 3.5 % (MC1512, black line), 5.0 % (MC1606, red line), 4.5 % (MC1704, 
green line), and 4.0 % (MC1707, blue line). 

 

Table 9: Radii, zeta potentials, weight losses and saturation magnetizations of 4 different MCNP batches. 

 Rh (Dh)a 

[nm] 

Db 

[nm] 

ZPc 

[mV] 

Overall weight lossd 

[%] 

Carbonate contente 

[%] 

Batch 1 

(MC1512) 

36 

(72) 
68 ± 8 + 45.2 ± 6.3 3.5 2.5 

Batch 2 

(MC1606) 

26 

(52) 
50 ± 5 + 46.5 ± 5.5 5.0 3.0 

Batch 3 

(MC1704) 

38 

(78) 
61 ± 9 +42.3 ± 6.6 4.5 2.5 

Batch 4 

(MC1707) 

51 

(102) 
 +45.6 ± 6.5 4.0 2.0 

a) determined via DLS, b) determined from TEM micrographs, c) determined using a Malvern Zetasizer 

nano ZS, e) determined via TGA, e) calculated from TGA 

 

In conclusion, the different particles differ mainly in particle size, whereas the surface charge is constant 

for all batches. For coating experiments, the surface charges are most important whilst particle size should 

have a minor impact. Thus, we assume that adsorption of polyelectrolytes is not influenced by the different 

MCNP batches.  
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3.4 Polyelectrolyte Adsorption to Multicore Nanoparticles 

3.4.1 PDha based Polyelectrolytes 

The coating method which was previously introduced for the coating of SPION with PDha based 

polyelectrolytes was then transferred to the MCNP, and the results will be discussed in the following 

sections. 

PtBAA@MCNP 

After first attempts to obtain PtBAA@MCNP resulted in negligible, or very high amounts of PtBAA, a 

successful adsorption strategy was found by dissolving PtBAA at pH = 12 and carefully adjusting the pH to 

5, to make sure that the MCNP are positively charged. The MCNP were then dispersed in the PtBAA 

solution for 1 hour and subsequently washed as reported for the SPION. For the washing steps, the 

micropure water was brought to pH = 8 with NaOH to prevent precipitation of the PtBAA during the 

washing steps. With that strategy, a batch of PtBAA@MCNP for incubation studies in FCS was prepared 

successfully using MC1704.  

DLS measurements after the adsorption of PtBAA show an increased hydrodynamic radius of 62 nm 

(124 nm in diameter), compared to 39 nm (78 nm in diameter) for pristine MC1704. The increase of 23 nm 

is too large for a polyelectrolyte shell and thus indicates the formation of larger aggregates instead of 

single particle coating, or secondary aggregation of PtBAA@MCNP. The zeta potential is decreased from 

+42.3 ± 6.6 mV for the pristine MC1704 to -39.7 ± 12.1 mV. 

The TGA measurements show an increased weight loss of 7.5 %, resulting in a PtBAA content of 4.0 % after 

deduction of 1.0 % water content and 2.5 % carbonate content of the pristine MC1704. This results in a 

calculated shell thickness of 3.3 nm. 

A second batch of PtBAA@MCNP was synthesized using MC1707 for comparative incubation studies with 

pristine MC1707 and PDha@MC1707. The resulting particles show a hydrodynamic radius of 65 nm 

(130 nm in diameter). The zeta potential is decreased from +45.6 ± 6.5 mV to -32.5 ± 5.3 %. TGA 

measurements result in a PtBAA content of 6.5 %, and thus a calculated shell thickness of 6 nm. DLS 

CONTIN plots and thermograms of both PtBAA@MCNP batches are shown in Figure 30. 
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Figure 30: (A) Number-weighted DLS CONTIN plots of MC1704 (solid black line, <Rh>n,app = 39 nm; diameter of 78 nm), MC1707 
(dashed black line, <Rh>n,app = 51 nm; diameter of 102 nm), PtBAA@MC1704 (solid blue line, <Rh>n,app = 62 nm; diameter of 
124 nm), and PtBAA@MC1707 (dashed blue line, <Rh>n,app = 65 nm; diameter of 130 nm), and (B) thermograms of MC1704 (solid 
black line, 4.5 % overall weight loss), MC1707 (dashed black line, 4.0 % overall weight loss), PtBAA@ MC1704 (solid blue line, 
7.5 %), and PtBAA@MC1707 (dashed blue line, 11.5 %). 

TEM micrographs of PtBAA@MC1707 are shown in Figure 31. Only small aggregates are visible, and a thin 

shell of organic material can be observed. 

 

Figure 31: TEM micrographs of PtBAA@MC1707, showing small aggregates with a thin shell of organic material. 

PDha@MCNP 

PDha@MCNP were used as starting point for a series of experiments which will be discussed during the 

following chapters. Therefore, several batches of PDha@MCNP have been synthesized. 

In a first experiment, 800 mg of PDha were dissolved in 80 mL micropure water/NaOH at pH = 8 and 100 mg 

of MC1512 were dispersed. After 1 hour of ultrasonication, the particles were magnetically separated and 

washed 5 times with micropure water. DLS measurements of the resulting PDha@MC1512 showed a 
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distinct shift in hydrodynamic radius from 36 nm (pristine MC1512, 72 nm in diameter; Figure 32A) to 

45 nm (90 nm in diameter), and the zeta-potential at pH = 7 decreased from +45.2 ± 6.3 mV to  

-3.8 ± 4.7 mV. In contrast to these results, TGA measurements shows only a very small increase in weight 

loss to 4.5 % compared to 3.5 % of the pristine particles, resulting in a PDha content of 1.0 % after 

deduction of 1.0 % water and 2.5 % carbonate content of the pristine particles (Figure 32B). This results in 

a theoretical shell thickness of 0.4 nm. 

 

Figure 32: (D) Number-weighted DLS CONTIN plots of pristine MC1512 (black line, <Rh>n,app = 36 nm; diameter of 72 nm), and 
PDha@MC1512 (red line, <Rh>n,app = 90 nm; diameter of 180 nm), and (B) thermograms of pristine MC1512 (black line, overall 
weight loss of 3.5 %), and PDha@MC1512 (purple line, 4.5 %). 

The adsorption conditions were changed as described before for the adsorption of PtBAA. PDha was 

dissolved at pH 8 and the solution was carefully titrated to pH = 5 before addition of the MCNP. In that 

way, 4 batches of PDha@MCNP were prepared using MC1606. For the first two batches, each 250 mg 

MC1606 were ultrasonicated with 2 g of PDha for one hour, the third batch was enlarged to 400 mg MCNP 

together with 3.2 g PDha, and the fourth batch was enlarged to 1 g of MC1606 together with 8 g of PDha, 

since this batch was afterwards used for incubation experiments. The hydrodynamic radii determined by 

DLS measurements were increased from initially 26 nm (diameter of 52 nm) to 59, 40, 31, and 44 nm for 

the four batches (138, 80, 62 and 88 nm in diameter; Figure 33A, Table 10). Zeta potential measurements 

show decreased surface charges for all four batches. The initially positively charged MCNP show negative 

zeta potentials of -41.4 ± 6 mV, -30.0 ± 7.4 mV, -31.8 ± 5 mV, and -36.7 ± 4.3 mV after the coating. TGA 

measurements show comparable results for the batches 1 – 3, and a smaller amount of PDha for batch 4 

(Figure 33B). In detail, the overall weight loss is increased from 5.0 % for the pristine MC1606 to 13.0 %, 

12.0 % and 12.5 % for the batches 1 – 3 and to 10 % for batch 4. The resulting PDha contents then calculate 

to 7.5 % (batch 1), 7.0 % (batch 2), 7.0 % (batch 3), and 5.0 % (batch 4). The shell thicknesses calculate to 

3.1 nm, 2.9 nm, 2.8 nm, and 2.1 nm. 
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Figure 33: (A) Number-weighted DLS CONTIN plots of pristine MC1606 (black line, <Rh>n,app = 26 nm; diameter of 52 nm), and 
4 batches of PDha@MC1606: PDha@MC1606_1 (red line, <Rh>n,app = 59 nm; diameter of 118 nm), PDha@MC1606_2 (green 
line, <Rh>n,app = 40 nm; diameter of 80 nm), PDha@MC1606_3 (blue line, <Rh>n,app = 31 nm; diameter of 62 nm), and 
PDha@MC1606_4 (cyan line, <Rh>n,app = 44 nm; diameter of 88 nm); and (B) thermograms of pristine MC1606 (black line, overall 
weight loss of 5.0 %), and 4 batches of PDha@MC1606: PDha@MC1606_1 (red line, 13.0 %), PDha@MC1606_2 (green line, 
12.0 %), PDha@MC1606_3 (blue line, 12.5 %), and PDha@MC1606_4 (cyan line, 10.0 %). 

TEM micrographs of PDha@MC1606_3 show aggregates of particles as well as single particles. The 

micrographs furthermore show thin shells of organic material around the particles with an average 

thickness of 3 nm, which is in good accordance with the calculated value of 2.8 nm (Figure 34). 

 

Figure 34: TEM micrographs of (A) pristine MC1606 with an average diameter of 50 ± 5 nm, and (B) PDha@MC1606_3 showing 
a shell of organic material (purple arrows) with an average thickness of 3 nm. 
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Table 10: Comparison of different PDha@MC1606 batches. 

Batch Nr Batch size 

 

[mg] 

Rh (Dh)a 

 

[nm] 

Overall weight 

lossb 

[%] 

PDha 

contentc 

[%] 

Calc. shell 

thicknessd 

[nm] 

Purpose 

MC1606 - 26 (52) 5.0 - - - 

PDha@MC1606_1 250 
59 

(118) 
13.0 7.5 3.1 

multilayer 

particles 

PDha@MC1606_2 250 
40 

(80) 
12.0 7.0 2.9 

multilayer 

particles 

PDha@MC1606_3 400 
31 

(62) 
12.5 7.0 2.8 

stability tests, 

multilayer 

particles 

PDha@MC1606_4 1000 
44 

(88) 
10.0 5 2.1 

shell stability 

tests, 

incubation 

experiments 

MC1707  51 (102) 4.0 - -  

PDha@MC1707_1 

400 51 (102) 

10.0 7.0 5 methylene 

blue 

adsorption 

PDha@MC1707_2 

800 56 (112) 

12.5 7.5 6 comparative 

incubation 

studies 

a) determined via DLS, b) determined via TGA, c) calculated from TGA, d) calculated using Equation 2 

 

Comparison of the different batches shows high reproducibility of the adsorption of PDha onto MCNP, 

since all batches show comparable shell thicknesses, surface charges and dispersion stabilities. 

Nevertheless, upscaling of the adsorption process slightly decreases the amount of adsorbed PDha. 

Also the last MCNP batch MCNP1707 was used for the preparation of PDha@MC. Two batches were 

prepared according to the previous batches. The first batch (PDha@MC1707_1) shows no change in 

hydrodynamic radius compared to the pristine MC1707 (Rh = 51 nm, 102 nm in diameter). The second 

batch, PDha@MC1707_2 shows a slight increase in hydrodynamic radius to 56 nm (112 nm in diameter). 
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The zeta potential of both samples is decreased from +45.6 ± 6.5 mV for the initial MC1707 to  

-37.3 ± 9.8 mV, or -34.7 ± 7.3 mV, respectively. TGA measurements of both samples result in comparable 

amounts of PDha adsorbed to the NPs of 7.0 %, and 7.5 % (Figure 35, Table 10). 

 

Figure 35: (A) (A) Number-weighted DLS CONTIN plots of pristine MC1707 (black line, <Rh>n,app = 51 nm; diameter of 102 nm), 
and 2 batches of PDha@MC1707: PDha@MC1707_1 (purple line, <Rh>n,app = 51 nm; diameter of 102 nm), PDha@MC1707_2 
(red line, <Rh>n,app = 56 nm; diameter of 112 nm), and (B) thermograms of pristine MC1707 (black line, 4.0 % overall weight 
loss), and 2 batches of PDha@MC1707: PDha@MC1707_1 (purple line, 10.0 %), PDha@MC1707_2 (red line, 12.5 %). 

The calculation of the shell thicknesses results in 5 nm for PDha@MC1707_1 and 6 nm for 

PDha@MC1707_2. 

pH-dependent Zeta Potential 

Pristine MC1606 and PDha@MC1606_3 were dispersed at different pH values between pH = 2 and 12, and 

zeta potentials of the samples were investigated. The zeta potential of PDha@MC1606_3 is strongly 

decreased compared to the pristine MC1606, which showed +46.5 ± 14.8 mV at pH = 2 and remain nearly 

constant around this value up to pH = 7 (Figure 36). Above this pH, the zeta potential drops to 

+15.7 ± 5.5 mV at pH = 8 and further decreases to -31.6 ± 8.1 mV at pH = 10. In contrast to that, 

PDha@MCNP show a decreased zeta potential of +14.9 ± 11.3 mV at pH = 2 and negative values already 

at pH = 6 (-13.6 ± 9.2 mV), followed by further decrease to -43.5 ± 15.8 mV at pH = 10. 
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Figure 36: pH-dependent zeta potential of pristine MC1606, and PDha@MC1606_3. Reprinted from P3 [Applied Nano Materials, 
2017, in Press]. 

 

Shell Stability 

For perspective applications, the stability of the polyelectrolyte shell is of high importance. Therefore, the 

stability of the PDha shell was investigated under different conditions concerning pH, temperature and 

salt concentrations. 

To investigate the pH dependent stability of the shell, PDha@MC1606_4 were dispersed at different pH 

values for 24 hours, magnetically separated, freeze dried and subsequently analyzed by TGA 

measurements. The respective thermograms are shown in Figure 37A, the weight losses and calculated 

water-, and PDha contents are summarized in Table 11. After being dispersed at pH values between 2 and 

8, the PDha content of 5.0 % stays nearly constant at 5.0 % (pH = 2, 4, 6), and 5.5 % (pH = 8). In contrast to 

that, the PDha content drastically decreased to 2.0 % after 24 hours at pH = 10, and further to 0.0 % after 

24 hours at pH = 12. The results show that the PDha shell is stable at pH < 10, but is partially or completely 

desorbed at higher pH, where PDha is better soluble and both MCNP and PDha exhibit negative zeta 

potentials. 

Figure 37B shows thermograms of PDha@MC1606_3 before, and after being heated to 70 °C for 20 

minutes to mimic the harshest conditions under which PDha@MCNP have been incubated in FCS later on. 

The PDha amount after deduction of water content and MC104 weight loss is 7.0 %. Compared to an initial 

amount of 6.5 %, this shows that the PDha shell remains stable under the given conditions. 
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Figure 37: Thermograms of pristine MC1606 (black line, 5.0 % overall weight loss), (A) PDha@MC1606_4 (purple line, 10.0 %), 
and PDha@MC1606_4 after being stored at different pH values for 24 hours: pH = 2 (green line, 11.0 %), pH = 4 (blue line, 
10.5 %), pH = 6 (cyan line, 10.0 %), pH = 8 (pink line, 10.5 %), pH = 10 (yellow line, 6.5 %), and pH = 12 (brown line, 5.0 %); 
reprinted from P3 [Applied Nano Materials, 2017, in Press], and (B) PDha@MC1606_3 (purple line, 10.0 %), and 
PDha@MC1606_3 after heating to 70 °C for 20 minutes (green line: 11.0 %, and blue line: 11.5 %). 

Table 11: TGA results of PDha@MC1606 after being stored at different pH values for 24 hours. 

pH Overall weight lossa 

[%] 

Solvent contentb 

[%] 

PDha contentb 

[%] 

initial sample 10.0 2.0 5 

2 11.0 2.5 5.0 

4 10.5 2.5 5.0 

6 10.0 2.5 5.0 

8 10.5 2.0 5.5 

10 6.5 1.5 2.0 

12 5.0 2.0 0.0 

a) determined via TGA, b) calculated from TGA 

Salt Concentrations 

To investigate the stability of the PDha shells against salinity, samples of PDha@MC1707_1 were dispersed 

in solutions of NaCl in micropure water at different ionic strength for 24 hours, freeze dried and 

investigated via TGA measurements. Each experiment was repeated 3 times. Salinities of I = 1 M (58.44 

g/L NaCl), I = 0.1 M and I = 0.01 M were investigated. Figure 38 shows one thermogram for each of the 

samples. The samples after dispersion at I = 1 M, and 0.1 M show a significantly increased weight loss at 

T > 750 °C, which is dedicated to remaining NaCl in the sample. Therefore, in this case the weight loss at 

750 °C was used for the calculation of the PDha content. The results of the calculations are summarized in 
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Table 12. The calculations show, that at I = 1 M, roughly half of the initial PDha content of 7.0 % is desorbed 

after 24 hours, whereas it stays nearly constant at 6.5 % after being dispersed I = 0.1 M, and 6.5 ± 0.5 after 

being dispersed at I = 0.01 M. 

 

Figure 38: Thermograms of PDha@MC1707_1 (purple line, 10 % overall weight loss), and after being dispersed at different 
salinities: I = 1 M (green line, 10.0 %), I = 0.1 M (cyan line, 12.0 %), and I = 0.01 M (pink line, 11.0 %). 

 

Table 12: TGA results and calculated PDha contents of samples dispersed at different concentrations of NaCl. 

Salinity 

[M] 

Overall weight lossa 

[%] 

Solvent contentb 

[%] 

PDha contentb 

[%] 

MC1707 4.0 2.0 - 

PDha@MC1707_1 10.0 1.0 7.0 

1  7.5 ± 0.5c 2.0 3.5 ± 0.5 

0.1 11.0c 2.5 6.5 

0.01 11.0 ± 0.5 2.5 6.5 ± 0.5 

a) determined via TGA, b) calculated from TGA, c) weight at 750 °C was used as overall weight 

loss due to remaining NaCl in the samples 

 

Although the results show that the PDha remains stable at salinities at least up to I = 0.1 M, it has to be 

mentioned here that the particles dispersed at I = 1, and I = 0.1 M showed drastically decreased dispersion 

stabilities and sedimented within several minutes. 
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3.4.2 Other Polyelectrolytes 

Polydopamine 

Another polymer which was used for coating experiments is a N-Boc-protected polydopamine with a molar 

mass of 5 900 g/mol and a dispersity of Ð 1.02, which was again provided by cooperation partners. The N-

Boc-protected polydopamine was dispersed in 2 mL of micropure water, and conc. HCl was added 

dropwise to the dispersion until the polydopamine dissolved completely, indicating the cleavage of the 

Boc-group (Figure 39). 

 

Figure 39: Deprotection of N-Boc-polydopamine. 

A dispersion of MC1512 was added to the solution, and the mixture was ultrasonicated for 1 hour, followed 

by magnetic separation and washing steps with micropure water. Figure 40 shows DLS CONTIN plots of 

pristine MC1512 and Polydopamine@MC1512. The hydrodynamic radius shows a shift from 36 nm (72 nm 

in diameter) for the pristine MC1512 to 394 nm (diameter of 788 nm) for polydopamine@MC1512. The 

DLS measurements hint toward the formation of larger aggregates. The Zeta potential measurements 

show a shift from +45.2 ± 6.3 mV for the pristine MCNP to -11.4 ± 4.1 mV. 

 

Figure 40: Number-weighted DLS CONTIN plots of pristine MC1512 (black line, <Rh>n,app = 36 nm; diameter of 72 nm), and 
polydopamine@MC1512 (red line, <Rh>n,app = 394 nm; diameter of 788 nm). 
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Figure 41 shows TEM micrographs of the coated nanoparticles. During TEM measurements, mainly large 

aggregates of the particles were found. The micrographs in Figure 41A and B clearly show a shell around 

the particles. The shell thickness varies from 5 to 12 nm. 

 

Scheme 18: formation and complexation of Au-NP at the polydopamine@MCNP surface. 

Additionally, Au nanoparticles were synthesized in the presence of polydopamine@MC1512 as well as in 

the presence of uncoated MC1512. The TEM micrographs in Figure 41C and D show that the Au 

nanoparticles in the polydopamine@MC1512 sample are located directly at the nanoparticle surface, since 

they are complexed by the amines of the polydopamine shell (Scheme 18). In case of the pristine MC1512, 

the Au nanoparticles were located all over the sample grid and not at the MCNP surface. 

 

Figure 41: TEM micrographs of (A and B) polydopamine@MC1512and (C and D) Au@polydopamine@MC1512. 
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PAGA@MCNP 

 

Figure 42: Structure of poly(2-acrylamido glycolic acid). 

Poly(2-acrylamido glycolic acid) (PAGA, Figure 42) was used synthesized in a free radical polymerization by 

a coworker. Depending on salt concentration in the eluent, water based SEC with a PEO calibration results 

in a molar mass between 28 500 g/mol (0.1 M NaNo3/0.05 % NaN3, Ð = 1.32) and 98 400 g/mol (0.05 % 

NaN3, Ð = 1.32). PAGA was used for coating of MC1707 in an 8 fold excess. After 1 hour of ultrasonication 

and 5 subsequent washing steps with micropure water, the hydrodynamic radius of the particles is 

increased from 51 nm (102 nm in diameter) of the pristine particles to 67 nm (137 nm in diameter, Figure 

43A). The previously positive zeta potential of the pristine MC1707 (+ 45.6 ± 6.5 mV) is decreased to – 37.7 

± 7.3 mV after the coating. TGA analysis shows an increase in the overall weight loss from 4.0 % to 7.0 %, 

resulting in a PAGA content of 3.5 % (Figure 43B). 

 

Figure 43: (A) Number-weighted DLS CONTIN plots of pristine MC1707 (black line, <Rh>n,app = 51 nm; diameter of 102 nm), and 
PAGA@MC1707 (red line, <Rh>n,app = 67 nm; diameter of 134 nm), and (B) thermograms of pristine MC1707 (black line, 4.0 % 
overall weight loss), and PAGA@MC1707 (red line, 7.0 % overall weight loss). 
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TEM micrographs of PAGA@MC1707 show large aggregates of MC1707 featuring organic shells (Figure 

44). Furthermore, organic filaments of several µm length and starting at the PAGA@MC1707 can be 

observed. 

 

Figure 44: TEM micrographs of PAGA@MC1707. 

PImAA@MC 

 

Figure 45: PImAA in different states of protonation. 

Poly((2-imidazol-1-yl)acrylic acid) (PImAA, Figure 45) was synthesized by C. Rössel as described 

recently.[157] It represents another synthetic polyzwitterion, which was used for the coating of MCNP. Due 

to the higher pka of the imidazolium (pka = 10.87)[157] if compared to the amine of PDha, a shift of the pH 

dependent charge behavior compared to PDha@MCNP was expected. In a first attempt, PImAA was 

dissolved in micropure water at pH = 6 with a concentration of 10 g/L and added to MC1707 in a 4-fold 

excess. After 1 hour of ultrasonication and 5 subsequent washing steps, quickly precipitating large 

aggregates with a PImAA content of nearly 50 % according to TGA were obtained. Therefore, the 

PImAA : MCNP ratio was decreased to 1:1 in order to inhibit aggregation during the coating process. Two 

batches were prepared with that ratio. The first batch showed an increased hydrodynamic radius of 54 nm 

(108 nm in diameter), whereas the hydrodynamic radius of the second batch is slightly decreased to 48 
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nm (96 nm in diameter, Figure 46A). Both batches show nearly neutral zeta potentials of +7.4 ± 3.8 mV for 

batch a and +0.4 ± 3.7 mV for batch b in micropure water. For the particles with the ratio 1:4 no meaningful 

DLS or zeta potential results could be obtained, due to precipitation within the time range of the 

measurements. TGA measurements revealed PImAA contents of 45.5 % for the ratio 1:4, and 5.0 % 

(batch a), respectively 3.5 % (batch b, Figure 46B) for the ratio 1:1. The shell thicknesses then calculate to 

4 nm (1:1a), and 3 nm (1:1b). 

 

Figure 46: (A) Number-weighted DLS CONTIN plots of pristine MC1707 (black line, <Rh>n,app = 51 nm; diameter of 102 nm), and 
PImAA@MC1707 (blue line, <Rh>n,app = 54 nm; diameter of 108 nm, and green line,  <Rh>n,app = 48 nm; diameter of 96 nm), and 
(B) thermograms of pristine MC1707 (black line, 4.0 % overall weight loss), and PImAA@MC1707 with different MC:PImAA 
ratios: 1:4 (red line, 53.5 %), and 2 batches with 1:1 (blue line, 9.0 %, and green line, 6.5 %). 

50 mg of batch PImAA@MC1707_1:1a were dispersed in 0.1 M HCl and titrated with 0.1 M NaOH. At every 

full pH step, a sample was taken for zeta potential measurements. In the beginning the zeta potential 

remains stable at +22.0 ± 1.6 mV up to pH = 4. At pH = 5, the zeta potential is decreased to +16.2 ± 0.5 mV, 

further decreasing to +8.3 ± 0.8 mV at pH = 6, which is in good accordance with the first measurements in 

micropure water (Figure 47). From pH = 7 onwards, the particles exhibit a negative zeta potential, 

decreasing down to -26.1 ± 0.5 mV, where it remains constant up to pH = 12. These results suggest an 

isoelectric point of the PImAA@MC1707 at pH = 6.5. 
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Figure 47: pH-dependent zeta potential of pristine MC (black dots), and PImAA@MC1707 (blue dots). 

The pH dependent stability of the PImAA coating was investigated at pH =2, 10 and 12. The respective 

thermograms are shown in Figure 48. The initial PImAA content of 3.5 % is unchanged after 24 hours at 

pH = 2. For the alkaline conditions, the PImAA content is slightly reduced to 3.0 % for both pH = 10 and 

pH = 12. 

 

Figure 48: Thermograms of PImAA@MC1707_1:1b before (purple line, 6.5 % overall weight loss), and after being stored at 
different pH values for 24 hours: pH = 2 (red line, 7.5 %), pH = 10 (green line, 7.0 %), and pH = 12 (blue line, 7.0 %). 

The results for PImAA@MC1707 show that the polyelectrolyte adsorption to the MCNP, which was initially 

investigated for polydehydroalanine, and its methyl ester protected derivative PtBAA, is transferable to 

other polyzwitterions. Moreover, the increased shell stability against high pH values and the higher 

isoelectric point of the coated particles make this particle system interesting for possible reversible LbL 

applications, since it offers a broader pH range for adsorption- and desorption experiments.
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4 Reversible Adsorption of Polyelectrolytes 
Parts of this chapter have been published in P3) M. von der Lühe, A. Weidner, S. Dutz, F. H. Schacher, 

Applied Nano Materials, ACS Appl. Nano Mater. 2018, 1, 232-244. 

4.1 Polyelectrolyte@PDha@MC 

 

Scheme 19: Schematic representation of the formation of double-layer coated MCNP, and release of the second shell by pH 
induced charge inversion of the PDha shell. Reprinted from P3 [Applied Nano Materials, 2017, in Press]. 

The pH-dependent charge behavior of PDha@MC1606 was exploited for the adsorption of different 

polyelectrolytes. Both polycations and polyanions could be adsorbed to PDha@MC1606 to form double 

layer coated nanoparticles (Scheme 19). At pH = 6, poly(N,N-dimethylaminoethyl methacrylate) 

(PDMAEMA) was adsorbed to negatively charged PDha@MCNP, and polyanionic poly(styrenesulfonic acid) 

(PSS) was adsorbed to positively charged PDha@MC1606 at pH = 2. 

As starting material, previously described PDha@MC1606_3 with a hydrodynamic radius of 31 nm 

(diameter of 62 nm), and a PDha content of 6.6 % were used. For both polyelectrolytes, successful 

adsorption was proven by increased hydrodynamic radii (Rh (PSS@PDha@MC1606) = 67 nm (134 nm in 

diameter); Rh (PDMAEMA@PDha@MC1606) = 127 nm (254 nm in diameter), Figure 49A), changed zeta 

potentials (Figure 49B), and increased weight losses in thermogravimetric measurements (2.5 % PSS 

content; 4.0 % PDMAEMA content, Figure 49D). Furthermore, the polyelectrolyte shells of all particles 

could be visualized by TEM measurements and showed increasing shell thicknesses for the double layer 

coated particles, as exemplarily shown in Figure 49C. In all cases, IR measurements showed signals for 

both PDha and the second corresponding polyelectrolyte, indicating that the second shell is adsorbed to 

PDha@MC1606 without desorption of the PDha shell. 
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Figure 49: (A) Number-weighted DLS CONTIN plots of pristine MC1606 (black line, <Rh>n,app = 26 nm; diameter of 52 nm), 
PDha@MC1606_3 (purple line, <Rh>n,app = 31 nm; diameter of 62 nm), PSS@PDha@MC1606 (blue line, <Rh>n,app = 67 nm, 
diameter of 134 nm), and PDMAEMA@PDha@MCNP (red line, <Rh>n,app = 127 nm, diameter of 254 nm), (B) pH-dependent zeta 
potential of pristine MC1606 (black dots), PDha@MC1606_3 (purple dots), PSS@PDha@MC1606 (blue dots), and 
PDMAEMA@PDha@MC1606, (C) TEM micrograph of showing a polyelectrolyte shell with an average thickness of 7 nm around 
MC cores, and (D) thermograms of pristine MC1606 (black line, 5.0 % overall weight loss), PDha@MC_1606_3 (purple line, 
12.5 %), PSS@PDha@MCNP (blue line, 15.0 %), and PDMAEMA@PDha@MCNP (red line, 15.0 %); derived from P3 [Applied 
Nano Materials, 2017, in Press]. 

As shown in chapter 3.4, the PDha shell remains stable without desorption over a wide pH range from 

pH = 2 to pH = 8. By changing the pH of the dispersant of the double layer coated MCNP, the PDha charges 

could be inversed, which enabled the selective desorption of the second shells. For PSS@PDha@MC1606, 

it could be shown, that both shells are stable upon pH = 8, whereas PSS and a minor part of PDha are 

desorbed at pH = 9 (Figure 50A). The selective desorption was also proven by IR measurements, in which 

the PSS signals are vanished after 24 hours at pH = 9, but the PDha signals are still present (Figure 50C). 
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The desorption of PDMAEMA shows even higher selectivity, as can be seen from the thermograms in 

Figure 50B. After 24 hours at pH = 2, PDMAEMA is completely desorbed, and the PDha shell is still intact. 

This was again supported by IR measurements. Figure 50D shows IR spectra of 

PDMAEMA@PDha@MC1606 before, and after being stored for 24 hours at pH = 4, and pH = 2. The 

PDMAEMA signals are still present after 24 hours at pH = 4, but are vanished after 24 hours at pH = 2. 

 

Figure 50: Thermograms of pristine MC1606 (black lines, 5.0 % overall weight loss), PDha@MC1606_3 (purple lines, 12.5 %) and 
(A) PSS@PDha@MC1606 (blue line, 15.0 %) and each 3 samples of PSS@PDha@MC1606 dispersed for 24 hours at pH = 9, and 
(B) PDMAEMA@PDha@MCNP (red line, 15.0 %), and 3 samples of PDMAEMA@PDha@MC1606 dispersed for 24 hours 
at pH = 2, and IR spectra of (C) PSS@PDha@MC1606 (solid blue line), PSS@PDha@MC1606 after 24 h at pH = 8 (green line), and 
pH = 9 (pink line), and (D) PDMAEMA@PDha@MC1606 (red line), and PDMAEMA@PDha@MC1606 after 24 h at pH = 4 (green 
line), and pH = 2 (pink line); derived from P3 [Applied Nano Materials, 2017, in Press]. 

As already mentioned in Chapter 3.2.1, PDha@MCNP were also used to investigate the LbL deposition of 

PAMA. Since PAMA is unsoluble in aqueous systems, it was dissolved in a mixture of DMSO and micropure 

water/HCl at pH = 2, a DMSO/water ratio of 4 and a PAMA concentration of 10 g/L. PDha@MCNP1606 

were dispersed in the solution for 20 minutes, magnetically separated and washed with micropure water, 
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resulting in large aggregates which precipitated within minutes. DLS measurements showed a 

hydrodynamic radius of 336 nm (diameter of 672 nm, Figure 51A), and TEM micrographs showed only 

large aggregates (Figure 46C). The negative zeta potential of PDha@MC1606 was increased up to 

+20.8 ± 4.5 mV (Figure 46B). Calculations based on the TGA results show a PAMA content of 4.5 % 

(Figure 46D). 

 

Figure 51: A) Number-weighted DLS CONTIN plots of MCNP (black line, <Rh>n,app = 26 nm, diameter of 52 nm), PDha@MCNP 
(purple line, <Rh>n,app = 59 nm, diameter of 118 nm), and PAMA@PDha@MCNP (green line, <Rh>n,app = 168 nm, diameter of 
336 nm); (B) zeta potential at pH = 7 of MCNP (black dot, +44.5 mV), PDha@MCNP (purple dot, -40.4 mV), and 
PAMA@PDha@MCNP (green dot, +20.8 mV); (C) TEM micrograph of PAMA@PDha@MCNP showing an agglomerate of several 
MCNP with a shell of organic material (green arrows, 5 nm); and (D) thermograms of pristine MCNP (black line, overall weight 
loss 5.0 %), PDha@MCNP (purple line, 13.0 %) and PAMA@PDha@MCNP (green line, 17.5 %); reprinted from P3 [Applied Nano 
Materials, 2017, in Press]. 

Although the adsorption of PAMA in general seems to be successful, it only resulted in unstable 

aggregates. In addition, repetition with a PAMA:PDha@MC ratio of 1 did not lead to stable dispersions. 

Therefore, the adsorption of PAMA was not further investigated. 
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4.2 PDMAEMA@PImAA@MCNP 
The adsorption of PDMAEMA was also performed with PImAA@MC1707. Since the PImAA-coated NP 

show a positive zeta potential at pH = 6, the adsorption in this case was performed at pH = 7, where the 

zeta potential of PImAA@MC1707 was -10.9 ± 0.7 mV. 

The thermograms of PImAA@MC1707_1:1b and PDMAEMA@PImaAA@MC1707 are shown in Figure 52. 

The overall weight loss is increased from 6.5 % for the initial PImAA@MC1707 particles to 11.0 % for the 

PDMAEMA@PImAA@MC1707 particles, resulting in 3.0 % PDMAEMA content. 

To investigate the desorption of PDMAEMA, PDMAEMA@PImAA@MC1707 were dispersed in micropure 

water pH = 6 for 24 hours. The thermograms show an average remaining content of 1.0 % PDMAEMA. 

Although the zeta potential of PImAA@MCNP did not further increase upon decrease of the pH below 6, 

a second desorption experiment at pH = 2 was performed. All three samples show the complete desorption 

of the PDMAEMA shell (Figure 52B, Table 13, average PDMAEMA content of -0.5 ± 0.5 %). 

 

Figure 52: Thermograms of PImAA@MC1707_1:1b (purple line, 6.5 % overall weight loss), PDMAEMA@PImAA@MC1707 (red 
line, 11.0 %), and (A) after 24 hours at pH = 6 (green, cyan, and pink lines, average of 8.5 %), and (B) after 24 hours at pH = 2 
(green, cyan, and pink lines, average of -0.5 ± 0.5 %). 

The results approve, that the desorption of PDMAEMA from PImAA@MCNP is possible at higher pH values 

if compared to PDha@MCNP as expected due to the positive charge of PImAA at pH 6. This is of particular 

interest for biomedical applications since pH = 6 is in a range of physiological systems in contrast to pH = 2.  
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Table 13: TGA results of PDMAEMA@PImAA@MC1707 after being dispersed at different pH values. 

Sample Overall weight 

lossa 

[%] 

Solvent contentb 

 

[%] 

PImAA contentb 

 

[%] 

PDMAEMA 

contentb 

[%] 

MC1707 4.0 2.0 -  

PImAA@MC1707_1:1b 6.5 1.0 3.5  

PDMAEMA@PImAA@MC

1707 
11.0 2.0 3.5 3.0 

after 24 hours at 

pH = 6 
8.5c 2.0 ± 0.05c 3.5 1.0c 

after 24 hours at pH =2 7.0 ± 1.0c 2.0 ± 0.5c 3.5 -0.5 ± 0.5c 

a) determined by TGA, b) calculated from TGA, c) average value of three measurements 
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5 Reversible Adsorption of Methylene Blue 
Parts of this chapter have been published in P4) P. Biehl, M. von der Lühe, F. H. Schacher, Macromol. Rapid 

Commun. 2018, 1800017. 

PDha@MCNP 

 

Scheme 20: Schematic representation of adsorption and pH responsive desorption of methylene blue to PDha@MCNP. 
Reprinted from P4 [ChemComm, 2017, submitted]. 

The pH dependent charge behavior of PDha@MCNP was demonstrated by the reversible adsorption of 

Polyelectrolytes. Since the presented system could also be interesting for processes, where small 

molecules are reversibly adsorbed (e.g., wastewater treatment, or drug delivery; Scheme 20), the 

reversible adsorption of a representative small molecule was investigated. As a water soluble, cationic dye, 

methylene blue (Figure 53, MB) allows adsorption to PDha@MCNP from aqueous solutions at neutral pH 

in analogy to the previously presented polyelectrolyte adsorption experiments. Furthermore MB can easily 

be detected by UV/Vis spectroscopy and was therefore chosen as model compound. The main UV/Vis 

adsorption band of MB can be observed at 664 nm.[158] 

 

Figure 53: Chemical structure of methylene blue. 

In a first attempt, PDha@MC1707_1 were dispersed (10 g/L) in a solution of MB (c = 1 g/L) at pH = 6. After 

24 hours, the dispersion was magnetically separated and washed with micropure water, until the main 

adsorption band of MB (664 nm) in the UV Vis spectrum was vanished (6 washing steps with micropure 

water, Figure 54). Subsequently, the particles were dispersed in micropure water / HCl at pH = 2. The 
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dispersant immediately turned blue. After 2 hours, the particles were again magnetically separated. 

UV/Vis investigations clearly showed signals of methylene blue (Figure 54). A second treatment with 

pH = 2 resulted in no further desorbed dye. 

 

Figure 54: UV/Vis spectra of supernatants of PDha@MCNP1707 after treatment with methylene blue, after 3 (black line) and 6 
(red line) washing steps, and after treatment with pH = 2 micropure water (green line). 

More detailed investigations were performed with the same batch of PDha @MC1707. Each 2.5, 5, and 

15 mg of PDha@MC1707 were dispersed in 1 mL MB in micropure water (0.01 g/L). After vortexing for 20 

seconds, the samples were magnetically separated and washed with micropure water, until the main 

absorbance band of MB did not further decrease (4 – 7 washing steps). The particles were then dispersed 

at pH = 2 for 20 seconds followed by magnetic separation, and a second desorption step at pH = 2. 

Figure 55A shows the intensities of the main MB absorption band at 664 nm of the MB solution before 

and after treatment with PDha@MC1707, the supernatants of the washing steps, and the pH = 2 solutions 

after magnetic separation of the particles. After the MNP treatment, the absorption of all MB solutions is 

distinctly decreased. The washing solutions show only minor MB absorbance, whereas the absorbance is 

increased for all samples after dispersion at pH = 2. The second pH = 2 solution again shows no absorption 

of MB. The 15 mg sample was then repeatedly dispersed for each 30 seconds in MB solutions and pH = 2 

solutions, with one washing step at pH = 7 in between. The absorbance of the solutions is shown in 

Figure 55B. The UV/Vis spectrum of the MB solution after MNP treatment after the first cycle showed 

almost no absorbance, whereas after the following 3 cycles, a certain absorbance of MB remains. After 

the 4th cycle, the particles were allowed to stand at pH = 7 overnight, and the following cycle showed a 

decreased MB absorbance band in UV/Vis measurements if compared to cycles 2 – 4. Although the amount 

of adsorbed MB seems to decrease according to the absorbances after MNP treatment, the absorbance 

after desorption at pH = 2 is almost unchanged for all cycles. Since the results indicate that the 
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PDha@MCNP need a certain time to regenerate at pH = 7, the particles were dispersed in micropure water 

for 3 days, followed by MB adsorption and desorption at pH = 2. The corresponding absorbances at 664 nm 

are shown in Figure 55C together with the results after the first adsorption cycle. Also after the 72 hours 

regeneration time, the particles do not retain their initial effectivity. Finally, the desorption of MB at higher 

pH values was investigated, since pH = 2 is not in the range of physiological systems, and therefore not 

suitable for applications. Desorption at pH = 3, 4, 5, and 6 were investigated. Figure 55D shows the UV/Vis 

absorbance intensities of MB desorbed from PDha@MC at the different pH values. The absorbance 

intensity of the initial MB solution after the PDha@MCNP treatment of all samples is unchanged, and the 

supernatants of all washing steps show only minor absorbance for MB. The desorption solutions show 

decreasing intensities with increasing pH up to pH = 4. At pH = 5 and 6 only small amounts of MB are 

desorbed during multiple dispersion steps. A subsequent dispersion at pH = 2 shows increased absorbance, 

showing that MB is still adsorbed to PDha@MCNP after 4 desorption steps at pH = 6. 

 

Figure 55: UV/Vis absorbance intensities of (A) 0.01 g/L MB solutions before and after treatment with 3 different amounts of 
PDha@MC, (B) MB solutions before and after PDha@MC treatment in 9 cycles, (C) MB desorption after prolonged regeneration 
in micropure water, and (D) desorption at pH = 4 (red dots), pH = 5 (blue triangles), pH = 6 (green triangles), and pH = 7 (pink 
triangles). Reprinted from P4 [ChemComm, 2017, submitted].  
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5.1 PImAA@MCNP 
The adsorption of methylene blue to PImAA@MC1707_1:1b was investigated as described for 

PDha@MC1707 in the previous chapter. In a first attempt, MB was dissolved at pH = 6, and 

PImAA@MC1707_1:1b were dispersed in this solution. Already the second washing step did not show any 

coloration, and also decreasing the pH had no effect. Since PImAA@MC1707 exhibit a positive zeta 

potential already at this pH value, this was expectable. The same procedure was repeated with MB 

dissolved at pH = 9. Subsequent washing steps with micropure water/NaOH with pH = 9 lead to a decrease 

in adsorption of MB, but the adsorption was still observed after 6 washing steps (Figure 56A). However, 

after 6 washing steps, the particles were dispersed at pH = 6, which again had no effect on the adsorption. 

After dispersing the particles at pH = 2, the adsorption distinctly increased, and a second treatment with 

pH = 2 water did not show any absorbance at 664 nm (Figure 56B). 

 

Figure 56: (A) UV/Vis absorption spectra of supernatants of PImAA@MC1707 after treatment with MB (1 g/L) at pH =9: after 1 
washing step (black line, main absorption peak at 664 nm, I = 2.1), 6 washing steps (red line, I = 0.5), after treatment with pH = 2 
(green line, I = 0.9), and a second treatment with pH = 2 (blue line, I = 0.2), and (B) absorbance at  = 664 nm after different 
washing steps. 

The results show that the adsorption of MB to PImAA@MC1707 did take place, but the negative surface 

charges of the particles are sufficient to retain the dye at the NP surface upon dilution. Protonation of the 

PImAA shell at pH = 2 leads to a complete release of the remaining dye. Compared to the previously 

presented results of adsorption to PDha@MC1707, the selective desorption is not that clearly 

pronounced, although the zeta potentials of PDha@MC1707 at pH = 7 and PImAA@MC1707 at pH = 9 are 

in a comparable range (-25 mV). Both systems show complete release upon protonation at pH = 2. 
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6 Covalent Surface Functionalization 
Another aim of this thesis was the synthesis of magnetic iron oxide nanoparticles covalently coated with 

LPEI. Since the adsorption of LPEI did not work out due to the positive surface charges of the particles, a 

grafting-to strategy was developed to obtain PEtOx@MCNP particles. It was shown previously, that acidic 

hydrolysis of poly(2-ethyl-2-oxazoline) (PEtOx) grafted silica nanoparticles leads to positively charged 

P(EtOx-stat-EI) functionalized particles.[159] 

6.1 Synthesis of SiO2@MCNP Nanoparticles 
The acidic hydrolysis of PEtOx@SiO2 nanoparticles described by Eckardt et al. was carried out with 6 M HCl 

at 100 °C. The herein used iron oxide MCNP show very low resistance against concentrated acids and are 

already completely dissolved in 1 M HCl within 1 hour at room temperature. Therefore, it was investigated 

whether a silica shell increases the stability of the MCNP cores against acidic hydrolysis. Silica shells of 

different shell thickness were created using the Stöber process, as was already reported before for iron 

oxide nanoparticles.[129] 

The MCNP were dispersed in a mixture of ethanol, water and ammonia (47:1.5:1) and tetraethyl 

orthosilicate (TEOS) was added. The mixture was ultrasonicated for 4 hours at 50 °C and was allowed to 

react at room temperature for further 11 hours. Afterwards, the particles were magnetically separated 

from the mixture and washed with micropure water 5 times. The particles were analyzed via DLS and TEM 

measurements. 

The number-weighted size distributions obtained from DLS measurements shown in Figure 57A show a 

shift in the particle radii from 36 nm (72 nm in diameter) (MC1512) to 41 nm (82 nm in diameter) after 1 

hour of ultrasonication and a further shift to 44 nm (88 nm in diameter) after the full reaction time of 15 

hours. Furthermore, the intensity-weighted size distributions show a shift to higher agglomeration sizes. 

Figure 57B shows a TEM micrograph of the particles after 1 hour. A silica shell with an average thickness 

of 4 nm can be deduced from the image. 
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Figure 57: (A) Number-weighted DLS CONTIN plots of pristine MC1512 (black line, <Rh>n,app = 36 nm, diameter of 72 nm), 
SiO2@MC1512 after 1 hour reaction time (red line, <Rh>n,app = 41 nm, diameter of 82 nm) and after 15 hours (green line, 
<Rh>n,app = 44 nm, diameter of 88 nm), and (B) TEM micrograph of SiO2@MC1512 after 1 hour reaction times with a SiO2 shell. 

The zeta potential of both samples was decreased from +40.1 ± 6.0 mV to -32.5 ± 5.2 mV after 1 hour, and 

-30 ± 4.7 mV after 15 hours. After the successful SiO2 shell formation, samples of pristine MC1512 and 

SiO2@MC1512 were dispersed in 1M HCl. Already after 30 minutes, the dispersion of the pristine MC1512 

turned clear and yellow, whereas the SiO2@MC1512 still formed a dark dispersion (Figure 58A). TEM 

investigations of SiO2@MC1512 revealed, that the major part of the particles was dissolved and only empty 

SiO2 capsules were found (Figure 58B). 

 

Figure 58: (A) Photograph of a dispersion of SiO2@MC1512 (left) and pristine MC1512 (right) after being dispersed in 1 M HCl 
for 30 minutes, and (B) TEM micrograph of SiO2@MC1512 after being dispersed in 1 M HCl for 30 minutes. 
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To improve the stability of the magnetic cores, the thickness of the SiO2 shells was increased. Therefore, 

the SiO2-shell formation around MC1512 was further investigated, varying either the ammonia 

concentration or the amount of added TEOS. The reaction conditions for the first trials (samples A-F) can 

be seen in Table 14. Sample A represents the repetition of the first attempt. All samples were 

ultrasonicated for 10 hours and afterwards stood for additional 8 hours before the particles were washed 

by magnetic separation. 

Table 14: Reaction conditions for different SiO2@MC1512. 

Sample V (NH3) 

[mL] 

V (H2O) 

[µL] 

V (EtOH) 

[mL] 

V (TEOS) 

[µL] 

V (overall) 

[ml] 

m (MCNP) 

[mg] 

A 0.25 167 7.833 83.4 8.333 50 

B 0.25 167 7.875 41.7 8.333 50 

C 0.25 167 7.75 167 8.333 50 

D 0.25 167 7.583 334 8.333 50 

E 0.5 167 7.583 83.4 8.333 50 

F 1 167 7.583 83.4 8.333 50 

 

Figure 59 shows number-weighted DLS CONTIN plots of the 6 samples. The result for sample A 

(<Rh>n,app = 44 nm, 88 nm in diameter) shows the same value as for the first attempt under the same 

conditions, showing that the shell formation seems to be reproducible. Both samples B (0.5 equivalents 

TEOS compared to A, (<Rh>n,app = 24 nm, 48 nm in diameter), and C (2 equivalents TEOS, (<Rh>n,app = 2 nm, 

4 nm in diameter) show decreased radii compared to the pristine particles. This is dedicated to the 

formation of silica particles instead of shell formation, as will be shown later on in the TEM analysis. Sample 

D (4 eq. TEOS, (<Rh>n,app = 38 nm, 76 nm in diameter) again shows a slight increase. The samples with 

increased NH3 concentrations show distinctly increased radii of 72 nm (sample E, 2 eq. NH3; diameter of 

144 nm) and 59 nm (sample F, 4 eq. NH3; diameter of 118 nm). With the exceptions of samples C and E, 

which show larger aggregates, all unweighted size distributions are in the same size regime as for the 

pristine particles. 
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Figure 59: Number-weighted DLS CONTIN plots of pristine MC1512 (black line, <Rh>n,app = 36 nm, diameter of 72 nm), and 
SiO2@MC1512 with different coating conditions: A (red line, <Rh>n,app = 44 nm, diameter of 88 nm), B (0.5 eq. TEOS, green line, 
<Rh>n,app = 24 nm, diameter of 48 nm), C (2 eq. TEOS, blue line, not shown, <Rh>n,app = 2 nm, diameter of 4 nm), (D) (eq. TEOS, 
dark green line, <Rh>n,app = 38 nm, diameter of 76 nm), E (2 eq. NH3, pink line, <Rh>n,app = 72 nm, diameter of 144 nm), and E (4 
eq. NH3, brown line, <Rh>n,app = 59 nm, diameter of 118 nm). 

Zeta potential measurements of all samples resulted in negative values around -30 mV. Noticeably, all 

samples showed very broad zeta potential distributions with deviations between 12 and 29 mV. This might 

be due to broad size distributions, or the presence of either pristine MCNP, silica NP without a MCNP core. 

DLS and zeta potential results are summarized in Table 15. 

Table 15: Hydrodynamic radii and zeta potentials of SiO2@MC1512 with different coating conditions. 

Sample <Rh>n,app
a (Dh) 

[nm] 

<Rh>z,app
a  (Dh) 

[nm] 

Zeta potentialb 

[mV] 

Shell thicknessc 

[nm] 

MC1512 36 (72) 156 (312) +40.1 ± 6.0  

A 44 (88) 150 (300) -31.1 ± 21.5 2 

B 24 (48) 136 (272) -30.9 ± 25.7 1 

C 2 (4) 1386 (2772) -23.2 ± 12.2  

D 38 (76) 172 (344) -32.9 ±28.6 4 

E 72 (144) 301 (602) -38.4 ± 35.6 10 

F 59 (118) 124 (248) -40.7 ± 26.1 30 

a) determined by DLS, b) determined using a Malvern ZetaSizer Nano ZS,  

c) determined from TEM micrographs 
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TEM measurements were performed for all samples before the washing steps, and for samples A and C 

also after magnetic separation and washing of the particles. The micrographs of sample A before the 

magnetic washing steps showed a high amount of SiO2 nanoparticles, but also silica coated MC1512 (Figure 

60A and B). After the magnetic separation and washing, the Silica particles were removed, and the silica 

shell of SiO2@MC1512 was visible (Figure 60C, average thickness 2 nm). Sample B, which contained only 

the half amount of TEOS showed distinctly less silica particles, and mainly SiO2@MC1512 (Figure 60D-F, 

average shell thickness 1 nm). 

 

Figure 60: TEM micrographs of different SiO2@MC1512: (A and B) sample A before washing of the particles and (C) after 
washing, and (D-F) sample B. 
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As expected, the sample which had the double amount of TEOS added if compared to sample A (sample C) 

showed even more silica particles without MCNP cores, and large SiO2@MC1512 aggregates (Figure 61A 

and B). Again, after the magnetic washing mainly SiO2@MC1512 remained, but also a small amount of 

silica NP (Figure 61C). In sample D, the amount of added TEOS was fourfold the amount of sample A, 

therefore the TEM micrographs also show the highest amount of silica NP (Figure 61C), but also the 

thickest silica shell of the samples A-D with an average thickness of 4 nm (Figure 61F). 

 

Figure 61: TEM micrographs of two different batches of SiO2@MC1512: (A and B) sample C before and (C) after washing, and 
(D-F) sample D. 
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Both samples with increased NH3 amount showed strongly increased shell thicknesses of SiO2. In sample E, 

the amount of TEOS was the same as for sample A, but the concentration of NH3 was doubled. The TEM 

micrographs show large aggregates of particles with shell thicknesses of approximately 10 nm (Figure 62A) 

as well as smaller aggregates (Figure 62B) and single particles with shell thicknesses up to 30 nm (Figure 

62C). Further increase of the NH3 concentration in sample F leads to pristine MC1512 next to 

SiO2@MC1512 aggregates where the shells are too thick to see the MCNP cores (Figure 62D) but also 

MCNP@SiO2 aggregates with approximately 2 nm shell thickness (Figure 62B). 

 

Figure 62: Differently coated SiO2@MC1512 (A-C) sample E, and (D and E) sample F. 
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The samples A-E were treated with 3 M HCl at 100 °C for 90 minutes to investigate the stability of the 

particles. Samples A-D turned completely clear and yellow after the treatment, whereas sample E also 

turned yellow, but still showed a brown turbidity. TEM micrographs of the samples B-D show the hollow 

SiO2 capsules that remain after the treatment and can be seen in Figure 63A-C. The thickness of the 

remaining hollow capsules is 4 nm for sample B, 9 nm for sample C and 5 nm for sample D. TEM 

micrographs of sample E after the HCl treatment are shown in Figure 63D-F. The micrographs show hollow 

SiO2 capsules with a thickness of 12 nm were the MCNP core was dissolved by added HCl (Figure 63D), but 

also SiO2@MCNP particles with shell thicknesses of 32 nm (Figure 63E and F). 

 

Figure 63: TEM micrographs of different SiO2@MC1512 after treatment with 3 M HCl at 100 °C for 90 minutes: (A) hollow SiO2 
capsules of sample B with an average shell thickness of 4 nm, (B) hollow SiO2 capsules of sample C with an average shell 
thickness of 9 nm, (C) hollow SiO2 capsules of sample D with an average shell thickness of 5 nm, and (D-F) different micrographs 
of sample E: (D) hollow SiO2 capsules with a shell thickness of 12 nm, (E) SiO2@MC1512 with a shell thickness of 32 nm and (F) 
a SiO2@MCNP aggregate. 
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The comparison of the DLS results and TEM micrographs shows that increasing the amount of TEOS at the 

initial concentration of NH3 only leads to increasing formation of pristine SiO2 particles, whereas a higher 

NH3 concentration is desirable for thicker SiO2 shells around the MCNP. For further investigations, the 

amount of TEOS was varied whilst the concentration was kept constant to the value of sample E. 

Furthermore, a variation of the grafting method was investigated: each reaction composition was 

performed two times, first in the previously investigated manner by mixing and ultrasonication of water, 

EtOH, and TEOS, and subsequent dropwise addition of NH3 (samples G–J). The second attempt was 

performed by mixing all components except for the TEOS, and subsequent dropwise addition of TEOS 

during ultrasonication (samples K–N). Samples H and L match the composition of sample E, whereas for 

samples G and K the amount of TEOS was bisected, for I and M it was doubled and for J and N it was 

quadrupled. The exact compositions can be seen from Table 16. 

Table 16: Reaction conditions for different MCNP@SiO2 at constant NH3 concentration. 

sample V (NH3) 

[mL] 

V (H2O) 

[µL] 

V (EtOH) 

[mL] 

V (TEOS) 

[µL] 

V (overall) 

[ml] 

m (MCNP) 

[mg] 

G 0.5 166.8 7.625 41.7 8.333 50 

H 0.5 166.8 7.583 83.3 8.333 50 

I 0.5 166.8 7,499 166.7 8.333 50 

J 0.5 166.8 7.333 333.3 8.333 50 

K 0.25 83.4 3.813 20.8 4,167 25 

L 0.25 83.4 3.792 41.7 4,167 25 

M 0.25 83.4 3.75 83.3 4,167 25 

N 0.25 83.4 3.667 166.7 4,167 25 
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The samples were only characterized via TEM. The TEM micrographs of the samples with the lowest (G) 

and the highest amount of TEOS (J) are shown in Figure 64. Sample G shows pristine particles (Figure 64A) 

and particles with thin SiO2 shells (Figure 64B). TEM micrographs of Sample J also show pristine particles 

(Figure 64C) and SiO2@MCNP with shell thicknesses of approximately 10 nm (Figure 64D). 

 

Figure 64: TEM micrographs of sample G (A and B) and sample J (C and D). 
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Figure 65 shows TEM micrographs of samples K, L, and N. Samples K and L show as well pristine MC1512, 

as SiO2@MC1512, and silica NPs. Sample N, the sample with the highest amount of TEOS shows a high 

amount of large SiO2 NPs, but also SiO2@MC1512 with thick shells (approx. 20 nm, Figure 65D and E). 

 

Figure 65: TEM micrographs of (A) sample K, (B and C) sample L, and sample N (D and E). 

In comparison, both methods used for the SiO2 coating resulted in comparable results. The major 

difference was the size of the undesired silica NPs. Upon addition of TEOS to the reaction mixture, much 

larger NPs (approximately 100 nm) were formed than during addition of NH3 to the TEOS containing 

reaction mixture. The different MCNP:TEOS ratios resulted in different shell thicknesses, as expected, but 

also all samples showed a major amount of large SiO2@MC1512 clusters, instead of single SiO2@MC1512 

particles. To decrease the aggregate sizes, the MCNP concentration was decreased from the initial 

concentration (6 g/L) to 1 g/L while the water:EtOH:NH3 composition was kept constant. Two MCNP:TEOS 

ratios were investigated, in analogy to samples G and H. Furthermore, the particles were now mechanically 

stirred and ultrasonicated during the shell synthesis. Whilst the sample with the lower TEOS amount did 

not show any shell formation, TEM micrographs of the sample with the higher amount show small 

aggregates and single particles with a silica shell with a thickness of 10 nm (Figure 66). 
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Figure 66: TEM micrographs of SiO2@MC1512 with decreased MC1512 concentration. 

6.2 Grafting-to Surface Functionalization of MCNP and MCNP@SiO2 

6.2.1 Synthesis of Dopamineacetonide as Endcapper for CROP 

Cate hols, a d espe iall  the ussel-protei  dopa i e are idel  used as a hori g groups of 

surfactants on almost every kind of surface.[160] To obtain PEtOx with a dopamine end-group, 

dopamineacetonide was synthesized as end-capping agent for the CROP of 2-ethyl-2-oxazoline (EtOx) 

according to the method of Liu et al.(Scheme 21).[161] The acetonide protecting group has the advantage 

that it should be cleaved off during the acidic hydrolysis of the PEtOx. 

 

Scheme 21: Reaction chart for the synthesis of dopamineacetonide. 
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The 1H-NMR spectra of the educt, product and both intermediate species are shown in Figure 67. After 

introduction of the trifluoroacetamine, the CH2 next to the amine is slightly shifted, and after introduction 

of the acetonide, an additional signal for the two CH3 groups appears at  = 1.8 ppm. After the subsequent 

deprotection of the amine, the CH2 group next to the amine is shifted back to its initial position. The overall 

yield was 65.7 %. 

 

Figure 67: 1H-NMR spectra of dopamine hydrochloride (black line), TFA-dopamine (red line), TFA-dopamineacetonide (green 
line), and dopamineacetonide. 

6.2.2 Cationic Ring Opening Polymerization of 2-alkyl-2-oxazolines (CROP) 

As described in chapter 1.4.2, 2-alkyl-2-oxazolines can be used for the synthesis of LPEI by hydrolysis of 

the side chains. The commonly used method is the acidic hydrolysis of PEtOx with 3M HCl at 100 °C, but 

also the alkaline hydrolysis of poly(2-methyl-2-oxazoline) is known in the literature. Since the MCNP 

particles are prone to acidic hydrolysis, both methods have been investigated throughout the following 

chapter. 

PEtOx-Dopa 

PEtOx-dopa was obtained by CROP of EtOx and subsequent quenching of the polymerization with 

dopamineacetonide. The polymerization was performed using para-methyl toluenesulfonate as initiator, 

and a M:I ratio of 100. Monomer and Initiator were heated to 140 °C in a microwave for 46 minutes. 

Afterwards, a solution of dopamineacetonide (96.6 mg in 100 µL , 0.5 mmol) was added in a 5-fold excess. 

The mixture was stirred at RT for 24 hours, extracted with brine, dried under vacuum, dissolved in THF and 

precipitated in cold diethyl ether. Figure 68 shows the SEC traces of PEtOx, and PEtOx-dopa. Both polymers 

show a Mn of roughly 4 700 g/mol, which would correspond to a DP of 48, and a dispersity of Ð = 1.3. 
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Figure 68: SEC traces (CHCl3, PS calibration) of PEtOx (black line, Mn = 4 750 g/mol, Ð = 1.3), and PEtOx-dopa (red line, 
Mn = 4 600 g/mol, Ð = 1.3). 

The 1H-NMR spectrum of PEtOx50 before the end-group functionalization shows signals of the Backbone 

( = 3.0 – 3.7 ppm, 4H) and the side chain ( = 1.9 – 2.6 ppm, 2H, and  = 0.7 - 1.4 ppm, 3 H), as well as 

residual monomer ( = 4.1 ppm, and  = 3.8 ppm). Unfortunately, the methyl group of the initiator is not 

visible, and therefore, the exact molar mass cannot be determined from NMR. After addition of 

dopaminecaetonide, additional signals for the aromatic ring ( = 6.4 – 6.7 ppm, 0.06 H compared to 4 H 

for the backbone), and the acetonide group ( = 1.62 ppm, 0.12 H) are visible. Assuming a DP of 48 from 

the SEC measurements, the comparison of the Integrals resulted in a degree of functionalization of 98 %. 

PEtOx-dopa was dissolved in 3M HCl and heated to 100 °C for 90 minutes. Purification of the polymer was 

performed as described by de la Rosa et al.[162] The 1H-NMR spectrum of the resulting polymer shows only 

one signal for the PEI backbone at  = 2.65 – 3.0 ppm (Figure 69B). 

 

Figure 69: 1H-NMR spectra of (A) PEtOx (black line), PEtOx-dopa (red line), and (B) P(EtOx-stat-EI)-dopa after hydrolysis in 6 M 
HCl. 
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Although the end-group functionalization of PEtOx50 with dopamineacetonide was successful, the 

dopamine is unexpectedly cleaved off during the acidic hydrolysis of the PEtOx. Therefore, the polymer 

was not further investigated concerning grafting to applications. 

6.2.3 Grafting-to Functionalization 

PEtOx-Si(OEt)3 

For first grafting-to approaches 2 batches of PEtOx-Si(OEt)3, with a DP of 50, or 200, respectively (Figure 

70, Table 17), and end-functionalized with isocyanatopropyltriethoxysilane (IPTES), synthesized by a 

coworker were used. Both pristine MCNP and SiO2@MCNP were grafted with this polymer. 

 

Figure 70: SEC results of PEtOx50 and PEtOx200, each before and after end-group functionalization with IPTES. 

 

Table 17: SEC results of PEtOx50, and PEtOx200, each before and after end group functionalization with IPTES. 

Sample Mn [g/mol]a Ð a 

PEtOx50 3 800 1.10 

PEtOx50-Si(OEt)3 3 900 1:10 

PEtOx200 18 500 1.08 

PEtOx200-Si(OEt)3 18 600 1.07 

a) determined by SEC (DMAc, PS calibration) 
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The respective particles were dispersed in a mixture of EtOH and aqueous NH3 (25 %, 4:1), and a solution 

of the end-functionalized polymer in EtOH was slowly added to the dispersions under mechanical stirring 

and ultrasonication. The mixtures were stirred overnight and subsequently washed with micropure water. 

Pristine MC1606 showed a hydrodynamic radius of 35 nm (diameter of 70 nm) in DLS measurements. Both 

PEtOx50@MC1606, and PEtOx200@MC1606 show increased hydrodynamic radii of 56 nm (PEtOx50; 112 nm 

in diameter) and 61 nm (PEtOx200; 122 nm in diameter) after the coating procedure. Zeta potential 

measurements of both samples resulted in slightly negative potentials of -0.69 ± 3.6 mV, and  

-8.7 ± 3.7 mV, respectively. Furthermore, both samples showed increased weight losses in TGA 

measurements, which results in 5.5 % PEtOx content for PEtOx50@MC1606, and 12.5 % for 

PEtOx200@MC1606. 

The SiO2@MC1606 which were used for the coating procedure showed a hydrodynamic radius of 79 nm 

(diameter of 158 nm), which was further increased to 94 nm (PEtOx50; diameter of 188 nm) or 93 nm 

(PEtOx200; diameter of 186 nm) after grafting of the functionalized polymers (Figure 71A, Table 18). Both 

PEtO50@SiO2@MC1606 (-32.8 ± 7.2 mV) and PEtO200@SiO2@MC1606 (-27.2 ± 7.1 mV) exhibited zeta 

potentials in the same region as SiO2@MC1606 (-32.2 ± 9.3 mV). Also both samples showed increased 

weight losses in TGA measurements, resulting in 6.0 % and 6.5 % PEtOx content (Figure 71B). 

 

Figure 71: (A) Number-weighted DLS CONTIN plots of pristine MC1606 (black line, <Rh>n,app = 26 nm, diameter of 52 nm), 
SiO2@MC1606 (red line, <Rh>n,app = 79 nm, diameter of 158 nm), PEtOx50@MC1606 (green line, <Rh>n,app = 56 nm, diameter of 
112 nm), PEtOx200@MC1606 (blue line, <Rh>n,app = 61 nm, diameter of 122 nm), PEtOx50@SiO2@MC1606 (cyan line, 
<Rh>n,app = 94 nm, diameter of 188 nm), PEtOx200@SiO2@MC1606 (pink line, <Rh>n,app = 93 nm, diameter of 186 nm), and (B) 
thermograms of pristine MC1606 (black line, 5.0 % overall weight loss), SiO2@MC1606 (red line, 4.0 %), PEtOx50@MC1606 
(green line, 10.0 %), PEtOx200@MC1606 (blue line, 16.5 %), PEtOx50@SiO2@MC1606 (cyan line, 10.5 %), 
PEtOx200@SiO2@MC1606 (pink line, 11.0 %).  
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Table 18: Analytic results of MC1606 with different surface modifications. 

Sample Rh (Dh)a 

[nm] 

ZPb 

[mV] 

PEtOx contentc 

[%] 

MC1606 26 (52) + 46.5 ± 5.5 - 

SiO2@MC1606 79 (158) -32.2 ± 9.3 - 

PEtOx50@MC1606 56 (112) -0.69 ± 3.6 5.5 

PEtOx200@MC1606 61 (122) -8.7 ± 3.7 12.5 

PEtOx50@SiO2@MC1606 94 (188) -32.8 ± 7.2 6.0 

PEtOx200@SiO2@MC1606 93 (186) -27.2 ± 7.1 6.5 

a) determined via DLS, b) determined using a Malvern ZetaSizer Nano ZS, c) calculated from TGA 

 

We were able to show that grafting-to of polymers functionalized with triethoxysilyl end-groups can be 

performed as well with pristine MC, as with MC previously coated with a silica shell. Both ways resulted in 

comparable amounts of PEtOx grafted to the NP surface. Unexpectedly, increasing the molar weight of the 

polymers did not result in higher amounts of polymer grafted to the surface. Since the previously 

presented results on the acidic hydrolysis of SiO2@MC1512 resulted in insufficient stability under the 

acidic hydrolysis conditions, PEtOx crafted MCNP cannot be hydrolyzed to P(EtOx-stat-EI)@MCNP. 

Poly(2-alkyl-2-oxazolines) can also be hydrolyzed under alkaline conditions. Especially poly(2-methyl-2-

oxazoline) (PMeOx) shows high rates of hydrolyzation, but also slight degradation under harsh alkaline 

conditions. First, the stability of the IPTES linker under these alkaline conditions were tested. Therefore, a 

second batch of PEtOx@MCNP without SiO2 shell was synthesized. 200 mg of PEtOx-Si(OEt)3 were 

dissolved in 10 mL EtOH and added dropwise to a dispersion of MC1707 in a EtOH/NH3 mixture. The 

mixture was stirred at room temperature for 24 hours, and afterwards the PEtOx-SiO2@MC1707 were 

magnetically separated and washed with micropure water 5 times. After the grafting process the particles 

exhibited an increased hydrodynamic radius of 54 nm (108 nm in diameter) compared to 51 nm (102 nm 

in diameter) for pristine MC1707, and a negative zeta potential of -17.4 ± 15.9 mV. TGA measurements 

show a PEtOx content of 4.5 %. 

The particles were then dispersed in 3M NaOH at 100 °C for 24 hours, to hydrolyze the PEtOx. Under these 

conditions, 63 % PMeOx are hydrolyzed to LPEI according to literature.[105] Afterwards, the particles were 

again magnetically separated and washed. The resulting particles showed decreased dispersion stability, 

as they precipitated within minutes. DLS showed a further increase in hydrodynamic radius to 74 nm 
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(diameter of 148 nm, Figure 72A). Furthermore, the zeta potential was further decreased to  

-40.1 ± 7.2 mV, and the weight loss in TGA was decreased to the value of the pristine particles 

(Figure 71B). The results show, that the polymer is cleaved off the nanoparticle surface, resulting in 

SiO2@MC1707. 

 

Figure 72: (A) Number-weighted DLS CONTIN plots of pristine MC1707 (black line, <Rh>n,app = 51 nm, diameter of 102 nm), 
PEtOx@MC1707 (red line, <Rh>n,app = 54 nm, diameter of 108 nm), and PEtOx-SiO3@MC1707 after alkaline hydrolysis (green 
line, <Rh>n,app = 74 nm, diameter of 148 nm), and (B) thermograms of pristine MC1707 (black line, overall weight loss of 4.0 %), 
PEtOx@MC1707 (red line, 7.5 %), and PEtOx@MC1707 after alkaline hydrolysis (green line, 3.5 %). 
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7 Investigation of Protein Adsorption to Magnetic Nanoparticles 
Parts of this Chapter have been published in P2) M. von der Lühe, U. Günther, A. Weidner, C. Gräfe, 

J. H. Clement, S. Dutz, F. H. Schacher, RSC Adv., 2015, 5, 31920-31929, P3) M. von der Lühe, A. Weidner, 

S. Dutz, F. H. Schacher, ACS Appl. Nano Mater. 2018, 1, 232-244, P5) A. Weidner, C. Gräfe, M. von der 

Lühe, H. Remmer, J. H. Clement, D. Eberbeck, F. Ludwig, R. Müller, F. H. Schacher, S. Dutz, Nanoscale 

Research Letters, 2015, 10, 992., P6) C. Gräfe, M. von der Lühe, A. Weidner, J. H. Clement, S. Dutz, F. H. 

Schacher, in preparation. 

7.1 Corona Formation 
First incubation experiments were carried out for PtBAA@SPION together with different dextran coated 

SPION. The investigations showed that protein coronas are formed immediately after contact between the 

SPION and the serum, leading to increased particle sizes and agglomeration, whereas the agglomeration 

increases with increasing incubation times. Independent from the coating and the respective initial zeta 

potential, the particles exhibit negative potentials after incubation, which is dedicated to the formed 

protein corona. 

7.1.1 Reversible Adsorption of BSA 

In a first attempt to investigate potential antifouling properties of PDha, PDha@MC1606_4 were 

incubated with bovine serum albumin (BSA) in PBS buffer for 24 hours. TGA showed a total amount of 

7.5 % BSA adsorbed to the nanoparticles. Each 3 samples of the particles were then stored at pH = 8 and 

pH = 9 for 24 hours and subsequently analyzed by TGA. Whilst the protein amount remains nearly constant 

after being stored at pH = 8, increasing the pH to 9 leads to complete desorption of BSA (Figure 73, 

Table 19). 

 

Figure 73: Thermograms of PDha@MC1606 (purple lines, 10.0 % overall weight loss), BSA@PDha@MC1606 (pink lines, 19.5 % 
overall weight loss), and (A) BSA@PDha@MC1606 after being stored at pH = 8 for 24 hours (red, blue, and green line, average 
of 21.0 %), and (B) BSA@PDha@MC1606 after being stored at pH = 9 for 24 hours (red, blue, and green line, average of 11.5 %). 
Reprinted from P3 [ACS Applied Nano Materials, 2017, in Press]. 
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Table 19: Calculated water, PDha, and BSA content of BSA@PDha@MC1707 before, and after being stored at different pH 
values for 24 hours. 

Sample Overall weight lossa 

[%] 

Solvent contentb 

[%] 

PDha contentb 

[%] 

BSA contentb 

[%] 

MC1707 4.0 2.0 - - 

PDha@MC1707 10.0 1.0 7.0 - 

BSA@PDha@MC1707 19.5 3.0 7.0 7.5 

after 24 h at pH = 8 21.0 ± 1.0 4.0 7.0 8.0 ± 0.5 

after 24 h at pH = 9 11.5 ±0.5 2.5 7.0 0.0 ± 0.5 

a) determined via TGA, b) calculated from TGA 
 

7.1.2 Incubation Studies in FCS 

Both SPION and MCNP with PtBAA- and PDha coatings, and pristine particles were incubated in fetal calve 

serum to compare the protein adsorption and thus investigate antifouling properties of the different 

coatings. The used batches of particles are summed up in Table 20. 

Table 20: summary of MNP batches used for incubation studies with FCS. 

Sample Rh (Dh)a 

 

[nm] 

Zeta 

potentialb 

[mV] 

Carbonate 

contentc 

[%] 

PE contentc 

 

[%] 

calc. shell 

thicknessd 

[nm] 

SC1702 5 (10) +33.4 ± 5.2 5.5 - - 

PtBAA@SC1702 5 (10) -40.4 ± 5.8  2.0 0.2 

PDha@SC1604_2 3.5 (7) -43.4 ± 6.1  12.5 0.7 

MC1704 39 (78) +42.3 ± 6.6 4.0 - - 

PtBAA@MC1704 62 (124) -39.7 ± 12.1  4.0 3.3 

PDha@MC1606 44 (88) -36.7 ± 4.3  5.0 2.1 

a) determined via DLS, b) determined using a Malvern ZetaSizer Nano ZS, c) calculated from TGA, d) 

calculated using Equation 2 
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Each particle species was incubated by heating in a water bath for 1, 5, 10, and 20 minutes, each at 4 

different temperatures, 25, 37, 50, and 70 °C. The water bath was heated to the respective temperature, 

and each 1 mL of FCS was preheated for 1 minute. Subsequently, 0.75 mL of the respective particle 

dispersion with a concentration of 10 g/L was added. After incubation for the respective times, the 

particles were magnetically separated, washed with micropure water 4 times and dispersed in micropure 

water. The amount of adsorbed protein was determined via TGA, whereas SDS-PAGE experiments 

provided more detailed information about the corona composition. 

 

Scheme 22: Schematic representation of the incubation of MCNP, PtBAA@MCNP, and PDha@MCNP in FCS under different 
conditions. 

The thermograms of all samples show weight losses which can be separated into three events: the first 

event from 30 °C to 150 °C shows the evaporation of water, the second step between 150 and 600 °C 

shows decomposition of organic materials and in a last step, between 600 and 850 °C, CO2 is released, 

which we assume to result from the decomposition of carbonates remaining from the MCNP synthesis, as 

described in chapter 3.1. Since the water loss of all samples differs significantly although all samples were 
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freeze dried, calculations are necessary to compare the protein contents. Figure 74 shows 3 typical 

thermograms of pristine SC1702 before and after incubation. In a first step the carbonate content of the 

cores is calculated from the thermogram of the particles before incubation (black line). Therefore, the 

water content (the weight loss at 150 °C blue arrows) is deducted from the overall weight loss, which in 

case of SC1702 results in 5.5 % carbonate content. To calculate the protein content of incubated samples, 

this carbonate content of the respective cores is deducted from the overall weight losses as well as the 

respective water contents. For the 2 examples given in Figure 74 this results in: 

18.5 % (overall weight loss) – 2.0 % (water content) – 5.5 % (carbonate content) = 11.0 % protein content 

(1 min at 25 °C, red line), and 31.5 % - 3.5 % - 5.5 % = 22.5 % protein content (20 min at 70 °C, green line). 

 

Figure 74: Thermograms of pristine SC1702 prior to (black line) and after incubation in FCS at two different conditions: 1 minute 
at 25 °C (red line), and 25 minutes at 70 °C (green line) with indicated water contents (blue arrow) and overall weight losses 
(red arrows). 

The stability of both investigated shell materials under the given incubation conditions (70 °C for 20 

minutes) was proven in Chapter 3.4.1. 

Semi quantitative analysis of pseudo color images of silver-stained SDS-PAGE gels were performed using 

ImageJ to give the relative band intensities compared to the protein standard (Figure 75A, band M). This 

gives an impression on the relative protein amounts within separate gels, and by separate integration of 

different regions (<25 kD, 25 kD – 100 kD, and >100 kD), a rough overview on the corona composition can 

be obtained (Figure 75B). 
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Figure 75: (A) SDS-PAGE gel (pseudocolor image) of SC1702 incubated at different temperatures and times, and (B) relative 
optical densities of the respective protein bands derived from the integration of (A). 

SPIONs 

The pristine SC1702 show an overall weight loss of 7.5%. In the first step, 2.0 % water are evaporated, 

resulting in 5.5 % weight loss for the particles itself. This value was deducted from all SPION samples to 

calculate the protein content. After incubation at 25 °C, the weight loss is distinctly increased to 17.0 % 

after 1 minute, and further up to 18.0 % after 20 minutes. After deduction of the solvent contents 

(30 – 150 °C) and 5.5 % for the pristine particles, the protein content calculates to 11.0 % after 1 minute 

and increases to 12.0 % (5, 10 min), and 12.0 % after 20 minutes. The values are slightly higher after 

incubation at 37 °C, but do not show a visible trend. The contents vary between 11.5 % (10 min) and 12.0 % 

20 min). After incubation at 50 °C, the protein content again increases with increasing incubation time, it 

calculates to 12.0 % after 1 minute, 14.0 % after 5 and 10 minutes, and 15.0 % after 20 minutes. This trend 

continues after incubation at 70 °C: the protein contents are 16.5 % after 1 minute, 20.5 % after 5 minutes, 

22.0 % after 10 minutes and 22.5 % after 20 minutes (Figure 76A, black bars). The semi-quantitative 

analysis of the SDS-PAGE gels shows a similar trend for the overall amount of protein. Concerning the 

composition of the protein corona, the analysis shows the trend that the amount of proteins >100 kD 

increases with increasing incubation time for all temperatures (Figure 76B). 

The protein contents of PtBAA@SC1702 are slightly lower, but in a comparable size regime as the contents 

of pristine SC1702 (Figure 76A, blue bars). After incubation at 25 °C, PtBAA@SC1702 show protein 

contents between 10.0 % (1 min) and 11.0 % (20 min). After incubation at 37 °C, the protein content again 

slightly increases with time from 11.0 % after 1 minute to 11.5 % after 5 minutes, 12.0 % after 10 minutes 

and 12.5 % after 20 minutes. Elevating the temperature to 50 °C leads to further increase of the protein 

content from 11.0 % after 1 minute, 12.5 % after 5 minutes, 14.0 % after 10 minutes to 15.0 % after 20 

minutes. Further increase of the incubation temperature to 70 °C increases the amount of adsorbed 
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protein. After 1 minute, 15.0 % protein are adsorbed, the amount is further increased with increasing 

incubation time to 15.5 % after 5 minutes, 16.5 % after 10 minutes, and 17.5 % after 20 minutes. The SDS-

PAGE analysis shows similar trends concerning the overall amount of protein within the separate 

temperature measurements, but does not show the clear increase with increasing temperature. The 

relative amount of high molar mass proteins (> 100 kD) is decreased with increasing temperatures (Figure 

76C). The TGA results of PDha@SC1604 (Figure 76A, purple bars) particles show decreased protein 

adsorption compared to pristine and PtBAA coated SC. At low temperatures, the amount of protein is 

comparable, but does not increase as strong as for the other types of particles. At 25 °C, between 5.5 and 

10.0 % of protein are adsorbed. For 37 °C, the protein content remains comparably high, it calculates to 

6.5 % after 1 minute, 10.5 % after 5 minutes, 7.0 % after 10 and 20 minutes. Also, after incubation at 50 °C, 

the protein content does not distinctly increase. After 1 minute, 7.5 % protein are adsorbed, increasing to 

11.5 % after 5 minutes, again decreasing to 6.0 % after 10 minutes and finally 4.0 % after 20 minutes. In 

contrast to the lower temperatures, incubation at 70 °C shows a trend of increasing protein content with 

increasing incubation time for PDha@SPION. It starts with 2.5 % protein content after 1 minute, 4.0 % 

after 5 minutes, 6.5 % after 10 minutes and finally increases to 13.5 % after 20 minutes. The SDS-PAGE 

results show similar trends as the TGA results (Figure 76D). 

 

Figure 76: (A) Protein contents of pristine SC1702 (black bars), PtBAA@SC1702 (blue bars), and PDha@SC1604 (purple bars), 
calculated from TGA measurements, and (B-D) relative optical densities of protein bands derived from SDS-PAGE gels of (B) 
pristine SC1702, (C) PtBAA@MC1702, and (D) PDha@MC1604. 
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MCNP 

Incubation of pristine MC1704 at temperatures below 50 °C results in similar protein contents between 

6.0 and 7.4 % and does not show a clear trend. After incubation at 50 °C, the protein content still is in the 

same range as at lower temperatures, but slightly increases with increasing incubation time from 6.0 % 

after 1 minute to 7.5 % after 20 minutes. Further increase of the incubation temperatures leads to 

increased protein contents of 9.0 % after 1 minute, 9.5 % after 5 minutes, 12.0 % after 10 minutes, and 

16.0 % after 20 minutes. The SDS-PAGE gels show similar trends with increased band intensities for the 

elevated temperatures, especially the trends of increasing protein content at 50 °C and 70 °C are clearly 

visible. The SDS-PAGE analysis reveals a time and temperature dependent influence on the corona 

composition, as the low molecular weight proteins (< 25 kD) increase whereas the amount of high 

molecular weight proteins (> 100 kD) decreases with increasing incubation times at 25 and 50 °C, and vice 

versa at 37 and 70 °C (Figure 77B). 

TGA measurements of the incubated PtBAA@MC1704 show similar results as for the pristine MC1704. For 

25 °C and 37 °C, the protein content varies between 7.0 % and 8.0 %. Further increase of the temperature 

to 50 °C slightly increases the amount of adsorbed protein, and again for these samples a clear trend is 

observable: after 1 minute the protein content calculates as 7.0 % and is increased to 7.5 % after 5 minutes, 

8.5 % after 10 and 20 minutes. With increasing incubation temperature (70 °C), the protein amount is 

further increased to 9.0 % after 1 minute, 10.0 % after 5 minutes, 12.5 % after 10 minutes, and 15.0 % 

after 20 minutes. The protein amounts adsorbed to PtBAA@MCNP remain unchanged compared to 

pristine MCNP, as it is shown in Figure 77A. Again, the optical density of the SDS-PAGE gels shows similar 

trends as the TGA calculations, although the distinct increase between the samples incubated at 50 °C and 

70 °C is not visible here. The SDS-PAGE analysis shows increasing amounts of proteins with increasing 

incubation times. At temperatures up to 50 °C, the share of low molecular weight proteins is increased 

with increasing incubation times. This effect is reversed at 70 °C (Figure 77C). 

PDha@MCNP show distinctly decreased amounts of protein adsorbed to the nanoparticle surface 

compared to pristine MCNP and PtBAA@MCNP under all incubation conditions. All samples show protein 

contents between 3.5 % and 5.0 %, and with the exception of the 70 °C samples, no trend is visible. Also 

the SDS-PAGE gels show comparable band intensities for all samples, and the amount of low molecular 

weight proteins is increased for the 50 °C and 70 °C samples with increasing incubation times (Figure 77D). 
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Figure 77: (A) Protein contents of pristine MC1704 (black bars), PtBAA@MC1704 (blue bars), and PDha@MC1606 (purple bars) 
calculated from TGA measurements, and (B-D) relative optical densities of protein bands derived from SDS-PAGE gels of (B) 
pristine MC1704, (C) PtBAA@MC1707, and (D) PDha@MC1606. 

 

Comparison of the SPION and MC samples shows that the amount of adsorbed protein is doubled for the 

SPION samples independent from the coating material. This is dedicated to the distinctly higher surface to 

volume ratio of the SPIONs. For example, the protein contents of pristine SPION and MCNP are shown in 

Figure 78. 

 

Figure 78: Protein contents of pristine SPIONs (black bars), and MC calculated from TGA measurements. 
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For both particle types, the trend of protein adsorption is comparable. The content remains unchanged 

independent from incubation time at temperatures of 25 and 37 °C, slightly increases with incubation time 

at 50 °C and distinctly increases with incubation time at 70 °C. 

All investigated samples show no strict dependence of the protein content from incubation time for 

temperatures lower than 50 °C. The contents for all samples remained stable after incubation at 25 °C and 

37 °C in time ranges between 1 and 20 minutes. By increasing the temperature to 50 °C, the protein 

content of all samples slightly increases with increasing incubation times. Finally, for incubation at 70 °C, 

the protein content of all samples distinctly increases with increasing incubation time. We attribute this 

to denaturation of the proteins at higher temperatures and adsorption of smaller molecules to the particle 

surface. For both SPIONs and MCNP, the adsorption of proteins remains unchanged by coating with PtBAA. 

In contrast to that, both PDha@SPION and PDha@MCNP show strongly decreased protein contents. PDha 

coated particles show distinctly decreased amounts of protein in both TGA and SDS-PAGE experiments, 

indicating that zwitterionic PDha provides antifouling properties as known for many polyzwitterions in the 

literature. Since the batches with the different coatings were based on different core batches, slightly 

differing concerning size and are therefore not directly comparable, another set of experiments was 

performed using only MC1707 cores with the different coating materials. 

7.1.3 Comparative Incubation Experiments of MC1707 

The used batches of PtBAA@MC1707 and PDha@MC1707 have been discussed in detail in the 

corresponding sections of Chapter 3.4.1. Table 21 summarizes the important characteristics. It shows that 

both coated particle batches contain comparable amounts of polyelectrolyte and therefore have 

comparable shell thicknesses. 

Table 21: Analytical data of pristine MC1707, PtBAA@MC1707, and PDha@MC1707. 

Sample Rh (Dh)a 

 

[nm] 

Zeta potentialb 

 

[mV] 

Carbonate 

contentc 

[%] 

PE contentc 

 

[%] 

Calc. shell 

thicknessd 

[nm] 

MC1707 51 (102) +45.6 ± 6.5 2.0 - - 

PtBAA@MC1707 65 (130) -32.5 ± 5.3 2.0 6.5 6 

PDha@MC1707 56 (112) -34.7 ± 7.3 2.0 7.5 6 

a) determined via DLS, b) determined using a Malvern ZetaSizer Nano ZS, 

c) calculated from TGA, d) calculated using Equation 2 
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The samples were incubated at 37 °C and 70 °C each for 5 and 20 minutes. The protein contents calculated 

from TGA measurements are shown in Figure 79A. For pristine MC1707 and PtBAA@MC1707, the protein 

contents increase with increasing incubation time and temperature, but the overall amount is slightly 

lower for PtBAA@MC1707. The amount of proteins adsorbed to PDha@MC1707 is distinctly lower than 

for the other samples (Figure 79A). Also the relative band intensities from the SDS-PAGE gels, shown in 

Figure 79 show that the protein content of the PDha coated particles is lower than for the 

PtBAA@MC1707, which again is decreased compared to the pristine particles (Figure 79B). Analysis of the 

corona composition reveals that the protein coronas of both pristine coated particles show ratios of 

proteins with molar masses between 25 kD and 100 kD in the range of 50 %, whereas the coronas of both 

coated particles are dominated by these proteins (66 – 88 %) and show reduced shares of low molecular 

weight proteins. 

 

Figure 79: Protein contents of pristine MC1707 (black bars), PtBAA@MC1707 (blue bars), and PDha@MC1707 (purple bars) 
calculated from TGA measurements, and (B) relative optical band intensities of pristine MC1707, PtBAA@MC1707, and 
PDha@MC1707 derived from SDS-PAGE gels. 

The incubation experiments in FCS clearly show, that PDha coatings on magnetic nanoparticles drastically 

reduce the adsorption of proteins if compared to pristine and PtBAA coated MCNP. 
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7.2 Biocompatibility 
Biocompatibility of the used materials is important for biomedical applications. Therefore, in vitro viability 

studies were performed with the coating materials PDha and PtBAA, as well as the coated nanoparticles. 

Human Vascular endothelial cells (HBMEC) were used as sensitive cell culture model representing the 

human blood–brain barrier. 

The cells were exposed to increasing concentrations of P(tBAA70 – stat – Dha30) or PDha for indicated 

durations and subsequently subjected to a fluorescence-based viability assay. The results are presented in 

Figure 80. They show that no cytotoxic effects can be observed for both polyelectrolytes on HBMEC upon 

concentrations of 20.0 µg/cm2 over a period of 24 hours. 

 

Figure 80: Effect of different concentrations of PDha and P(tBAA70-stat-Dha30) on the viability of HBMEC; HBMEC cultures were 
incubated with both polymers for 3 h (A) or 24 h (B) with concentrations as indicated. neg. ctr.: micropure water, negative 
control with regard to cytotoxicity; pos. ctr.: detergent TritonX100 (final conc. 0.02 %(v/v)), positive control with regard to 
cytotoxicity. Reprinted from [RSC Adv., 2015, 5, 31920-31929]. 
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To validate the biocompatibility of the coated nanoparticles, PrestoBlue cell viability essays were 

performed for MCNP (pristine MC1707, PtBAA@MC1707, PDha@MC1707), and SPION (pristine SC1702, 

PDha@SC1604, and PtBAA@SC1702) each prior to, and after incubation at 37 °C and 70 °C for 20 minutes. 

The results are presented in Figure 81 together with negative (blue bar), and positive control (black bar). 

All samples showed no cytotoxic effects in the essay. 

 

Figure 81: PrestoBlueTM cell viability essay of pristine (raw) MC1707, PDha@MC1707, and PtBAA@MC1707, pristine SC1702, 
PDha@SC1604, and PtBAA@SC1702. 
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Summary 
In this thesis, the synthesis and characterization of hybrid magnetic nanoparticles with different 

polyelectrolyte coatings is presented. PtBAMA was polymerized using free radical polymerization, and 

characterized concerning its thermal properties. Furthermore, the orthogonality of the two protection 

groups was investigated, showing that the methyl ester can be cleaved almost completely, without 

cleavage of the BOC-protective group, whereas selective deprotection of the amine was not successful so 

far. The pka values of PtBAMA based polyelectrolytes PtBAA and PDha were investigated. The resulting 

polyelectrolytes were then used for the coating of two types of magnetic iron oxide nanoparticles. First, a 

coating method was established for SPIONs with a core diameter of 8 – 10 nm, and subsequently this 

method was transferred to multicore nanoparticles with core sizes between 50 and 100 nm. The stability 

of the adsorbed PDha shell was intensively characterized concerning pH, temperature and salinity. As well 

temperatures up to 70 °C a wide range of pH values between pH = 2 and pH = 10 do not affect the adsorbed 

PDha. Even high salinities up to I = 1 M do not completely desorb the coatings, but salinities > 0.1 M lead 

to fast precipitation of the nanoparticles. Additional polyelectrolytes, received from cooperation partners, 

were also used for the NP coating procedure, including a second polyzwitterion, PImAA. 

It could further be shown, that MNP with polyzwitterionic coatings show pH dependent surface charges, 

and thus can be utilized as starting material for layer-by-layer deposition of both polycations and 

polyanions. The polyelectrolyte deposition was performed at pH values, where the corresponding first 

zwitterionic layer shows charges opposite to the used polyelectrolyte. Since the charge of the 

polyzwitterionic first layer can be inversed by changing the pH of the dispersant, it could be shown that 

selective desorption of both polycations and polyanions is possible. We could demonstrate that the pH 

regime for desorption depends on the polyzwitterionic coating, since desorption of polycations from 

PImAA@MCNP was possible already at pH = 6, whereas PDha@MCNP are still negatively charged at pH = 6, 

and desorption only takes place at pH = 2. 

The pH dependent charge reversibility of PDha@MCNP was furthermore used for the reversible 

adsorption of small molecules. Therefore, methylene blue was used as model compound, and it was shown 

that MB can be adsorbed from aqueous solution with both alkaline and neutral pH. After magnetic 

separation and dispersion under acidic conditions, the MB could be desorbed from the particles. By 

alternating dispersion of PDha@MC in MB solutions, an pH = 2 it could be shown, that the process is 

reversible, and shows a major decrease in sorption capacity after the first step, and only small further 
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decrease in the following cycles. This renders the system interesting for technical applications like 

wastewater treatment, but also for biomedical applications like drug delivery. 

Differently end-functionalized Poly(2-alkyl-2-oxazolines) were prepared by cationic ring opening 

polymerization and subsequent end-functionalization, and used for grafting-to surface functionalization 

with the aim to obtain LPEI coated magnetic nanoparticles. Due to the dissolution of the magnetic cores 

during the acidic hydrolysis of the coatings, this project was not successful. In addition, pre-

functionalization of the magnetic cores with inorganic silica coatings of different thicknesses did not result 

in sufficient stability against acidic hydrolysis. 

Finally, MCNP with PtBAMA-based coatings were characterized concerning biocompatibility, and showed 

no cytotoxicity. The adsorption of proteins was investigated and in first attempts, it could be shown that 

protein adsorbed to PDha@MCNP could be desorbed in analogy to the LbL applications. The Particles were 

incubated in a BSA solution at pH = 7.4, and the adsorbed protein could be desorbed by slightly increasing 

the pH value of the dispersant to 9. Furthermore, comparative incubation studies of pristine MCNP, 

PtBAA@MCNP, and PDha@MCNP were performed, investigating the dependence of protein adsorption 

from the coating, temperature, and incubation time. Whilst PtBAA@MCNP showed no major difference in 

the amount of adsorbed protein compared to pristine MCNP, the amount of protein adsorbed to 

PDha@MCNP was drastically decreased. These findings could also be reproduced with the SPIONs.  
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Zusammenfassung 
In der vorliegenden Arbeit wird die erfolgreiche Synthese und Charakterisierung hybrider 

Magnetnanopartikel mit verschiedenen Polyelektrolythüllen vorgestellt. PtBAMA wurde mittels freier 

radikalischer Polymerisation polymerisiert und bezüglich seiner thermischen Eigenschaften 

charakterisiert. Darüber hinaus wurde die Orthogonalität der beiden Schutzgruppen untersucht, was zu 

dem Ergebnis führte, dass die fast vollständige Entschützung des Methylesters ohne Abspaltung der Boc 

Schutzgruppe möglich ist, während die selektive Entschützung des Amins bisher nicht erfolgreich war. Die 

pka-Werte der PtBAMA basierten Polyelektrolyte wurden untersucht. Die erhaltenen Polyelektrolyten 

PtBAA und PDha wurden für die Umhüllung von zwei verschiedenen Arten magnetischer Eisenoxid 

Nanopartikel verwendet. Zunächst wurde eine Umhüllungsmethode für superparamagnetische 

Nanopartikel mit einem Kerndurchmesser von 8 – 10 nm etabliert, welche im Anschluss auf Multikern 

Nanopartikel mit Kerngrößen von 50 – 100 nm übertragen wurde. Die Hüllstabilität von PDha wurde 

bezüglich pH, Temperatur und salzstärken untersucht. Weder Temperaturen bis 70 °C, noch pH Werte 

zwischen 2 und 8 beeinträchtigen die Hülle. Höhere pH Werte führen zur teilweisen (pH = 10), oder 

vollständigen Ablösung der Hülle (pH = 12). Auch hohe Ionenstärken bis I = 1 M führen nicht zur Ablösung 

der Hülle, jedoch führen Ionenstärken > 0.1 M zur schnellen Sedimentation der Partikel. Weitere 

Polyelektrolyte, welche von Kooperationspartnern synthetisiert wurden, wurden für die Umhüllung der 

Nanopartikel verwendet, inklusive eines weiteren synthetischen Polyzwitterions, PImAA. 

Für Nanopartikel mit polyzwitterionischen Hüllen konnten pH abhängige Oberflächenladungen mittels 

Zeta Potential Messungen nachgewiesen werden. Dadurch konnten diese Materialien als 

Ausgangsmaterial für Layer-by-Layer Deposition, sowohl von Polykationen, als auch von Polyanionen 

verwendet werden. Die Polyelektrolyt Adsorption wurde bei pH Werten durchgeführt, bei welchen die 

zugrunde liegende zwitterionische Hülle entgegengesetzte Ladungen zum verwendeten Polyelektrolyt 

aufweist. Die Umkehrung der Ladungen der polyzwitterionischen Hüllen durch Änderung des pH-Wertes 

ermöglichen die selektive Desorption von Polyanionen und Polykationen. Hierbei konnte gezeigt werden, 

dass das pH Regime für die Desorption für verschiedene polyzwitterionische Hüllmaterialien variiert. 

Beispielsweise war die Desorption von Polykationen von PImAA@MCNP bereits bei pH = 6 möglich, 

während PDha@MCNP bei diesem pH Wert nach wie vor negative Ladungen aufweisen, und die 

Desorption daher erst ab pH = 2 realisiert werden kann. 

Des Weiteren wurde die Ladungsinversion der PDha@MCNP für die reversible Adsorption kleiner 

Moleküle genutzt. Methylenblau wurde als Modellverbindung genutzt, und konnte aus wässrigen 
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Lösungen sowohl bei neutralen, als auch bei alkalischen pH Werten adsorbiert werden. Nach magnetischer 

Abtrennung der Partikel und anschließender Dispersion bei saurem pH konnte der Farbstoff von den 

Partikeln desorbiert werden. Durch abwechselnde Dispersion in Methylenblau Lösungen und wässrigen 

HCl Lösungen mit pH = 2 konnte die Reversibilität des Prozesses aufgezeigt werden, wobei die Kapazität 

der Adsorption nach dem ersten Zyklus stark abnimmt, in weiteren Zyklen jedoch keine weitere Abnahme 

zeigt. Da die Desorption des Farbstoffes auch bei höheren pH Werte bis zu pH = 6 möglich ist könnte das 

gezeigte System interessant für technische Anwendungen, wie beispielsweise Abwasser Aufreinigung, 

oder auch biomedizinische Anwendungen wie „Drug Delivery  sein. 

Verschiedene endfunktionalisierte Poly(2-alkyl-2-oxazoline) wurden mittels kationischer 

Ringöffnungspolymerisation und anschließender Endgruppenfunktionalisierung hergestellt, und 

anschließend auf Eisenoxid Nanopartikel aufgepfropft. Das Ziel war hierbei, durch Hydrolyse der 

Seitenketten LPEI umhüllte magnetische Nanopartikel zu erhalten. Da die Eisenoxidpartikel während der 

sauren Hydrolyse aufgelöst wurden, war dieses Projekt nicht erfolgreich. Zusätzlich wurde versucht, die 

Säurestabilität der Kerne durch vorherige Umhüllung mit Silicahüllen zu erhöhen, jedoch führte dies 

unabhängig von der Silica-Hülldicke nicht zu ausreichender Stabilität gegen die saure Hydrolyse. 

Abschließend wurden MCNP mit PtBAMA basierten Hüllen bezüglich ihrer Biokompatibilität getestet, 

wobei sie keine Zelltoxizität aufwiesen. Die Adsorption von Proteinen wurde untersucht, wobei in ersten 

Versuchen gezeigt werden konnte, dass adsorbiertes Protein von PDHa@MCNP in Analogie zu den 

vorherigen LbL Anwendungen wieder herunter gelöst werden kann. Die Partikel wurden bei pH = 4 in BSA 

inkubiert, und im Anschluss wurde das adsorbierte Protein durch Erhöhung des pH Wertes auf pH = 9 

desorbiert. Außerdem wurden vergleichende Inkubationsstudien von MCNP, PtBAA@MCNP und 

PDha@MCNP durchgeführt, um den Einfluss der Hüllmaterialen, Inkubationszeit und -temperatur auf die 

Bildung der Proteincorona zu untersuchen. Während die PtBAA-Hülle keinen nennenswerten Unterschied 

der adsorbierten Proteinmenge im Vergleich zu den nicht umhüllten MCNP zur Folge hat, wurden die 

Proteinmengen durch Umhüllung mit PDha drastisch reduziert. Diese Ergebnisse konnten weiterhin mit 

den kleineren SPION Kernen reproduziert werden. 
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Experimental Part 
In the following section only the experimental data of unpublished material will be presented. 

Experimental data of the published material can be found in the experimental parts of the respective 

publications. 

Materials and Instrumentation  
Materials: All chemicals and solvents were purchased from Sigma Aldrich, Merck, or ABCR, and used as 

received. N-(tert-butoxycarbonyl)-D-serine methyl ester was purchased from Carbolution chemicals. All 

deuterated solvents were purchased from Eurisotop or Deutero. 

Nuclear magnetic resonance (1H-NMR) spectra were measured on a 300 MHz Bruker AVANCE 

spectrometer using CDCl3, DMSO-d6 and D2O with NaOD as deuterated solvents. 

Size exclusion chromatography in CHCl3: SEC measurements were performed on a Shimadzu system 

equipped with a Size exclusion chromatography (SEC) SCL-10A system controller, a LC-10AD pump, and a 

RID-10A refractive index detector using a solvent mixture containing chloroform, triethylamine, and 

isopropanol (94:4:2) at a flow rate of 1 mL min-1 on a PSS-SDV-linear M 5 μm column at 40°C. The system 

was calibrated with PMMA (410-88 000 Da) standards. 

Size exclusion chromatography in DMAc: SEC measurements in dimethylacetamide (DMAc) were 

performed on an Agilent system equipped with G1310A pump, a G1362A refractive index detector, and 

both a PSS Gram30 and a PSS Gram1000 column in series. N,N-dimethylacetamide with 2.1 g/L of LiCl was 

applied as eluent at 1 mL/min flow rate and the column oven was set to 40°C. 

Zeta potential measurements: the zeta potentials were measured on a ZetaSizer Nano ZS from Malvern 

via M3-PALS technique with a laser beam at 633 nm. The detection angle was 13°. 

Dynamic light scattering: Dynamic light scattering (DLS) measurements were performed using an ALV 

Laser CGS3 Goniometer equipped with a 633 nm HeNe Laser. DLS measurements were performed at 25 °C 

and at a detection angle of 90°. The CONTIN algorithm was used to evaluate the obtained data. 

Transmission electron microscopy (TEM): For TEM from aqueous solutions, copper grids were rendered 

hydrophilic by Ar plasma cleaning for 30 s (Diener Electronics). 15 µL of the respective sample solution 

were applied to the grid and excess sample was blotted with a filter paper. TEM images were acquired 

with a 200 kV FEI Tecnai G2 20 equipped with a 4k x 4k Eagle HS CCD and a 1k x 1k Olympus MegaView 
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camera for overview images. UV-Irradiation was carried out using a Hoehnle UVACUBE 100 equipped with 

a 250 W lamp. Ultrasonication was performed using an ElmaSonic S30H ultrasonic unit. 

Cryogenic transmission electron microscopy: Cryogenic transmission electron microscopy (cryo)-TEM 

measurements were performed on a FEI Tecnai G2 20 cryo-Transmission Electron Microscope (Jena Center 

for Soft Matter). Acceleration voltages were set to 200 kV. Samples were prepared on Quantifoil grids 

(3.5/1) after cleaning by argon plasma treatment for 120 s. 8.5 µL of the solutions were blotted by using a 

Vitrobot Mark IV. Samples were plunge-frozen in liquid ethane and stored under nitrogen before being 

transferred to the microscope utilizing a Gatan transfer stage. TEM images were acquired with a 200 kV 

FEI Tecnai G2 20 equipped with a 4k x 4k Eagle HS CCD and a 1k x 1k Olympus MegaView camera . 

Titrations were carried out using a TitroLine® 7000 equipped with a WA 20 exchangeable unit, a magnetic 

stirrer TM 235, and a ScienceLine pH combination electrodes with temperature sensor A162 from SI 

Analytics GmbH (Mainz, Germany). 

Thermogravimetric Analysis: The samples were magnetically separated and freeze dried for 72 hours. TGA 

measurements were carried out from 30 °C up to 850 °C under nitrogen with a heating range of 10 K/min 

in a Perkin Elmer TGA8000 device. 

IR spectroscopy was carried out on a Perkin Elmer Frontier spectrometer. Turbidity measurements were 

performed with a JUMO Aquis touch P equipped with a JUMO ecoLine NTU turbidity electrode. Typically, 

20 mL of a 0.1 g/L MCNP dispersion were put into a 25 mL PTFE beaker and the electrode was placed in 

the beaker opening 2 cm above the bottom to prevent backscattering from the bottom. 

UV-Irradiation 

UV-Irradiations were carried out using a Hoehnle UVACUBE 100 equipped with a 250 W lamp. 

Ultrasonication 

Ultrasonication was performed using an ElmaSonic S30H ultrasonic unit. 
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Synthesis 
PtBAMA 

Laser assisted Polymerization 

In a typical reaction, 1 g tBAMA was purified over a short Al2O3 column. 1 mL of a solution of TPO in  

1,4-dioxane (9 g/L. M:I = 50:1) was added, and the mixture was degassed for 2 minutes and irradiated with 

the Laser for 1 – 45 minutes. 

PtBAA 

In a typical reaction, 500 mg PtBAMA were dissolved in a mixture of 5 mL dioxane and 5 mL of a saturated 

solution of LiOH in micropure water (128 g/L). The mixture was stirred at 100 °C for 3 hours, titrated to pH 

5 with 0.1 M HCl and freeze dried. The obtained solid was redissolved in a small amount of micropure 

water and the polymer was precipitated in 0.5 M HCl. 

PAMA 

In a typical reaction, 500 mg PtBAMA were dissolved in 10 mL trifluoroacetic acid and stirred at 50 °C for 

1 hour. The mixture was precipitated in MeOH and dried under vacuo. 

Thermal deprotection of PDha 

1 g of PtBAMA was dissolved in 100 mL DMSO and heated to 175 °C for 24 hours, precipitated in MeOH, 

dissolved in 1,4-dioxane and freeze dried. 

Nanoparticle coating Coating 

PAGA@MCNP 

800 mg PAGA were dissolved in 10 mL MilliQ water and titrated to pH = 5 with 0.1 M HCl. 20 mg (909 µL) 

MC1707 were magnetically separated and dispersed in 2 mL of the PAGA solution (PAGA:MCNP = 8:1). The 

mixture was ultrasonicated for 1 hour and subsequently the particles were magnetically separated and 

washed with MilliQ water 5 times. 

Polydopamin@MCNP 

26 mg of N-Boc-Polydopamine were dispersed in 2 mL MilliQ water and of 200 µL conc. HCl were added. 

The mixture was ultrasonicated until the polydoamine was completely dissolved. 1 mL of a MCNP 
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dispersion (20 g/L) was added to the mixture, followed by another hour of ultrasonication. The resulting 

hybrid particles were magnetically separated and washed with MilliQ water 5 times. 

PImAA@MCNP 

In a typical reaction, 50 mg of PImAA were dissolved in 5 mL of micropure water at pH = 6. 50 mg MC1707 

were magnetically separated and dispersed in the PImAA solution. After 1 hour of ultrasonication, the 

particles were magnetically separated and washed with micropure water 5 times. 

Dopamineacetonide 

Tfa-dopamine 

21.3 g (112.3 mmol) dopamine hydrochloride were dissolved in  250 mL methanol. The mixture was 

degassed with argon for 30 min, followed by addition of methyl trifluoroacetate (23 mL, 230 mmol) and 

triethylamine (64 mL). After stirring at rt for 24 hours the solvent was removed by rotary evaporation 

and the residue was treated with 1 N HCl to a pH of 1 and extracted by ethyl acetate. The organic layer 

was washed with water, dried over MgSO4, and evaporated to give a white/brownish solid. 

Yield: 25 g (89.32 %) 

1H NMR (DMSO-d6):  = 9.47 ppm, 8.72 ppm (catecholic and amide protons)  = 6.64 ppm (d, 1H),  = 6.58 

ppm (d),  = 6.43 ppm (dd, 1H),  = 3.32 ppm (q, 2H),  = 2.61 ppm (t). 

Tfa-dopamine(acetonide) 

10 g of Tfa-dopamine ( 40 mmol), 20 mL DMP (4 equiv), were dissolved in 300 mL of dry toluene. One 

neck of the flask was fitted with a Soxhlet extractor, the thimble of which was filled with 28 g of granular 

anhydrous CaCl2. After the system was degassed with argon for 5 min and then heated to reflux for 

another 5 min, p-toluenesulfonic acid monohydrate (344 mg, 9 mol%) was added. The reaction progress 

was monitored by FeCl3 test. Once a negative test result was achieved, usually in 1-2 h, the reflux was 

stopped. The mixture was filtered through a silica-gel column. The combined filtrate and washings were 

evaporated to produce a light yellow solid, which was recrystallized in DCM/hexane and washed with 

hexane to give white crystals. 

Yield: 8.97 g (77.27 %) 

1H NMR (CDCl3):  = 6.67 ppm (d, 1H),  = 6.59-6.57 ppm (m, 2H),  = 6.50 ppm (br, 1H),  = 3.56 ppm (q, 

2H),  = 2.78 ppm (t, 2H),  = 1.67 ppm (s, 6H). 
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Synthesis of dopamine(acetonide) 

1.5 g Tfa-dopamine(acetonide) (5.2 mmol)  were dissolved in 30 mL THF, and a solution of LiOH (0.25 g, 

10.3 mmol) in 10 mL water was added. The mixture was stirred at room temperature for 4 h. The organic 

solvents were remved under reduced pressure, and the mixture was treated with 1N HCl to a pH of 2. After 

washing with DCM, the pH was adjusted to pH = 8 with NaHCO3, and the mixture was extracted with EtOAc. 

The organic layer was washed with water, dried over MgSO4, and evaporated to give a light yellow solid. 

Yield:0.82 g (82 %) 

1H NMR (CDCl3):  = 6.66-6.59 ppm (m, 3H),  = 2.92 ppm (t, 2H),  = 2.66 ppm (t, 2H),  = 1.91 ppm (br, 

2H),  = 1.67 ppm (s, 6H). 

Poly(2-alkyl-2-oxazolines) 

Poly(2-ethyl-2-oxazoline)-dopamineacetonide 

In a typical polymerization, 0.96 g (20 mmol) 2-ethyl-2-oxazoline and 18.6 mg (0.1 mmol; M:I =1200) 

methylparatolenesulfonate were dissolved in 2.9 mL acetonitrile. The mixture was heated to 140 °C in a 

microwave for 46 minutes. A solution of 96.6 mg (1 mmol) dopamineacetonide in 100 µL acetonitrile was 

added, and the mixture was stirred at rt for 24 hours. The resulting polymer was extracted with brine, 

dried under vacuum, dissolved in THF and precipitated in cold diethyl ether. 

SEC (CDCl3, PS calibration) : Mn = 4700 g/mol, Ð = 1.3. 

1H-NMR (CDCl3):  = 6.4 – 6.7 ppm(0.06 H)  = 3.0 – 3.7 ppm (4H, backbone),  = 1.9 – 2.6 ppm (2H, 

COCH2CH3),  = 1.62 ppm (0.12 H, acetonide), = 0.7 - 1.4 ppm (3 H COCH2CH3) 

Acidic hydrolysis of PEtOx-dopa 

1 g PEtOx-dopa was dissolved in 3 M HCl and heated to 100 °C for 90 minutes. After the sample was cooled 

down, 1 mL of a 4 M NaOH solution was added, and the sample was freeze dried. 

1H-NMR (CDCl3):  = 2.65 – 3.0 ppm (backbone) 

SiO2@MCNP 

In a typical reaction, 50 mg MCNP were magnetically separated and dispersed in 7.83 mL of a mixture of 

ammonia, water and ethanol (2:1:47). 83.4 µL TEOS in  0.5 mL ethanol were added dropwise to the solution 

under ultrasonication. The mixture was ultrasonicated for 10 hours and mechanically stirred for additional 

12 hours. The particles were magnetically separated and washed with micropure water 5 times. 
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PEtOx@SiO2@MCNP and PEtOx@MCNP 

In a typical reaction, 50 mg of the respective particles were magnetically separated and dispersed 3.5 mL 

of a mixture of EtOH and aqueous NH3 (25 %, 6:1), and 1.5 mL of a solution of the end-functionalized 

polymer in EtOH (100 g/L) was slowly added to the dispersions under mechanical stirring and 

ultrasonication. The mixtures were stirred overnight and subsequently washed with micropure water 5 

times. 

Acidic hydrolysis of PEtOx@SiO2@MCNP 

20 mg of the respective particles were dispersed in 2 mL 2 M HCl and stirred at 120 °C for 2 hours using a 

microwave. After the reaction was finished, the mixture turned yellow. 

Alkaline hydrolysis of PEtOx@MCNP 

50 mg of PEtOx@MCNP were dispersed in 5 mL 3 M NaOH. The mixture was stirred at 150 °C for 24 hours 

and subsequently, the particles were magnetically separated and washed with micropure water 5 times. 
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Abstract: Throughout the last decades, magnetic nanoparticles (MNP) have gained tremendous

interest in different fields of applications like biomedicine (e.g., magnetic resonance imaging (MRI),

drug delivery, hyperthermia), but also more technical applications (e.g., catalysis, waste water

treatment) have been pursued. Different surfactants and polymers are extensively used for surface

coating of MNP to passivate the surface and avoid or decrease agglomeration, decrease or modulate

biomolecule absorption, and in most cases increase dispersion stability. For this purpose, electrostatic

or steric repulsion can be exploited and, in that regard, surface charge is the most important (hybrid)

particle property. Therefore, polyelectrolytes are of great interest for nanoparticle coating, as they are

able to stabilize the particles in dispersion by electrostatic repulsion due to their high charge densities.

In this review article, we focus on polyzwitterions as a subclass of polyelectrolytes and their use as

coating materials for MNP. In the context of biomedical applications, polyzwitterions are widely used

as they exhibit antifouling properties and thus can lead to minimized protein adsorption and also

long circulation times.

Keywords: hybrid materials; magnetic nanoparticles; polyzwitterions; polyampholytes

1. Introduction and Scope

For decades, magnetic nanoparticles (MNP) have been in focus within a range of scientific

disciplines as they show high potential in a variety of different application fields, ranging from

chemistry, biology, medicine to physics. One unifying aspect herein are surface properties of such

nanomaterials. To date, there have been several reviews focusing on surface modifications of

nanomaterials with polyelectrolytes, and most of them have focused on biomedical applications

of these materials [1–7]. However, to our knowledge the only example specifically focusing on

zwitterionic coating materials for nanomaterials was written by García et al. and here the central

aspect is the behavior under in vivo conditions [4]. Within this review article, we therefore focus on the

preparation and characterization of MNP featuring zwitterionic coating materials as they open up an

interesting area of bio-repellent, pH responsive, and dispersion-stable hybrid materials. The magnetic

core enables the selective separation of these particles for analytical issues and external magnetic

fields can be used for biomedical applications like hyperthermia and drug targeting. This review aims

to serve as a guide for various synthetic strategies for immobilizing polyzwitterions at the surface

Polymers 2018, 10, 91; doi:10.3390/polym10010091 www.mdpi.com/journal/polymers
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of magnetic nanoparticles which have been explored during the last decade and is structured as

follows: we begin with a section on different magnetic core materials, followed by the synthesis

of polyzwitterions, suitable methods for nanoparticle coating, and finally we discuss important

characterization methods for such hybrid materials. Throughout the different chapters, we also

showcase potential application fields.

2. The Core: Materials for Magnetic Nanoparticles

All chemical elements or compounds of our planet show under certain conditions different

magnetic effects. Since we focus herein on magnetic nanoparticles for medical and technical

applications, we concentrate on materials with ferro- or ferrimagnetic, superparamagnetic,

and superferrimagnetic behavior at room temperature. In that regard, three classes of materials exist.

Metals—The only metallic elements showing ferromagnetism at room temperature are iron, cobalt,

and nickel. The preparation of nanoparticles hereof is possible and such materials show promising

magnetic behavior for medical applications [8–13]. Since such nanoparticles show a strong oxidation

tendency to non-magnetic oxides (e.g., antiferromagnetic FeO, CoO, NiO), an oxidation-protective

layer is necessary. Due to this fact, and also the toxicity of Ni and Co, metallic nanoparticles play only

a minor role regarding their applications in medicine [14].

Alloys—The second group of ferromagnetic materials are the ferromagnetic alloys, e.g., CoPt,

FePt, FeNi, or FeCo. The preparation of magnetic nanoparticles consisting of ferromagnetic alloys is

described in the literature by several groups [15–17]. Up to now, none of those nanostructures has

found access in medical applications mainly due to two facts: First, some of the ferromagnetic alloys

(e.g., AlNiCo, CoPt, FeCoCr) show a hard-magnetic behavior (a remnant magnetization and coercivity),

leading to potential agglomeration of the particles due to the remanence, and exposing the patient

to the risk of vessel embolism. Second, most of the alloys with promising magnetic behavior contain

toxic components (e.g., Ni or Co) which inhibit the application of such materials in the human body.

Oxides—The group of magnetic oxide materials can be divided into mixed oxides with different

crystal structures (e.g., the magnetic garnets and the ferrites) as well as the pure metallic oxides.

Since the saturation magnetization of all garnets is very low, these materials are not suitable for

application in medicine. Depending on their composition, the ferrites show soft- or hard-magnetic

behavior. Despite some groups having found promising magnetic properties of soft-magnetic

ferrites for certain medical applications only very few studies can be found in the literature [18–21].

Representative hard-magnetic ferrites with promising magnetic behavior for medical application

are barium-, strontium- or cobalt-ferrite. Since cobalt-ferrite (CoFe2O4) shows less toxic effects

than Ba-or Sr-ferrite, nanoparticles of this material find increasing application for medical purposes,

e.g., for magnetic hyperthermia as minimal invasive tumor treatment and for lab-on-a-chip applications

in diagnostics [22–24]. The promising magnetic properties of cobalt-ferrite can be tuned by variation

of the Co/Fe-ratio and thus this material will play a major role in the future in our opinion. As Ni

and Co form no oxides showing ferromagnetism at room temperature, only iron has to be considered

in this case. Here, mainly four different oxides have to be mentioned: iron(III) oxide (Fe2O3) and

iron(II,III) oxide (Fe3O4), as well as the rather unstable iron(II) oxide (FeO) and iron(I) oxide (Fe2O).

From Fe2O3 several phases exist, e.g., α-, β-, γ-, or ε-Fe2O3, which all show different magnetic

behavior. Of the iron oxides only maghemite (γ-Fe2O3) and magnetite (Fe3O4) show ferromagnetic

behavior or, more precisely, ferrimagnetism due to the spinell structure (a subtype of the cubic lattice).

A comprehensive work on the nature of iron oxides and their properties is given by Schwertmann [25].

The preparation of iron oxide magnetic nanoparticles was described by Khallafalla [26] and

Massart [27] in 1980 for the first time. After that, a lot of different preparation routes were developed

and such MNP show promising magnetic properties for different biomedical applications [28,29].
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2.1. Magnetic Properties of Magnetic Nanoparticles

Beside other parameters like magnetic anisotropy or shape, the magnetic behavior of magnetic

particles is determined by the particle size. For macroscopic particles in the size range of µm and

above, several areas of homogeneous magnetization are formed. These so-called magnetic domains are

separated by Bloch walls [30,31]. Due to this domain formation, the magnetic stray field of the particle

is minimized and the domain formation in the absence of an external magnetic field is energetically

favorable [32] compared to a homogeneously magnetized particle. The magnetization directions of

all domains in the particle are statistically oriented, which leads to a compensation of all magnetic

moments within the particle, resulting in no external magnetization of the particle without an external

magnetic field.

With decreasing dimensions of the magnetic particle, the relative proportion of wall energy to that

of the entire particle energy increases. Due to energetic reasons, no magnetic domains are formed below

a critical particle size and the whole particle shows a spontaneous magnetization in one direction.

The direction of the magnetization of these so-called single domain particles is determined by the

crystal lattice of the particle and is named “the easy axis”. The critical size for the formation of single

domain particles is given by the material specific magnetic anisotropy K and the form factor (ratio

of particle length in different directions related to the magnetic field) of the particle [33]. For cubic

and spherical particles made of magnetite, the theoretical upper limit for the formation single domain

particles is about 80 nm [34,35], which was confirmed experimentally by Dutz et al. [36].

A further decrease of the particle size leads to a decrease of the magnetic anisotropy energy of

the particles. In this case a certain probability exists, that for finite temperatures the thermal energy

exceeds the anisotropy energy due to thermic variations and the particle spontaneously changes the

orientation of magnetization [37]. This leads to a thermally induced temporal attenuation (relaxation)

of the remnant magnetization MR following Equation (1):

MR(t) = MR(t = 0) × e−t/τN (1)

The so-called Neel relaxation time τN, after which MR reaches a value close to zero, can be

estimated from the ratio of the anisotropy energy (K × V) to the thermal energy (k × T) with the

Boltzmann constant k and the temperature T following Equation (2) where τ0 is the minimum natural

relaxation time of 10−9 s:

τN = τ0 × e(K × V)/(k × T) (2)

Hence, the magnetic behavior of very small particles depends strongly on the relation of

measurement time tM and Neel relaxation time τN. If tM << τN, there is not enough time for relaxation

processes and the particles show a stable hysteretic behavior. If tM > τN, the Neel relaxation occurs,

leading to attenuation of MR and thus no coercivity can be observed. This phenomenon is called

superparamagnetism. Superparamagnetic particles show no coercivity and remnant magnetization in

quasi-static measurements (e.g., vibrating sample magnetometry) but a pronounced hysteresis when

exposed to a high frequency alternating magnetic field. In other words, for predetermined magnetic

field parameters (frequency and field strength), it depends on the particle size whether the particles

show any hysteresis or not.

A special case of magnetism can occur if small superparamagnetic particles form a larger cluster.

In the absence of an external magnetic field these clusters show superparamagnetic behavior with

no remnant magnetization or coercivity. If the particles are exposed to an external field, depending

on the strength of the particle interactions, a collective magnetism may result and the clusters show

ferrimagnetic behavior with an observable hysteresis. This so-called superferrimagnetism is typical for

magnetic multicore particles [38–40] and such particles show very promising properties for medical

applications [38,41–43].

From the considerations above it becomes obvious, that the particle size plays a crucial role for the

magnetic behavior of magnetic nanoparticles. Besides the size, also the size distribution is an important



Polymers 2018, 10, 91 4 of 28

factor for the resulting magnetic properties, which will not be treated in detail in this review. Detailed

discussions on the theory of size distribution influence can be found by Hergt et al. [44] whereas Müller

et al. showed the influence in experiments [45].

2.2. Preparation of Magnetic Nanoparticles

The following section briefly covers the main preparation routes for magnetic nanoparticles.

Detailed information can be found in excellent reviews on this topic [46–49]. Magnetic nanoparticles

are obtained by three different preparation routes.

(i) biomineralization

(ii) physical methods

(iii) chemical methods

(i) By means of biomineralization some living organisms prepare magnetic particles for use for

their sense of direction [50]. For example, magnetotactic bacteria are capable of preparing

magnetosomes (protein coated nanosized crystals of magnetic iron oxide). The bacteria use the

particles as a compass to find their preferred habitat in anaerobic areas at the bottom of the

sea [51]. Under anaerobic synthesis conditions in the lab, which are similar to the conditions of

their habitat, uniform particles of 20 to 45 nm core diameter may be produced [52–54]. Despite the

fact that magnetosomes show excellent magnetic properties for medical application (especially

hyperthermia) [55,56], they have found no application in medicine until now due to their

bacterial protein coating. Current recent research on magnetosomes focuses on elucidation

and optimization of the biomineralization process [57,58] with the aim to develop wet chemical

preparation routines which emulate the biologic process, thus providing MNP with similar

magnetic behavior.

(ii) The physical methods can be divided into “top down” and “bottom up” procedures. Top down

methods are based on the size reduction of macroscopic magnetic materials to the nanometer

range, e.g., by means of milling. A major drawback of these methods is the difficulty of adjusting

the desired particle size and shape [59]. Furthermore, the milling procedure leads to lattice defects

that cause deviations in the magnetic properties compared to regular particles of the same size [60].

Bottom up methods use the condensation of nanoparticles from either a liquid or gaseous phase.

A promising bottom up method for the synthesis of MNP powders is laser evaporation. Starting

materials are coarse metal oxide powders of a few µm sized particles, which are evaporated by

means of a laser. As a result of the steep temperature gradient outside of the evaporation zone,

a very fast condensation and nucleation takes place from the gas phase and nanoparticles are

formed [61,62].The resulting mean particle sizes (20 to 50 nm) and magnetic phase are tuned by

laser power and composition of the atmosphere in the evaporation chamber [63].

(iii) The chemical methods provide a multitude of different bottom up synthesis routes for the

preparation of MNP, from which the most prominent will be described shortly.

The co-precipitation synthesis procedure is a very simple method for the preparation of MNP.

Most scientific work uses aqueous media for precipitation. Very often, the magnetic iron oxides

are prepared by means of a co-precipitation from aqueous Fe2+ and Fe3+ salt solutions, to which

a base is added. Magnetic phase and particle size can be tuned by variation of iron salts, Fe2+/Fe3+

ratio, temperature, pH, and the type of base used. Pioneering work on this preparation route was

performed by Khallafalla and Reimers [26] and Massart [27]. For this method, particles are in the

superparamagnetic size range from 5 to 15 nm and the obtained size distribution is relatively broad.

By varying the reaction conditions, the size can be increased to up to 40 nm. In this size range,

the particles show single domain ferrimagnetic behavior. Different modifications of this method were

reported over recent years. Upon applying high pressure homogenization during precipitation [64] or

using slower reaction conditions [39], superferrimagnetic clusters of single crystals of 10 to 15 nm are
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formed, which show very promising magnetic properties for medical applications [42,65]. Furthermore,

size control of the resulting magnetite nanoparticles could also be shown by reactions carried out at

high temperatures [66]. Co-precipitation is also used for the preparation of ferrites, e.g., cobalt ferrite

by replacing a part of the Fe2+ by Co2+ in the starting solutions [67].

The thermal decomposition of organometallic compounds (non-magnetic precursors) in boiling

organic solvents is another promising way for MNP preparation and the resulting particles show a very

narrow size distribution. Usually iron carbonyls or iron acetylacetonates are used as non-magnetic

precursors and oleic acid or fatty acids serve as surfactants. By variation of the proportion of

precursors to the starting agents (surfactants and solvents), the size and morphology of the resulting

particles can be controlled. Thermal decomposition of non-magnetic precursors leads to pure iron

(metal). Afterwards, in a further step these metal particles are oxidized to iron oxide by mild heating

under oxidative conditions. A simple one-step route to prepare magnetite particles is given by the

thermal decomposition of precursors with cationic iron centers (e.g., Fe(acac)3). Pioneering work

in the preparation of iron oxide by thermal decomposition was performed by Hyeon et al. [68] and

Park et al. [69] who prepared nearly monodisperse particles of about 13 nm. The well-known method

of Hyeon and Park was modified by several groups and MNP in size of up to 30 nm with nearly

monodisperse size distribution were obtained.

Micro-emulsion synthesis is a two-phase method for the production of nearly monodisperse MNP.

For this purpose, a water-in-oil microemulsion is prepared by dispersion of nanosized water droplets

(10–50 nm) in an oil phase, stabilized by surfactant molecules at the water/oil interface [70]. Since these

droplets are used as micro-reaction vessels, the distance for diffusion and thus the nucleation and

growth of particles is limited, which results in very uniform particles [71]. Due to their narrow size

distribution, MNP from the microemulsion synthesis show magnetic properties promising for medical

applications [72].

Hydrothermal synthesis performed in aqueous media at temperatures above 200 ◦C is realized

in autoclaves at pressures above 2000 psi. This route exploits the ability of water to hydrolyze

and dehydrate metal salts at high temperatures. Due to the low solubility of the obtained

metal oxide particles in water at such temperatures [73,74], a precipitation takes place and by

variation of concentration, temperature, and autoclaving time, particle size and morphology can

be controlled [75,76]. Longer autoclaving time leads to increasing particle size, but also broader size

distributions. Sizes typically are in the range from 10 to 50 nm and for short autoclaving times,

monodisperse particles can be obtained [76].

The polyol synthesis bases on the oxidative alkaline hydrolysis of Fe2+ and Fe3+ salts in a polyol

mixture (e.g., poly(ethylene glycol) (PEG)/diethylene glycol or N-methyldiethanolamine). Size and

structure of the resulting MNP can be tuned by either reaction conditions or the employed solvents [77].

Despite the fact that the particles are not monodisperse in size, they show interesting magnetic behavior

for application in hyperthermia due to their special morphology. So called “flower-shaped MNP”

can be synthesized by this procedure under certain reaction conditions [77] which show excellent

heating performance for hyperthermia [43]. Similar to co-precipitated clusters, these particles exhibit

a multicore structure and consist of single cores of about 8 to 10 nm. These cores form clusters of about

30 nm and show very promising properties for hyperthermia as shown before [42].

Other preparation routes for magnetic nanoparticles, which are not demonstrated here in

this article because the resulting particles are not of high interest for medical applications, are

Glass Crystallization [78], Spray and Laser Pyrolysis [79], Sonolysis [48,79], Microwave Irradiation

Synthesis [79], and Sol-gel Reactions [80].

2.3. Recent Developments in the Synthesis of Magnetic Nanoparticles

Over the past 10 years, the major aim of magnetic nanoparticle preparation was to develop

strategies for a versatile and robust protocol for the synthesis of tailor-made samples. Due to the high

diversity of the required magnetic properties of the particles for the different applications outlined
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above and below, several structural parameters (e.g., size and size distribution) have to be tuned.

For example, medical applications benefit in three ways from magnetic particles. First, magnetic

particles can be manipulated mechanically by an external magnetic field (gradient), resulting in

a rotation or attraction of the MNP which can find application in magnetic drug targeting [81,82].

Second, due to their magnetic moment, MNP are a source of a magnetic stray field, which can be

detected by appropriate sensors and might find application in medical imaging [83]. Finally, if MNP

are exposed to an alternating magnetic field, the particles are heated up due to reversal magnetization

losses and the generated heat can be used for therapeutical applications, e.g., hyperthermia as

an example for minimal invasive cancer therapy [28,84].

To obtain MNP which show promising magnetic behavior for mechanical manipulation, MNP

with a high magnetic moment are needed and quite often this is translated into a large particle

volume. Several groups obtained different strategies for the preparation of so called large single

domain particles (LSDP) [85–90]. Despite the fact that the steric stabilization of such large particles is

challenging (due to the strong tendency to form agglomerates) sedimentation stable dispersions of

large single domain particles exist [86,91]. A possible solution for the challenging stabilization of LSDP

is the use of Co-ferrites. They show magnetic properties similar to that of LSDP but much smaller

diameters of about 10 to 15 nm [92], which enable sufficient steric stabilization.

The ideal MNP for application in medical imaging need a magnetic behavior, which is described

by a high initial susceptibility. The preparation of such particles is challenging since the size of the

particles has to be exactly adjusted and the particles need a very narrow size distribution. Usually

the thermal decomposition method is the most promising way for the preparation of such particles.

Krishnan et al. prepared particles of 25 nm size which exhibited a very narrow size distribution,

and so far showed the best performance for magnetic particle imaging [93]. Similar preparation routes

to obtain MNP of well-defined size and narrow size distribution are described by other groups in

the literature.

For magnetic heating applications (medical or technical) the MNP have to be optimized in

a way that reversal magnetization losses are as high as possible for given magnetic field parameters.

To reach this aim several strategies exist. For the application of relatively low magnetic fields

(<10 kA/m), small MNP with a size of about 10 nm and resulting superparamagnetic behavior

are the most promising candidates, which mostly consist of iron oxide. If higher magnetic fields

(10 to 30 kA/m) are acceptable, larger ferrimagnetic particles show much better heating performance

than superparamagnetic examples. This is due to different mechanisms of internal reversal of

magnetization in ferrimagnetic and superparamagnetic samples by means of hysteresis or Neel

relaxation, respectively. Such magnetic behavior can be obtained from single-domain iron oxide

particles with larger diameter as described above as LSDP for drug targeting or by Co-ferrites

which combine a small particle diameter with a defined hysteretic behavior [22]. Also for heating

applications, the particle size distribution plays a crucial role in obtaining the ideal heating performance.

Usually a narrow size distribution is preferred but for some combinations of particle size, magnetic

field frequency, and strength a higher heating performance also for MNP featuring a broader size

distribution has been reported [45,94].

Over the past years two different particle types were developed which show a magnetic behavior

that cannot be achieved by the classical single-core particles. One example is again the so called

superferrimagnetic multicore-particles. This particle type consist of primary cores in the range of

10 nm with superparamagnetic behavior which form clusters of about 50 nm or larger [39,41,43,95].

Due to the statistical orientation of the easy axis of the single cores within the clusters, the resulting

magnetization without any external field is relatively low in comparison to single core particles of

comparable size. Due to this fact these large particles show a relatively weak remnant magnetization

and also only a very low agglomeration tendency. Therefore, such particles are relatively stable against

sedimentation, which is a general requirement for medical applications. If these particles are exposed

to an external magnetic field, the clusters show a coercivity higher than that observed for the size
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of the constituting primary particles but lower than reported for single-domain particles in the size

regime of the clusters. Up to now there is no existing theory capable of completely describing the

magnetic behavior of these particles, but experimental investigations revealed promising results in

different application areas [38,41,43]. Exchange-coupled magnetic nanoparticles are the second novel

particle type [96,97]. These particles benefit from the exchange coupling between a magnetically hard

core (e.g., Co-ferrite) and a magnetically soft shell (e.g., Mn-ferrite). This interaction enables tuning

of the magnetic properties of the nanoparticle and the maximization of the reversal magnetization

losses, which renders these particles very interesting for heating applications [96,98,99]. Typically,

at first the hard magnetic core is prepared and then the soft magnetic shell is deposited on the core

surface. By changing the material combinations and ratio of core and shell size the resulting magnetic

properties can be tuned.

3. The Shell: Polyzwitterions

In the field of polyelectrolytes, polyzwitterions have gained significant interest over recent years

due to their tunability concerning charge density, net charge, and as anti-fouling coatings of different

surfaces. Polyzwitterions are defined by IUPAC as polyelectrolytes that, unlike polyampholytes, carry

both cationic and anionic groups in every repeating unit [100]. Nevertheless, in the literature the term

polyzwitterion is sometimes mixed up with that of polyampholytes (Figure 1). In this review, we focus

on polyzwitterionic materials as coatings on magnetic nanoparticles.
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As mentioned above, polyzwitterions are of great interest as coating materials especially for

biomedical applications, as they are reported to inhibit non-specific protein adsorption [102,103].

For example, betaines like poly(carboxybetaine acrylamide) (pCBAA) [104], poly(sulfobetaine

methacrylate) (pSBMA) [105], or poly(carboxybetaine methacrylate) (pCBMA) [106] show ultralow

biofouling, which was attributed to their strong hydration capacity caused by electrostatic interactions

between the zwitterionic moieties and water [107]. Furthermore, the attachment of polyzwitterions

onto MNPs is not accompanied by a huge increase in their hydrodynamic radii, which is of great

interest as a specific size between 30 and 200 nm is targeted for MNPs to achieve longer circulation

times [108], and ideal properties for passive accumulation within tumor tissue [109]. At the moment,

poly(ethylene glycol) (PEG) is still the most commonly used polymeric coating if the minimization

of unspecific protein adsorption is targeted [110,111], with the major drawback that these systems

tend to undergo oxidative degradation. Additionally, these polyether compounds exhibit the so-called

“stealth” effect preventing a response of the immune system [112]. In contrast to this, zwitterionic

moieties are often found in biological systems as is the case for different phospholipids, which build

up the main component of biomembranes [113], featuring zwitterionic, hydrophilic head groups

(phosphatidyl-cholin, -Ethanolamin, -Serin) and enzymes which consist of polypeptides. Compared to

other polyions, polyzwitterions exhibit long circulation times [114–116], whereas polycations usually

show unspecific and fast binding to cell membranes and might cause cytotoxic side effects [117].
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Nevertheless, binding to cell membranes is in general possible also possible for polyzwitterions without

the challenge of overcoming repulsive forces from the (in general) negatively charged cell surface.

The given definition of polyzwitterions as polyelectrolytes, which carry both anionic and cationic

functionalities in every repeating unit still allows several possibilities for the implementation of

the respective functional groups in the polymer structure (Figure 2). Different synthetic routes to

obtain polyzwitterions are discussed in the following chapter. A detailed discussion on the various

possibilities and synthetic routes can be found in an excellent recent review [101].
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It has been discussed that the implementation of zwitterionic moieties in the side chains

(A–D) is often easier than directly within the polymer backbone (E–K). Along the same lines,

the functionalization of cationic groups such as ammonium moieties is usually more straightforward if

compared to the anionic counterparts, concluding that structure C is the most common polyzwitterion

structure found in the literature today. The high amount of ionic groups per monomer unit

results in rather high charge densities, whereas the net charge of polyzwitterions remains low

over a wide pH range (depending on the nature of the ionic groups) due to the stoichiometric

presence of oppositely charged groups. Besides the arrangement of the charged functionalities,

their chemical design has a major influence on the properties of the resulting material. For cationic

groups, most examples reported rely on amines or their quaternized ammonium analogues.

Whilst the charge density of the primary amine depends on the pH value of the surrounding

medium, upon quaternization these groups are permanently charged. For negative charges, the

employed variety of functional groups is broader. Most common are carboxylates, sulfonates,

and phosphates [118–121], less common examples are phosphonates [122–124], phosphinates [123],

boronates [125] or sulfonamides [126]. Since sulfuric acids commonly show pKa values <1, the

charge density of sulfonates does not depend on the pH (in the range of 1–14), whereas phosphates

(pKa = around 2) and carboxylates (pKa between 1 and 5) show pH-dependent charge characteristics
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(degrees of neutralization). Different combinations of the above mentioned weak and strong functional

groups lead to four possible categories of polyzwitterions with the combinations of cation/anion:

weak/weak (e.g., primary amine/carboxylic acid), weak/strong (e.g., primary amine/sulfonic

acid), strong/weak (e.g., quaternized amine/carboxylic acid), and strong/strong (e.g., quaternized

amine/sulfonic acid).

4. Coating of Magnetic Nanoparticles

In general, coating procedures for magnetic iron oxide nanoparticles can be divided into

adsorptive and covalent techniques. Covalent approaches can be further subdivided into grafting-to,

grafting-from, and grafting-through approaches (Figure 3).
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For covalent attachment of a polymeric shell, prior functionalization of the nanoparticle

surface is necessary. The most prominent example is the synthesis of a thin SiO2 shell on the

surface which can be prepared using the Stoeber process [127]. If functional silane precursors

are used, the resulting SiO2 surface exhibits additional functional groups such as amines [128]

or thiols [129], which can later on be used for grafting procedures of polyelectrolytes [128].

For grafting-to, the respective polyelectrolyte is functionalized with an appropriate endgroup

capable of reacting with the modified nanoparticle surface, whereas in grafting-from approaches,

the nanoparticle surface is functionalized with an initiator, followed by subsequent surface-initiated

polymerization. Covalent grafting-to can be achieved with polyelectrolytes endcapped with

triethoxysilanes, which can be bound to the modified nanoparticle surface (e.g., silica precoating).

Grafting-from can be realized by functionalization of the nanoparticle surface with initiators for

polymerization, e.g., N-(2-aminoethyl)-2-bromo-2-methylpropanamide, which has been used for

the Atom Transfer Radical Polymerization (ATRP) of carboxybetaine methacrylate from iron oxide

nanoparticles [130]. For grafting-through, polymerizable groups can be introduced—for example by

condensation of γ-methacryloxy-propyl-trimethoxysilane (MPS) [131].

The most common way to attach polyelectrolytes to nanoparticle surfaces is chemisorption

or physisorption by either complexation of iron ions at the surface, electrostatic interactions

between polymer and nanoparticle or by exploiting hydrophobic interactions (van-der-Waals forces,
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Figure 4). Specific examples are the chemisorption of polymers featuring carboxylic acid moieties,

as for example shown by von der Lühe et al., who immobilized polydehydroalanine on pristine

MNPs [132] or Poimbo Garcia et al. who used MNPs which were stabilized by oleic acid and

immobilized amphiphilic zwitterionic polymers by hydrophobic interactions at the hydrophobic

surface of the nanoparticles [133]. Other strategies which have been reported are to conduct emulsion

polymerizations or the synthesis of MNP in the presence of polyzwitterions as shown by Mincheva et al.

who simply added polyelectrolytes during the respective MNPs synthesis [134].Polymers 10 of
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There are two possible strategies for adsorptive surface modifications, either the adsorption

of end-functionalized polyelectrolytes in analogy to the covalent grafting-to, or adsorption of the

polyelectrolyte chain. The latter can be realized utilizing either the anionic groups of the polyelectrolyte

itself, or special anchor groups which can be introduced by the formation of copolymers or block

copolymers. Suitable anchor groups besides the functional groups present in the polyelectrolyte are

for example catechol derivatives like dopamine [135], arsenic acid or phosphonates [136]. Among the

groups which are used for immobilization one of the most prominent examples is the carboxyl group.

Here, direct complexation of the iron oxide surface is possible in different ways (Figure 5). Usually,

multiple carboxylic groups per polymer chain are used for the immobilization to deliberately avoid the

detachment of the polymeric shell at low concentrations. The binding mode for each carboxylate can

be bidentate chelate (A), bidentate bridging (B), or monodentate (C), and depends on the surrounding

solution conditions (e.g., pH) as well as on the substituent (R) of the carboxylic acid [137].
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Further prominent anchoring groups are catechols as this mimics the anchoring mechanism of

marine mussels in nature, which use dopamin groups in their adhesive mussel foot proteins. A few

examples use vinyl-catechols as one segment in block copolymers to facilitate anchoring at the surface

of magnetic nanoparticles [138,139]. However, to our knowledge there are no examples so far for

block copolymers consisting of a vinyl-catechol segment and a block of polyzwitterionic species.

Instead there is an example where the catechol anchoring group appears only as an end group of

polyzwitterions, as shown by Zhang et al. [135]. As catechols exhibit an extremely strong binding

affinity to surfaces (especially to iron oxide) one catechol group per polymer allows in this case

satisfying anchoring at the nanomaterial surface. Derivatives of catechol groups can also strongly

influence the binding affinity to iron oxide surfaces. In general, catechol derivatives featuring electron

withdrawing substituents lead to an enhanced binding affinity and thus to an enhanced stability of the

resulting hybrid materials. Amstad et al. investigated different catechol-derived anchoring groups and

were able to show that a stronger binding affinity does not necessarily result in an improved dispersion

stability, but an optimal binding affinity of the anchors was identified (Figure 6). If the binding affinity

is too strong, as in the example of applying mimosine as ligand system, the complexation can even

lead to the removal of Fe3+-ions which gradually dissolves the nanoparticles [140].
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Less frequently used anchoring groups for the immobilization of polymers at MNPs are
phosphate anchoring groups. Miles et al. report in this context on the synthesis of MNPs which are
modified by poly(ethylene glycol) (PEG) with different anchoring groups like monophosphonate and 
triphosphate nd compared these to carboxylic cid moieties. The magnetite surface coverage w s 
observed to be most satisfying in density and stability under physiological conditions with the 
triphosphate anchoring group. The observed grafting density is ttributed to the three binding 
possibilities, resulting in an increased stabilization. Furthermore, phosphate groups show lower 
interactions with phosph te s lts present under physiologic l conditions [ ]. Simil r observations
concerning the anchoring stability of PEG-trisphosphate modified MNPs were made by Goff et al. 
[1 ]. Additional investigations of Mali kal et al. showed, that phosphonate groups form more stable
bonds to metal oxide nanoparticles compared to c rbonates [143]. 

The grafting method itself h s  l rge impact on the properties of the resulting coating. 
Adsorption le ds to the formation of thin monol yers, since further adsorption is inhibited due to the 
high surface concentration if compared to the surrounding solution, resulting in rather high 
diffusion b rrier [ ]. Compared to that  polyelectrolytes which are bound to the NP surface
with end-functionalities form thicker but typically less dense co tings. Nevertheless, typic lly the
highest grafting densities c n be achieved with grafting-from pproaches [145]
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(C) Mimosine. Reprinted from [140] with permission of ACS Publications.

Less frequently used anchoring groups for the immobilization of polymers at MNPs are phosphate

anchoring groups. Miles et al. report in this context on the synthesis of MNPs which are modified by

poly(ethylene glycol) (PEG) with different anchoring groups like monophosphonate and triphosphate

and compared these to carboxylic acid moieties. The magnetite surface coverage was observed to be

most satisfying in density and stability under physiological conditions with the triphosphate anchoring

group. The observed grafting density is attributed to the three binding possibilities, resulting in an

increased stabilization. Furthermore, phosphate groups show lower interactions with phosphate salts

present under physiological conditions [141]. Similar observations concerning the anchoring stability

of PEG-trisphosphate modified MNPs were made by Goff et al. [142]. Additional investigations of

Maliakal et al. showed, that phosphonate groups form more stable bonds to metal oxide nanoparticles

compared to carbonates [143].
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The grafting method itself has a large impact on the properties of the resulting coating. Adsorption

leads to the formation of thin monolayers, since further adsorption is inhibited due to the high

surface concentration if compared to the surrounding solution, resulting in a rather high diffusion

barrier [144,145]. Compared to that, polyelectrolytes which are bound to the NP surface with

end-functionalities form thicker but typically less dense coatings. Nevertheless, typically the highest

grafting densities can be achieved with grafting-from approaches [145].

5. Characterization Methods

Several established methods exist for the investigation of nanoparticles or the corresponding

hybrid materials. Herein we want to focus on characterization methods which mainly target shell

thickness and shell characteristics as well as the altered properties of the core-shell construct after

successful coating (Figures 7 and 8).

As already mentioned in Section 2, both the core size and the size distribution have tremendous

influence on the characteristics of any nanomaterial and, hence, reliable methods to determine these

parameters are crucial. In that regard, dynamic light scattering (DLS) can be a useful tool. DLS

uses Brownian motion to provide information about the hydrodynamic radius (Rh), size distribution

(polydispersity, PDI), and the colloidal stability of nanoparticles in solution [146]. Quite often, PDI

values from 0.1 to 0.25 are used to confirm a narrow size distribution, whereas a PDI value higher

than 0.5 is often referred to as a broad distribution [147]. The size distributions resulting from DLS

are of high value concerning the aggregation behavior prior to and after surface modification as well

as the apparent changes in nanoparticle size. However, this method merely provides an average

value whereas transmission electron microscopy (TEM) provides supplementary information about

size, shape, and shell thickness of individual nanoparticles or clusters thereof. Especially regarding

the latter case, TEM investigations can be easily used to get an impression about the effect of the

polymeric shell on the MNP aggregation behavior. However, the results have to be interpreted with

care as aggregation of the nanoparticles and damaging of organic nanostructures can occur during

drying processes. For this reason, TEM and DLS are often used in combination [148]. Additionally,

cryo TEM has to be applied for samples which are sensitive to drying processes. Cryo TEM reveals

structural information without drying the artifacts as the samples are measured in a vitrified aqueous

surrounding. The aqueous sample is therefore vitrified by plunging into liquid ethane. This technique

is of special interest when it comes to the visualization of clustering processes [149], samples which

include liposome-like structures [150,151], or the visualization of biological interaction processes with

the respective nanoparticles (Figure 7) [152].
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The zeta potential of nanoparticles has tremendous influence on their suspension stability,

eventual secondary aggregation, or any interaction with other materials. The zeta potential is measured

by laser doppler velocimetry as the electrophoretic mobility of the respective colloidal suspension

and represents the potential at the slipping plane of a particle in solution during movement [153].

In general, high values result in an improved stabilization, while a value close to zero typically leads

to fast aggregation and eventual precipitation in aqueous media. Due to the adsorption of protein

upon contact with biological media, the biological identity of nanoparticles can strongly differ from

their synthetic identity concerning aggregation and surface charge [154]. Therefore, it is important

to note that high zeta potential values are not necessarily an indication for dispersion stability in

biological media. According to several reports, zwitterionic coatings seem to be beneficial with regard

to dispersion stability over extended broad pH ranges and at different salt concentrations [4].

Powder X-ray investigations are most often used to obtain information about the crystal

structure and phase of the magnetic core. This method provides information regarding the

crystallinity of nanoparticles, as well as the average nanoparticle diameter. In addition, information

on eventual crystalline organic shells can also be obtained but data analysis in these cases can

be rather challenging [155]. The magnetic properties of magnetic nanoparticles are determined

by vibrating sample magnetometry (VSM). The magnetic properties can be used to estimate the

amount of diamagnetic material in the sample, for example the organic material representing the

shell. Comparison of the weight of a sample with the corresponding magnetic properties allows

calculation of the amount of diamagnetic organic material. Furthermore, this method validates

whether the investigated nanoparticles are (still) superparamagnetic. Thermogravimetric analysis

(TGA) can be used to determine the overall amount of organic material located at the surface of

inorganic nanoparticles. Thereby, one clear benefit is that small samples amounts can be used to

verify the presence of organic surface coatings. This tool is of utmost interest when it comes to

a quantitative evaluation of coating processes and/or the determination of biological adsorption

processes [156]. Isothermal titration calorimetry (ITC), usually a method used for the quantification of

binding processes, is an attractive method to investigate interactions of MNPs with other molecules.

This technique is often used for the quantification of interactions between small molecules and enzymes

or DNA and has therefore the potential to quantify the adsorption of proteins or macromolecules

onto the surface of nanoparticles. There are few examples in the literature of the investigation of

magnetic nanoparticles using ITC but it can be used to determine the binding affinity Ka (binding

strength), the binding enthalpy ∆H, as well as the binding stoichiometry n. This allows, for example,

for quantification of the protein repellence of a given nanomaterial [157–160].



Polymers 2018, 10, 91 14 of 28

6. Synthesis of Polyzwitterionic Shell Materials

The first polyampholytes were described in the 1950s by Alfrey, Fuoss, Morawetz, and

Pinner as copolymers of methacrylic acid and either 2/4-vinyl pyridine or N,N-diethylamino

methacrylate [161,162]. The first synthetic polyzwitterion matching the previously mentioned IUPAC

definition was described by Harry Ladenheim and Herbert Morawetz, who synthesized poly(4-vinyl

pyridine betaine) by quaternization of poly(4-vinyl pyridine) with ethylbromoacetate and subsequent

hydrolysis of the resulting ester in 1957 [163]. After these first approaches, a lot of progress was

made in the synthesis of polyzwitterions by various techniques. Most noticeable in our opinion is

the utilization of controlled polymerization techniques and the large variety of monomers which

has been made accessible. Controlled polymerization techniques not only allow control over molar

mass, dispersity, and polymer architecture but also provide access to block copolymers featuring

polyzwitterionic or polyampholytic blocks [164–167]. For a detailed overview on synthetic access

and properties of polyzwitterions we refer the reader to an excellent recent review article [101].

However, many approaches today using polyzwitterions as coating materials for MNPs still report on

polymer-analogous reactions like for example the quaternization of poly(4-vinyl pyridine) to generate

zwitterionic polymers [132,134,136,164,168,169]. Quite often the dispersity of the polymers used for

surface functionalization is of secondary importance. This can be of advantage if polymerization is

impeded by certain groups which have to be protected prior to polymerization or when polymers

are of interest but naturally not of polyzwitterionic character. Commonly used techniques in that

respect are different protection/deprotection strategies for different functional groups, quaternization

of amines (often coupled with the introduction of anionic moieties, resulting in the formation of

betaines), or esterification as an intermediate step. Some polyzwitterions can also be obtained by

direct polymerization of the corresponding monomer without any subsequent modification being

necessary [135,166]. In most cases, nanoparticle synthesis and surface functionalization are two

separate steps which have the advantage that the properties and characteristics of the respective

building blocks can be adjusted (and investigated) separately prior to the formation of core-shell

hybrid materials. On the other hand, direct one-pot approaches can reduce the overall synthetic

efforts and are attractive concerning scalability. In the following, polyzwitterions and, in one case,

a polyampholyte which were used for coating of magnetic nanoparticles are discussed. They are listed

and arranged according to the techniques used for immobilization on the MNP surface.

6.1. Covalent Surface Functionalization

In the first section, covalently grafted polyzwitterions are discussed. The examples are summarized in

Table 1.

Urena-Benavides et al. formed iron oxide nanoclusters with silica shells, which were then

functionalized with amino groups on the surface using 3-aminopropyl triethoxysilane (1). The amino

groups were used to covalently graft a poly(2-acrylamido-3-methylpropanesulfonate-co-acrylic

acid) copolymer to the nanoparticle surface. The resulting hybrid particles showed reduced

adsorption to porous materials (Figure 9C) [128]. Zhang et al. prepared an ATRP initiator

bearing an amine functionality at the chain end, which was used for surface immobilization of

the initiator onto superparamagnetic nanospheres. The initiator was then used for the surface

initiated polymerization of carboxybetaine methacrylate (CBMA 2). Furthermore, both pristine

and PCBMA functionalized MNP were further functionalized with antibodies of the β subunit of

human chorionic gonadotropin (anti-β-hCG). The particles showed reduced non-specific protein

adsorption, and have high potential for biosensing applications (Figure 9A) [130]. An example

of grafting-through surface functionalization was presented by Chen et al. (3). They published

the synthesis of polyzwitterion coated magnetic nanoparticles via a grafting-through approach.

At first, the magnetite nanoparticles were coated with a thin silica shell using the Stöber-process,

followed by grafting with 3-(trimethoxysilyl)propyl methacrylate (γ-MPS), creating reactive

double-bonds on the nanoparticle surface. The zwitterionic shell was then synthesized by
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copolymerization of methacrylic acid (MAA), N,N'-methylenebisacrylamide (MBA) as crosslinker,

and 2-(methacryloyloxy)ethyl-dimethyl-(3-sulfopropyl) ammonium hydroxide (MSA) as zwitterionic

co-monomer [131].

Table 1. Structures, binding method, potential application (if provided) and type of polyelectrolyte

combination for polyzwitterions which were used for covalent surface functionalization of magnetic

nanoparticles (MNP).

Nr.
Polyzwitterionic Unit

Structure/Name
Binding Method Application Type of Polyelectrolyte +/−

1
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coated m gnetic n noparticles vi  grafting-through approach At first, the magnetite nanop rticles
were coated with a thin silica shell using the Stöber-process  followed by grafting with 3-
(trimethoxysilyl)propyl methacrylate ( -MPS)  creating reactive double-bonds on the n noparticle
surface  The witterionic shell was then synthesized by copolymerization of methacrylic acid (MAA)
N,N'-methylenebis crylamide (MBA) s crosslinker, and -(methacryloyloxy)ethyl-dimethyl-(3-
sulfopropyl) ammonium hydroxide (MSA) as zwitterionic co-monomer [ ]

Figure 9. (A) Grafting-from approach for the polymerization of CBMA (carboxybetaine methacrylate). 
Reprinted from [130] with permission of ACS Publications; (B) Preparation of pCBMA-DOPA-2-
MNPs and their magnetization in the presence of  permanent magnet. Reprinted from [135] with 
permission of Elsevier; (C) Scheme of the synthesis of poly(AMPS-co-AA) MNPs. Reprinted from
[128] with permissions of ACS Publications; (D) Scheme of grafting-to of P(2VP-grad-AA) onto MNP
and subsequent sultonation of P(2VP-grad-AA)@MNP, reprinted from [164] with permission of John 
Wiley and Sons

6.2. Electrostatic Adsor tion

In the following section, polyzwitterions, which were adsorbed onto MNP will be discussed, 
and the shown examples are summarized in T ble

Figure 9. (A) Grafting-from approach for the polymerization of CBMA (carboxybetaine methacrylate).

Reprinted from [130] with permission of ACS Publications; (B) Preparation of pCBMA-DOPA-2-MNPs

and their magnetization in the presence of a permanent magnet. Reprinted from [135] with permission

of Elsevier; (C) Scheme of the synthesis of poly(AMPS-co-AA) MNPs. Reprinted from [128] with

permissions of ACS Publications; (D) Scheme of grafting-to of P(2VP-grad-AA) onto MNP and

subsequent sultonation of P(2VP-grad-AA)@MNP, reprinted from [164] with permission of John Wiley

and Sons.
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6.2. Electrostatic Adsorption

In the following section, polyzwitterions, which were adsorbed onto MNP will be discussed,

and the shown examples are summarized in Table 2.

Table 2. Structures, binding method, potential application (if provided) and type of polyelectrolyte

combination for polyzwitterions which were used for adsorptive surface functionalization of MNP.

Nr.
Polyzwitterionic Unit

Structure/Name
Binding Method Application Type of Polyelectrolyte +/−

4
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PMPC-b-PGMA [166]

dsorption via bishydroxides of
the PGMA block, grafting-to
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Although we mainly focus on polyzwitterionic coating materials, here we also included one
example of a polyampholyte to show that the resulting hybrid m terials c n show simil r properties
to the examples discussed before Xiao et al. coated in first step iron oxide nanoparticles with
poly(acrylic acid) (PAA) and modified them in a second step by esterific tion with 3-
(diethylamino)propylamine, resulting in a polyampholytic shell m terial. The resulting n nop rticles 
exhibited low macrophage cell upt ke nd low cell toxicity ( ) [170]. Billing et al. showed one of the 
few examples where controlled polymerization techniques were pplied to generate poly witterions 
as coating m terials for MNPs. Using reversible addition–fr gment tion chain transfer (RAFT)-
polymeri tion, gradient copolymers consisting of -vinyl pyridine and tert-butyl acryl te (poly( -
vinylpyridine-grad-tert-butylacrylate)) were prepared ( ). Subsequently, the tert-butylgroups were 
hydrolyzed to acrylic acid and the 2-vinylpyridine moieties were sultonated to gener te
zwitterionic unit (Figure 9D)  As result of the functionalization, an incre sed stability towards
secondary aggregation was observed and cytotoxicity tests did not show a significant influence on 
cell viability [164]. Von der Lühe et al. showed the synthesis of zwitterionic polydehydroalanine ( ).
This polymer exhibits a high charge to volume r tio as it consists of a polymeric b ckbone with
directly attached amine and carboxylic acid functionalities. As these functional groups would impede 
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Table 2  Structures, binding method, potential application (if provided) nd type of polyelectrolyte 
combination for polyzwitterions which were used for adsorptive surface functionalization of MNP. 

Nr.
Polyzwitterionic Unit

Structure/Name
Binding thod Applic tion

Type of Polyelectrolyte
+/−

P(AA-stat-PDEAPA) [170] 

carboxyl group anchoring, 
grafting-to

 weak/weak

 
P(2VP-grad-AA) [164]

carboxyl group anchoring, 
grafting-to

antifouling weak/weak

PDh [132] 

carboxyl group anchoring, 
grafting-to

antifouling  weak/weak

NSOCMS [168]

carboxyl group anchoring, 
grafting-to

 weak/weak

PCBMA[135]

Catechol anchoring, gr fting-to strong/we k

PMPC-b-PGMA [166]

dsorption via bishydroxides of
the PGMA block, grafting-to

 strong/weak

Although we mainly focus on polyzwitterionic coating materials, here we also included one
example of a polyampholyte to show that the resulting hybrid m terials c n show simil r properties
to the examples discussed before Xiao et al. coated in first step iron oxide nanoparticles with
poly(acrylic acid) (PAA) and modified them in a second step by esterific tion with 3-
(diethylamino)propylamine, resulting in a polyampholytic shell m terial. The resulting n nop rticles 
exhibited low macrophage cell upt ke nd low cell toxicity ( ) [170]. Billing et al. showed one of the 
few examples where controlled polymerization techniques were pplied to generate poly witterions 
as coating m terials for MNPs. Using reversible addition–fr gment tion chain transfer (RAFT)-
polymeri tion, gradient copolymers consisting of -vinyl pyridine and tert-butyl acryl te (poly( -
vinylpyridine-grad-tert-butylacrylate)) were prepared ( ). Subsequently, the tert-butylgroups were 
hydrolyzed to acrylic acid and the 2-vinylpyridine moieties were sultonated to gener te
zwitterionic unit (Figure 9D)  As result of the functionalization, an incre sed stability towards
secondary aggregation was observed and cytotoxicity tests did not show a significant influence on 
cell viability [164]. Von der Lühe et al. showed the synthesis of zwitterionic polydehydroalanine ( ).
This polymer exhibits a high charge to volume r tio as it consists of a polymeric b ckbone with
directly attached amine and carboxylic acid functionalities. As these functional groups would impede 

P(2VP-grad-AA) [164]

carboxyl group
anchoring, grafting-to

antifouling weak/weak
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Table 2  Structures, binding method, potential application (if provided) nd type of polyelectrolyte 
combination for polyzwitterions which were used for adsorptive surface functionalization of MNP. 
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Structure/Name
Binding thod Applic tion

Type of Polyelectrolyte
+/−

P(AA-stat-PDEAPA) [170] 

carboxyl group anchoring, 
grafting-to

 weak/weak

P(2VP-grad-AA) [164]

carboxyl group anchoring, 
grafting-to

antifouling weak/weak

 
PDh [132] 

carboxyl group anchoring, 
grafting-to

antifouling  weak/weak

NSOCMS [168]

carboxyl group anchoring, 
grafting-to

 weak/weak

PCBMA[135]

Catechol anchoring, gr fting-to strong/we k

PMPC-b-PGMA [166]

dsorption via bishydroxides of
the PGMA block, grafting-to

 strong/weak

Although we mainly focus on polyzwitterionic coating materials, here we also included one
example of a polyampholyte to show that the resulting hybrid m terials c n show simil r properties
to the examples discussed before Xiao et al. coated in first step iron oxide nanoparticles with
poly(acrylic acid) (PAA) and modified them in a second step by esterific tion with 3-
(diethylamino)propylamine, resulting in a polyampholytic shell m terial. The resulting n nop rticles 
exhibited low macrophage cell upt ke nd low cell toxicity ( ) [170]. Billing et al. showed one of the 
few examples where controlled polymerization techniques were pplied to generate poly witterions 
as coating m terials for MNPs. Using reversible addition–fr gment tion chain transfer (RAFT)-
polymeri tion, gradient copolymers consisting of -vinyl pyridine and tert-butyl acryl te (poly( -
vinylpyridine-grad-tert-butylacrylate)) were prepared ( ). Subsequently, the tert-butylgroups were 
hydrolyzed to acrylic acid and the 2-vinylpyridine moieties were sultonated to gener te
zwitterionic unit (Figure 9D)  As result of the functionalization, an incre sed stability towards
secondary aggregation was observed and cytotoxicity tests did not show a significant influence on 
cell viability [164]. Von der Lühe et al. showed the synthesis of zwitterionic polydehydroalanine ( ).
This polymer exhibits a high charge to volume r tio as it consists of a polymeric b ckbone with
directly attached amine and carboxylic acid functionalities. As these functional groups would impede 

PDha[132]

carboxyl group
anchoring, grafting-to

antifouling weak/weak
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Table 2  Structures, binding method, potential application (if provided) nd type of polyelectrolyte 
combination for polyzwitterions which were used for adsorptive surface functionalization of MNP. 
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Structure/Name
Binding thod Applic tion

Type of Polyelectrolyte
+/−

P(AA-stat-PDEAPA) [170] 

carboxyl group anchoring, 
grafting-to

 weak/weak

P(2VP-grad-AA) [164]

carboxyl group anchoring, 
grafting-to

antifouling weak/weak

PDh [132] 

carboxyl group anchoring, 
grafting-to

antifouling  weak/weak

NSOCMS [168]

carboxyl group anchoring, 
grafting-to

 weak/weak

PCBMA[135]

Catechol anchoring, gr fting-to strong/we k

PMPC-b-PGMA [166]

dsorption via bishydroxides of
the PGMA block, grafting-to

 strong/weak

Although we mainly focus on polyzwitterionic coating materials, here we also included one
example of a polyampholyte to show that the resulting hybrid m terials c n show simil r properties
to the examples discussed before Xiao et al. coated in first step iron oxide nanoparticles with
poly(acrylic acid) (PAA) and modified them in a second step by esterific tion with 3-
(diethylamino)propylamine, resulting in a polyampholytic shell m terial. The resulting n nop rticles 
exhibited low macrophage cell upt ke nd low cell toxicity ( ) [170]. Billing et al. showed one of the 
few examples where controlled polymerization techniques were pplied to generate poly witterions 
as coating m terials for MNPs. Using reversible addition–fr gment tion chain transfer (RAFT)-
polymeri tion, gradient copolymers consisting of -vinyl pyridine and tert-butyl acryl te (poly( -
vinylpyridine-grad-tert-butylacrylate)) were prepared ( ). Subsequently, the tert-butylgroups were 
hydrolyzed to acrylic acid and the 2-vinylpyridine moieties were sultonated to gener te
zwitterionic unit (Figure 9D)  As result of the functionalization, an incre sed stability towards
secondary aggregation was observed and cytotoxicity tests did not show a significant influence on 
cell viability [164]. Von der Lühe et al. showed the synthesis of zwitterionic polydehydroalanine ( ).
This polymer exhibits a high charge to volume r tio as it consists of a polymeric b ckbone with
directly attached amine and carboxylic acid functionalities. As these functional groups would impede 

NSOCMS [168]

carboxyl group
anchoring, grafting-to

weak/weak
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Table 2  Structures, binding method, potential application (if provided) nd type of polyelectrolyte 
combination for polyzwitterions which were used for adsorptive surface functionalization of MNP. 
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Binding thod Applic tion

Type of Polyelectrolyte
+/−

P(AA-stat-PDEAPA) [170] 

carboxyl group anchoring, 
grafting-to

 weak/weak

P(2VP-grad-AA) [164]

carboxyl group anchoring, 
grafting-to

antifouling weak/weak

PDh [132] 

carboxyl group anchoring, 
grafting-to

antifouling  weak/weak

NSOCMS [168]

carboxyl group anchoring, 
grafting-to

 weak/weak

PCBMA[135]

Catechol anchoring, gr fting-to strong/we k

PMPC-b-PGMA [166]

dsorption via bishydroxides of
the PGMA block, grafting-to

 strong/weak

Although we mainly focus on polyzwitterionic coating materials, here we also included one
example of a polyampholyte to show that the resulting hybrid m terials c n show simil r properties
to the examples discussed before Xiao et al. coated in first step iron oxide nanoparticles with
poly(acrylic acid) (PAA) and modified them in a second step by esterific tion with 3-
(diethylamino)propylamine, resulting in a polyampholytic shell m terial. The resulting n nop rticles 
exhibited low macrophage cell upt ke nd low cell toxicity ( ) [170]. Billing et al. showed one of the 
few examples where controlled polymerization techniques were pplied to generate poly witterions 
as coating m terials for MNPs. Using reversible addition–fr gment tion chain transfer (RAFT)-
polymeri tion, gradient copolymers consisting of -vinyl pyridine and tert-butyl acryl te (poly( -
vinylpyridine-grad-tert-butylacrylate)) were prepared ( ). Subsequently, the tert-butylgroups were 
hydrolyzed to acrylic acid and the 2-vinylpyridine moieties were sultonated to gener te
zwitterionic unit (Figure 9D)  As result of the functionalization, an incre sed stability towards
secondary aggregation was observed and cytotoxicity tests did not show a significant influence on 
cell viability [164]. Von der Lühe et al. showed the synthesis of zwitterionic polydehydroalanine ( ).
This polymer exhibits a high charge to volume r tio as it consists of a polymeric b ckbone with
directly attached amine and carboxylic acid functionalities. As these functional groups would impede 

PCBMA[135]

Catechol anchoring,
grafting-to

strong/weak
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Table 2  Structures, binding method, potential application (if provided) nd type of polyelectrolyte 
combination for polyzwitterions which were used for adsorptive surface functionalization of MNP. 
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Type of Polyelectrolyte
+/−

P(AA-stat-PDEAPA) [170] 

carboxyl group anchoring, 
grafting-to

 weak/weak

P(2VP-grad-AA) [164]

carboxyl group anchoring, 
grafting-to

antifouling weak/weak

PDh [132] 

carboxyl group anchoring, 
grafting-to

antifouling  weak/weak

NSOCMS [168]

carboxyl group anchoring, 
grafting-to

 weak/weak

PCBMA[135]

Catechol anchoring, gr fting-to strong/we k

PMPC-b-PGMA [166]

dsorption via bishydroxides of
the PGMA block, grafting-to

 strong/weak

Although we mainly focus on polyzwitterionic coating materials, here we also included one
example of a polyampholyte to show that the resulting hybrid m terials c n show simil r properties
to the examples discussed before Xiao et al. coated in first step iron oxide nanoparticles with
poly(acrylic acid) (PAA) and modified them in a second step by esterific tion with 3-
(diethylamino)propylamine, resulting in a polyampholytic shell m terial. The resulting n nop rticles 
exhibited low macrophage cell upt ke nd low cell toxicity ( ) [170]. Billing et al. showed one of the 
few examples where controlled polymerization techniques were pplied to generate poly witterions 
as coating m terials for MNPs. Using reversible addition–fr gment tion chain transfer (RAFT)-
polymeri tion, gradient copolymers consisting of -vinyl pyridine and tert-butyl acryl te (poly( -
vinylpyridine-grad-tert-butylacrylate)) were prepared ( ). Subsequently, the tert-butylgroups were 
hydrolyzed to acrylic acid and the 2-vinylpyridine moieties were sultonated to gener te
zwitterionic unit (Figure 9D)  As result of the functionalization, an incre sed stability towards
secondary aggregation was observed and cytotoxicity tests did not show a significant influence on 
cell viability [164]. Von der Lühe et al. showed the synthesis of zwitterionic polydehydroalanine ( ).
This polymer exhibits a high charge to volume r tio as it consists of a polymeric b ckbone with
directly attached amine and carboxylic acid functionalities. As these functional groups would impede 

PMPC-b-PGMA [166]

adsorption via
bishydroxides of the

PGMA block, grafting-to
strong/weak

Although we mainly focus on polyzwitterionic coating materials, here we also included

one example of a polyampholyte to show that the resulting hybrid materials can show similar

properties to the examples discussed before. Xiao et al. coated in a first step iron oxide

nanoparticles with poly(acrylic acid) (PAA) and modified them in a second step by esterification

with 3-(diethylamino)propylamine, resulting in a polyampholytic shell material. The resulting

nanoparticles exhibited low macrophage cell uptake and low cell toxicity (4) [170]. Billing et al.

showed one of the few examples where controlled polymerization techniques were applied to generate

polyzwitterions as coating materials for MNPs. Using reversible addition–fragmentation chain transfer

(RAFT)-polymerization, gradient copolymers consisting of 2-vinyl pyridine and tert-butyl acrylate

(poly(2-vinylpyridine-grad-tert-butylacrylate)) were prepared (5). Subsequently, the tert-butylgroups

were hydrolyzed to acrylic acid and the 2-vinylpyridine moieties were sultonated to generate

a zwitterionic unit (Figure 9D). As a result of the functionalization, an increased stability towards

secondary aggregation was observed and cytotoxicity tests did not show a significant influence on

cell viability [164]. Von der Lühe et al. showed the synthesis of zwitterionic polydehydroalanine (6).

This polymer exhibits a high charge to volume ratio as it consists of a polymeric backbone with

directly attached amine and carboxylic acid functionalities. As these functional groups would impede

direct polymerization, both functionalities had to be protected prior to polymerization. The protective

groups were cleaved off afterwards to generate a polyzwitterion and the carboxyl groups were used
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for immobilization at the surface of sub 10 nm MNPs [132] and multicore nanoparticles with 80 nm

in diameter. The PDha@MC particles were further used for the adsorption and selective desorption

of both polyanions and polycations [171]. Zhu et al. used O-carboxymethylchitosan as a naturally

occurring polysaccharide and modified the material by functionalization with carboxylic acid groups,

followed by immobilization at the surface of MNPs. The resulting nanoparticles were well dispersed

in aqueous media and showed good cytocompatibility (7) [168]. Besides carboxylic acids, other

functionalities like catechols, phosphonates, or oligoglycols can be used for the immobilization of

polyzwitterions on nanoparticle surfaces. Dopamine was used by Zhang et al. who synthesized

a double-dopamine functionalized ATRP initiator, where all catecholic moieties were protected

with tert-butyldimethylsilyl ethers (TBDMS, Figure 9B) (8). The initiator was then used for the

polymerization of carboxybetainemethacrylate (CBMA). After deprotection of the catecholic hydroxyl

groups, the polyzwitterion was used to coat iron oxide MNPs. The resulting hybrids showed increased

dispersion stability in solutions of varying ionic strength and blood serum compared to pristine and

citrate stabilized MNPs. Furthermore, macrophage uptake was drastically decreased [135]. Yuan et al.

synthesized poly[2-(methacryloyloxy)ethyl phosphorylcholine]-block-(glycerol monomethacrylate)

(PMPC-b-PGMA) block copolymers by ATRP (9). The double-hydrophilic block copolymer was added

to a co-precipitation of FeCl2 and FeCl3.The bis-hydroxides of the PGMA block ensured efficient

immobilization of the polymer on the surface of the resulting nanoparticles, and the zwitterionic block

increased long term-stability [166].

6.3. Other Methods

In this last section, less frequently employed functionalization methods, like pre-functionalization

approaches with polyelectrolytes, utilizing hydrophilic/hydrophobic interactions, or the addition of

polyzwitterions during MNP preparation are discussed. The discussed examples are summarized in

Table 3.

The use of non-covalent interactions (electrostatic or hydrophobic-hydrophilic interactions) to

immobilize polyelectrolytes at the surface of MNPs leads to systems which allow the detachment of

the respective polymeric shell under specific conditions, which can be either a benefit or a drawback.

In order to generate a high surface charge at the surface of MNPs, Yeh et al. used poly(acrylic

acid) as a first layer. By applying poly(4-vinylpyridinium N-ethylsulfonate), attractive electrostatic

interactions led to the formation of a second layer (10). It is noteworthy that the direct attachment

of the polyzwitterion is also possible without the underlying PAA layer but the resulting surface

coating was by far less stable afterwards [172]. V. G. Demillo et al. took advantage of hydrophilic

hydrophobic interactions. They produced multifunctional magnetofluorescent NPs by encapsulating

quantum dots and MNPs within a polymeric shell. Poly(maleic anhydride-alt-1-octadecene)

(PMAO) was used as precursor and modified by opening the anhydrous rings in the polymer in

a first step with 3-(dimethyl-amino)-1-propylamine (11). In a second step the generated tertiary

amines were reacted with β-propiolactone and 1,3-propanesultone resulting in betaine structures.

As the polymer backbone has an amphiphilic character these polymers were immobilized at the

nanoparticles by using hydrophilic hydrophobic interactions between the polyampholytes and

the hydrophobic nanoparticles [169]. A similar approach was performed by Wang et al. who

prepared microspheres of chitosan and poly(aspartic acid) with encapsulated magnetic nanoparticles

and CdTe quantum dots (12). The 110–320 nm large microspheres are of interest in the context

of biolabeling and imaging [173]. Pombo-Garcia et al. utilized hydrophobic interactions for

the functionalization of ultra small superparamagnetic iron oxide nanoparticles with poly(maleic

anhydride-alt-1-decene), which was previously substituted with 3-(dimethylamino)propylamine

to give a zwitterionic polymer (PMAL) (13). The surface coating was realized by intercalation

of decene with previously attached oleic acid [133]. The resulting hybrids were characterized

concerning protein adsorption and biocompatibility. R. Mincheva et al. showed the in-situ

formation of polyzwitterion-coated magnetic nanoparticles by adding the polymeric shell material
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during the synthesis of MNPs. The two biocompatible polyelectrolytes (N-carboxyethylchitosan

(CECh) (14) and poly(2-acrylamido-2-methylpropanesulfonic acid) (PAMPS) (15) are capable of

stabilizing MNPs in aqueous solution. CECh was synthesized by a polymer-analogous reaction

with acrylic acid, while PAMPS was synthesized directly by free radical polymerization of

2-acrylamido-2-methylpropanesulfonic acid. Here, both suspension stability and particle size as

well as the resulting magnetic properties were investigated and the obtained nanocomposites were

further used for electrospinning [134].

Table 3. Structures, binding method, potential application (if provided), and type of polyelectrolyte

combination for polyzwitterions which were used for surface functionalization of MNP via the

formation of polyelectrolyte complexes, hydrophilic/hydrophobic interactions, or by addition as

surfactant during co precipitation.

Nr.
Polyzwitterionic Unit

Structure/Name
Binding Method Application Type of Polyelectrolyte +/−
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direct polymeriz tion, both functionalities h d to be protected prior to polymerization. The protective 
groups were cleaved off afterwards to generate polyzwitterion and the c rboxyl groups were used 
for immobili tion at the surface of sub  nm MNPs [1 ] and multicore n nop rticles with  nm
in diameter. The PDha@MC particles were further used for the adsorption and selective desorption 
of both poly nions and polyc tions [ ]. Zhu et al. used O-c rboxymethylchitosan s  naturally 
occurring polysaccharide nd modified the materi l by functionalization with c rboxylic acid groups,
followed by immobilization at the surf ce of MNPs The resulting nanoparticles were well dispersed 
in aqueous media and showed good cytocompatibility ( ) [ ]  Besides c rboxylic acids, other
functionalities like catechols, phosphonates, or oligoglycols c n be used for the immobili tion of
polyzwitterions on nanop rticle surfaces. Dop mine w s used by Zhang et al. who synthesized
double-dopamine functionalized ATRP initi tor, where all c techolic moieties were protected with
tert-butyldimethylsilyl ethers (TBDMS Figure 9B) ( ). The initiator was then used for the
polymerization of carboxybetainemeth cryl te (CBMA). After deprotection of the catecholic
hydroxyl groups, the polyzwitterion was used to coat iron oxide MNPs. The resulting hybrids
showed increased dispersion stability in solutions of varying ionic strength and blood serum 
compared to pristine and citrate stabilized MNPs. Furthermore, m crophage uptake w s drastically
decreased [1 ]. Yuan et al. synthesi ed poly[ -(methacryloyloxy)ethyl phosphorylcholine]-block-
(glycerol monomethacryl te) (PMPC-b-PGMA) block copolymers by ATRP ( ). The double-
hydrophilic block copolymer w s added to a co-precipitation of FeCl  and FeCl .The bis-hydroxides 
of the PGMA block ensured efficient immobili tion of the polymer on the surface of the resulting
nanoparticles  and the zwitterionic block incre sed long term-st bility [1 ]

3. Other Met ods

In this last section, less frequently employed functionalization methods, like pre-
functionalization approaches with polyelectrolytes  utili ing hydrophilic/hydrophobic interactions,
or the addition of polyzwitterions during MNP preparation are discussed. The discussed examples 
are summarized in Table 

Table 3  Structures, binding method, potential application (if provided), and type of polyelectrolyte 
combination for polyzwitterions which were used for surface functionalization of MNP via the 
formation of polyelectrolyte complexes, hydrophilic/hydrophobic interactions, or by addition as 
surfactant during co precipitation.

Nr.
Polyzwitterionic Unit

Structure/Name
Binding thod Applic tion

Type of 
Polyelectrolyt

+/−

P VP-SB [172]

electrostatic inter ctions 
PAA@MNP

isolation of 
glycopeptides from 
biological s mples

(bio-separ tion)

strong/strong

PMAO-CB-SB [1 ]

hydrophilic hydrophobic 
interactions

cancer di gnosis strong/we k

PAsp [173]

polyelectrolyte complexes 
between chitosan (CS) and 
poly(aspartic acid) (PAsp)
with enc psul ted MNP 

 weak/weak

P4VP-SB [172]

electrostatic interactions
PAA@MNP

isolation of glycopeptides
from biological samples

(bio-separation)
strong/strong
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direct polymeriz tion, both functionalities h d to be protected prior to polymerization. The protective 
groups were cleaved off afterwards to generate polyzwitterion and the c rboxyl groups were used 
for immobili tion at the surface of sub  nm MNPs [1 ] and multicore n nop rticles with  nm
in diameter. The PDha@MC particles were further used for the adsorption and selective desorption 
of both poly nions and polyc tions [ ]. Zhu et al. used O-c rboxymethylchitosan s  naturally 
occurring polysaccharide nd modified the materi l by functionalization with c rboxylic acid groups,
followed by immobilization at the surf ce of MNPs The resulting nanoparticles were well dispersed 
in aqueous media and showed good cytocompatibility ( ) [ ]  Besides c rboxylic acids, other
functionalities like catechols, phosphonates, or oligoglycols c n be used for the immobili tion of
polyzwitterions on nanop rticle surfaces. Dop mine w s used by Zhang et al. who synthesized
double-dopamine functionalized ATRP initi tor, where all c techolic moieties were protected with
tert-butyldimethylsilyl ethers (TBDMS Figure 9B) ( ). The initiator was then used for the
polymerization of carboxybetainemeth cryl te (CBMA). After deprotection of the catecholic
hydroxyl groups, the polyzwitterion was used to coat iron oxide MNPs. The resulting hybrids
showed increased dispersion stability in solutions of varying ionic strength and blood serum 
compared to pristine and citrate stabilized MNPs. Furthermore, m crophage uptake w s drastically
decreased [1 ]. Yuan et al. synthesi ed poly[ -(methacryloyloxy)ethyl phosphorylcholine]-block-
(glycerol monomethacryl te) (PMPC-b-PGMA) block copolymers by ATRP ( ). The double-
hydrophilic block copolymer w s added to a co-precipitation of FeCl  and FeCl .The bis-hydroxides 
of the PGMA block ensured efficient immobili tion of the polymer on the surface of the resulting
nanoparticles  and the zwitterionic block incre sed long term-st bility [1 ]

3. Other Met ods

In this last section, less frequently employed functionalization methods, like pre-
functionalization approaches with polyelectrolytes  utili ing hydrophilic/hydrophobic interactions,
or the addition of polyzwitterions during MNP preparation are discussed. The discussed examples 
are summarized in Table 

Table 3  Structures, binding method, potential application (if provided), and type of polyelectrolyte 
combination for polyzwitterions which were used for surface functionalization of MNP via the 
formation of polyelectrolyte complexes, hydrophilic/hydrophobic interactions, or by addition as 
surfactant during co precipitation.
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+/−
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electrostatic inter ctions 
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isolation of 
glycopeptides from 
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(bio-separ tion)

strong/strong

PMAO-CB-SB [1 ]

hydrophilic hydrophobic 
interactions

cancer di gnosis strong/we k

PAsp [173]

polyelectrolyte complexes 
between chitosan (CS) and 
poly(aspartic acid) (PAsp)
with enc psul ted MNP 

 weak/weak

PMAO-CB-SB [169]

hydrophilic hydrophobic
interactions

cancer diagnosis strong/weak
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direct polymeriz tion, both functionalities h d to be protected prior to polymerization. The protective 
groups were cleaved off afterwards to generate polyzwitterion and the c rboxyl groups were used 
for immobili tion at the surface of sub  nm MNPs [1 ] and multicore n nop rticles with  nm
in diameter. The PDha@MC particles were further used for the adsorption and selective desorption 
of both poly nions and polyc tions [ ]. Zhu et al. used O-c rboxymethylchitosan s  naturally 
occurring polysaccharide nd modified the materi l by functionalization with c rboxylic acid groups,
followed by immobilization at the surf ce of MNPs The resulting nanoparticles were well dispersed 
in aqueous media and showed good cytocompatibility ( ) [ ]  Besides c rboxylic acids, other
functionalities like catechols, phosphonates, or oligoglycols c n be used for the immobili tion of
polyzwitterions on nanop rticle surfaces. Dop mine w s used by Zhang et al. who synthesized
double-dopamine functionalized ATRP initi tor, where all c techolic moieties were protected with
tert-butyldimethylsilyl ethers (TBDMS Figure 9B) ( ). The initiator was then used for the
polymerization of carboxybetainemeth cryl te (CBMA). After deprotection of the catecholic
hydroxyl groups, the polyzwitterion was used to coat iron oxide MNPs. The resulting hybrids
showed increased dispersion stability in solutions of varying ionic strength and blood serum 
compared to pristine and citrate stabilized MNPs. Furthermore, m crophage uptake w s drastically
decreased [1 ]. Yuan et al. synthesi ed poly[ -(methacryloyloxy)ethyl phosphorylcholine]-block-
(glycerol monomethacryl te) (PMPC-b-PGMA) block copolymers by ATRP ( ). The double-
hydrophilic block copolymer w s added to a co-precipitation of FeCl  and FeCl .The bis-hydroxides 
of the PGMA block ensured efficient immobili tion of the polymer on the surface of the resulting
nanoparticles  and the zwitterionic block incre sed long term-st bility [1 ]

3. Other Met ods

In this last section, less frequently employed functionalization methods, like pre-
functionalization approaches with polyelectrolytes  utili ing hydrophilic/hydrophobic interactions,
or the addition of polyzwitterions during MNP preparation are discussed. The discussed examples 
are summarized in Table 

Table 3  Structures, binding method, potential application (if provided), and type of polyelectrolyte 
combination for polyzwitterions which were used for surface functionalization of MNP via the 
formation of polyelectrolyte complexes, hydrophilic/hydrophobic interactions, or by addition as 
surfactant during co precipitation.

Nr.
Polyzwitterionic Unit

Structure/Name
Binding thod Applic tion

Type of 
Polyelectrolyt

+/−

P VP-SB [172]

electrostatic inter ctions 
PAA@MNP

isolation of 
glycopeptides from 
biological s mples

(bio-separ tion)

strong/strong

PMAO-CB-SB [1 ]

hydrophilic hydrophobic 
interactions

cancer di gnosis strong/we k

PAsp [173]

polyelectrolyte complexes 
between chitosan (CS) and 
poly(aspartic acid) (PAsp)
with enc psul ted MNP 

 weak/weak

PAsp [173]

polyelectrolyte
complexes between
chitosan (CS) and
poly(aspartic acid)

(PAsp) with
encapsulated MNP

weak/weak

13

Polymers 18 of

PMAL [133]

hydrophilic hydrophobic 
interactions

anti-fouling weak/weak

CeCh [134] 

adsorption via carboxylates electro spinning weak/weak

PAMPS [134]

sulfon te anchoring electro spinning weak/strong 
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7. A Short Note on Application Fields

Different applications of specific core-shell combinations have been already showcased throughout

the last chapters. Nevertheless, by far the highest application potential for polyzwitterion-coated

magnetic nanoparticles in our opinion is within the field of biomedical applications. As demonstrated

in Section 2, magnetic cores are of high interest for applications like MRI imaging, drug delivery,

and hyperthermia [170]. This potential might even be increased with polyzwitterionic coatings, since

the circulation times can be prolonged and secondary (unspecific) aggregation is prevented.

Further, these materials (especially the multicore iron oxide NPs) are promising with regard to

bioseparation approaches as the magnetic nanoparticles enable a facile and fast way of binding and

separating biomolecules (e.g., glycopeptides) from complex biological systems by external magnetic
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fields. As this allows an enrichment of the respective molecules, rather high detection sensitivities

can be achieved. Further analysis of any separated molecules or macromolecules can afterwards be

realized by techniques such as mass spectrometry or various spectroscopy methods [131,172,174].

Besides biomedical applications, the polyzwitterionic magnetic hybrid materials are also

constantly discussed with regard to technical applications such as extraction processes (e.g., wastewater

treatment or organic pollutant extraction) [136], as the zwitterionic surface enables adsorption of

cationic metal ions, which could possibly be released by changes in pH. The benefit of the magnetic

cores in this case is again the possibility of mechanical manipulation, in particular the separation

from dispersions by an external magnetic field. This property also renders these materials interesting

for catalytic processes, as such heterogeneous catalysts can be easily separated, purified if necessary,

and reused in further cycles [175]. Finally, magnetic imaging is also of interest in other fields like

subsurface imaging. Here, the low tendency for interaction with surrounding materials of different

polarity enables the use of polyzwitterionic surface coatings on MNPs in imaging for oil recovery as

shown by Ureña-Benavides et al. [128].

8. Conclusions and Outlook

The synthesis and exploitation of magnetic hybrid materials–in our case consisting of a magnetic

core and an organic shell—has already arrived in a broad variety of research areas. However, still only

a certain number of research groups have reported on the use of polyzwitterions as coating materials,

which we mainly attribute to the fact that the synthesis of polyzwitterions can be challenging and

that PEG still is the most prominent biocompatible shell material in many applications. Nevertheless,

magnetic hybrid materials which are functionalized by polyzwitterions show several benefits compared

to the gold standard PEG, like close similarities to biological tissue, multiple ways of immobilization,

and, in some cases, pH responsive behavior rendering those examples interesting candidates for drug

delivery systems in the near future. The adjustment of charge at the particle surface allows a potential

change in solubility of the particles as well as a change in adsorptive behavior towards any suitable

guest molecules (or cargo).

Further advance in the context of biomedical applications clearly requires progress concerning

the understanding of interactions with proteins and biological macromolecules. Along the same line,

a closer look at the influence of the actual combination of strong and weak polyelectrolyte building

blocks on the resulting interactions with biological tissues has to be taken as well. The qualitative as

well as the quantitative binding of different proteins to the surface of the respective materials might

give further information on processes which are important in understanding the governing factors in

protein corona formation. Furthermore, basic investigations on the suspension stability depending

on ionic strength, and the response to the presence of different counter ions or biological fluids are

further important aspects. The examples outlined above also suggest that combinations of PEG and

polyzwitterions within polymeric shells are definitely an aspect of interest.
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SPION@polydehydroalanine hybrid particles†

Moritz von der Lühe,ab Ulrike Günther,ab Andreas Weidner,c Christine Gräfe,d

Joachim H. Clement,bd Silvio Dutzce and Felix H. Schacher*ab

It is generally accepted that a protein corona is rapidly formed upon exposure of nanoparticles to biological

fluids and that both the amount and the composition of adsorbed proteins affect the dispersion properties

of the resulting particles. Hereby, the net charge and overall charge density of the pristine nanoparticles are

supposed to play a crucial role. In an attempt to control both charge and charge distribution, we report on

the coating of superparamagnetic iron oxide nanoparticles (SPIONs) with different polyelectrolytes. Starting

from orthogonally protected polydehydroalanine, the material can be easily transformed into a polyanion

(poly(tert-butoxycarbonyl acrylic acid), PtBAA), polycation (poly(aminomethylacrylate), PAMA), or even a

polyzwitterion (polydehydroalanine, PDha). While coating of SPIONs with PtBAA and PDha was shown to

be successful, approaches using PAMA have failed so far. The dispersion properties of the resulting

hybrid particles have been investigated using dynamic light scattering (DLS), zeta-potential, and TEM

measurements – the amount of adsorbed polymer was quantified using vibrating sample magnetometry

(VSM) and thermogravimetric analysis (TGA).

Introduction

During the last decades, magnetic nanoparticles (MNP) have

gained remarkable interest regarding their use in biomedical

applications.1 They are used as contrast agents for nuclear

magnetic resonance imaging (MRI)2,3 as well as in therapeutic

approaches like hyperthermia,4–7 drug targeting via external

magnetic elds,8–11 and targeted drug delivery. Conventional

materials oen cannot fulll the strict requirements necessary

for materials in biomedical applications, and therefore inno-

vative materials are needed, where certain properties such as

size, shape, charge, and charge density can be precisely

controlled.

Recently, a lot of effort has been devoted to the synthesis and

characterization of hybrid materials featuring inorganic

magnetic cores and organic coatings. Such hybrid materials

offer many options as they combine the properties of both

components: the magnetic core and, thus, the opportunity of

manipulation via external elds as well as an organic coating,

which allows the adjustment of particle properties like solu-

bility, surface charge, and particle–particle as well as particle–

tissue interactions. The organic coating also enables further

surface functionalization with, e.g., antibodies, proteins, or dyes

for medical imaging and their use in therapeutic approaches.12

Regarding the core materials, superparamagnetic iron oxide

nanoparticles (SPION) consisting of iron oxides like magnetite

(Fe3O4) and maghemite (g-Fe2O3) are of peculiar interest

because of their lowered toxicity in comparison to other

magnetic materials like Ni or Co at comparably high magneti-

zations.13 Hereby, the inherent magnetic characteristics of the

core depend on the particle size.14 Already in 1930 it was pre-

dicted that MNPs with radii below 15 nm would consist of a

single magnetic domain and feature superparamagnetic prop-

erties, i.e. the absence of magnetic moments in MNP without

the presence of an external magnetic eld.15

Upon the application of MNP into biological systems, a

protein corona is formed due to immediate protein adsorption

onto the particle surface.16 This corona formation is inuenced

by a number of particle-associated factors like size, surface

charge,17,18 and incubation temperature. The temperature is

supposed to inuence both the formation and the composition

of the protein corona,19 whereas the particle size only seems to

inuence the amount of adsorbed protein but not the corona

composition itself.16 Surface charge on the other hand has an

impact on the corona formation as well as the particle toxicity

and cell uptake. It was already shown that positively charged

nanoparticles show increased cell uptake and cytotoxicity

compared to particles exhibiting negative charges.20 However,

here the focus has been put on the particle net charge whereas
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the inuence of charge density so far has not been investigated.

An elegant way to adjust the surface charge of magnetic nano-

particles is via different coating materials. In that respect,

different polyelectrolyte coatings for inorganic nanoparticles

are described in the literature, oen adsorbed to the particle

surface using layer by layer (LBL) techniques based on attractive

electrostatic forces.21 In 2004, the preparation of magnetite

MNPs coated with poly(allylamine hydrochloride) (PAH) by LBL

approaches was reported where PAH was adsorbed onto nega-

tively charged MNPs at pH ¼ 8.22

Also, LBL multishell hybrid particles labeled with poly(9,9-di

[30-(1-ethyl-1,1-dimethylammonio)propyl]2,7-uorenyl-alt-1,4-

phenylene dibromide),23 coated with poly(acrylic acid) (PAA),24

or natural polyelectrolytes like alginate25 and chitosan for drug

delivery applications11 have been described. Wotschadlo et al.

reported the encapsulation of SPION aggregates within alter-

nating layers of carboxymethyldextrane (CMD) and poly-

(diallyldimethylammonium chloride) (PDADMAC).26 They also

investigated the inuence of shell composition on subsequent

interactions of these hybrid materials with cells, with the result

that CMD shows rapid uptake into tumor cells, whereas car-

boxymethylated cellulose and pullulan show interactions with

tumor cells as well as with leukocytes.27 Another example, rather

focusing on heterogeneous catalysis, used amino cellulose as

coating for SPIONs. The resulting Fe3O4@amino cellulose

MNPs could then be used as heterogeneous catalysts in atom

transfer radical polymerizations of styrene.28 Also, “graing

from” strategies starting from SPIONs have been analyzed

quantitatively.29

Our work focuses on the preparation of hybrid nanoparticles

featuring a SPION core, consisting of both maghemite (g-Fe2O3)

and magnetite (Fe3O4), and a polyelectrolyte shell. The polymer

we employ as organic coating can be selectively transformed into

a polycation, polyanion, or even a polyzwitterion without varia-

tions of the polymer backbone being necessary. Starting from

poly(tert-butoxycarbonylamino methylacrylate) (PtBAMA), a

material which carries both a protected amino group (tert-

butoxycarbonyl, boc) and a protected carboxylic acid group

(methyl ester), each group can be deprotected separately. This

leads to either polycationic poly(aminomethyl acrylate) (PAMA),

polyanionic poly(tert-butoxycarbonylamino acrylic acid) (PtBAA),

or in the case of complete deprotection, to polyzwitterionic

poly(dehydroalanine) (PDha, Scheme 1).30

Magnetite MNP with 8 nm in diameter have been success-

fully coated with both PtBAA and PDha in different amounts.

The obtained hybrid particles have been characterized by

dynamic light scattering (DLS), zeta-potential measurements,

vibrating sample magnetometry (VSM), and transmission elec-

tron microscopy (TEM). Whereas PtBAA and PDha readily seem

to form adsorbed layers on MNP, up to now this could not be

achieved in case of PAMA due to solubility issues. First in vitro

biocompatibility assays revealed no cytotoxic effects of both

PtBAA and PDha.

Results and discussion
Synthesis of polyelectrolytes

Poly(tert-butoxycarbonylamino methacrylate) (PtBAMA) was

synthesized via free radical polymerization (FRP) using Lucirin-

TPO® as UV-photoinitiator. Compared to our earlier study,30 we

also used solution polymerization in 1,4-dioxane (50 wt%) as, in

this case, it was possible to obtain materials with molar masses

below 50 000 g mol�1 in a straightforward manner. The reason

for using PtBAMA with molar masses below 50 000 g mol�1 is

that we anticipated the encapsulation of single MNPs to be

achieved more easily compared to longer polymer chains. Aer

5 minutes under UV exposure, the polymerization was stopped

and materials with a molar mass of Mw ¼ 43 000 g mol�1

according to size exclusion chromatography (DMAc as solvent,

poly(methyl methacrylate) (PMMA) calibration) could be

obtained. The purication was carried out by dialysis against

methanol.

Scheme 1 Synthesis and polymerization of tBAMA, followed by deprotection leading to poly(tert-butoxycarbonylamino acrylic acid) (PtBAA),
poly(aminomethyl acrylate) (PAMA), and poly(dehydroalanine) (PDha).

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 31920–31929 | 31921
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The obtained polymer was characterized using NMR spec-

troscopy (Fig. S1†) as well as SEC measurements (Fig. S2†). The
1H-NMR-spectrum of PtBAMA was measured in CDCl3 and

shows signals at d¼ 5.4 ppm (b, 1H) for the amino function, d¼

3.7 ppm (3H) for the methyl ester and d ¼ 1.4 ppm (11H) for the

boc protective group and the polymer backbone according to

literature.30 SEC measurements in DMAc (Fig. S2†) revealed the

molar masses shown in Table 1. As SEC only provides apparent

values, we also used static light scattering (SLS) in MeOH with

concentrations ranging from 0.5 to 5 g L�1 (Fig. S3†). In contrast

to earlier studies, SLS yielded slightly lower Mw values (37 000 g

mol�1, leading to PtBAMA184 with the subscripts denoting the

degrees of polymerization) than obtained by SEC. At this point,

we explain this by certain polymer–column interactions, which

also might explain the tailing observed in the SEC elugrams.

Next, PtBAMA was partially deprotected to either poly-

(aminomethyl acrylate) (PAMA) or poly(tert-butoxycarbonylamino

acrylic acid) (PtBAA). For alkaline deprotection of the methyl

ester, PtBAMA was stirred with 14 equivalents of LiOH in a 1,4-

dioxane–water mixture (1/1) at 100 �C for 3 hours. The product

(PtBAA184) was puried by dialysis against water. 1H-NMR inD2O/

NaOD with pD¼ 12 showed signals at d ¼ 2.7 ppm (b, 2H for the

polymer backbone) and d¼ 1.3 ppm (s, 9H) for the boc-protective

group.

PAMA was obtained by acidic deprotection of the boc

protective group in PtBAMA. Therefore, PtBAMA was stirred in

triuoro acetic acid at 50 �C for 1 hour and the product was

puried by subsequent precipitation in methanol. The 1H-NMR

spectrum measured in DMSO-d6 shows signals at d ¼ 3.6 ppm

(3H) for the methyl ester and d ¼ 2.1 ppm (2H) for the polymer

backbone. Also, 13C-NMR measurements show the absence of

the signal at d ¼ 153 ppm for the boc protective group. PAMA

was then further treated with LiOH at 100 �C for 3 hours to

obtain completely deprotected polydehydroalanine (PDha).

The obtained polyelectrolytes exhibit very different solubil-

ities. Both, the polyanionic PtBAA and the polycationic PAMA

only dissolve at pH values higher than 10, in case of PAMA

unfortunately under partial deprotection of the boc protective

group. The fully deprotected PDha is directly soluble in alkaline

media of pH ¼ 8 or higher, but can be brought to lower pH

values by subsequent titration steps. For biocompatibility tests,

the polyelectrolytes were dissolved at pH ¼ 8 (PDha184) and

pH ¼ 10 (PtBAA184) with 5 g L�1 and then titrated to pH ¼ 7

using small aliquots of 1 M HCl.

Biocompatibility of PDha and PtBAA

In order to validate the biocompatibility of both polyanionic

and polyzwitterionic polyelectrolytes (PAMA was not tested –

again due to solubility issues), in vitro viability studies were

performed. Human brain microvascular endothelial cells

(HBMEC) serving as sensitive cell culture model representing

the human blood–brain barrier were exposed to increasing

concentrations of PtBAA184 or PDha184 for indicated dura-

tions and subsequently subjected to a uorescence-based

viability assay. As can be seen, both PDha184 and PtBAA184

do not exert cytotoxic effects on HBMEC up to a concentra-

tion of 75.6 mg mL�1 and over a 24-hour treatment period

(Fig. 1).

Synthesis of the SPION core

The nanoparticles were synthesized by co-precipitation of

FeCl2 and FeCl3 in alkaline media as described earlier.31 The

pristine particles are stabilized in acidic media (pH ¼ 2) due

to repulsive electrostatic forces resulting from positive

surface charges. Table 2 shows number-weighted particle

size distributions, obtained from CONTIN analysis of the

measured autocorrelation functions at different pH values.

Table 1 Polymerization conditions and analytical data of PtBAMA

Sample M : I (n : n) Mn
a [kg mol�1] Mw

a [kg mol�1] Đ
a Mw

b [kg mol�1] Yield

PtBAMA184
c 200 : 1 23 43 1.89 37 52%

a Determined by DMAc SEC, PMMA calibration. b Determined by SLS in MeOH. c Obtained by solution polymerization in 1,4-dioxane (50 wt%); all
DPs were calculated from Mw determined by SLS.

Fig. 1 Increasing concentrations of PDha184 and PtBAA184 do not affect viability of HBMEC; HBMEC cultures were incubated with both polymers
for 3 h (A) or 24 h (B) with concentrations as indicated. neg. control: MilliQ water, negative control with regard to cytotoxicity; pos. control:
detergent TritonX100 (final conc. 0.02% (v/v)), positive control with regard to cytotoxicity.
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They show an average diameter of 8 nm at pH ¼ 2 which was

also conrmed by transmission electron microscopy (TEM: d

¼ 12 � 2 nm, Fig. S3 and S4†). The DLS CONTIN-plot at pH 7

is also included in Fig. 3A–C. At pH-values >7 aggregation of

the SPION cores occurred, followed by precipitation aer

several minutes. Characterization with vibrating sample

magnetometry (VSM) showed prevailing superparamagnetic

properties, i.e. a high saturation magnetization Ms

(72 Am2 kg�1) and low coercivity Hc (1.6 kA m�1). The particle

diameter of 8.3 nm from VSM (Chantrell method) is in good

agreement with DLS at pH values up to 6. The hysteresis loop

is shown together with those of the hybrid particles aer

coating with PtBAA or PDha in Fig. 5.

TGA measurements of the pristine particles under inert

atmosphere show a weight loss of 3.3% in three steps. The rst

step from 20 to 125 �C (1.1%) can be attributed to the evapo-

ration of adsorbed water. The second step from 200 to 500 �C

(1.4%) might result from a phase transformation of a small

amount of impurity phases (hydrated oxides and hydroxides of

iron) to hematite, and during the last step from 500 to 800 �C

(0.8%) remaining salts and carbonates trapped inside the

particles evaporate. The corresponding thermogram is depicted

together with those for the hybrid particles aer coating with

PtBAA or PDha in Fig. 4.

Nanoparticle coating

As discussed above, SPIONs form stable dispersions in acidic

media whereas both PtBAA and PDha are soluble at pH values

above 7. In case of PAMA, DMSO as organic co-solvent had to be

employed to ensure solubility. Therefore, separate coating

conditions had to be found for each combination of poly-

electrolyte and SPION (Scheme 2).

PtBAA/PDha. The SPIONs were washed, dispersed in MilliQ

water/HCl at pH¼ 2 (1 g L�1) and added to solutions of PtBAA184

or PDha184 in MilliQ/NaOH at pH ¼ 12 (each 2 g L�1). Aer

ultrasonication for 1 h at 50 �C, the mixture was centrifuged at

8000 rpm, the supernatant was removed and the resulting

SPION@polyelectrolyte hybrid particles were washed with

deionized water. Aerwards, the solubility was investigated. z-

potential measurements for both, SPION@PtBAA and

SPION@PDha showed distinct changes in comparison to the

pristine particles (+31.7 mV at pH ¼ 7, Fig. 2A and B).

Depending on the amount of used polyelectrolyte,

SPION@PtBAA184 hybrid particles show z-potentials of +5.3 mV

(m : M, MNP : polymer 1 : 2) down to�31.8 mV (1 : 8) at pH¼ 7

(Fig. 2A). The values for SPION@PDha184 at pH ¼ 7 also

decrease to values between +11.2 (1 : 8) and +14.9 (1 : 2).

The changes in surface charge directly inuence the

dispersion stability of SPION@PtBAA184 and SPION@PDha184.

Whilst pristine SPIONs showed good dispersion stability under

acidic conditions up to pH ¼ 7, both SPION@PtBAA184 and

SPION@PDha184 behaved differently: stable dispersions were

formed at higher pH values (Fig. 2C), whereas precipitation

occurred upon pH ¼ 7 or lower in case of SPION@PtBAA184.

SPION@PDha184 forms stable dispersions under acidic condi-

tions and shows precipitation at pH ¼ 7 if not agitated, but can

be redispersed using, e.g. ultrasound. We attribute this to

successful adsorption of material on the particle surface and

the fact that SPION@PDha184 is only partially stable at pH ¼ 7

can be attributed to the isoelectric point of PDha which has

been determined to be around pH 6.6 in earlier studies.30

PAMA. For the attempted coating with PAMA184, a dispersion

of SPIONs at pH ¼ 4 (1 g L�1) was added to a solution of

PAMA184 in DMSO (20 g L�1). The particles treated in that way

show no difference in dispersion stability in comparison to

particles that were dispersed and washed with DMSO without

PAMA. DLS measurements show a small change in particle size

of about 2 nm. The zeta potential of the particles did also not

change signicantly in comparison to the pristine particles aer

treatment with DMSO (+24.3 mV in comparison to +25.7 mV for

pristine particles aer treatment with DMSO). Up to now,

coating of SPIONs with PAMA184 seems not to work (see also

Discussion later).

Due to certain agglomeration of the hybrid particles

occurring independent of the polymer used for surface modi-

cation, DLS results regarding changes in particle size are

difficult to interpret quantitatively. We therefore relied mostly

on TEM measurements to determine the average sizes of

SPION@polyelectrolyte hybrid particles. In all cases, TEM data

showed only a slight increase in particle diameter (Fig. 3, see

also Table 3). For the size determination, 100 particles from

Table 2 Hydrodynamic diameters of SPIONs at different pH values
determined via DLS

pH dDLS aer ultrasonication [nm]

2 8

6 8

12 22

Scheme 2 SPION coating with different polyelectrolytes – PtBAA
(left), PDha (middle), and PAMA (right), leading to SPION@polyelec-
trolyte hybrid particles with different surface charge.

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 31920–31929 | 31923
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different micrographs of the same sample were measured to

estimate the mean diameter.

The number weighted DLS measurements show strongly

increased particle diameters aer the addition of PtBAA184. The

pristine particles show a diameter of 8 nm, which is increased to

354 nm aer the addition of 1 equivalent of PtBAA184 (Fig. 3A).

This hints towards strong agglomeration of the coated particles.

The formed agglomerates show decreasing apparent sizes with

increasing polyelectrolyte content: 226 nm for 2, 103 nm for 4

and 40 nm for 8 equivalents. This can be interpreted as an

increase in particle stability. The particle size determined from

TEM micrographs shows almost no changes as the poly-

electrolyte shell cannot be observed due to large differences in

the electron density between core and shell material. The

particle sizes were determined to 13� 3 nm aer the addition of

1 eq. PtBAA184, 12 � 3 nm (2 eq.), 13 � 2 nm (4 eq.), and 12 � 3

nm (8 eq.). The size distributions are included in the ESI

(Fig. S5†). Nevertheless, TEM micrographs show decreasing

agglomerate sizes with increasing polyelectrolyte content as

well (Fig. 3D and G). In case of SPION@PDha184, the DLS

measurements exhibit no trend for particles coated with

different amounts of PDha. Aer the addition of 0.5 mass

equivalents PDha184, the DLS measurement shows a particle

size of 13 nm. Aer 1 equivalent PDha added, the size is

determined to 3 nm, 32 nm aer 2 equivalents, 23 nm aer 4

equivalents and 5 nm aer 8 equivalents (Fig. 3B). TEM data

revealed comparable particle diameters of 13 � 3 nm aer the

addition of 0.5 and 1 eq. PDha184, 12 � 2 nm (2 eq.), 14 � 3 nm

(4 eq.), and 13 � 3 nm (8 eq.). The size distributions are shown

in Fig. S6.† For the TEM micrographs of the particles coated

with 8 equivalents PDha184, the grey shade around the SPION

cores might indicate the presence of a polymer shell of 2–5 nm

(Fig. 3H, indicated by red arrows). Fig. 3C shows the number

weighted size distribution functions as obtained from CONTIN

analysis of the measured time autocorrelation functions of

SPION@PAMA. As the measurements were carried out in

DMSO, the sizes are not directly comparable with the other

measurements. The particle size is shied to slightly smaller

values, but the particle size determined from TEM micrographs

did not change signicantly in comparison to the pristine

particles.

The changes in dispersion stability and the results from TEM

aer treatment of SPIONs with solutions of PtBAA184 and

PDha184 indicate a successful coating. To further quantify the

amount of adsorbed polymer, both thermogravimetric analysis

(TGA) and vibrating sample magnetometry (VSM) measure-

ments were performed. The TGA measurements were realized

under argon in a temperature range from 20–800 �C and at a

heating rate of 10 K min�1. Both SPION@PtBAA184 and

SPION@PDha184 hybrid particles show increasing weight loss

with increasing amounts of polymer adsorbed to the particle

surface (Fig. 4).

For SPION@PtBAA184, TGA data show only one main

decomposition step between 200 and 800 �C. The remaining

masses are 97% for a 1 : 1 ratio (Fe : polymer), 91% (1 : 2), 87%

(1 : 4) and 88% in case of a 1 : 8 ratio (Fig. 4A). Comparable

values for the addition of 4 and 8 equivalents hint towards

saturation of the particle surface during shell formation. The

weight loss during heating of SPION@PDha materials also

occurs in three steps, similar to the observation made earlier for

the pristine particles. The rst step occurs up to 160 �C and can

be attributed to the release of water embedded within the

polymer shell. The next step between 200 and 500 �C is

distinctly increased in comparison to the pristine particles, and

Fig. 2 z-potentials of SPION@PtBAA184 at pH ¼ 7 at different Fe : polymer ratios (A) and SPION@PDha184 (B) at pH ¼ 7; (C) dispersion properties
of pristine MNP (left) and SPION@PDha184 at different Fe : polymer ratios (1 : 1, 1 : 2, 1 : 4 and 1 : 8; C) at pH ¼ 7.
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the last step between 500 and 800 �C again is comparable but

slightly shied to higher temperatures. This might be explained

by remaining degradation products on the particle surface that

hinder the evaporation of carbonate salts. In case of the parti-

cles coated with 8 equivalents of PDha184, both the last two

steps are strongly increased and are not separated as observed

for the other cases. The overall weight loss is 4.3% for 0.5

equivalents PDha184, 4% for 1, 4.6% for 2, 3.9% for 4 and 7.7%

for 8 equivalents of PDha184 (Fig. 4B). Deducting the 3.3%

weight loss of the pristine particles, this leads to polymer

contents of 1% for 0.5, 0.6% for 1, 1.3% for 2, 0.6% for 4, and

4.4% for 8 equivalents of PDha. The TGA measurement of

SPION@PAMA184 shows only 5% weight loss, which would

represent an adsorption of 1.7% – nevertheless, the unaltered

Fig. 3 Particle sizes of (A) SPION@PtBAA184, (B) SPION@PDha184, and (C) SPION@PAMA184 as determined by DLS; TEM micrographs of
SPION@PtBAA184 with 1 (D) and 8 equivalents (G) PtBAA184; SPION@PDha184 with 1 (E) and 8 equivalents (H) PDha184; and (F) SPION@PAMA184

(higher magnification shown in (I)).

Table 3 Summary of analytic data of SPIONs and particles coated with different polyelectrolytes

Sample Eq. PE dDLS [nm] dTEM [nm]

Weight loss

TGA [%]

z-potential

(pH ¼ 7) [mV]

rs calc.

from eqn (1) [nm] Ms [Am2 kg�1]

SPIONs 8 12 � 2 3.3 31.7 — 72

SPION@PtBAA184 1 354 13 � 3 3 5.3 1.5 � 0.5 65.4

SPION@PtBAA184 2 226 12 � 3 9 �18.8 4.2 � 1.4 64.3

SPION@PtBAA184 4 103 13 � 2 13 �31.8 6.8 � 1.7 61.5
SPION@PtBAA184 8 40 12 � 3 12 �25.9 6.5 � 1.6 60.8

SPION@PDha184 0.5 14 13 � 3 1.0 13.5 2.2 � 0.7 65.6

SPION@PDha184 1 3 13 � 3 0.6 14.9 1.8 � 0.6 71.2

SPION@PDha184 2 32 12 � 2 1.3 16.0 2.4 � 0.8 68.5
SPION@PDha184 4 23 14 � 3 0.6 13.8 1.8 � 0.6 68.5

SPION@PDha184 8 5 13 � 3 4.4 11.2 3.6 � 1.2 65.9

SPION@PAMA184 4 10 12 � 3 1.7 24.3 — —

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 31920–31929 | 31925
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dispersion properties in this case rather hint towards the

adsorption of DMSO on the particle surface.

Using eqn (1), the polymer shell thickness rs can be calcu-

lated, using the radius of the core rc as determined by DLS and

TEM, the density of Fe3O4 rc (approximately 5.2 g cm�3), the

density of the shell rs, the weight loss wl and the residual mass

rm, both determined by TGA. The density of the polymers has

been determined using a 5mL pyknometer and hexane as liquid

phase.

r(PtBAA184) ¼ 0.918 g mL�1; r(PDha184) ¼ 1.11 g mL�1

rs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

rc
3
rc

rs

wl

rm

3

s

(1)

The calculated values are depicted in Table 3. The resulting

shell thicknesses for SPION@PtBAA184 are: 1.5 nm for 1 equiv-

alent, 4.2 nm for 2 equivalents, 6.8 nm for 4 equivalents, and

6.5 nm for 8 equivalents. For SPION@PDha184 the calculations

reveal shell thicknesses of 2.2 nm for 0.5 equivalents, 1.8 nm for

1 equivalent, 2.4 nm for 2 equivalents, 1.8 nm for 4 equivalents

and 3.6 nm for 8 equivalents. Please note that these calculations

use several approximations and, hence, these values are best

treated as rough estimations. Nevertheless, coatings with a

thickness in the range of 1–6 nm conrm results from DLS and

TEM and, to our opinion, are realistic, taking into account that

also loosely adsorbed material can contribute to these values in

TGA. As mentioned before, the shell thicknesses determined

from TEM micrographs for SPION@PDha184 with 8 equivalents

of PDha184 vary from 2–8 nm, which is in the range of the

calculations presented above.

VSM measurements were additionally performed to

investigate the magnetic properties of the particles before

and aer coating with a polyelectrolyte shell. For VSM

measurements, the sample is placed in a uniform magnetic

eld and the sample holder vibrates along the z-axis. The

magnetic moment of the sample induces a voltage in the four

pickup-coils, which is proportional to the magnetic moment.

This allows measurements of the magnetization in depen-

dence on the magnetic eld and provides the saturation

magnetization (Ms) and the coercivity (Hc) of magnetic

nanoparticles. According to VSM measurements, both for

SPION@PtBAA184 and SPION@PDha184 superparamagnetic

Fig. 4 Thermogravimetric analysis of (A) SPION@PtBAA184 with 1
(black solid line), 2 (red line), 4 (green line) and 8 (blue line) equivalents
of PtBAA184 added showing distinct increasing weight loss, and (B)
SPION (black line), SPION@PDha184 with 0.5 (red line), 1 (green line), 2
(blue line), 4 (cyan line), and 8 equivalents PDha184 (pink line) added,
approximately 7.7% weight loss in total.

Fig. 5 VSM measurements of different polymer coated SPION NP: (A) pristine SPIONs (black line) and coated with 1 (red line), 2 (green line), 4
(blue line), and 8 (cyan line) equivalents of PtBAA184, showing distinct decreasing Ms; (B) pristine MNP (black line) and coated with 0.5 (red line), 1
(green line), 2 (blue line), 4 (cyan line), and 8 (pink line) equivalents of PDha184.
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behavior is retained, but distinctly lowered saturation

magnetizations due to adsorbed non-magnetic material

(Fig. 5) can be observed. According to this data, for a

Fe : polymer ratio (PtBAA184) of 1 : 1 9.2 wt% of nonmagnetic

material are adsorbed, 10.7% for ratio 1 : 2, 14.6% in case of

1 : 4, and 15.6 wt% in case of 1 : 8. Except for the ratio 1 : 1,

these values are in good agreement with the values obtained

by TGA measurements. For the addition of PDha184, a

decrease of 8.8% can be seen already for a 2 : 1 ratio. In case

of 1 : 1, Ms is only decreased by 1.2%, 4.8% decrease are

shown for 2 and 4 equivalents of PDha184 and 8.5% for 8

equivalents. Except for the 2 : 1 ratio, the amounts of adsor-

bed non-magnetic material according to VSM measurements

show the same trend as the TGA measurements, although the

values obtained are slightly higher.

In case of SPION@PAMA184, no changes in saturation

magnetization (Ms) were found, conrming our assumptions

drawn earlier during discussion of the dispersion properties.

We speculate that PAMA is not adsorbed on the particle due to

the protected carboxylic acid and the lower affinity of iron to

nitrogen. It is also possible that the SPION surface is inuenced

by the presence of large amounts of DMSO. In further studies,

as an alternative a catechol-functionalized PAMA derivative will

be used – although this will then represent an entirely different

graing strategy.

Conclusion

We have investigated the adsorption of partially or fully

deprotected polydehydroalanines onto the surface of SPIONs.

Three different polyelectrolytes based on the protected poly-

dehydroalanine were synthesized by polymerization and

consecutive deprotection of either one or both of the protected

functionalities. According to TGA, VSM and zeta-potential

measurements, coating of SPIONs with the two materials

featuring a carboxylic acid functionality (PtBAA and PDha) in

different amounts was successful, whereas coating with the

polycationic PAMA could not be achieved so far. We attribute

this to the repulsion due to the positive surface charges of both,

the pristine particles and PAMA, as well as to solubility issues.

Further work will focus on the PAMA adsorption as well as

on charge control by adjusting the adsorbed amount of

polyelectrolyte. The formed hybrid SPION@polyelectrolyte

nanoparticles will furthermore be used for the investigation

of the inuence of charge and charge density on the corona

formation by incubation of the particles in biological uids.

Experimental part

Chemicals were purchased from Sigma-Aldrich or Carbolution

(Saarbrücken, Germany) in p.a. grade and used without further

purication. The photoinitiator Lucirin-TPO was kindly

provided by BASF.

Synthesis of poly(tert-butoxycarbonylaminomethyl acrylate)

(PtBAMA)

Free radical polymerization in the bulk: to a solution of 500 mg

(2.485 mmol) tBAMA in 2.5 mL acetone 17 mg (0.0497 mmol)

TPO (M : I¼ 50 : 1) were added. The solution was degassed with

argon until acetone was completely removed. During these

steps, the reaction vial was protected with aluminum foil. Then

the solution was placed in a UV-cube (250 W) for 2 hours.

The clear solid was redissolved in methanol and precipitated

in a mixture of ethyl acetate and hexane (1 : 4). Yield: 90%.

Free radical polymerization in solution: a solution of 2.9 mg

(0.0084 mmol) TPO in 300 mL 1,4-dioxane was added to 300 mg

(1.49 mmol) of tBAMA (M : I ¼ 200 : 1). The mixture was placed

in an UV-cube (250 W) for 5 minutes. The polymer was precip-

itated in a mixture of ethyl acetate and hexane (1 : 4). Yield:

52%.
1H-NMR. (300 MHz, CDCl3): d ¼ 5.4 (b, 1H, NH), 3.7 (3H,

OCH3), 1.4 (9H, Boc).
13C-NMR. (300 MHz, CDCl3): d ¼ 172.2 (COOMe), 153.9

(COOC(CH3)3), 79.9 (COOC(CH3)3), 60.2 (backbone), 52.9

(COOMe), 30.9 (backbone), 28.6 (COOC(CH3)3).

Synthesis of poly(tert-butoxycarbonyl aminoacrylic acid)

(PtBAA)

6 mg TPO were added to a solution of 300 mg tBAMA in 300 mL

1,4-dioxane (50 wt%, M : I ¼ 100 : 1). The mixture was placed in

a UV cube for 5 minutes. Another 300 mL dioxane and a solution

of 1.5 g LiOH in 6 mL H2O were added. The mixture was stirred

at 100 �C for 3 hours and neutralized with diluted HClaq..

During the neutralization, PtBAA precipitated. Yield: 38%.
1H-NMR. (300 MHz, D2O/NaOD): d ¼ 2.7 (b, 2H, CH2), 1.3 (s,

9H, Boc).

Synthesis of poly(aminomethyl acrylate) (PAMA)

6 mg TPO were added to a solution of 300 mg tBAMA in 300 mL

1,4-dioxane (50 wt%, M : I ¼ 100 : 1). The mixture was placed in

a UV cube for 5 minutes. 2.4 mL TFA were added and the

mixture was stirred at 50 �C for 1 hour. The product was

precipitated in methanol. Yield: 33%.
1H-NMR. (300 MHz, DMSO): d ¼ 3.6 (3H, OCH3), 2.1 (2H,

CH2).
13C-NMR. (300 MHz, DMSO): d ¼ 181 (1C, COOMe), 60 (1C,

OCH3), 44 (1C, CH2).

Synthesis of polydehydroalanine (PDha)

250 mg PAMA were dissolved in 10 mL 1,4-dioxane and a

solution of 2.5 g LiOH (�45 eq.) in 10 mL H2O was added. The

mixture was stirred at 100 �C for 3 hours and neutralized with

diluted HClaq.. During the neutralization, PDha precipitated.

Yield: 97%.
1H-NMR. (300 MHz, D2O/NaOD, pH¼ 8): d¼ 2,6 (b, 2H, CH2).

Nanoparticle coating

SPION@PtBAA. 40 mg PtBAA were dissolved in 40 mL MilliQ

water at pH ¼ 12. To this solution, 40 mL of a dispersion of

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 31920–31929 | 31927
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SPIONs (1 g L�1) was added. The mixture was stirred at 50 �C for

1 hour. The dispersion was centrifuged with 8000 rpm for 30

minutes, the supernatant was removed and the particles were

redispersed in MilliQ water using ultrasonication. This proce-

dure was repeated 5 times.

SPION@PAMA. 40 mg PAMA were dissolved in 40 mL DMSO.

To this solution, 40 mL of a dispersion of SPIONs (1 g L�1) was

added. The mixture was stirred at 50 �C for 1 hour. The

dispersion was centrifuged with 8000 rpm for 30 minutes, the

supernatant was removed and the particles were redispersed in

DMSO using ultrasonication. This procedure was repeated 5

times.

SPION@PDha. 40 mg PDha were dissolved in 40 mL pH ¼ 8

tris buffer. To this solution, 40 mL of a dispersion of SPIONs

(1 g L�1) was added. The mixture was stirred at 50 �C for 1 hour.

The dispersion was centrifuged with 8000 rpm for 30 minutes,

the supernatant was removed and the particles were redis-

persed in pH ¼ 8 tris buffer using ultrasonication. This proce-

dure was repeated 5 times.

Size exclusion chromatography (SEC)

CHCl3. SEC measurements were performed on a Shimadzu

system equipped with a SCL-10A system controller, a LC-10AD

pump, and a RID-10A refractive index detector using a solvent

mixture containing chloroform, triethylamine, and isopropanol

(94 : 4 : 2) at a ow rate of 1 mL min�1 on a PSS-SDV-linear M 5

mm column at 40 �C. The system was calibrated with PMMA

(410–88 000 Da) standards.

DMAc. SEC measurements in dimethylacetamide (DMAc)

were performed on an Agilent system equipped with G1310A

pump, a G1362A refractive index detector, and both a PSS

Gram30 and a PSS Gram1000 column in series. N,N-Dimethy-

lacetamide with 2.1 g L�1 of LiCl was applied as eluent at 1 mL

min�1
ow rate and the column oven was set to 40 �C.

DMSO. SEC measurements in DMSO were performed on a

Jasco System equipped with a PU-980 pump, a DG-2080-53

degasser and a RI-930 refractive index detector. DMSO with

0.5% LiBr was used as solvent at a ow rate of 0.5 mL min�1 at

65 �C on a PSS NOVEMA 3000/300 Å column. The system was

calibrated with Pullulan standards.

H2O. SEC measurements in water were performed on a Jasco

System equipped with a PU-980 pump, a DG-2080-53 degasser

and a RI-2031 Plus refractive index detector. Water with 0.01 M

Na3PO4 was used as solvent at a ow rate of 1 mLmin�1 at 30 �C

on a PSS SUPREMA pre/1000/100 Å column. The system was

calibrated with PEO standards.

Zeta-potential measurements

The zeta-potentials were measured on a ZetaSizer Nano ZS from

Malvern via M3-PALS technique with a laser beam at 633 nm.

The detection angle was 13�. The electrophoretic mobilities (u)

were converted into zeta-potentials via the Henry equation in

the Smoluchowski approximation, z ¼ uh/303, where h denotes

the viscosity and 303 the permittivity of the solution.

Dynamic light scattering

Dynamic light scattering (DLS) measurements were performed

using an ALV Laser CGS3 Goniometer equipped with a 633 nm

HeNe Laser. DLS measurements were performed at 25 �C and at

a detection angle of 90�. The CONTIN analysis of the obtained

correlation functions was performed with the ALV 7002 FAST

Correlator Soware.

Static light scattering

Static light scattering (SLS) measurements were performed using

an ALV Laser CGS3 Goniometer equipped with a 633 nm HeNe

Laser. PtBAMA184 was dissolved in methanol at ve different

concentrations (2, 3, 4, 5, 6 g L�1). The dn/dc (0.152 mL g�1) was

measured on a Wyatt Technology Optilab-rEX Refractive Index

Detector. SLS measurements were performed at 25 �C and at

detection angles from 20� to 150� in 5� steps. The measured data

was evaluated using a ZIMM plot.

Vibrating sample magnetometry

VSM measurements were performed with a Micromag 3900,

Princeton Measurement Corporation, at room temperature.

Transmission electron microscopy (TEM)

For TEM from aqueous dispersions, copper grids were rendered

hydrophilic by Ar plasma cleaning for 30 s (Diener Electronics).

15 mL of the respective sample dispersion were applied to the

grid and excess sample was blotted with a lter paper. TEM

images were acquired with a 200 kV FEI Tecnai G2 20 equipped

with a 4k � 4k Eagle HS CCD and a 1k � 1k Olympus MegaView

camera for overview images.

UV-irradiation

UV-irradiations were carried out using a Hoehnle UVACUBE 100

equipped with a 250 W lamp.

Ultrasonication

Ultrasonication was performed using an ElmaSonic S30H

ultrasonic unit.

TGA

TGAmeasurements were carried out from room temperature up

to 800 �C under nitrogen with a Netzsch STA-449F1 device.

In vitro viability assay

Cytotoxic effects were investigated using a cell culture-based

viability assay as described previously.32 In brief, human brain

microvascular endothelial cells (HBMEC) were cultured in

RPMI 1640 supplemented with 10% fetal calf serum (FCS) at 37
�C and 5% CO2 in a humidied atmosphere. 45 000 cells per

cm2 were seeded into black-walled 96-well plates in quadruples

and cultured overnight. Polyelectrolytes were added in

concentrations as indicated; then, cell cultures were incubated

for additional 3 h or 24 h, respectively. Polymer-associated

effects on incubated cells were measured with the PrestoBlue

31928 | RSC Adv., 2015, 5, 31920–31929 This journal is © The Royal Society of Chemistry 2015
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Cell Viability Assay (Invitrogen, Darmstadt, Germany). There, in

presence of viable metabolically active cells the virtually non-

uorescent resazurin is reduced to highly uorescent resu-

furin. Fluorescence signals were detected and quantied using

the plate-reader Innite M200 PRO (TECAN, Crailsheim,

Germany).
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Abstract 

We herein present the reversible formation of hybrid nanoparticles featuring a magnetic core and two 

consecutive polyzwitterion / polyelectrolyte (or protein) layers. Starting from multicore iron oxide 

nanoparticles, a first coating with zwitterionic poly(dehydroalanine) is realized and the resulting 

PDha@MCNP show pH dependent (invertible) surface charge and dispersion stability. In a second step, 

this can be used as a versatile platform to adsorb either polycations (poly(N,N-dimethylaminoethyl 

methacrylate), PDMAEMA, or poly(amino methylacrylate), PAMA), a polyanion (poly(styrenesulfonic 

acid), PSS), or a model protein in a quasi layer-by-layer approach. Size, surface charge and aggregation 

behavior of the resulting double-layer coated particles are investigated via DLS, TEM, zeta potential and 

turbidity measurements. In contrast to typical layer-by-layer coatings, the use of polyzwitterionic PDha 

as first layer allows the pH dependent release of the second polyelectrolyte shell (PDMAEMA, PSS) upon 

charge inversion. This turns such reversible multilayer coatings into interesting candidates for 

applications where controlled swelling or release is in focus and where it is important to control which 

part of a segmented or nanostructured system responds to changes in the surrounding medium. 

Keywords: 

Magnetic nanoparticles, hybrid nanomaterials, polyzwitterions, layer-by-layer assembly, protein 

adsorption 
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Introduction 

Magnetic nanoparticles (MNP) have gained great interest in different research areas throughout the last 

decades because of their unique properties, which are especially determined by the size of the particles 

or their large surface-to-volume ratio, respectively.
1
 High saturation magnetizations and the absence of 

magnetization in absence of an external magnetic field render MNP interesting for different 

applications.
2-3

 Especially in the biomedical context, MNP are interesting as they can be used in 

diagnostics as contrast agents for magnetic imaging
4-5

 as well as for therapeutic approaches like drug 

delivery
6-8

 and magnetic particle hyperthermia.
9-11

 A special type of magnetic nanoparticles, so-called 

multicore magnetic nanoparticles (MCNP), show promising magnetic properties for a variety of medical 

applications.
12

 Due to their inner structure, they show superparamagnetic behavior in absence of a 

magnetic field, but ferrimagnetic behavior when exposed to an external magnetic field. Such particles 

show the highest potential for application in magnetic hyperthermia due to their powerful heating 

performance.
13-15

 The multicore particles used in this study exhibit very good performance hyperthermia 

applications
15

 and as tracer materials for magnetic particle imaging.
16

 

For biomedical applications, nanoparticles based on iron oxides are of peculiar interest, as they usually 

show distinctly lower cytotoxicity if compared to materials based on Ni or Co.
17-19

 Furthermore, the 

surface chemistry of the MNP strongly influences circulation times and particle-cell interactions, since 

the dispersion stability and adsorption of proteins can be influenced.
20

 For this reason, hybrid materials 

consisting of inorganic cores, which provide the magnetic properties, and coated with organic materials 

such as polymers or polyelectrolytes are of great interest.
2, 21-22

 

A commonly used and simple technique for surface modification is layer-by-layer (LbL) deposition of 

polyelectrolytes. The LbL method was introduced by the group of Gero Decher during the 1990s.
23

 For 

LbL deposition, oppositely charged polyelectrolytes can alternatingly be adsorbed onto different 

substrates simply by attractive electrostatic interactions and this has, for example, enabled the 

preparation of antifouling surfaces.
24

 For nanoparticles, the encapsulation of drugs into the 

polyelectrolyte multilayers and their release could be shown.
25-27

 Most recently, layer-by-layer 

functionalized nanoparticles have been synthesized for drug-delivery approaches, for example with 

combinations like chitosan and alginate,
28

 chitosan and maltose
6
 or also poly(ethylene imine) (PEI) and 

poly(styrene sulfonic acid) (PSS).
29

 In 2016, Caruso and coworkers reviewed recent innovations in LbL 

assembly featuring conventional techniques like immersive, spin-, spray-, fluidic- and electromagnetic 

assemblies for both, planar and particular substrates as well as rather unconventional techniques such as 

bio-based assemblies of cells and polyelectrolytes.
30

 Polycationic poly(N,N-dimethyaminoethyl 
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methacrylate) (PDMAEMA) has gained great interest for biomedical application throughout the last 

years, mainly due to its good biocompatibility, its use as non-viral gene vector,
31

 or as component of drug 

delivery systems.
32

 Amphiphilic block copolymers containing a PDMAEMA block can further be used to 

form micelles for the smart release of Ruthenium complexes.
33

 

Polyzwitterions as a subclass of polyelectrolytes feature both cationic and anionic groups in every 

repeating unit.
34-35

 Since positive and negative charges are balanced, they usually feature neutral net 

charge. During the last years, polyzwitterions have gained interest in biomedical research because of 

their anti-fouling properties.
36

 For example, sulfobetaines have been used to modify quantum dots, 

which afterwards showed increased colloidal as well as intracellular stability.
37

 Yang et al. demonstrated 

the functionalization of gold nanoparticles with poly(carboxybetaine acrylamide) and showed that these 

materials feature increased stability and decreased protein adsorption.
38

 For zwitterionic 

functionalization of MNPs, Xiao et al. functionalized PAA-coated iron oxide nanoparticles with 3-

(diethylamino)propylamine. The resulting particles were investigated as MRI contrast agents and showed 

good anti-fouling properties as well as significantly prolonged blood circulation times.
39

 

We have recently reported on the synthesis of polydehydroalanine homo and block copolymers,
40-42

 a 

polyzwitterionic material which could be successfully used for the coating of sub 10 nm 

superparamagnetic iron oxide nanoparticles (SPIONs).
43

 The polyzwitterionic character of PDha allows 

the adjustment of surface charges by adjustment of the pH of the dispersant. This renders such 

PDha@MNP core-shell materials interesting as platform for the subsequent adsorption of either 

polycations in alkaline media or polyanions under acidic conditions and this was the initial motivation for 

this work. We herein demonstrate that polyelectrolyte double layers can be formed in a straightforward 

manner starting from magnetic multi-core iron oxide nanoparticles (MCNP) with approx. 50 nm in 

diameter, which have been previously coated with polyzwitterionic polydehydroalanine (PDha, Scheme 

1). Both poly(dimethyaminoethylmethacrylate) (PDMAEMA) and poly(amino methylacrylate) (PAMA) as 

polycations and PSS as polyanion were successfully adsorbed onto PDha@MCNP, and the obtained 

double-layer coated nanoparticles were characterized concerning particle size (DLS), surface charge (zeta 

potential measurements), magnetic properties (VSM), pH- or temperature dependent dispersion 

stability, and using transmission electron microscopy (TEM) to assess core size and potentially shell 

thickness. Moreover, we demonstrate the reversibility of the adsorption process and provide insight into 

the stability of the obtained polymeric shells under different conditions. In addition, we also show that 

reversible adsorption conditions can be found for bovine serum albumin (BSA) as model protein, opening 

up possibilities to control or mediate protein corona formation and stability in biomedical applications. 
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Scheme 1: Adsorption of polyelectrolytes onto PDha@MCNP with pH-dependent surface charge. 
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Results and discussion 

We earlier presented the functionalization of superparamagnetic iron oxide nanoparticles (SPIONs) with 

polydehydroalanine based polyelectrolytes.
43

 PDha is a weak polyzwitterion and features pH-dependent 

net charge and charge density which could be successfully transferred to the resulting PDha@SPION 

hybrid nanoparticles.
43

 We were interested in whether a PDha shell, depending on the solution pH, 

would allow both the adsorption of polyanions and polycations, generating a versatile platform for the 

construction of multi-layered hybrid nanoparticles. Further, we hypothesized that subsequent changes of 

the pH and, thus, the charge characteristics of the PDha layer would affect the stability of the second 

polyelectrolyte shell. We expected that a drastic change in pH might trigger desorption of any layer being 

previously electrostatically adsorbed onto PDha due to a shift in the overall charge balance and 

additional repulsive interactions. Therefore, we transferred the PDha coating method to multicore iron 

oxide nanoparticles (MCNP), to allow for easier purification and investigation of shell composition and 

stability under different conditions. At this point we would like to note that we reported previously on 

the general biocompatibility of the coating material,
43

 as well as the used multi-core nanoparticles 

featuring zwitterionic P(2VP-grad-AA) coatings.
44

 

Synthesis of MCNP and PDha@MCNP 

Multicore iron oxide nanoparticles (MCNP) were synthesized by the coprecipitation method described 

earlier by Dutz et al.,
45-46

 and are stabilized in aqueous dispersion by protonation of the MCNP surface at 

pH = 2. The multicore particles consist of primary cores of about 11 nm (XRD) which form clusters of 

about 50 nm. The cluster structure (multicore particle) already exists for the pristine particles and is not 

resulting from the coating process itself. The particles show a hydrodynamic diameter of 52 nm in DLS 

measurements, and this core size was also confirmed by TEM micrographs, which show an average 

diameter of 50 ± 5 nm. The very similar values from DLS and TEM show that the particles only have a 

very thin hydrate shell. Polydehydroalanine (PDha) was synthesized by free radical polymerization of 

tert-butoxycarbonylamino methacrylate with Lucirin TPO® as initiator followed by acidic cleavage of the 

boc protective group and subsequent alkaline ester cleavage. The molar mass as determined by size 

exclusion chromatography using a PMMA calibration before cleavage of the protective groups was 27 

000 g/mol and the dispersity was Ð = 2.2. 

Coating with PDha was performed by the method we reported earlier for SPIONs
43

 with one important 

change: the PDha solution was titrated to pH = 5 after dissolving the polyzwitterion to obtain better 

dispersion stability and a positive surface net charge on the MCNP surface during the coating process. 
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MCNP were magnetically separated, dispersed in the PDha solution and ultrasonicated for 1 hour. After 

the coating process, the particles were again magnetically separated and washed with water five times 

to remove free PDha. DLS measurements of PDha@MCNP showed an increased diameter of 62 nm if 

compared to 52 nm for the pristine MCNP. The number-weighted DLS-CONTIN plots are shown in Figure 

1A. Intensity-weighted DLS-CONTIN plots are shown in FigureS1A and show aggregates with a size of 86 

nm for pristine MCNP and 105 nm for PDha@MCNP. The zeta potential strongly decreased compared to 

the pristine particles, which showed +46.5 mV at pH = 2 and this remains nearly constant up to pH = 7. 

Above this pH, the zeta potential drops to +15.7 mV at pH 8 and further decreases to -31.6 mV at pH 10. 

In contrast to that, PDha@MCNP show a decreased zeta potential of 14.9 mV at pH = 2 and negative 

values already at pH = 6 (-13.6 mV), followed by further decrease to -43.5 mV at pH = 10 (Figure 1B). This 

is in relatively good accordance with previously published results of PDha@SPION, which showed a zeta 

potential of -31.8 mV at pH = 7.
43

 

The absolute amount of adsorbed organic material was determined by TGA measurements. All samples 

were magnetically separated from the dispersant and freeze-dried. Since all samples show weight losses 

due to remaining water up to 150 °C, these values were deducted to calculate the amount of PDha 

present in the shell. Thermograms of pristine MCNP and PDha@MCNP are shown in Figure 1D. Hereby, 

the pristine MCNP show a weight loss of 2 % up to 150 °C and an overall weight loss of 5 % up to 850 °C. 

This results in a weight loss of 3 % caused by the release of CO2, which we assume to result from the 

decomposition of carbonates remaining from the MCNP synthesis. Thermogravimetric analysis of 

PDha@MCNP shows an increased overall weight loss of 12.5 %, which results in 6.5 % for PDha after 

deduction of 2.5 % water and 3 % for the pristine particles. The amount of adsorbed PDha was used to 

calculate the theoretical shell thickness. The used formula is shown in the supplementary Information 

and the calculation results in a shell thickness of 2.8 nm. 

To further investigate the formed core-shell hybrid nanoparticles, TEM measurements of the pristine and 

coated particles were performed and the obtained micrographs contain information about aggregation 

behavior as well as shell thickness. These information has to be treated with care, since TEM 

micrographs do not necessarily represent the state of the particles in dispersion due to drying artefacts 

and possible melting of the organic matter due to the electron beam. Pristine MCNP form small 

aggregates, but single MCNP particles are found in the micrographs with an average diameter of 

50 ± 5 nm, which is in good agreement with the DLS results. In micrographs taken from PDha@MCNP, 

again both aggregates as well as single core-shell particles can be seen (see also TEM micrographs at 

lower magnification in Figures S10 and S11). Furthermore, a shell of organic material can be observed 
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8 

 

around the particles. This supports the formation of hybrid particles and the adsorption of organic 

material as observed in TGA measurements. The thickness of the organic shell was qualitatively 

determined via gray-scale analysis of 50 different particles from 5 different micrographs (Figure 1C) to be 

approximately 3 nm. This is in good accordance with the calculated values from the TGA results. 

 

Figure 1: (A) number weighted DLS-CONTIN-plots of MCNP (black line, <Rh>n,app = 26 nm, diameter of 52 nm) and 

PDha@MCNP (purple line, <Rh>n,app = 31 nm, diameter of 62 nm), (B) pH dependent zeta potential measurements of 

MCNP(black dots) and PDha@MCNP (purple dots), (C) TEM micrograph of PDha@MCNP showing a PDha shell (purple arrows) 

with an average thickness of 3 nm, and (D) thermograms of MCNP (black line, 5 % overall weight loss) and PDha@MCNP 

(purple line, 12.5 %). 

IR measurements of the particles were performed to confirm the presence of PDha on the particle 

surface. The IR spectrum of pristine MCNP reveals a large band at 3368 cm
-1

, resulting from hydroxyl 

groups. Furthermore, a band at 1622 cm
-1

 can be assigned to the presence of carbonyl groups, which 

were already mentioned during the discussion of the TGA results. In case of PDha@MCNP an additional, 

intense band at 1703 cm
-1

 resulting from the carbonyl group can be observed (Figure S2A). 
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The modified nanoparticle surface also results in a different dispersion stability as determined via 

turbidity measurements of aqueous solutions at concentrations of 0.1 g/L at different pH values. Diluted 

HCl solutions were used for low pH values of 2, 4, and 6, whereas diluted solutions of NaOH were 

employed for pH = 8. The normalized turbidity of MCNP and PDha@MCNP is shown in Figure S3A-E. The 

pristine particles show almost no decrease in turbidity at acidic to neutral pH values (pH 2 – 7) and slow 

decrease in turbidity above. Compared to that, PDha@MCNP show a very fast decrease of turbidity at pH 

2 and 4. Almost all particles are sedimented after 180 minutes at pH 2 and after 240 minutes at pH 4. At 

pH 6, the decrease in turbidity is slower, and reaches 50 % after 12 hours. For pH = 7, PDha@MCNP 

remain stable for 10 hours and then start precipitating, whereas pristine MCNP show no precipitation 

within a timeframe of 12 hours. At pH = 8, however, PDha@MCNP show prolonged dispersion stability if 

compared to pristine MCNP. In summary, the coating with PDha increases dispersion stability of such 

nanomaterials at ph > 7, which is of relevance in the context of biomedical applications. 

We were also interested in the stability of the PDha shell upon storage of PDha@MCNP at different pH 

values, since this plays an important role for the subsequent adsorption of different polyelectrolytes. 

Therefore, PDha@MCNP were dispersed at pH = 2, 4, 6, 8, 10, and 12 for each 24 hours with a 

concentration of 0.5 g/L, and afterwards characterized by TGA measurements (Figure S4). pH values 

lower than 2 were not investigated, as the MCNP cores are slowly hydrolyzed already at pH = 1. For 

these investigations, a slightly different batch of PDha@MCNP with a PDha content of 5 % was used. The 

corresponding thermograms are shown in Figure S4 and the results are summarized in Table S1. At pH 

values between 2 and 8, the PDha content varies between 5 and 5.5 %, which shows that the polymeric 

shell is sufficiently stable under these conditions for at least 24 hours. After 24 hours at pH = 10, 

approximately 2 % of PDha remain, indicating that roughly 60 % of the PDha is desorbed, whereas after 

24 hours at pH = 12 no PDha shell remains. 

PDMAEMA@PDha@MCNP 

For the adsorption of polycationic PDMAEMA or PAMA to form a second layer through electrostatic 

interactions, the polyelectrolytes were dissolved at pH 6. Here, the polycations are partially protonated 

and the PDha@MCNP nanoparticles still exhibit a net negative charge. PDMAEMA was synthesized by 

atom transfer radical polymerization (ATRP) and exhibited a molecular weight of 28 200 g/mol and a 

dispersity of 1.14 (for further information, see experimental part). After adsorption of PDMAEMA as a 

second layer, DLS measurements of the particles show increased particle sizes if compared to 

PDha@MCNP. As mentioned above, pristine MCNP show a diameter of 52 nm, which increased to 62 nm 
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after the coating with PDha. For PDMAEMA@PDha@MCNP, the diameter is further increased to 254 nm, 

which indicates the formation of larger aggregates. The DLS-CONTIN-plots are shown in Figure 2A and 

intensity-weighted measurements show the presence of additional larger aggregates (Figure S1B). Zeta 

potential measurements of PDMAEMA@PDha@MCNP show positive values for all measurements at pH 

values between pH = 4 and pH = 8. At pH = 4, the particles exhibit a zeta potential of 41.7 mV, which is 

slightly decreased to 40.9 mV at pH = 6, further decreased to 33.0 mV at pH = 7 and finally decreases to 

23.6 mV at pH = 8 (Figure 3B). In TGA measurements, PDMAEMA@PDha@MCNP show an overall weight 

loss of 15 %. After deduction of 2 % water, 3.0 % for the pristine MCNP and 6.5 % for the PDha shell, 4 % 

correspond to the PDMAEMA shell. The corresponding thermograms are depicted in Figure 2D. The shell 

thickness calculated for a content of 4 % of PDMAEMA is 1.5 nm. Figure 2C shows a TEM micrograph of 

PDMAEMA@PDha@MCNP featuring an agglomerate of multiple MCNP with a shell of organic material 

around the particle cores, which has been highlighted with red arrows. Again, the formation of hybrid 

particles can be observed and the average shell thickness is 4 nm as determined using greyscale analysis, 

which is a slight increase if compared to PDha@MCNP. 
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Figure 2: : (A) number weighted DLS-CONTIN-plots of MCNP (black line, <Rh>n,app = 26 nm, diameter of 52 nm) and 

PDha@MCNP (purple line, <Rh>n,app = 31 nm, diameter of 62 nm), and PDMAEMA@PDha@MCNP (red line, <Rh>n,app = 127 nm, 

diameter of 254 nm), (B) pH dependent zeta potential of pristine MCNP (black dots), PDha@MCNP (purple dots), and 

PDMAEMA@PDha@MCNP (red dots), (C) TEM micrograph of PDMAEMA@PDha@MCNP showing an organic shell around 

MCNP (red arrows, approx. 4 nm), and (D) thermograms of pristine MCNP (black line, 5 % overall weight loss), PDha@MCNP 

(purple line, 12.5 %) and PDMAEMA@PDha@MCNP (red line, 15 %). 

To exclude the possibility of desorption of PDha during the second coating processes, IR measurements 

of PDMAEMA@PDha@MCNP were performed. The spectrum shows that the signal for the PDha 

carbonyl at 1703 cm
-1

 is slightly broadened and shifted to 1695 cm
-1

. Furthermore, two additional signals 

in the fingerprint area at 1445 and 1149 cm
-1

 indicate the presence of PDMAEMA. The spectra are shown 

together with a spectrum of PDMAEMA in Figure S2B. Turbidity measurements of 

PDMAEMA@PDha@MCNP were performed at pH = 4 – 8. For all pH values, the turbidity decreases 

slowly and reaches 20 % after 12 hours. Compared to PDha@MCNP, the dispersion stability is slightly 

increased at pH = 4, comparable at pH = 6 and decreased at pH > 6. The corresponding data is shown in 

Figure S3B-E. At higher concentrations (above 1 g/L), PDMAEMA@PDha@MCNP show fast precipitation 

upon heating, which can be ascribed to the temperature-dependent solution behavior of the PDMAEMA 
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shell.
47

 Even during ultrasonication, PDMAEMA@PDha@MCNP precipitate at a temperature around 60 

°C. Figure S5 exemplarily shows samples of pristine MCNP, PDha@MCNP, PDMAEMA@PDha@MCNP, 

and PSS@PDha@MCNP after ultrasonication at room temperature and at 60 °C. Please note that this 

effect was not observed at lower concentrations and, thus, not during the described turbidity 

experiments. 

 

Scheme 2: pH dependent selective desorption of PDMAEMA under acidic conditions. 

After the characterization of PDMAEMA@PDha@MCNP, the pH dependent selective desorption of the 

PDMAEMA shell was investigated. As the characterization of PDha@MCNP showed, the PDha layer 

features different surface charges, depending on the pH value of the surrounding medium. The 

adsorption of PDMAEMA was performed at pH = 6, and the resulting PDMAEMA@PDha@MCNP were 

washed and stored at pH = 7. At both pH values, the PDha shell still exhibits a net negative charge. By 

lowering the pH to pH = 4 or even lower to pH = 2, this charge is inverted, rendering a cationically 

charged PDha layer, leading to repulsive electrostatic interactions with the PDMAEMA shell and, thus, 

ultimately desorption of PDMAEMA (Scheme 2). To investigate this, each 3 samples of the particles were 

dispersed at pH = 2 and pH = 4 for 24 hours, followed by magnetic separation, freeze-drying and TGA 

analysis (Figure 3, Table 1). After 24 hours at pH = 2, an average of 1 ± 0.5 % of the initially 4 % 

PDMAEMA remains on the particles, whereas after 24 hours at pH = 4, an average of 2.5 ± 0.5 % is still 
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present. This is slightly lower than the initial content, showing that a small amount of PDMAEMA is 

already desorbed at pH = 4. These results were confirmed using an additional batch of 

PDMAEMA@PDha@MCNP (Figure S6A and B). IR measurements of PDMAEMA@PDha@MCNP after 24 h 

at pH = 4 still show the PDMAEMA signals next to the signals of PDha, whereas the PDMAEMA Signals are 

vanished after 24 hours at pH = 2 (Figure S7A and B).  

 

Figure 3: Thermograms of MCNP (solid black lines, 5 % overall weight loss), PDha@MCNP (purple lines, 12.5 %), 

PDMAEMA@PDha@MCNP (red line, 15 %), and each 3 samples of PDMAEMA@PDha@MCNP dispersed for 24 hours at 

(A) pH = 2, and (B) pH = 4. 

 

Table 1: TGA results of PDMAEMA@PDha@MCNP after being stored at different pH values for 24 h. 

Sample Overall 

weight loss 

[%] 

solvent 

content 

[%] 

PDha content 

 

[%] 

PDMAEMA 

content 

[%] 

MCNP 5 2 - - 

PDha@MCNP 12.5 2.5 6.5 - 

PDMAEMA@PDha@MCNP 15 2.0 6.5 4 

after pH = 2 12 ± 0.5 1.5 ± 0.5 6.5 1 ± 0.5 

after pH = 4 16 ± 2 2 ± 0.5 6.5 2.5 ± 0.5 

 

These results show that most of the PDMAEMA shell can be selectively desorbed from such core-shell-

shell hybrid nanoparticles without affecting the underlying PDha layer. This might be of interest for the 

encapsulation and potential release of model cargo from in between both polyelectrolyte layers in the 

future. Further, as this can be considered as a general effect of mismatch in charge stoichiometry, 
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formation of the PDMAEMA at different initial pH values can be used to shift the pH at which desorption 

can be triggered later on. 

PAMA@PDha@MCNP 

Another polycation, poly(aminomethylacrylate) (PAMA) was adsorbed as a second layer. We earlier tried 

to adsorb PAMA directly to the surface of SPIONs, but in contrast to its structural relatives, PDha and 

PtBAA, this was not successful so far – presumably due to limitations in solubility of PAMA. Therefore, 

we tried to adsorb PAMA onto PDha@MCNP under conditions comparable to those described for 

PDMAEMA earlier. After adsorption, large aggregates of PAMA@PDha@MCNP were observed in DLS (Rh 

= 338 nm) and TEM, and in the latter case micrographs showed an organic shell with approximately 5 nm 

in thickness. In addition, the zeta potential increased to + 20.8 mV, and TGA shows an overall weight loss 

of 17.5 % (4.5 % PAMA). This indicates that also PAMA could be successfully adsorbed onto 

PDha@MCNP hybrid nanoparticles – the corresponding data and detailed discussions are shown in the 

supporting information (Figure S8). 

PSS@PDha@MCNP 

For the adsorption of poly(styrenesulfonic acid) (PSS), the particles were dispersed at pH = 2, where the 

particles exhibit a positive net surface charge, and PSS is completely ionized. For the adsorption, a 

commercially available PSSNa with a molecular weight of Mw = 70 000 g/mol was used. PSSNa was 

dissolved at a concentration of 10 g/L and PDha@MCNP were magnetically separated and dispersed in 

the polyelectrolyte solution. After ultrasonication for 20 minutes, the particles were again magnetically 

separated and washed five times with MilliQ water. Number weighted DLS-CONTIN-plots are shown in 

Figure 4A, featuring a particle diameter of 134 nm as compared to 62 nm for PDha@MCNP. Again, 

intensity-weighted DLS CONTIN plots show additional aggregates with a diameter of above 400 nm 

(Figure S1C). PSS@PDha@MCNP exhibit a slightly negative zeta potential of- 1.2 mV already at pH = 2. 

The zeta potential is further decreased to -11.8 mV at pH = 4, -16.5 mV at pH = 6 and finally -29.2 mV 

respectively -31.7 mV at pH = 7 and 8. In comparison to that, PDha@MCNP show positive zeta potentials 

at pH = 2 and 4 and slightly higher potentials at pH = 6 and 7. TGA measurements of PSS@PDha@MCNP 

show an overall weight loss of 15.5 %, which results in a PSS content of 2.5 % and a theoretical shell 

thickness of 1.3 nm. The IR spectrum of PSS@PDha@MCNP shows three sharp signals at 1124, 1035 and 

1008 cm
-1

, presumably from the aromatic protons of PSS whereas the PDha carbonyl band is still present 

(Figure S2C). The dispersion stability of PSS@PDha@MCNP was investigated via turbidimetry at pH = 2, 

4, 6, 7, and 8. At pH = 2, PSS@PDha@MCNP show fast precipitation, and almost all particles are 
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sedimented after 3 hours, which is within the same time range as previously observed for PDha@MCNP. 

For pH = 4, the dispersion stability is increased if compared to PDha@MCNP, and the turbidity reaches 

45 % after 12 hours. For higher pH values, the dispersion stability of PSS@PDha@MCNP is unaltered if 

compared to PDha@MCNP (Figure S3A-E). 

TEM micrographs of PSS@PDha@MCNP again show aggregates of the hybrid nanoparticles and the 

polymer shell can be observed with an average thickness of 7 nm as determined by greyscale analysis. 

The micrograph in Figure 4C shows a rather large agglomerate but we attribute this to drying artefacts 

during sample preparation, since DLS measurements confirm aggregates of 134 nm in diameter. 

 

Figure 4: (A) number weighted DLS-CONTIN plots of pristine MCNP (black line, <Rh>n,app = 26 nm, diameter of 52 nm), 

PDha@MCNP (purple line, <Rh>n,app = 31 nm, diameter of 62 nm), and PSS@PDha@MCNP (blue line, <Rh>n,app = 67 nm, 

diameter of 134 nm), (B) pH dependent zeta potential of pristine MCNP (black dots), PDha@MCNP (purple dots), and 

PSS@PDha@MCNP (blue dots), (C) TEM micrograph of PSS@PDha@MCNP showing organic shell around MCNP (app. 7 nm), 

and (D) thermograms of pristine MCNP (black line, 5 % overall weight loss), PDha@MCNP (red line, 12.5 %) and 

PSS@PDha@MCNP (blue line, 15 %). 
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Scheme 3: pH-dependent desorption of PSS and PDha under alkaline conditions 

For an attempted selective desorption of PSS from the resulting core-shell-shell nanoparticles, again the 

charge inversion of PDha was utilized. Theoretically, PSS should be desorbed at high pH values, since the 

PDha exhibits an excess of negative charges under these conditions (Scheme 3). At this point we note 

that the second shell was stable after being stored at pH = 7 for several days. Therefore, 

PSS@PDha@MCNP were dispersed at pH = 8, 9 and 10 for 24 hours. In case of pH = 8, an average of 1.5 

% of PSS remains (Figure 5A), which is roughly half of the initial amount of 2.5 %. After 24 hours at pH = 

9, the PSS is completely desorbed (Figure 5B), and also a part of the PDha shell is removed as an average 

of 4.5 % organic material is remaining. After 24 hours at pH 10, both PSS and larger parts of PDha are 

desorbed, as 3.5 ± 0.5 % PDha remain (Figure 5C, TGA results are summarized in Table 2). IR 

measurements of PSS@PDha@MCNP after 24 hours at pH = 8 still show the PSS signals at 1124, 1035 

and 1008 cm
-1

, after 24 hours at pH = 9 the signals are vanished, showing that all of the PSS is desorbed, 
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whereas the PDha Signal is are still present (Figure S7C and D). These results show that is in principle 

possible to desorb the PSS from PSS@PDha@MCNP under alkaline conditions, but since the PDha is also 

desorbed at pH values higher than 8, a selective desorption of the second layer in this case is definitely 

less straightforward. 

 

Table 2: TGA results of PSS@PDha@MCNP after being stored at different pH values for 24h. 

Sample Overall 

weight loss 

[%] 

solvent 

content 

[%] 

PDha 

content 

[%] 

PSS 

content 

[%] 

MCNP 4.9 1.9 - - 

PDha@MCNP 12.3 2.6 6.6 - 

PSS@PDha@MCNP 15.2 3.1 6.6 2.4 

after pH = 8 13.4 ± 0.3 2.4 ± 0.2 6.6 1.4 ± 0.1 

after pH = 9 9.5 ± 0.2 1.9 ± 0.04 6.6 -2.1 ± 0.2 

after pH = 10 8.4 ± 0.6 1.9 ± 0.1 6.6 -3.3 ± 0.5 
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Figure 5: Thermograms of MCNP (solid black lines, 5 % overall weight loss), PDha@MCNP (purple lines, 12.5 %) and 

PSS@PDha@MCNP (blue line, 15 %) and each 3 samples of PSS@PDha@MCNP dispersed for 24 hours at (A) pH = 8 and (B) 

pH = 9 and (C) pH = 10. 
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To get further insight into potential selectivity of the PSS desorption, the experiment was repeated on a 

smaller scale with fluorescently labeled PDha (Dyomics DY-557, Mn = 11 600 g/mol, Ð = 2.2). First, MCNP 

were coated with PDhaDY-557, followed by adsorption of PSS as described before. Again, each 10 mg of the 

particles were stored at pH = 8, 9, and 10. After 24 hours, the particles were separated magnetically and 

characterized by TGA measurements. The TGA results again show slightly decreased PSS content after 24 

hours at pH = 8, complete desorption of PSS after 24 hours at pH = 9, and desorption of PSS and PDhaDY-

557 after 24 hours at pH = 10 (Figure 6A). Furthermore, fluorescence spectra of the supernatant solutions 

support our conclusions as only at pH 9 the fluorescence of PDhaDY-557 can be detected (Figure 6B). As 

long as the PDhaDY-557 layer remains adsorbed to the MCNP core, the fluorescence is not detectable.  

 

Figure 6: (A) Thermograms of PDhaDY-557@MC (purple line, 11 % overall weight loss), PSS@PDhaDY-557@MC (blue line, 12.5 %), 

and PSS@PDhaDY-557@MC after beeing stored at different pH values for 24 hours: pH = 8 (green line, 11.5 %), pH = 9 (cyan line, 

11 %), and pH = 10 (pink line, 5 %), and (B) fluorescence spectra of PDhaDY-557 (purple line), and supernatants of PSS@PDhaDY-

557@MC after beeing stored at different pH values for 24 hours: pH = 8 (green line), pH = 9 (cyan line), and pH = 10 (pink line). 

 

BSA@PDha@MCNP 

Hybrid nanoparticles with tunable shell charge could be interesting model systems to study protein 

adsorption and the influence of surface charge and charge density on quantity and composition of a 

potential protein corona. Herein, we were interested whether a change in pH also allows the desorption 

of adsorbed proteins from PDha@MCNP hybrid nanoparticles. Therefore, PDha@MCNP with a PDha 

content of 7 % were incubated in a bovine serum albumin solution in PBS buffer for 24 hours. 

Afterwards, each 3 samples of the particles were stored at pH = 8, and 9 for 24 hours and subsequently 

analyzed via TGA measurements. After incubation, the BSA@PDha@MCNP formed large aggregates (Rh = 

133 nm, Figure S9), which precipitated within minutes whereas after storage at pH = 9 for 24 hours, the 

particles formed stable dispersions. TGA measurements show, that initially 7.5 % of BSA are adsorbed to 
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PDha@MCNP, and that this content remains stable after being stored at pH = 8 (average BSA content: 8 

± 0.5 %, Figure 7A, Table 3). After being stored at pH = 9, however, the average protein content is 

reduced to 0 ± 0.5 % (Figure 7B). This shows that even adsorbed model proteins can be successfully 

desorbed from PDha@MCNP by increasing the solution pH without affecting the underlying PDha 

coating. 

 

Figure 7: thermograms of PDha@MCNP (purple lines, 10 % overall weight loss), BSA@PDha@MCNP (pink lines, 19.5 % overall 

weight loss), and (A) BSA@PDha@MCNP after being stored at pH = 8 for 24 hours (red, blue, and green line, average of 21 %), 

and (B) BSA@PDha@MCNP after being stored at pH = 8 for 24 hours (red, blue, and green line, average of 12 %). 

 

Table 3: calculated water, PDha, and BSA content of PDha@MC1707 before, and after being stored at different pH values for 

24 hours. 

Sample overall weight 

loss [%] 

solvent 

content [%] 

PDha content 

[%] 

BSA content 

[%] 

MCNP 4 2 - - 

PDha@MCNP 10 1 7 - 

BSA@PDha@MCNP 19.5 3 7 7.5 

after 24 h at pH = 8 21± 1 4 7 8.0 ± 0.5 

after 24 h at pH = 9 12 ±0.5 2.5 7 0 ± 0.5 
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Magnetic properties 

The magnetic properties of dry powders of the magnetic multicore particles prior and after coating are 

summarized in Table 4. In general, the particles show a high saturation magnetization, which renders 

such samples interesting for magnetic targeting applications as well as a coercivity which seems very 

promising for application in hyperthermia. Two interesting effects can be observed: First, the saturation 

magnetization decreases both after the first and the second coating process. This behavior can be 

attributed to the higher proportion of non-magnetic coating material of the complete core-shell 

particles. The strength of magnetization loss is in good accordance with the amount of coating material 

determined by means of TGA. Second, the coercivity of the powder of the pristine particles is about 

twice the value as is obtained for the coated particles (both PDha@MCNP and after the second coating 

process). This effect can be explained by the interactions between individual particles. The pristine 

particles are in very close proximity, which leads to strong exchange interactions and an increase of the 

effective magnetic volume (and thus the coercivity). After application of an organic (polymeric) coating, 

the distance between the individual clusters increases which in turn reduces or hampers exchange 

interactions, finally leading to a lower coercivity. 

Table 4: Magnetic properties (saturation magnetization Ms, coercivity Hc, and relative remanence Mr/Ms) of the prepared 

samples. 

Sample Ms  

[Am
2
/kg] 

Hc 

[kA/m] 

Mr/Ms 

 

MCNP 68.9 5.1 0.1087 

PDha@MCNP 61.1 2.3 0.0501 

PDMAEMA@PDha@MCNP 57.0 2.6 0.0661 

PSS@PDha@MCNP 57.1 2.4 0.0609 
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Conclusion 

We herein report on the formation of differently charged hybrid magnetic nanoparticles by the 

sequential adsorption of zwitterionic polydehydroalanine and, afterwards, either polycations, 

polyanions, or bovine serum albumin as model protein. We could show with different analytical 

techniques that a defined second polyelectrolyte or protein layer is formed. In that regard, the pH-

tunable surface charge of the intermediate PDha@MCNP can be used to render a versatile platform to 

adsorb different shell materials via attractive electrostatic interactions under varying conditions. 

Furthermore, the resulting core-shell-shell hybrid nanoparticles show altered dispersion stability 

compared to pristine MCNP or PDha@MCNP nanoparticles. Even after adsorption of the second layer, 

the pH-responsive properties of the underlying PDha can be used to change the overall charge 

stoichiometry, thereby leading to repulsive interactions between PDha and the respective second layer. 

This then leads to selective desorption of the second layer upon storage at low pH (PDMAEMA) or high 

pH (PSS). However, desorption of PSS from PSS@PDha@MCNP particles is only completely possible 

under partial parallel desorption of PDha so far and this was further corroborated using fluorescently 

labeled PDhaDY-557. In addition, the desorption of BSA at elevated pH might provide an interesting 

approach to control or mediate the formation of a protein corona on magnetic nanoparticles in the 

future. Although we herein report only one cycle of electrostatically mediated adsorption / desorption of 

either polyelectrolytes or BSA, first preliminary experiments using a cationic dye indicate that this 

process might be repeated several times. Overall, we think that this platform for reversibly formed 

multilayers on MCNP is of interest in the context of sensing or biomedical applications, since the 

selective desorption of the second polyelectrolyte shell enables to encapsulate and remotely release 

small molecules from such materials by moderate changes in pH. However, we are fully aware that the 

herein presented pH regime necessary to achieve quantitative desorption (pH 2 – 9) is not yet within a 

biomedically relevant window. Nevertheless, already partial desorption or swelling might be sufficient 

and the design of future polyampholytes with different substitution patterns might allow shifting this 

towards different pH-values. 

 

  

Page 22 of 34

ACS Paragon Plus Environment

ACS Applied Nano Materials

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



23 

 

Associated Content 

Supporting Information available: intensity weighted DLS CONTIN plots of MCNP, PDha@MCNP, 

PDMAEMA@PDha@MCNP, and PSS@PDha@MCNP, the formula for shell thickness calculations and 

polyelectrolyte densities, IR spectra of PDha@MCNP, PDMAEMA@PDha@MCNP, and 

PSS@PDha@MCNP, turbidity measuremetns of MCNP, PDha@MCNP, PDMAEMA@PDhq@MCNP, and 

PSS@PDha@MCNP at different pH values, additional desorption studies of PDMAEMA@PDha@MCNP, 

IR spectra of PDMAEMA@PDha@MCNP, and PSS@PDha@MCNP after desorption studies, adsorption of 

PAMA, number weighted DLS CONTIN plots of BSA@PDha@MCNP, TEM micrographs at low 

magnifications. 
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Experimental part 

Chemicals were purchased from Sigma-Aldrich or Carbolution (Saarbrücken, Germany) in p.a. grade and 

used without further purification. The photoinitiator Lucirin-TPO was kindly provided by BASF. 

Synthesis of MCNP 

Multicore iron oxide nanoparticles were synthesized by slowly adding a 1 M NaHCO3 solution to a 

FeCl2/FeCl3 solution (total Fe-concentration 1.25 M; Fe
2+

/Fe
3+

 ratio = 1/1.3) at a rate of 0.75 mL/min 

under permanent stirring up to pH = 8, leading to the formation of a brownish precipitate. Afterwards, 

the solution was boiled for 5 min to form an almost black precipitate. The magnetic nanoparticles were 

then washed twice with distilled water. 

Synthesis of Poly(amino methacrylate) (PAMA) 

A solution of 2.9 mg (0.0084 mmol) TPO in 300 µL 1,4-dioxane was added to 300 mg (1.49 mmol) of 

tBAMA (M:I = 200:1). The mixture was placed in an UV-cube (250 W) for 5 minutes. The polymer was 

precipitated in a mixture of ethyl acetate and hexane (1:4). 

SEC (CHCl3, PMMA calibration): Mn = 22 800 g/mol; Ð = 2.94 

500 mg of the obtained PtBAMA was dissolved in 7.5 mL trifluoric acetic acid and stirred at 50 °C for 1 

hour. The mixture was precipitated in cold methanol. We have shown earlier that under these conditions 

also approximately 30 % of the methyl ester are deprotected and therefore instead of PAMA a P(AMA-

co-Dha) is obtained. For simplicity reasons we have used the term PAMA in the above description. 

Synthesis of Polydehydroalanine (PDha) 

250 mg PAMA were dissolved in 10 mL 1,4-dioxane and a solution of 2.5 g LiOH (~45 eq.) in 10 mL H2O 

was added. The mixture was stirred at 100 °C for 3 hours and neutralized with diluted HClaq. During the 

neutralization, PDha precipitated. Yield: 97 % 

1
H-NMR: (300 MHz, D2O/NaOD, pH=8): δ = 2,6 (CH2) 

Synthesis of Poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA) 

4.7 mL of DMAEMA were purified by a short AlOx column and dissolved in 5.3 mL anisole together with 

33.8 mg CuBr and 34.6 µL EBiB. The solution was degassed for 30 minutes and 64 µL of HMTETA were 

added. The mixture was polymerized at 30 °C for several hours, diluted with toluene and the Cu was 

removed by a AlOx column. The crude product was purified by precipitation in cold hexane two times. 

The resulting PDMEAMA was dissolved in water and freeze dried. 
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SEC (CHCl3, PMMA calibration): Mn = 28 200 g/mol; Ð = 1.14 

Nanoparticle coating 

PDha@MCNP 

40 mg PDha were dissolved in 40 mL pH = 8 tris buffer. To this solution, 40 mL of a dispersion of MCNP (1 

g/L) was added. The mixture was stirred at 50 °C for 1 hour. The dispersion was centrifuged with 8,000 

rpm for 30 minutes, the supernatant was removed and the particles were redispersed in MilliQ water 

using ultrasonication. This procedure was repeated 5 times. 

PDMAEMA@PDha@MCNP 

100 mg of PDMAEMA were dissolved in 100 mL MilliQ water at pH = 8. 100 mg PDha@MCNP were 

magnetically separated and dispersed in the PDMAEMA solution. After ultrasonication for 20 minutes, 

the particles were magnetically separated and washed with MilliQ water 5 times. 

PAMA@PDha@MCNP 

100 mg of PAMA were dissolved in 80 mL DMSO. 100 mg PDha@MCNP were magnetically separated and 

dispersed in 20 mL MilliQ at pH = 2. The particle dispersion was added to the PAMA solution, and the 

mixture was ultrasonicated for 20 minutes. Afterwards, the particles were magnetically separated and 

washed with DMSO 5 times. 

PSS@PDha@MCNP 

100 mg NaPSS were dissolved in MilliQ water at pH = 2. 100 mg of PDha@MCNP were magnetically 

separated and dispersed in the NaPSS solution. The mixture was ultrasonicated for 20 minutes, followed 

by 5 alternating magnetically separation and washing steps with MilliQ water. 

PDhaDY-557 

570 mg PDha were dissolved in 10 mL MilliQ water. The pH was adjusted to pH = 8 with NaOH. 1 mg 

DY557 in 200 µL DMF was added, and the mixture was stirred at RT for 3 hours. Subsequently, PDha was 

precipitated with 1 M HCl and washed until the washing solution showed no further fluorescence. 

Instrumentation 

Size exclusion chromatography in CHCl3: SEC measurements were performed on a Shimadzu system 

equipped with a Size exclusion chromatography (SEC) SCL-10A system controller, a LC-10AD pump, and a 

RID-10A refractive index detector using a solvent mixture containing chloroform, triethylamine, and 

isopropanol (94:4:2) at a flow rate of 1 mL min
-1

 on a PSS-SDV-linear M 5 μm column at 40°C. The system 

was calibrated with PMMA (410-88 000 Da) standards. Zeta potential measurements: the zeta potentials 
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were measured on a ZetaSizer Nano ZS from Malvern via M3-PALS technique with a laser beam at 633 

nm. The detection angle was 13°. Dynamic light scattering: Dynamic light scattering (DLS) measurements 

were performed using an ALV Laser CGS 3 Goniometer equipped with a 633 nm HeNe Laser. DLS 

measurements were performed at 25 °C and at a detection angle of 90°. The CONTIN algorithm was used 

to evaluate the obtained data. Transmission electron microscopy (TEM): For TEM from aqueous 

solutions, copper grids were rendered hydrophilic by Ar plasma cleaning for 30 s (Diener Electronics). 15 

µL of the respective sample solution were applied to the grid and excess sample was blotted with a filter 

paper. TEM images were acquired with a 200 kV FEI Tecnai G
2
 20 equipped with a 4k x 4k Eagle HS CCD 

and a 1k x 1k Olympus MegaView camera for overview images. UV-Irradiation was carried out using a 

Hoehnle UVACUBE 100 equipped with a 250 W lamp. Ultrasonication was performed using an ElmaSonic 

S30H ultrasonic unit. Thermogravimetric Analysis: The samples (prepared and washed as described in 

the nanoparticle coating section) were magnetically separated and freeze dried for 72 hours. TGA 

measurements were carried out from 30 °C up to 800 °C under nitrogen with a heating range of 10 K/min 

in a Perkin Elmer TGA8000 device. IR spectroscopy was carried out on a Perkin Elmer Frontier 

spectrometer. Turbidity measurements were performed with a JUMO Aquis touch P equipped with a 

JUMO ecoLine NTU turbidity electrode. Typically, 20 mL of a 0.1 g/L MCNP dispersion were put into a 25 

mL PTFE beaker and the electrode was placed in the beaker opening 2 cm above the bottom to prevent 

backscattering from the bottom. Vibrating sample magnetometry measurements were performed with 

a Micromag 3900, Princeton Measurement Corporation at room temperature. 
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S2 

 

Intensity-weighted DLS-CONTIN-plots 

 

Figure S1: Intensity-weighted DLS-CONTIN-plots of (A) pristine MCNP (black line, 26 and 86 nm) and PDha@MCNP (purple line, 

31 and 105 nm); (B) PDha@MCNP (purple line, 31 and 105 nm) and PDMAEMA@PDha@MCNP (red line, 127 and 560 nm); and 

(C) PDha@MCNP (purple line, 31 and 105 nm) and PSS@PDha@MCNP (blue line, 67 and 218 nm). 
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Formula used for the calculation of the weight loss according to TGA 

�� = √��3 + ��3 ���� ��3 − ��  (1) 

with  

rs - shell thickness 

rc - core radius (from DLS) 

c - core density  (approx. 5.2 g/cm3) 

s - density of shell material 

WL - weight loss 

RM - residual mass 

The densities of PDha, PAMA and PDMAEMA were determined with a 5 mL pyknometer and hexane as 

liquid phase. The density of the used NaPSS is known from the literature.1 

Densities: 

PDha: 1.11 g/cm3 

PDMAEMA: 1.23 g/cm3 

PAMA: 0.873 g/cm3 

NaPSS: 0.801 g/cm3 
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IR measurements 

 

Figure S2: IR spectra of (A and B) pristine MCNP (black line), PDha@MCNP (solid purple line), and PDha (dashed purple line), (C 

and D) PDha@MCNP (solid purple line), PDMAEMA@PDha@MCNP (solid red line), and PDMAEMA (dashed red line), and (E 

and F) PDha@MCNP (solid purple line), PSS@PDha@MCNP (solid blue line), and PSS (dashed blue line). 
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Turbidity measurements 

 

Figure S3: normalized turbidity of MCNP (black lines), PDha@MCNP (purple lines), PDMAEMA@PDha@MCNP (red lines), and 

PSS@PDha@MCNP (blue lines) at different pH values: (A) pH = 2, (B) pH = 4, (C) pH = 6, (D) pH = 7, and (E) pH = 8. 
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pH dependent PDha shell stability 

 

Figure S4: Thermograms of MCNP (black line, 5 % overall weight loss), PDha@MCNP (red line, 10 %), and PDha@MCNP after 

being stored at different pH values for 24 hours: pH = 2 (green line, 11 %), pH = 4 (blue line, 10.5 %), pH = 6 (cyan line, 10 %), 

pH = 8 (pink line, 10.5 %), pH = 10 (yellow line, 6.5 %), and pH = 12 (brown line, 5 %). 

 

Table S1: TGA results of PDha@MCNP after being stored at different pH values for 24 hours. 

 

pH overall weight loss 

[%] 

solvent content 

[%] 

PDha content 

[%] 

initial sample 10 2 5 

2 11 2.5 5 

4 10.5 2.5 5 

6 10 2.5 5 

8 10.5 2 5.5 

10 6.5 1.5 2 

12 5 2 0 
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Temperature dependent dispersion stability of PDMAEMA@PDha@MCNP 

 

Figure S5: Samples of (1) MCNP, (2) PDha@MCNP (3) PDMAEMA@PDha@MCNP, and (4) PSS@PDha@MCNP after 

ultrasonication at (A) room temperature for 20 minutes, and (B) after heating to 60 °C for 10 minutes, followed by 

ultrasonication. 

 

Additional desorption studies 

 

Figure S6: thermograms of (A) PDha@MCNP (purple line, 12.0 % overall weight loss), PDMAEMA@PDha@MCNP (red line, 

15 %), and PDMAEMA@PDha@MCNP after 24 h at pH = 2 (green line, 12 %); and (B) PDha@MCNP (purple line, 10 % overall 

weight loss), PDMAEMA@PDha@MCNP (red line, 12.5 %), 3 times PDMAEMA@PDha@MCNP after 24 h at pH = 2 (green,blue 

and cyan lines, 10 %, 9.5 %, 9.5 %), and PDMAEMA@PDha@MCNP after 24 h at pH = 4 (pink line, 12.0 %). 
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Table S2: TGA results of PDMAEMA@PDha@MCNP after being stored at different pH values for 24 h. 

Sample overall 

weight loss 

[%] 

solvent 

content 

[%] 

polymer 

content 

[%] 

PDMAEMA 

content  

[%] 

MCNP 5 2 - - 

A_PDha@MCNP 12 2 7 - 

B_PDMAEMA@PDha@MCNP 15.0 2 10 3 

A_after 24 h at pH 2 12 2 7.5 0.5 

B_PDha@MCNP 10 2 5 - 

B_PDMAEMA@PDha@MCNP 12.5 1 8 3 

B_after 24 h at pH 2 10 ± 0.5 1.5 5.5 0.5 

B_after 24 h at pH 4 12 1.5 8 3 

 

 

Figure S7: IR spectra of (A and B) PDMAEMA@PDha@MCNP (red lines), and PDMAEMA@PDha@MCNP after 24 h at pH = 4 

(green lines), and pH = 2 (pink lines), and (C and D) PSS@PDha@MCNP (solid blue line), PSS@PDha@MCNP after 24 h at pH = 

8 (green lines), and pH = 9 (pink lines).  
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PAMA@PDha@MCNP 

The experiments with PAMA were performed with the same PDha@MCNP batch, which was also used for 

the pH-dependent stability tests of the PDha shell. 

Since PAMA is not soluble in aqueous system at any pH value, the coating was performed in a mixture of 

water and DMSO: PAMA was dissolved in a mixture of DMSO and micropure water/HCl 

(pH = 2; DMSO:H2O 4:1) with a concentration of 10 g/L. 100 mg PDha@MCNP were magnetically separated 

and dispersed in 10 mL of the PAMA solution. The mixture was ultrasonicated for 20 minutes, and 

afterwards 5 times magnetically separated and washed with micropure water. The resulting particles 

sedimented very fast after being dispersed in water. 

DLS measurements of PAMA@PDha@MCNP show large aggregates with a diameter of 336 nm, compared 

to 118 nm for PDha@MCNP (Figure S1A). Since the increase in particle sizes is too large to result from the 

formation of an additional polyelectrolyte shell, we assume the formation of particle aggregates during 

the coating processes. The zeta potential is increased from -40.4 mV for PDha@MCNP to +20.8 mV (Figure 

S1B). TEM micrographs of PAMA@PDha@MCNP show large aggregates with a shell of organic material. 

An example is shown in Figure S1. The average shell thickness is 5 nm. The thermogram of 

PAMA@PDha@MCNP shows an overall weight loss of 17.5 % which results in a PAMA content of 4.5 %. 

The IR spectrum of PAMA@PDha@MCNP is almost unchanged compared to the spectrum of 

PDha@MCNP, which is explained by the very similar structures of both polyelectrolytes. 
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Figure S 8: A) number-weighted DLS CONTIN plots of MCNP (black line, <Rh>n,app = 35 nm, diameter of 70 nm) and PDha@MCNP 

(purple line, <Rh>n,app = 59 nm, diameter of 118 nm), and PAMA@PDha@MCNP (green line, <Rh>n,app =  168 nm, diameter of 336 

nm); (B)zeta potential at pH = 7 of MCNP (black dot, +44.5 mV), PDha@MCNP (purple dot, -40.4 mV), and PAMA@PDha@MCNP 

(green dot, +20.8 mV); (C) TEM micrograph of PAMA@PDha@MCNP showing an agglomerate of several MCNP with a shell of 

organic material (green arrows, 5 nm); and (D) thermograms of pristine MCNP (black line, overall weight loss 5 %), PDha@MCNP 

(red lines, 13 %) and PAMA@PDha@MCNP (green line, 17.5 %). 
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DLS measurements of BSA@PDha@MCNP 

 

Figure S9: number-weighted DLS CONTIN plots of PDha@MCNP (purple line, <Rh>n,app = 45 nm, diameter of 90 nm) and 

BSA@PDha@MCNP (green line, <Rh>n,app = 133 nm, diameter of 266 nm), 
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Low Magnification TEM micrographs 

 

Figure S 10: TEM micrographs of pristine MCNP (A and B), and PDha@MCNP (C and D). 
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Figure S 11: TEM micrographs of PDMAEMA@PDha@MCNP (A and B), and PSS@PDha@MCNP (C and D). 

 

1. Aradi, T.; Hornok, V.; Dékány, I., Layered Double Hydroxides for Ultrathin Hybrid Film Preparation 

Using Layer-by-Layer and Spin Coating Methods. Colloids Surf., A 2008, 319 (1-3), 116-121. 
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Reversible Adsorption of Methylene Blue as Cationic Model Cargo 

onto Polyzwitterionic Magnetic Nanoparticles 

P. Biehl,a,b,† M. von der Lühe,a,b,† F. H. Schachera,b*

We present the reversible electrostatic adsorption of methylene 

blue as model compound to polydehydroalanine@multicore iron 

oxide nanoparticles (PDha@MCNP). Therefore, changes in pH allow 

to switch the net charge of the zwitterionic PDha coating and such 

hybrid materials could be very interesting model systems to study 

water purification. 

Due to their unique properties, i.e., the possibility of magnetic 

separation and magnetic targeting by external magnetic fields, 

magnetic nanoparticles have gained tremendous interest for 

numerous fields of applications.1-3 Besides technical applications 

(e.g., waste water treatment4 and catalysis5) such materials are 

extensively investigated with regard to biomedical applications (e.g., 

MRI, 6, 7 drug delivery, 8-10 hyperthermia11-13). Polymeric surfactants 

are widely used to surface-functionalize MNP in order to improve 

dispersion stability and introduce additional surface functionalitiy.14-

16 In this context, polyzwitterions as a subclass of polyelectrolytes are 

of interest as coating materials since they are capable to increase 

dispersion stability while at the same time reduce unspecific protein 

adsorption, or exhibit pH-dependent surface charge.17, 18 In many 

application fields, the ability to host small guest molecules is 

desirable, e.g. in heavy metal removal from aqueous media,19 drug 

delivery, or catalysis. In particular, wastewater treatment aims at the 

removal of heavy metal ions, whereas reversible drug binding and 

release is desired in the context of drug delivery. Even though iron 

oxide-based nanomaterials already received great attention as a 

potential adsorbent in wastewater treatment, the synthesis of the 

respective materials still poses a challenge regarding production 

costs. Thus, a system which is capable of reversible adsorption due 

to electrostatic interactions and can be used multiple times in 

adsorption/desorption processes is highly desirable.  

We recently reported on the successful coating of multicore 

magnetic iron oxide nanoparticles (MCNP) using polydehydroalanine 

(PDha), a polyzwitterionic material.18 Further, it could be 

demonstrated that the observed charge reversibility of the resulting 

PDha@MCNP can be exploited for reversible electrostatic adsorption 

of both polyanions and polycations. Herein, we extend this approach 

to a cationic model dye, methylene blue (MB), to investigate whether 

such hybrid core-shell nanoparticles are of interest with regard to 

water purification strategies. MB can easily be adsorbed to the 

negatively charged PDha@MCNP particles at neutral pH due to its 

positive charge, and, in addition, can easily be detected and 

quantified using UV/Vis spectrometry. MB in this study serves as 

model system and we demonstrate multiple reversible adsorption / 

desorption cycles under different conditions (pH) and in dependence 

of the amount of particles added to the solution. 

a. Institute of Organic and Macromolecular Chemistry (IOMC), Friedrich Schiller 

University Jena, Humboldtstraße 10, 07743 Jena, Germany 
b. Jena Center for Soft Matter (JCSM), Friedrich Schiller University Jena, 

Philosophenweg 7, 07743 Jena, Germany 

† Both Authors contributed equally to this work.  

Electronic Supplementary Information (ESI) available: [details of any supplementary 

information available should be included here]. See DOI: 10.1039/x0xx00000x 

Scheme 1:Adsorption and pH induced desorption of MB to PDha@MCNP, followed by 

magnetic separation and recovery of PDha@MCNP. 
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PDha@MCNP were prepared as described earlier: briefly, 3.2 g of 

PDha were dissolved at pH = 12, titrated to pH = 5 and 400 mg MCNP 

were dispersed in the solution. After 1 hour of ultrasonication, the 

particles were magnetically separated and washed 5 times with 

micropure water. Subsequent thermogravimetric analysis (TGA) 

revealed a PDha content of 7 %, corresponding to a shell thickness of 

approximately 4 nm. We have already described the pH-dependent 

stability of the PDha shell, as well as the pH dependent zeta potential 

of PDha@MCNP.18 Briefly, the particles exhibit a zeta potential of 

+14.9 mV at pH = 2, +13.6 mV at pH = 4, and -22.2 mV at pH = 7 . 

For the adsorption experiments, each 0.5, 1, and 1.5 mL of a 

PDha@MCNP dispersion in micropure water (c= 10 g/L) were 

magnetically separated and dispersed in 1 mL of a 0.01 g/L MB 

solution. The samples were vortexed for 20 seconds, magnetically 

separated and washed several times with 1 ml micropure water until 

the main adsorption band of MB at 664 nm did not further decrease. 

Subsequently, the particles were dispersed in each 1 mL of micropure 

water/HCl at pH = 2, and again magnetically separated after 20 

seconds of vortexing. Figure 1A exemplarily shows UV/Vis spectra of 

the MB solution before and after dispersion of PDha@MCNP, the 

supernatant of the last washing step, and the solution with the 

desorbed MB. For all three samples, the intensity of the main 

absorbance band of MB was drastically decreased after magnetic 

separation of the particles. The remaining MB absorption decreases 

with increasing PDha@MCNP concentration (Figure 1B). Also, the 

water after washing of the particles showed only minor absorbance. 

All pH = 2 solutions showed blue coloration visible to the eye after 

PDha@MCNP were magnetically separated (Figure 2A). Here again 

the intensity of the MB main absorption band increases with 

increasing amount of PDha@MCNP. After an additional second 

treatment of the PDha@MCNP dispersion with pH = 2 solutions, no 

remaining MB adsorption in UV/Vis was found. This indicates that 

MB is completely desorbed from the particles by treatment with 

pH = 2 within several seconds.  

Since pH = 2 represents rather harsh conditions, we also investigated 

milder desorption conditions. Therefore, each 5 mg of PDha@MCNP 

were used for MB adsorption as described before, washed with 

micropure water 2 times and dispersed at different pH values for the 

desorption for 20 seconds (4 times respectively - pH values of 3, 4, 5, 

and 6 were investigated). The absorption intensities at 664 nm are 

shown in Figure 1C. The initial MB solution showed an intensity 

maximum at 664 nm of I = 1.58 in UV/Vis-absorption, which was 

decreased to 0.14 – 0.33 after MNP treatment for all samples. 

Furthermore, all washing solutions show only negligible absorption. 

After treatment with the respective desorption solutions, the UV/Vis 

absorption is increased for pH 3 – 4 with a clear dependency on the 

pH observable. For the sample at pH = 5 and 6, the UV/Vis-adsorption 

remains in the range of the micropure water after washing the 

particles, indicating that nearly no desorption took place. A second 

desorption step shows minor MB amounts for all samples. In the 

third desorption step no MB can be detected, except for the samples 

at pH = 5 and 6. After 4 desorption steps, the pH = 5 and 6 samples 

were dispersed in pH = 2 to desorb the remaining MB from the 

particles. An increase in MB UV/Vis absorption can be observed, but 

not to the same extend as observed for the other samples. In 

comparison to desorption at pH = 2, multiple desorption steps are 

necessary to completely desorb the MB at increased pH. Strikingly, 

the sum of remaining MB in the initial solution and MB after 

desorption from the MNP is distinctly smaller than the initial amount 

of MB present in solution (Table 1, for detailed calculations see 

supporting information). For pH 2 – 4, the deviations are between 

26.2 – 67.4 %. We assume that parts of MB are irreversibly bound to 

the PDha shell or the MCNP surface. After dissolution of the iron 

oxide cores in conc. HCl a small amount of MB can be detected in 

UV/Vis, but not quantified due to the high absorbance of FeCl3 in the 

solution. 

Table 1: calculated MB amounts and deviations. 

pH 
Initial amount of 

MBa 

[mg] 

sum of remaining 

and desorbed MBa 

[mg] 

deviation 

 

[%] 
3 0.01 0.007 26.2 
4 0.01 0.007 30.0 
5 0.01 0.003 67.3 

6 0.01 0.005 48.9 

a) calculated from the UV/Vis absorbance of the respective 

solution 

 

Figure 1: (A) UV/Vis spectra of methylene blue solution prior to (black line), and after dispersion of 15 mg PDha@MCNP (red line), suopernatants of washing steps of the MNP (green 

line), and solution of MB desorbed from PDha@MCNP (B) intensities of MB main absorbance band before and after dispersion of PDha@MCNP, washing steps, and desorbing 

solutions, and (C) intensities of MB main absorbance band before and after dispersion of PDha@MCNP, washing step, and desorbing solutions at different pH values. 
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To investigate the reversibility of the adsorption/desorption process, 

the initial 15 mg sample was repeatedly dispersed in MB solutions 

and aqueous solutions at pH = 2, with one washing step with 

micropure water in between for 8 additional cycles. Whereas the 

remaining MB adsorption in the initial solution was decreased to 0.03 

after the first cycle, the remaining adsorption is increased to 0.6 – 0.7 

after the following 3 cycles (Figure 2B). In contrast to that, the 

adsorption of different solutions created during desorption remains 

nearly constant at 0.9. After the fourth cycle, the sample was allowed 

to stand in micropure water for 15 hours, and in the following cycle 

the remaining adsorption of the MB solution after MNP treatment 

was again decreased to 0.28, and the adsorption of the desorption 

solution was increased to 1.0. This indicates a regeneration of the 

system with time. During the following cycles, both values change 

back to the range of the initial cycles (2 – 4).  

Again, the deviation between the initial solution, and the sum of 

remaining and desorbed MB was calculated and found to be 48.2 % 

during the first cycle, but only 7.5 – 26.3 % in the following cycles. 

Together with the decreasing adsorption efficacy, this supports our 

previous assumption of irreversibly bound MB.  

The dispersion stability of PDha@MCNP was altered during the 

adsorption of MB. Whereas magnetic separation of the particles 

before MB adsorption took 20 minutes, the particles can be 

separated within a few minutes after the adsorption of MB. After 

desorption of MB, the initial dispersion stability is retained. The zeta-

potential of the particles prior to, after adsorption of MB, and after 

desorption of MB at pH =2 and redispersion in micropure water was 

measured. Prior to adsorption, the measurements revealed a zeta 

potential of -41.8 ± 20.2 mV, which was slightly dedcreased to 

-38.3 ± 9.5 mV upon adsorption of MB. After the desorption at 

pH = 2, and subsequent redispersion of the particles, the zeta 

potential was slightly decreased to -34.9 ± 4.8 mV, which we dedicate 

to slight remaining protonation of the shell due to the desorption at 

pH =2. Although the shell stability under the given pH values was 

demonstrated previously, a sample of PDha@MCNP was 

characterized via TGA after the adsorption/desorption procedure, 

and showed a decrease of the PDha amount of 0.5 % which is within 

or at least close to the error of the measurement technique. 

 In summary, we synthesized zwitterionic PDha@MCNP hybrid 

core-shell nanoparticles and showed their capability of adsorbing 

small cationic molecules using methylene blue as model compound, 

and subsequently desorb the cargo upon changing the pH of the 

dispersant. Whereas at pH = 2 the cargo is completely desorbed 

within seconds due to protonation of the zwitterionic shell material, 

at higher pH values complete desorption could only be realized in 

multiple steps. Whereas the desorption at pH = 2 is interesting for 

potential technical applications such as water purification, partial 

desorption at higher pH values might be interesting in the context of 

biomedical applications to, e.g., to release cargo over a defined time 

period. Furthermore, we demonstrated the reversibility of the 

adsorption/desorption process by performing 9 consecutive cycles 

and also provided first hints towards time dependent regeneration 

of the system. After the first cycle a major decrease in adsorption 

efficacy can be observed, but in the following cycles the efficiency 

remains nearly constant. Although desorption already takes place at 

increased pH if compared to previous experiments with 

polyelectrolytes, the required conditions are still not in the region of 

biomedical applications. In upcoming experiments, we want to 

investigate additional pH dependent polyzwitterions which will shift 

the pH window for adsorption/desorption cycles to different pH 

regimes. 
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Materials and Methods 

Materials: All chemicals and solvents were purchased from Sigma Aldrich, Merck, or ABCR, and used as 

received. N-(tert-butoxycarbonyl)-D-serine methyl ester was purchased from Carbolution chemicals. All 

deuterated solvents were purchased from Eurisotop or Deutero. 

Synthesis of MCNP 

Multicore iron oxide nanoparticles were synthesized by slowly adding a 1 M NaHCO3 solution to a 

FeCl2/FeCl3 solution (total Fe-concentration 1.25 M; Fe2+/Fe3+ ratio = 1/1.3) at a rate of 0.75 mL/min under 

permanent stirring up to pH = 8, leading to the formation of a brownish precipitate. Afterwards, the 

solution was boiled for 5 min to form an almost black precipitate. The magnetic nanoparticles were then 

washed twice with distilled water. 

Synthesis of Polydehydroalanine (PDha) 

A solution of 2.9 mg (0.0084 mmol) TPO in 300 µL 1,4-dioxane was added to 300 mg (1.49 mmol) of tBAMA 

(M:I = 200:1). The mixture was placed in an UV-cube (250 W) for 5 minutes. The polymer was precipitated 

in a mixture of ethyl acetate and hexane (1:4). 

SEC (CHCl3, PMMA calibration): Mn = 22 800 g/mol; Ð = 2.94 

500 mg of the obtained PtBAMA was dissolved in 7.5 mL trifluoric acetic acid and stirred at 50 °C for 1 

hour. The mixture was precipitated in cold methanol. The resulting polymer was dissolved in 10 mL 1,4-

dioxane and a solution of 2.5 g LiOH (~45 eq.) in 10 mL H2O was added. The mixture was stirred at 100 °C 

for 3 hours and neutralized with diluted HClaq. During the neutralization, PDha precipitated. Yield: 97 % 

1H-NMR: (300 MHz, D2O/NaOD, pH=8): δ = 2,6 (CH2) 

PDha@MCNP 

40 mg PDha were dissolved in 40 mL pH = 8 tris buffer. To this solution, 40 mL of a dispersion of MCNP (1 

g/L) was added. The mixture was stirred at 50 °C for 1 hour. The dispersion was centrifuged with 8,000 
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rpm for 30 minutes, the supernatant was removed and the particles were redispersed in MilliQ water using 

ultrasonication. This procedure was repeated 5 times. 

Instrumentation 

Size exclusion chromatography in CHCl3: SEC measurements were performed on a Shimadzu system 

equipped with a Size exclusion chromatography (SEC) SCL-10A system controller, a LC-10AD pump, and a 

RID-10A refractive index detector using a solvent mixture containing chloroform, triethylamine, and 

isopropanol (94:4:2) at a flow rate of 1 mL min-1 on a PSS-SDV-linear M 5 μm column at 40°C. The system 

was calibrated with PMMA (410-88 000 Da) standards.  

Zeta potential measurements: the zeta potentials were measured on a ZetaSizer Nano ZS from Malvern 

via M3-PALS technique with a laser beam at 633 nm. The detection angle was 13°.  

Dynamic light scattering: Dynamic light scattering (DLS) measurements were performed using an ALV 

Laser CGS 3 Goniometer equipped with a 633 nm HeNe Laser. DLS measurements were performed at 25 

°C and at a detection angle of 90°. The CONTIN algorithm was used to evaluate the obtained data. 

Thermogravimetric Analysis: The samples (prepared and washed as described in the nanoparticle coating 

section) were magnetically separated and freeze dried for 72 hours. TGA measurements were carried out 

from 30 °C up to 800 °C under nitrogen with a heating range of 10 K/min in a Perkin Elmer TGA8000 device. 

UV/Vis measurements were performed on an Agilent Cary 60 in a Hellma quarz glass cuvette with a 

pathlength of 10 mm at room temperature in solvent. The absorbance was measured in a range from 200 

nm to 800 nm in 5 nm steps. 
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PDha@MCNP Characterization 

All TGA values used for calculations have been rounded to 0.5 % to match the error of the TGA 

experiments. Overall weight loss (850 °C) and water content (150 °C) were derived from the respective 

thermograms (Figure S1). The pristine MCNP show an overall weight loss of 4.0 %, 2.0 % thereof are water, 

and the remaining 2.0 % result from carbonates remaining from the MCNP synthesis. For the calculation 

of PDha contents, the respective water content, and 2.0 % weight loss of pristine MCNP were deducted 

from the overall weight loss (Table S1). 

 

Figure S1: Thermograms of pristine MCNP (black line, overall weight loss 4.0 %), PDha@MCNP (purple line, 12.0 %), amd 

PDha@MCNP after adsorption desorption of methylene blue (blue line, 10.0 %). 
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Table S1: TGA results and calculation of PDha content. 

sample overall weight lossa 

[%] 

water contenta 

[%] 

carbonate contentb 

[%] 

PDha contentb 

[%] 

MC1707 4.0 2.0 2.0 - 

PDha@MC1707 10.0 1.0 2.0 7.0 

PDha@MC1707 

after MB ad-

/desorption 

10.5 2.0 2.0 6.5 

a) determined from TGA, b) calculated from TGA results 
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Calculations of MB Content 

UV/Vis measurements of a series of MB solutions at varying concentration were performed at pH = 2 and 

pH = 7. The resulting calibration curves are shown in Figure S2. 

 

Figure S2: Calibration curves for concentration calculation of MB. 

Equation 1:   pH = 7: =
.  

.
  pH = 2: =

.  

.
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Table S2: Amounts of MB calculated from the UV/Vis adsorptions of intial solutions, supernatants after washing-, and 

desorption steps, and deviations between initial content, and desorbed from particles. 

Sample Intensity 

(664 nm) 

m (MB) 

[µg] 

Overall amount of MB 

[µg] 

Deviation 

[µg (%)] 

2.5 mg 

MB solution 

1.705 10.94 

 

3.39 

(31.0) 

after MNP 0.467 2.89 

7.55 

 

washing step 1 0.173 0.98 

washing step2 0.106 0.55 

washing step3 0.125 0.67 

washing step4 0.079 0.37 

washing step5 0.077 0.35 

washing step6 0.062 0.26 

pH = 2_1 

0.000 1.39 

pH = 2_2 0.245 0.09 

5 mg 

MB solution 
1.535 

9.84 

 

3.69 

(37.5) 

 

after MNP 0.231 1.36 

6.15 

 

washing step 1 0.077 0.36 

washing step 2 0.086 0.42 

washing step 4 0.040 0.12 

washing step 5 0.054 0.21 

washing step 6 0.056 0.22 

washing step 7 0.047 0.16 

pH = 2_1 0.063 0.27 

pH = 2_2 0.507 2.91 

  



8 

 

Table S3: Amounts of MB calculated from the UV/Vis adsorptions of intial solutions, supernatants after washing-, and 

desorption steps, and deviations between initial content and desorbed from particles. 

Sample Intensity 

(664 nm) 

m (MB) 

[µg] 

Overall amount of MB 

[µg] 

Deviation 

[µg (%)] 

15 mg 

MB solution 
1.631 

10.46 

  

after MNP 0.032 0.07 

6.00 

4.46 

(42.6) 

washing step 1 0.059 0.24 

washing step 3 
0.041 0.12 

pH = 2_1 
0.928 

5.35 

pH = 2_2 0.042 0.21 

pH = 2_3 0.007 0.01 

 

Table S4: Amounts of MB calculated from the UV/Vis adsorptions of intial solutions, supernatants after washing-, and 

desorption steps, and deviations between initial content and desorbed from particles. 

Sample Intensity 

(664 nm) 

m (MB) 

[µg] 

Overall amount of MB 

[µg] 

Deviation 

[µg (%)] 

pH = 3 

 

MB solution 
1.584 

10.16 

  

after MNP 0.215 1.26 

7.49 

2.66 

(26.2) 

washing step 1 0.133 0.72 

washing step 2 0.112 0.59 

pH = 3_1 0.777 4.91 

pH = 3_2 0.025 0.02 

pH = 3_3 0.016 0.00 

pH = 3_4 0.009 0.00 
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Table S5: Amounts of MB calculated from the UV/Vis adsorptions of intial solutions, supernatants after washing-, and 

desorption steps at pH = 4, and deviations between initial content and desorbed from particles. 

Sample Intensity 

(664 nm) 

m (MB) 

[µg] 

Overall amount of MB 

[µg] 

Deviation 

[µg (%)] 

pH = 4 

 

MB solution 
1.584 

10.16 

  

after MNP 0.333 2.02 

7.11 
3.05 (30.0) 

washing step 1 0.131 0.71 

washing step 2 0.102 0.52 

pH = 4_1 0.480 2.98 

pH = 4_2 0.148 0.82 

pH = 4_3 0.032 0.06 

pH = 4_4 0.015 0.00 

Table S6: Amounts of MB calculated from the UV/Vis adsorptions of intial solutions, supernatants after washing-, and 

desorption steps at pH = 5, and deviations between initial content and desorbed from particles. 

Sample Intensity 

(664 nm) 

m (MB) 

[µg] 

Overall amount of MB 

[µg] 

Deviation 

[µg (%)] 

pH = 5 

 

MB solution 

1.584 10.16 

  

after MNP 0.142 0.78 

3.340 

 

6.842 (66.6) 

washing step 1 0.026 0.02 

washing step 2 0.010 0.00 

pH = 5_1 0.019 0.00 

pH = 5_2 0.101 0.51 

pH = 5_3 0.106 0.55 

pH = 5_4 0.113 0.59 

pH = 2 0.170 0.96 
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Table S7: Amounts of MB calculated from the UV/Vis adsorptions of intial solutions, supernatants after washing-, and 

desorption steps, and deviations between initial content and desorbed from particles. 

Sample Intensity 

(664 nm) 

m (MB) 

[µg] 

Overall amount of MB 

[µg] 

Deviation 

[µg (%)] 

pH = 6 

 

MB solution 
1.584 

10.16 

  

after MNP 0.226 1.33 

5.19 

 

4.97 (48.9) 

washing step 1 0.125 0.67 

washing step 2 0.056 0.22 

pH = 4_1 0.087 0.42 

pH = 4_2 0.094 0.47 

pH = 4_3 0.072 0.32 

pH = 4_4 0.058 0.24 

pH = 2 0.268 1.53 
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Table S8: Amounts of MB calculated from the UV/Vis adsorptions of intial solutions, supernatants after washing-, and 

desorption steps in 9 cycles, and deviations between initial content and desorbed from particles. 

Cycle  Initial MB solution After MNP Desorption 

supernatant 

Sum (after + 

desorbed) 

Deviation 

 Intensity m [µg] Intensity m [µg] Intensity m [µg] [µg] [µg (%)] 

1 
1.631 

10,46 
0.03236 

0,07 
0.928 

5,35 5,42 5,04 (48.2) 

2 1.557 9,98 0.59189 3,71 0.889 5,13 8,83 1,15 (11.5) 

3 1.557 9,98 0.63627 3,99 0.903 5,21 9,20 0,78 (7.8) 

4 1.557 9,98 0.70878 4,47 0.827 4,77 9,23 0,75 (7.5) 

5 1.557 9,98 0.27935 1,67 1.031 5,95 7,62 2,36 (23.6) 

6 1.557 9,98 0.50696 3,15 0.928 5,35 8,50 1,48 (14.8) 

7 1.557 9,98 0.53223 3,32 0.812 4,68 8.00 1,98 (19.9) 

8 1.557 

9,98 

0.36105 

2,20 

0.893 

5,15 7,35 2,63 (26.3) 

9 1.557 9,98 0.57766 3,61 0.739 4,26 7,87 2,11 (21.1) 

 

Zeta Potential 

Table S9: zeta potentials of MCNP nad PDha@MCNP prior to and after adsorption of MB. 

sample zeta potentiala 

[mV] 

MCNP +45.5 ± 10.4 

PDha@MCNP -41.8 ± 20.2 

MB@PDha@MCNP -38.3 ± 9.5 

PDha@MCNP after MB desorption -34.9 ± 4.8 

a) determined using a Malvern Zetasizer Nano ZS 
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Irreversible Binding of MB 
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Figure S3: UV/Vis spectra of the supernatant of PDha@MCNP after desorption of MB (black line), and a solution of the same 

sample after dissolution of the MCNP cores in conc. HCl (red line), showing the presence of MB (inset). 
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Abstract

Nanoparticles experience increasing interest for a variety of medical and pharmaceutical applications. When

exposing nanomaterials, e.g., magnetic iron oxide nanoparticles (MNP), to human blood, a protein corona

consisting of various components is formed immediately. The composition of the corona as well as its amount

bound to the particle surface is dependent on different factors, e.g., particle size and surface charge. The actual

composition of the formed protein corona might be of major importance for cellular uptake of magnetic

nanoparticles. The aim of the present study was to analyze the formation of the protein corona during in vitro

serum incubation in dependency of incubation time and temperature. For this, MNP with different shells were

incubated in fetal calf serum (FCS, serving as protein source) within a water bath for a defined time and at a

defined temperature. Before and after incubation the particles were characterized by a variety of methods. It was

found that immediately (seconds) after contact of MNP and FCS, a protein corona is formed on the surface of MNP.

This formation led to an increase of particle size and a slight agglomeration of the particles, which was relatively

constant during the first minutes of incubation. A longer incubation (from hours to days) resulted in a stronger

agglomeration of the FCS incubated MNP. Quantitative analysis (gel electrophoresis) of serum-incubated particles

revealed a relatively constant amount of bound proteins during the first minutes of serum incubation. After a

longer incubation (>20 min), a considerably higher amount of surface proteins was determined for incubation

temperatures below 40 °C. For incubation temperatures above 50 °C, the influence of time was less significant

which might be attributed to denaturation of proteins during incubation. Overall, analysis of the molecular weight

distribution of proteins found in the corona revealed a clear influence of incubation time and temperature on

corona composition.

Keywords: Magnetic nanoparticles; Protein corona; Zeta potential; Hybrid materials; Core-shell particles

PACS: 87; 87.14.E-; 87.85.Qr

Background

Magnetic nanoparticles (MNP) represent perfectly suit-

able materials for a variety of biomedical and biotechno-

logical applications. In many cases, MNP have to

penetrate into different cell types of living tissue. This

tissue and cellular uptake is strongly influenced by the

particle size, as well as its surface chemistry and modifi-

cation with functional groups or biomolecules. A de-

tailed investigation and clarification of the interactions

between surface chemistry of the particles and living tis-

sue is a key to understand and control cellular uptake

mechanisms [1].

Upon application of nanoparticles into biological media

(e.g., whole-blood or plasma), the formation of a protein

“corona” around the particles takes place immediately. This

corona is a completely closed protein monolayer of a few

nanometers on the surface of the nanoparticles [2] and can

be divided into a “soft” and a “hard” corona [3]. In the soft
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corona, a permanent exchange of macromolecules from the

surrounding medium and the particle surface takes place

and this leads to a fast and persistent variation of the struc-

ture of the soft corona. The hard corona consists of macro-

molecules rather fixed to the particle surface and shows a

more or less temporal constant composition. The volatility

of the proteins in the soft corona aggravates a detailed in-

vestigation of the influence of the unstable part of the cor-

ona and thus most work has been spent on the

investigation of the hard corona [4]. It was found that the

corona is much more complex than previously considered.

The influence of different particle parameters on corona

formation has been already investigated. Lundquist and co-

workers [5] found that for a fixed type of material, the

biologically active proteins in the corona are strongly deter-

mined by the size as well as the zeta potential of the parti-

cles. Furthermore, it is well-known that the adsorption of

blood serum proteins to particles is time-dependent [6].

Proteins with the highest mobility are bound to the surface

first and later they will be replaced by less motile proteins

which show a higher affinity to the surface. This process

can take several hours. Casals et al. [7] confirmed that a soft

corona loosely attached to the particles surface changes to

an irreversibly attached hard corona over time. Compre-

hensive review articles about the influence of different

nanoparticle parameters (e.g., composition, size, shape,

crystallinity, surface area, surface defects, charge, rough-

ness, transfer capability, and hydrophobicity/hydrophil-

icity) on the corona composition were published in the

past years by several authors [4, 8–13].

Other less investigated but very important factors in-

fluencing the corona composition are the temperature at

which the incubation of particles and protein source

takes place as well as the duration of the incubation. For

the clarification of this issue, the major aim of this study

was the investigation of the influence of incubation

temperature and time on the composition of the corona.

For this, magnetic iron oxide nanoparticles with differ-

ent coatings and, thus, different zeta potential were incu-

bated with fetal calf serum (FCS) at different

temperatures and incubation times. Magnetic nanoparti-

cles enable an effective magnetic washing and separation

which is very advantageous for the handling of small

amounts of sample. In this study, the incubation was

carried out at a homogeneous temperature in the whole

sample in a water bath. The formed corona and the ag-

glomeration behavior of the incubated particles were in-

vestigated as a function of incubating temperature and

time by different methods.

Methods

Preparation of MNP

The superparamagnetic iron oxide nanoparticles used in

this paper were prepared similar to the well-known wet

chemical precipitation method [14] but using another

alkaline medium [15]. For this, a 1.17-M NaHCO3 solu-

tion was directly added to a FeCl2/FeCl3 solution with a

Fe2+/Fe3+ ratio of 1:1.7, and a brownish precipitate oc-

curred. After the addition of distilled water, the particles

were boiled for 5 min at 100 °C. In this way, single-core

MNP were formed under the release of CO2, and the color

of the solution turned black. Afterwards, the obtained

MNP suspension was washed twice by magnetic separation

with distilled water using a high-performance permanent

magnet to remove excess educts.

For the investigation of the influence of particle surface

charge on the formation of the protein corona, MNP were

coated with different materials (dextran (DEX),

carboxymethyl-dextran (CMD), and diethylaminoethyl-

dextran (DEAE)). These materials have a neutral dextran

backbone but different substitution patterns and thus

enable a variation of surface charge (DEX—neutral,

CMD—negative, DEAE—positive). For coating the MNP

with dextran and its derivatives, the nanoparticles were dis-

persed by ultra-sonic treatment (Sonopuls GM200, BAN-

DELIN electronic, Berlin, Germany) for 30 s. HCl was

added to adjust the pH value at 2 to 3, and the suspension

was tempered at 45 °C in a water bath and stirred. At the

same time, the coating agents were dissolved in distilled

water in a mass-ratio (coating/core) of 1:1. The so-prepared

coating solution was steadily added to the nanoparticle sus-

pension and stirred for 1 h at 45 °C. Afterwards, the sus-

pension was treated with ultrasound for 30 s again, washed

magnetically two times with distilled water to remove coat-

ing material excess, and the desired concentration was ad-

justed by adding distilled water.

Due to limited stability against agglomeration of

dextran-based coatings, MNP with a coating of

poly(tert-butoxycarbonyl acrylic acid) (PtBAA) were

used for some investigations [16]. This particle sys-

tem shows high stability against agglomeration and

thus allows the minimization of the influence of

agglomeration on corona formation. For coating of

MNP with PtBAA, 40 mg of PtBAA were dissolved

in 40 mL MilliQ water at pH = 12. To this solution,

40 mL of a dispersion of MNP (1 g/L) was added.

The mixture was stirred at 50 °C for 1 h, the disper-

sion was centrifuged with 8000 rpm for 30 min, and

the supernatant was removed. The particles were

redispersed in MilliQ water using ultrasonication.

This procedure was repeated five times.

All prepared nanoparticle suspensions show a stability

against sedimentation of several months as described in

previous investigations [17, 18].

Serum Incubation of the MNP

For producing a protein corona around MNP, the parti-

cles have to be incubated in a natural protein source
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which leads to an accumulation of proteins on the sur-

face of the MNP. For our studies, FCS was used as nat-

ural protein source. FCS incubation of MNP was

performed by water bath heating resulting in a homoge-

neous temperature distribution throughout the sample.

In the following sections, uncoated and coated magnetic

nanoparticles are referred as MNP and serum-incubated

MNP are referred as MNP@Corona.

For water bath incubation, FCS was tempered at de-

fined temperatures (incubation temperature) in a water

bath. Fifteen milligrams of coated MNP from previously

prepared suspensions were filled up with 2 ml of tem-

pered FCS and kept at the same temperature (incubation

temperature) for a certain time (incubation time). Incu-

bation time starts with the application of FCS. During

the time of incubation, ultra-sonic treatment at a given

temperature was carried out (S100H, Elmasonic, Germany)

to re-disperse possible agglomerates. At defined incubation

time points (1, 5, 10, and 20 min), the suspensions were

taken out of the water bath and put on a magnet for

magnetic separation, excess FCS was withdrawn and

distilled water was added.

The washed incubated nanoparticle suspensions were

kept at 4 °C for short-term storage or at −80 °C for

long-time storage.

Thermogravimetric Analysis

A suitable way to determine the mass of the corona

bound to the particle surface is thermogravimetric ana-

lysis (TGA). Therefore, uncoated MNP were incubated

(25 °C/10 min in FCS), and resulting fluids were freeze

dried to obtain fine dry powders for TGA experiments.

These samples were heated (STA409, Netzsch, Selb,

Germany) from room temperature up to 330 °C, and the

corresponding mass loss was continuously determined.

The obtained curves for MNP@Corona were normalized

to curves for uncoated MNP.

Structural and Magnetic Characterization

Magnetic core size was determined by X-ray diffraction

(XRD, X’Pert PRO, PANalytical, The Netherlands) and

using the Scherrer formula as well as by transmission

electron microscopy (TEM; 200 kV FEI Tecnai G2 20,

equipped with a 4k × 4k Eagle HS CCD and a 1k × 1k

Olympus MegaView camera for overview images).

The magnetic properties were measured by vibrating

sample magnetometry (VSM; Micromag TM 3900,

Princeton Measurement Systems, USA). Measurement

was performed on liquid samples or dried powders. The

concentration of MNP within the liquid samples and the

amount of proteins bound to particle surface were calcu-

lated from the obtained saturation magnetization. The

overall magnetic behavior of the samples was derived

from coercivity and relative remanence.

Magnetorelaxometry

Magnetorelaxometry (MRX) was performed to investi-

gate the Brownian relaxation behavior [19] of the MNP

and the MNP@Corona hybrids. The relaxation curves

describe the decay of an initial magnetization (after a

magnetization pulse from a coil) due to Brownian and

Néel relaxation of the particles within a fluid. From

these relaxation curves, the size and size distribution of

the particles was calculated by fitting the so-called clus-

ter moment superposition model (CMSM) to the relax-

ation data [20]. The distribution of the hydrodynamic

diameters dh or cluster diameters dc is assumed to be a

lognormal one. Previous investigations showed a good

agreement with hydrodynamic diameters obtained by dy-

namic light scattering (DLS) [21].

In the study presented here, we applied two different

setups for MRX. A setup measuring the magnetic relax-

ation by means of highly sensitive low-Tc-SQUID sen-

sors at a distance of 10 mm above the sample (SQUID-

MRX) [22] was used to investigate the agglomeration be-

havior of different coated MNP and resulting

MNP@Corona in detail. For the measurement of the

kinetics of corona formation around MNP, a setup which

utilizes fluxgate sensors (FG-MRX) for measuring the

magnetization decay was used [23].

In SQUID-MRX, samples were magnetized for 1 s

with a magnetic field of 2 mT and relaxation was mea-

sured in a time window of 450 μs to 0.5 s after

magnetization pulse. For FG-MRX investigations, mag-

netic moments of MNP were aligned in a field of 2 mT

for 2 s duration and relaxation of the sample net mag-

netic moment was measured over a time period of 1.5 s

after the magnetization pulse.

Since superparamagnetic nanoparticles show no ther-

mally blocked magnetism, they relax predominantly via

Néel relaxation. To observe a Brownian relaxation in

MRX, larger ferrimagnetic nanoparticles of about 50 nm

[17, 24] were used here in the presented MRX studies.

Of course, this results in higher absolute particle and

agglomerate sizes than for superparamagnetic cores, but

we suppose that the overall behavior of corona forma-

tion and agglomeration, investigated on ferrimagnetic

cores, is similar to that of superparamagnetic cores.

Measurement of the Surface Charge

To determine the surface charge of the MNP and

MNP@Corona hybrids, the zeta potential is a valid and

widely used parameter. For this measurement, a Zetasizer

(Nano ZS, Malvern, UK) and appropriate software (Zetasi-

zer ver. 6.20) were used. Before the measurement, samples

were diluted in the ratio 1:30 with distilled water and

treated in an ultrasonic bath. The medium viscosity and

dielectric constant were taken from water at 25 °C with

0.8 cP and 0.8872, respectively. Measurements were
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performed in three consecutive runs and obtained values

were averaged.

Gel Electrophoresis

The determination of the composition of the protein

corona on the surface of MNP@Corona hybrids was

carried out by means of sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE). For

this, 2 × Laemmli sample buffer (Bio-Rad, Munich,

Germany) supplemented with 2-mercaptoethanol (final

concentration 355 mM) was added to the samples in the

first step and heated up to 95 °C to crack secondary and

tertiary structure of proteins. Then, the denatured pro-

teins were separated by molecular weight with PAGE on

a 4–12 % Bis-Tris gel (Bio-Rad, Munich, Germany).

After the run, the proteins were visualized by highly sensi-

tive silver staining (SilverXpress Silver Staining Kit (Invi-

trogen, Heidelberg)). Gel images were processed by

ImageJ (National Institutes of Health, Bethesda, USA)

[25].

As references, a molecular weight standard protein

collection Kaleidoscope marker (Bio-Rad, Munich,

Germany) and untreated FCS were used.

Results and Discussion

The core diameter of MNP was determined by means of

XRD and TEM to be around 10 nm (Fig. 1). Analysis of the

diffractogram confirmed a spinel structure of the prepared

particles with maghemite (γ-Fe2O3) as dominant magnetic

phase.

These data are confirmed by measurements of the

static magnetization-versus-magnetic-field curves (Fig. 2).

The saturation magnetization (MS) of freeze-dried sam-

ples of uncoated MNP is 68.2 Am2/kg, which is a typical

value for maghemite. Resulting from a coercivity (HC) of

less than 0.2 kA/m and a relative remanence (MR/MS) of

about 0.005 at room temperature, the used particles

show superparamagnetic behavior. Estimation of mag-

netic core size following the Chantrell method [26] pro-

vides a mean core size of 9.6 nm. This value is in good

accordance with results from XRD and TEM [18].

For the investigation of the amount of proteins bound

to the particle surface, uncoated MNP were incubated in

FCS for 10 min at 25 °C and obtained MNP@Corona

were freeze dried to a powder after magnetic washing of

the sample to remove the excess FCS. This MNP@Cor-

ona powder shows an Ms of 60.8 Am2/kg. Taking into

account a nonmagnetic behavior of the protein coating,

this decrease in saturation magnetization corresponds to

a fraction of about 10 % by mass of proteins included in

the hybrid particles. Although within this study we can-

not prove whether serum incubation of MNP leads to a

homogeneous layer of proteins on the particle surface or

rather to protein bundles containing some MNP, we use

the term “coated” for the serum incubated particles

throughout the manuscript.

This composition of the freeze-dried MNP@Corona

was confirmed by TGA measurements (Fig. 3). For tem-

peratures up to 330 °C, TGA measurements of the native

particles show a weight loss of about 1 % which can be

attributed to the evaporation of adsorbed water and a

possible phase transformation of a small amount of

impurity phases (hydrated oxides and hydroxides of iron)

to hematite. Compared to this, TGA investigation of pro-

tein corona-coated MNP provides a mass loss of about

Fig. 1 Typical TEM image of as-prepared magnetic nanoparticles.

Particle agglomeration occurs during preparation (drying) of colloidal

stable fluids for TEM investigation

Fig. 2 Hysteresis curves (VSM) of uncoated MNP (blue solid line) and

protein corona-coated MNP (MNP@Corona; red dashed line) confirm

superparamagnetic behavior of the particles as well as a solid fraction

of non-magnetic proteins of about 10 % by mass for dried protein

corona-coated samples
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9 % in two steps. Again, the first step corresponds to the

evaporation of adsorbed water and impurity phase change

to hematite, whereas in the second step, the surface pro-

teins decompose. Normalizing this curve to the losses in

pure particles, a corona mass of 8 % is obtained. This

value is slightly below the value from VSM. Although this

difference probably is within the error of both TGA and

VSM, another reason might be incomplete decompos-

ition/evaporation of proteins during heating up to 330 °C.

The results regarding the occurrence of a nonmagnetic

layer on the particle surface after FCS incubation of

MNP confirm the formation of a protein corona around

MNP. A further evidence for a successful protein corona

formation is given by changes in surface charge of

particles after serum incubation. Figure 4 shows the zeta

potential of pure MNP and for MNP coated with DEAE-

dextran, dextran, and CM-dextran before and after

serum incubation.

It is clearly demonstrated that serum incubation

significantly changes the surface charge of particles.

Independent of the surface charge of particles before in-

cubation, serum-treated particles reveal a negatively

charged surface showing a zeta potential in the range

from −32 to −41 mV. Since proteins and their subunits

as well as other serum components (e.g., lipids) have a

negative charge at pH 7, this fact can be interpreted as a

confirmation of the formation of a protein corona

around magnetic nanoparticles. Furthermore, a certain

influence of the initial surface charge on the resulting

zeta potential after incubation can be seen. This behav-

ior has been already described by [5] and has to be

investigated in more detail in further studies.

In measurements after different storage times, it was

found that the formed protein corona is stable for about

9 days at room temperature and then starts to decay. To

prevent the wash off of the protein corona during stor-

age, serum-incubated samples are stored in a slight

excess FCS.

Cell toxicity investigations (CellTiter-Glo and Presto-

Blue) revealed no toxic effect of bare cores, coated cores,

as well as pure coating materials (DEX, CMD, DEAE,

and PtBAA) on tested cell lines (human brain micro-

vascular endothelial cells) [18]. Another major factor for

the suitability of nanoparticles for in vivo applications is

their agglomeration behavior. Agglomerates larger than

a few micrometers bear the risk to occlude blood vessels

(especially capillaries) which may lead to an

embolization and thus serious side effects for patients.

In most cases, agglomeration cannot be prevented

Fig. 3 TGA curves of uncoated MNP (blue solid line) and MNP@Corona

(red dashed line) confirm a solid fraction of non-magnetic proteins of

8 % by mass for dried samples after incubation

Fig. 4 Zeta potential of MNP and for MNP coated with DEAE-dextran, dextran, and CM-dextran before (red columns) and after serum incubation

(blue hatched columns) confirms formation of a protein corona around magnetic nanoparticles during serum incubation

Weidner et al. Nanoscale Research Letters Page 5 of 11



completely and thus it has to be tolerated as long as ag-

glomerates are well below 1 μm [27]. To exclude any

risk from agglomerates, the agglomeration behavior of

the samples has to be investigated.

Applying dynamic light scattering (DLS) methods,

agglomeration behavior of particle suspensions can be

assessed by detecting an increase in hydrodynamic

diameter. However, the interpretation of the polydispersity

index (PDI) in terms of the width of the size distribution is

challenging, in particular because of the strong weighting of

larger objects (∝V2, V—volume of the scattering objects).

Because of its valuable information for the interpretation of

aggregation, the size distribution of aggregates or clusters

was evaluated by SQUID magnetorelaxometry (SQUID-

MRX). The size distribution is assumed to be of lognormal

form and is expressed in the diameter of mean cluster vol-

ume, dvc, i.e., the mean volume equivalent cluster diameter,

the mean of volume weighted size distribution, dwvc, and

the geometric dispersion parameter σc (Table 1), derived

from the CMSM fit. It was shown earlier that σc correlates

well with visually observable precipitation and that the “z

average” diameter of DLS ranges between dvc and dwvc, de-

pending on σc [20].

In the following, we quantitatively discuss the changes

in the size distribution caused by dispersion in FCS

compared to the original aqueous MNP dispersion. In-

cubation of neutrally charged dextran-coated MNP with

FCS reduces σc slightly and increases the mean diameter

dvc by 16 nm (while σc was fixed at the reference value,

Table 1). This behavior might be attributed to the

growth of an additional layer of 8 nm thickness onto the

MNP shell.

In case of the transfer of positively charged DEAE-

coated MNP into FCS, the dispersion parameter σc

grows dramatically. Such a behavior might refer to ag-

glutination as a possible mechanism of aggregation [28].

Accordingly, the comparison of mean diameters is hard

to interpret. After fixing σc at the reference value while

fitting the CMSM to the data of MNP in FCS, again an

increase of dvc was found, here by 19 nm. However, if

MNP really agglutinate, it cannot be derived from the

present data whether the MNP got homogeneously cov-

ered by an opsonisation layer or not.

Also in case of a negatively charged CMD shell, the

dispersion parameter increases during exposure to

FCS. In contrast to the DEAE sample, the mean di-

ameters, obtained while fixing σc, decrease (Table 1).

Again, significant broadening of the size distribution

points to the aggregation or transformation of exist-

ing aggregates. Thus, quantitative answers about op-

sonisation cannot be made.

To get an additional impression of agglomeration be-

havior, relaxation curves were qualitatively analyzed

(Fig. 5). In case of neutrally charged dextran-coated

MNP (Fig. 5a), serum incubation of these particles leads

to a slight increase of relaxation time in comparison to

the undiluted original sample which probably is caused

by an increasing particle size due to the growth of a pro-

tein corona on the particle surface. Also, a slight ag-

glomeration might explain the observed effect, as

discussed later for DEAE-coated MNP. However, the de-

crease of σc (Table 1) is a clear indicator for an increase

of the particle diameter, and we regard it as rather un-

likely to originate from aggregation. Aging of the sam-

ples for 4 days leads to a minor increase in relaxation

time which might be caused most probably by further

growth of the opsonisation layer or possibly by cross-

linking between surface proteins [29, 30].

MNP with DEAE-dextran (Fig. 5b) showed similar ten-

dencies like dextran-coated particles but stronger vari-

ances in relaxation behavior of investigated samples.

Serum incubation of DEAE-dextran-coated MNP led to

distinctly higher relaxation times and, thus, a larger

amount of protein corona on particle surface can be

supposed. This behavior is even more pronounced after

aging for 4 days, possibly due to further growth of cor-

ona or due to protein cross-linking. A possible explan-

ation might be that there is a stronger affinity between

negatively charged proteins and highly positively charged

surface of DEAE-dextran-coated particles than for parti-

cles with pure dextran or CM-dextran coating. From

this, a higher protein load on the surface may be caused

which results in a larger effective particles size and thus

a higher relaxation time. This hypothesis has to be veri-

fied in further studies by means of measurements,

providing data for the amount of proteins bound to

particles.

For CMD-coated MNP, also significant changes in re-

laxation behavior for different samples were found

(Fig. 5c). In contrast to dextran and DEAE-dextran for

Table 1 Parameters of the distribution of volume equivalent

hydrodynamic diameters of MNP before and after incubation in

FCS obtained by fitting of CMSM to MRX data. Alternatively, σc
was fixed with fitting indicated by “(fix),” in order to render the

mean diameters comparable

Sample dvc (nm) dwvc (nm) σc

Dextran 125 227 0.55

Dextran@Corona 155 261 0.51

Dextran@Corona 141 257 0.55 (fix)

DEAE 118 231 0.58

DEAE@Corona 60 216 0.80

DEAE@Corona 137 268 0.58 (fix)

CMD 106 207 0.58

CMD@Corona 82 177 0.62

CMD@Corona 96 188 0.58 (fix)
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CMD-coated MNP, the relaxation gets faster after FCS

incubation. However, as mentioned above, the increase

of σc indicates some aggregation or even disaggregation

of already present aggregates. Note that the obtained dv
around 100 nm is significantly larger than the core

diameter of 10 nm (Fig. 1). After aging the sample for

4 days, the difference in relaxation behavior vanishes

and a relaxation curve similar to that before serum incu-

bation is found, possibly also due to a further growth of

a corona or due to cross-linking between particles. By

means of MRX, a clear change of the cluster size distri-

bution due to the FCS incubation was shown. But it can-

not be distinguished whether an opsonisation or an

aggregation is responsible for the observations. So one

may speculate that no protein corona is formed during

serum incubation of these samples since there was no

significant change in zeta potential (Fig. 4) observed,

and CMD as well as most proteins in FCS is nega-

tively charged. At least partially, opsonisation is sup-

ported by experimental evidence of surface proteins

by means of gel electrophoresis investigations for

FCS-incubated CMD-coated MNP as shown in own

previous investigations [31].

Since corona formation on DEAE-coated MNP leads

to a significant effect on relaxation time, this MNP type

was used to investigate the protein corona formation

dynamics by means of fluxgate MRX. For this, MRX

measurements were performed immediately after adding

FCS to a MNP suspension at room temperature.

Figure 6a depicts the temporal evolution of the MRX

signal. The first unaveraged measurement was recorded

15 s after adding FCS to the ferrofluid, and then mea-

surements were repeated every 15 s. As can be seen, no

changes are discernable. The decay of magnetization

after the addition of FCS is slower compared to the

aqueous suspension (same volume H2O was added to

MNP suspension). This increase of the relaxation time

constant is mainly caused by an increase of the effective

hydrodynamic size by agglutination [28] since the viscos-

ity of FCS is with 1.56 mPa·s only about 50 % higher

than that of water.

From the relaxation curves, it can be seen that the

formation of a protein corona occurs immediately

within seconds, and no clearly visible changes are

detected over the observed time period (up to 285 s).

This conclusion is valid only for the thickness of the

corona and does not reflect any changes in corona

composition. However, on a longer time scale

(Fig. 6b), a further change of relaxation time was ob-

served for 1 and 4 days of incubation. There are two

possible reasons for such a behavior. First, a further

growth of the protein corona over a long time might

occur, which is relatively unlikely. The more probable

reason for the continuous decrease of relaxation time

Fig. 5 MRX curves for magnetic nanoparticles coated with dextran

(a), DEAE-dextran (b), and CMD-dextran (c) before (blue dotted lines)

and 1 day (red solid lines) as well as 4 days (black dashed lines)

after incubation. The curves were normalized with respect to the

undetermined background and amplitude
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might be attributed to cross-linking of surface pro-

teins as discussed above which results in larger

agglomerates [29, 30].

Altogether, it can be stated from MRX measurements

that the formation of a protein corona occurs immedi-

ately after mixing MNP and FCS and that the resulting

corona has (depending on the underlying coating ma-

terial) an effect on particle agglomeration in aqueous

MNP@corona hybrid particle suspensions. Agglomer-

ates with sizes below 250 nm in diameter, as observed

here, can be tolerated for medical application of in-

vestigated particles.

In order to study the impact of incubation time and

temperature in more detail, we used a MNP system with

high stability against agglomeration and sedimentation

to exclude any influence of particle agglomeration on

the corona formation. For this, we used particles coated

with poly(tert-butoxycarbonyl acrylic acid) (PtBAA), a

negatively charged polyelectrolyte [16]. PtBAA-coated

MNP show a negative surface charge, similar to earlier

observations after coating MNP with CMD. These

MNP were incubated with FCS for up to 20 min

within a temperature range from 25 to 70 °C (Fig. 7).

The different temperatures were realized by heating

in a water bath.

Zeta potential measurements of PtBAA-MNP@Corona

as function of incubation time and temperature reveal

that the formation of the protein corona does not alter

the overall net charge of these materials (Fig. 7). Serum

proteins are negatively charged at pH 7.2 in fetal calf

serum. Therefore, the overall negative charge of the nano-

particles remains constant between −40 and −30 mV in all

cases.

Nevertheless, when trying to derive a model for the in-

fluence of incubation time and temperature on the com-

position of the resulting corona, the zeta potential is not a

suitable measure to determine details (since no clear cor-

relations between incubation parameters and resulting

surface charge can be found) but rather a raw indicator

for changes in the structure of the protein corona.

To get more profound information about the protein

load and composition of the formed protein corona,

PtBAA samples were subjected to SDS-PAGE. With this

approach, components of the corona were denatured

and separated according to their molecular weight

(Fig. 8a).

At 25 and 37 °C, an increase of protein content with

time is visible, whereas at 50 °C, a more or less steady

distribution is observed. Please note that the overall pro-

tein distribution reflects the situation in untreated FCS.

Figure 8b shows a quantitative analysis of the protein

distribution. It can be clearly seen that only weak

Fig. 6 Temporal evolution of the MRX signal after adding 140 μL

FCS to 10 μL DEAE-coated MNP suspension for the first 285 s after

mixing (a) and for incubation times up to 4 days (b), curves are

normalized to be “1” for time point 1 ms. For comparison, MRX

signal measured on reference sample (10 μL DEAE-coated MNP

suspension diluted with 140 μL DI H2O) is shown in (a)

Fig. 7 Zeta potential of serum-incubated PtBAA-coated MNP as

function of incubation time and temperature
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differences in the bound protein amount exist within the

first 10 min of incubation. This result is confirmed by

MRX where all samples show more or less identical re-

laxation behavior within the first 5 min. However, for

heating times of 20 min, a significant increase in bound

protein mass occurs. Since this effect was found for 25

and 37 °C incubation series as well as in MRX investiga-

tions (1-day curve), we exclude an experimental artifact.

Fig. 8 Pseudocolor image of SDS-PAGE gel (4–12 % Bis-Tris) of PtBAA-coated magnetic nanoparticles after serum incubation for different incubation

times and temperatures (K = untreated MNP “0”) (a) and quantitative analysis of the same SDS-PAGE gel of bound protein amount and raw estimation

of protein’s molecular weight distribution (b)
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At 70 °C, a higher protein yield is detected independ-

ent of the incubation time. Almost all of the serum pro-

teins are denatured above 65 °C and thus misfolded

polypeptides and protein agglomerates are formed dur-

ing incubation and attach to the surface of PtBAA-

coated MNP. Some of these clusters could not be

resolved by conventional lysis conditions and cause an

accumulation of polypeptides in the range between 25

and 75 kDa. The loss of high-molecular weight proteins

might be due to the temperature-related structural

changes, too. Unspecific intramolecular bounds lead to

more globular shapes which exhibit a higher electro-

phoretic mobility. This observation needs more detailed

analysis of the distinct proteins which are involved in

corona formation.

Additionally, Fig. 8b provides an impression on the

composition of protein corona. It becomes obvious that

heating time and temperature have an influence on cor-

ona composition. Since SDS-PAGE analysis and zeta po-

tential investigations provide a global overview on

corona composition, other methods have to be utilized

for a detailed clarification of protein corona composition

on polypeptide level. A promising method for this task is

matrix-assisted laser desorption/ionization (MALDI) in

combination with a mass spectrometer which is tested

in ongoing studies.

Conclusions

Our MRX investigations show that immediately after

contact of MNP with a protein source (FCS), a protein

corona is formed on the particle surface. This leads to

an increase of particles size and, depending on any pre-

viously applied MNP coating, to a slight agglomeration

of the MNP during the first minutes of incubation.

Longer incubation (from hours to days) leads to stronger

agglomeration of corona-coated MNP, probably due to

cross-linking of the surface proteins. We quantified the

amount of proteins bound to MNP under these condi-

tions by a combination of magnetic measurements and

thermogravimetry to about 10 %.

Independent of the used polymer shells herein used

for MNP (DEAE, CMD, dextran, PtBAA), zeta potentials

from −30 to −40 mV were found after serum incubation.

Slight variations in the zeta potential of the serum-

incubated MNP are a first hint towards differences in

composition of the formed protein corona at different

incubation times and temperatures, possibly as also the

coating material play a role. Quantitative SDS-PAGE

analysis of serum-incubated particles revealed, as already

found by MRX, a relatively constant amount of bound

proteins during the first minutes of serum incubation.

After longer incubation (20 min), a considerably higher

amount of surface proteins was determined for incuba-

tion temperatures of 25 and 37 °C. For incubation

temperatures of 50 and 70 °C, the incubation time did

not seem to play a major role, which might be attributed

to denaturation of proteins during incubation.

The analysis of the molecular weight of proteins found

in the corona showed a clear influence of incubation time

and temperature on corona composition which has to be

investigated in more detail in future studies by means of

MALDI. Furthermore, magnetic nanoparticles can be used

in prospective investigation for magnetic heating by

means of reversal losses in an alternating magnetic field

[32, 33] during the incubation to control the composition

of the corona by using a temperature gradient from the

particle surface to the surrounding protein source.
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Abstract 

The formation of protein coronas upon contact of nanoparticles with biological fluids is of great interest 

for biomedical applications. It is known that surface chemistry of the nanoparticles has tremendous impact 

on the protein adsorption, and especially polyzwitterions are known to inhibit this adsorption. We herein 

present comparative incubation studies or multicore nanoparticles (MCNP) functionalize with either 

polyanionic, or polyzwitterionic coatings utilizing polyelectrolytes based on the same polymer. Apart from 

the surface chemistry, also the influence of incubation time and temperature was investigated. The 

amounts of adsorbed protein were determined using thermogravimetric analysis, whereas SDS-PAGE 

revealed information on the corona composition. Comparison of the coated and pristine particles after 

incubation in FCS reveals distinct decrease of protein adsorption to the zwitterionically coated particles. 

  



Introduction 

During the last decades, magnetic nanoparticles (MNP) have gained huge interest in different research 

fields.[1-4] Especially for biomedical applications like hyperthermia[5-7] and drug delivery,[8-10] they are of 

great interest due to the possibility of mechanical manipulation and heating by external magnetic fields. 

Additionally, they often provide the ability of enhancing contrast in magnetic resonance imaging (MRI),[11-

12] and therefore have potential in simultaneous imaging and therapeutic approaches (theranostics). For 

biomedical applications, potential particle systems face several problems. At first, the materials need to 

be highly biocompatible, and therefore, iron oxide nanoparticles are often preferred to nanoparticles 

made of alternative magnetic materials like Ni or Co due to the toxicity of the latter ones.[13-15] Promising 

magnetic properties with regard to medical applications are observed for so-called multicore magnetic 

nanoparticles (MCNP).[16] MCNP show superparamagnetic behavior in absence of a magnetic field, but 

ferrimagnetic behavior upon exposure to an external magnetic field. Since they show powerful heating 

performance MCNP have high potential for hyperthermia applications.[17-19] 

Independent from the nature of the MNP, addition to a biological fluid leads to the adsorption of proteins 

from the fluids to the MNP surface, and thus the formation of a protein corona. This corona has 

tremendous influence on the dispersion stability of the particles in terms of secondary aggregation, 

recognition by the immune system, as well as nanoparticle cell interactions. The formation of the protein 

corona is a dynamic process,[20-21] which is influenced by several factors, including the composition of the 

medium,[22] temperature and incubation time, as well as size and surface chemistry of the respective 

particles.[23-26] The surface chemistry of MNP can easily be tuned with surfactants and hybrid materials 

consisting of magnetic cores with polymer- and especially polyelectrolyte coatings are widely used as in 

biomedical research.[27-29] Polyelectrolytes can stabilize NPs in dispersion due to the high charge densities. 

Furthermore, polymers can easily be functionalized to provide e.g., targeting, stealth, [30-31] or anti-fouling 

properties. Polyzwitterions, a subclass of polyelectrolytes bearing both cationic and anionic charges at 

every repeating unit in the polymer backbone,[32-33] often show anti-fouling properties in terms of reduced 

unspecific protein adsorption.[34-35] This is dedicated to the high hydration capacity of the highly charged 

polymer backbones.[36] Examples for such antifouling polyzwitterions are poly(betaines).[37-39] 

We previously reported on superparamagnetic iron oxide nanoparticles (SPION) coated with 

polyelectrolytes based on polydehydroalanine including the biocompatibility of the used materials.[40] 

Most recently we demonstrated the coating of multicore nanoparticles (MCNP) with zwitterionic 

polydehydroalanine (PDha) and were able to selectively desorb bovine serum albumin as a model protein 

from the PDha shell by slightly changing the pH of the dispersant.[41] In this study, we used polyanionic 



poly(tert-Butoxycarbonylamino acrylic acid) (PtBAA) and polyzwitterionic PDha to coat both, single core, 

and MCNP. As well pristine MNP, as the coated analogs with both shell materials were then used for 

incubation in fetal calf serum (FCS). Temperature and time of incubation were varied, and the resulting 

particles were characterized concerning the amount of adsorbed protein by means of zeta potential 

measurments, thermogravimetric analysis (TGA), and sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) with subsequent silver protein stain or western blot assays to examine 

possible anti-fouling properties of polyzwitterionic PDha. Additionally, protein corona-induced biological 

effects were verified by cell viability testing using human brain microvascular endothelial cells (HBMEC) 

and PrestoBlue cell viability assays. 

Results and discussion 

Particle synthesis and coating 

Two types of iron oxide nanoparticles were used for the incubation studies in this paper. The first type are 

superparamagnetic iron oxide nanoparticles (SPION) with a diameter of 8 nm, and the second type are 

raspberry like multicore nanoparticles (MCNP), stable clusters of smaller particles. Both particle types were 

prepared by co-precipitation of FeCl2 and FeCl3 by addition of a NaHCO3 solution.[42]  

The coating materials PtBAA and PDha were obtained by deprotection of poly(tert-butoxycarbonylamino 

methacrylate) (PtBAMA) as described earlier.[43] The molar mass of the initial polymer was determined to 

be 22 800 g/mol and the dispersity was Ð = 2.94. PtBAA was obtained by alkaline cleavage of the methyl 

ester. PDha was obtained by acidic deprotection of the amine and subsequent alkaline hydrolysis of the 

methyl ester. 

 

Figure 1: Deprotection of PtBAMA to anionic PtBAA and zwitterionic PDha. 

The resulting polyelectrolytes were used for SPION and MCNP coating as reported previously.[41] Briefly, 

the corresponding polyelectrolyte was dissolved in 0.01 M NaOH and titrated to pH = 5 with 0.01 M HCl. 

MNP were treated with ultrasonication for 10 min and magnetically separated. Subsequently, the MNP 

were dispersed in the polyelectrolyte solution (MNP:PE = 1:8). The mixture was ultrasonicated for 1 h, 

magnetically separated and washed with aqua bidest. five times. All resulting particles were characterized 



using zeta potential and TGA measurements. Theoretical shell thicknesses were calculated using equation 

1, which can be found in the Supporting information. Due to the enormous size of the resulting dataset 

from all incubation experiments, the following will focus on the results of the MCNP, which show the more 

promising magnetic properties for potential applications. The results of the SPION particles can be found 

in the supporting information. 

All coated MCNP showed increased hydrodynamic radii in DLS measurements, decreased zeta potential 

and increased weight losses in TGA measurements, resulting in PE contents of 4.0 % (PtBAA@MCNP), and 

5 % (PDha@MCNP). The data are summarized in Table 1 and discussed in detail in the supporting 

information. 

Table 1: Hydrodynamic radii determined by DLS, zeta potentials, polyelectrolyte (PE) contents, and calculated shell thicknesses 

of differently coated MCNP. 

Sample Rh, N, app
a 

[nm] 

Zeta potentialb 

[mV] 

PE contentc 

[%] 

Calc. shell thicknessd 

[nm] 

MCNP 38 +42.3 ± 6.6 - - 

PtBAA@MCNP 62 -39.7 ± 12.1 4.0 3.3 

PDha@MCNP 44 -36.7 ± 4.3 5.0 2.1 

a) determined via DLS, b) determined using a Malvern ZetaSizer Nano ZS c) calculated 

from TGA, d) calculated using equation 1 

 

Shell stability 

To investigate the shell stability under the given incubation conditions, both PtBAA@MCNP, and 

PDha@MCNP were dispersed at a concentration of 4.3 g/L and heated to 70 °C for 20 min. It has to be 

mentioned that the PDha@MCNP batch used for the shell stability investigations varies slightly from the 

batch used for incubation experiments concerning the amount of adsorbed PDha. Figure S5A shows the 

thermograms of PtBAA@MCNP1704 and Figure S5B those of PDha@MCNP1604, each before and after 

being stored at 70 °C for 20 min. In average, the PtBAA amount after the treatment is 4.5 ± 0.5 %, 

compared to 4.0 % before the treatment. For PDha@MCNP1604, an average of 7.0 % remains of the initial 

7.5 %. The data are summarized in Table S1 in the supporting information. The results show that both 

coating materials are not affected by the treatment with 70 °C for 20 min. 

Incubation 

 



Incubation 

 

 

Scheme 1: Schematic representation of coating and incubation process. 

General method 

For producing a protein corona around MCNP, the particles have been incubated in FCS serving as natural 

protein source. 1 ml of FCS was given in 2 ml vessels placed in a tempered water bath to guarantee a 

homogeneous temperature distribution throughout the sample. Respective temperatures of 25, 37, 50 

and 70°C (incubation temperature) have been realized by waterbath heating. After applying 750 µl of the 

previously prepared respective 10 g/L MCNP suspension (7.5 mg of MCNP) the MCNP have been kept for 

1, 5, 10 and 20 min (incubation times) in the heated water bath. During the incubation time the suspension 

was treated with ultrasonication in an accordingly tempered ultrasonic bath (S100H, Elmasonic, Germany) 



to re-disperse possible agglomerates for 1 min after 30 s for 30 s, for 5 min after 1 and 3 min for 1 min, for 

10 min after 2 and 8 min for 1 min and for 20 min after 2 and 18 min for 1 min. After the incubation time, 

the samples have been taken out of the water bath and put on a strong magnet to perform magnetic 

separation. The excess FCS was withdrawn and 1 ml of distilled water was added. Afterwards the particles 

were treated again with ultrasonication for 1 min in the US-bath. This washing procedure was repeated 

for 4 times with every sample to get rid of loosely bound proteins and to derive MCNP with a hard corona. 

Afterwards, the washed MCNPs have been mixed together in a glass vessel, ultrasonicated in the US-bath 

for 1 min and the final samples for characterization have been taken (0.7 ml for zeta measurement, DLS 

and VSM; 1.7 ml for PAGE and cytotoxicity studies and 2 ml for TGA and TEM-measurements). The 

incubated MCNP have been stored in the fridge at 4°C and were transported accordingly untill the 

characterization took place. 

Pristine MCNP 

All sample show a zeta potential between -20 und -30 mV, what is considered typical for particle coated 

with a protein corona. As the zeta potential droped from +42.3 ± 6.6 mV, we can conclude, that the 

incubation has been sucessful. The particle size shows no clear trend depending on temperature or 

incubation times, but most of the samples show agglomeration, what can be explained by the missing 

coating and therefore stabilization of the MCNP. 

Figure 2A shows a pseudo color image of the SDS-PAGE gel of incubated MCNP. The semi-quantitative 

analysis of protein band intensities upon SDS-PAGE and silver protein staining of MCNP reveals a time- and 

temperature-dependent influence on protein corona formation. With progressing incubation duration at 

temperatures of both 50 °C and 70 °C an increase in protein amounts detected by this method is clearly 

indicated (Figure 2B). The size-specific distribution of indicated protein bands reveals that at 50 °C the 

ratio of small-molecular-weight proteins (i.e. proteins <25 kDa) time-dependently increases from 44.1 % 

to 51.7 % predominantly in expense of decreasing medium-molecular-weight proteins (i.e. proteins 25--

100 kDa) from 50.2 % to 44.8 % (Figure 2C Vice versa, at 70°C the relative amount of high-molecular-

weight proteins elevates while the fraction of smaller proteins is slightly reduced. Remarkable, the 

incubation of MCNP in FCS temperated at 37°C in general results in a protein corona predominantly 

defined by proteins below 100 kDa, as compared to all other examined incubation temperatures relative 

amounts of larger proteins are smallest (2.8—3.2 %). 



 

Figure 2: Determination of protein content and protein composition of pristine MCNP incubated at different temperatures and 

times: (A) pseudo color image of protein bands upon SDS-PAGE and silver staining, (B-C) relative optical densities of protein 

bands abstracted from (A), , and (D) protein contents calculated from TGA measurements. 

To calculate the protein content from the TGA results, the corresponding water content at 150 °C as well 

as the 4 % weight loss dedicated to the MCNP itself were deducted from the overall weight losses. Prior 

to the incubation in FCS, the MCNP show an overall weight loss of 6.0 %, 2.5 % of which is water (30 – 

150 °C). The remaining 4.0 % are dedicated to carbonates remaining in the cores from the particle 

synthesis. The protein contents after incubation show similar trends as the results obtained from SDS-

PAGE. Incubation at 25 °C and 37 °C show protein contents between 6 and 7.5 % without elevating trends 

of prolonged incubation times. Compared to that, the protein content after incubation at 50 °C increases 

with ascending incubation times from 6 % to 8 %. For the sake of clarity, only the calculated protein 

amounts are discussed thoughout the manuscript, but the thermograms of pristine MNCP prior to, and 

after incubation at 70 °C are exemplarily depicted in Figure 3. The amount of adsorbed protein after 

incubation at 70 °C is further increased from 9 % to 13.5 % (Figure 2D). 



 

Figure 3: Thermograms of pristine MC1702 prior to (black line) and after incubation in FCS at 70 °C for different times: 1 min 

(red line), 5 min (green line), 10 min (blue line), and 20 min (cyan line). Additionally, the key data used for calculations are 

marked: water content (150 °C, dashed blue line), overall weight loss (850 °C, dashed red line), and MCNP carbonate content 

(dashed black lines). 

PtBAA@MCNP 

Like the pristine MCNP all samples show a zeta potential between -20 und -30 mV without a clear trend 

depending on temperature or incubation time, what is also true for the particle size, whereas for most 

samples no significant agglomeration occurs. 

The comparison of various incubation durations for the formation of an FCS-based protein corona on 

PtBAA@MCNP is analyzed semi-quantitatively upon SDS-PAGE and silver protein staining in Figure 4A-C. 

Results indicate that for all investigated incubation temperatures the overall amount of proteins increases 

over time. Concerning identified protein amounts of respective incubation times between the indicated 

temperatures, a clear impact of elevated temperatures on augmented protein adsorption on PtBAA-

coated MCNP can be detected. Interestingly, size distribution-specific analyses of indicated proteins reveal 

that for temperatures of up to 50 °C predominantly low-molecular-weight proteins are increasingly 

involved to an extend of 27.5 % to 40.7 %, whereas the ratio of medium- and high-molecular-weight (i.e. 

>100 kDa) proteins subsequently decrease from 66.2 % and 6.4 % to 55.4 % and 3.9 %, respectively. At 

70 °C reversed effects are observed, as here the fraction of small-molecular-weight proteins shrinks with 

progressing incubation time from 34.5 % to 31.6 %, while both medium- and high-molecular-weight 

proteins expand. 

While the protein content determined via TGA does not show increasing amounts for incubation at 25 °C 

and 37 °C, elevated temperatures (50 °C and 70 °C) do, which corresponds to results obtained from silver 

protein staining upon SDS-PAGE. In case of 25 °C and 37 °C the protein content varies between 6.5 and 7.5 



without trends concerning the incubation times (Figure 4D). For elevated temperatures, the protein 

contents increase with prolonged incubation times from 7 % to 9 % (50 °C), and further from 9 % to 15 % 

at 70 °C. The amounts and trends are comparable to those of the pristine MCNP. 

 

Figure 4: Determination of protein content and protein composition of pristine PtBAA@MCNP incubated at different 

temperatures and times: (A) pseudo color image of protein bands upon SDS-PAGE and silver staining, (B-C) relative optical 

densities protein bands abstracted from (A), and (D) protein contents calculated from TGA measurements. 

PDha@MCNP 

As before, all samples show a zeta potential between -20 und -30 mV. The particle size shows no clear 

trend depending on the incubation temperature and time. As for the PtBAA@MCNP most of the samples 

show no agglomeration. 

Protein adsorption on the surface of PDha@MCNP particles is verified by SDS-PAGE and subsequent silver 

protein staining, too (Figure 5A-C). Data imply that in presence of 25 °C, 37 °C, and 70 °C increasing 

amounts of proteins can be detected for extended particle incubation times in FCS, whereby the highest 

temperature shows most pronounced effects. The direct comparison of incubation temperature-

associated impacts suggests minor protein accumulation at PDha@MCNP at 50 °C in relation to the other 

temperatures investigated.  Focusing on the size-specific protein distribution, only for 50 °C and 70 °C a 

time-dependent increase of small-molecular-weight proteins from 16.2 % and 14.0 % to 23.3 % and 



26.2 %, respectively, at the expense of decreasing medium-molecular-weight protein fractions can be 

observed.  

TGA analyses show distinctly decreased amounts of protein adsorbed to the surface of PDha@MCNP 

compared to pristine MCNP and PtBAA@MCNP under all incubation conditions. All contents vary between 

4.0 % and 4.5 % for incubation temperatures between 25 °C and 50 °C. Only the contents determined after 

incubation at 70 °C show a clear trend, as they increase from 3.5 % to 5.5 % with increasing elevated times 

(Figure 5D). 

 

Figure 5: Determination of protein content and protein composition of pristine PDha@MCNP incubated at different 

temperatures and times: (A) pseudo color image of protein bands upon SDS-PAGE and silver staining, (B-C) relative optical 

densities of protein bands abstracted from (A), and (D) protein contents calculated from TGA measurements. 

MCNP pristine vs. PtBAA vs. PDha 

The direct comparison of particle surface charge effects on the protein corona formation for selected 

incubation temperatures and durations is presented in figure Figure 6A-C. In agreement with the data 

above, the results clearly show that most protein accumulation on MCNP is found when no additional 

coating is present. In contrast, PDha-based coating significantly reduces the amount of adsorbed proteins, 

whereas MCNP coated with PtBAA show intermediate deposition levels. Interestingly, major detected 

differences in protein size distributions dependent on the type of particle coating, too. In case of pristine 



MCNP, ratios of medium-sized proteins (51.6—54.6 %) are comparable to the fraction formed by both 

small- and high-molecular weight proteins. In contrast, protein coronas of PDha@MCNP are predominated 

by the fraction of medium-sized proteins (66.7—88.5 %) with even increasing amounts for elevated 

temperatures and incubation times and minimal fractions of small-molecular-weight proteins compared 

to other coating types. In context of PtBAA@MCNP, medium-molecular-weight proteins are most 

abundant as well (71.2—74.5 %), however, the ratio of high-molecular-size proteins is lower compared to 

both pristine MCNP and PDha@MCNP. 

While, the direct comparison of particle surface coating by means of SDS-PAGE and silver protein staining 

does not reproduce the enhancing effects on protein adsorption by elevated incubation temperature and 

–time as shown above, protein amounts determined by TGA do especially in case of pristine MCNP and 

PtBAA@MCNP. In addition, the general trend between the different coatings by TGA is confirmed, since 

the amount of protein adsorbed to the pristine particles is distinctly higher (Figure 6D, 7.0 – 12.0 %) then 

for PtBAA@MCNP (5.5 – 9.0 %), and PDha@MCNP (0.5 – 2.5 %). 

 

Figure 6: Determination of protein content and protein composition of pristine PtBAA@MCNP incubated at different 

temperatures and times: (A) pseudo color image of protein bands upon SDS-PAGE and silver staining, (B-C) relative optical 

densities of protein bands abstracted from (A), and (D) protein contents calculated from TGA measurements. 

In order to get a closer insight into the protein corona composition in dependence of particle surface 

charge, the presence of two distinct proteins is specifically quantified via western blot assays. In particular, 



small-molecular-sized apolipoprotein (Apo-)AI (28 kDa) and medium-molecular-size albumin (67 kDa) are 

analyzed and shown in Figure 6. In agreement with data discussed above, the amount of Apo-AI is minimal 

for PDha@MCNP (13.1—36.4 %), whereas associated to PtBAA-coated and especially pristine MCNP 

increasing amounts of this protein can be found of up to 227.4 % and 163.1 % normalized to reference 

samples. While for both pristine and PtBAA coated particles in general more Apo-AI can be detected upon 

incubations at 70 °C (163.1 % and 227.4 %) as compared to 37 °C (67.5 % and 43.4 %), elongated 

incubation for 20 min strongly reduces its presence within the protein corona as compared to a respective 

5-minutes incubation. Nevertheless, reference samples of FCS analogously treated with indicated 

temperatures and durations imply, that elevated incubation temperature and time seems to enhance the 

amount of Apo-AI detected via this method. A plausible reason for that cannot be found, but apparently 

the elevated variability of means obtained from repetitive experiments may contribute to this misleading 

impression. In context of albumin, this effect is not observed in FCS references, where similar protein 

amounts are detected independent from temperature and incubation time. Comparing albumin amounts 

among the distinct MCNP formulations, only PDha-coated particles show minor contents of 18.9 % and 

16.9 % in case of 37 °C. Incubated at 70 °C, these particles as well as pristine and PtBAA-coated particles 

at both 37 °C and 70 °C possess graded amounts of albumin of up to 53.1 %. Correlating these findings of 

specific protein stain revealed by western blot analysis to the general silver protein staining, data of 

albumin and medium-sized particle fractions mostly coincide with regards to PDha- and PtBAA-coated 

MCNP particles. In case of pristine MCNP, albumin appears underrepresented relative to the other two 

particle types. This indicates, that medium-sized proteins other than albumin may play a critical role in the 

temperature- and time-dependent formation of the protein corona on the surface of these non-coated 

particles. Similarly, data found for small-molecular-weight proteins upon silver staining are not completely 

reflected by the specific detection of Apo-AI especially in case of 5-minute incubations at 70 °C. The strong 

overrepresentation of Apo-AI in the protein corona of pristine (163.1 %) and PtBAA-coated (227.4 %) 

MCNP compared to the silver staining-based evaluation of small-molecular-sized proteins in general 

underlines the pivotal role of Apo-AI in small-molecular-weight protein fractions during short-term 

incubations at elevated temperatures.  



 

Figure 6: Specific analysis of albumin and apolipoprotein AI (Apo-AI) present in protein coronas of pristine PtBAA@MCNP 

incubated at different temperatures and times: (A) western blot membranes stained for albumin and Apo-AI. (B) optical 

densities of albumin protein bands abstracted from (A) relative to reference BSA (b). (C) optical densities of Apo-AI protein 

bands abstracted from (A) relative to reference HepG2 cell lysates (h). 

  



Conclusion 

We showed the synthesis and incubation of pristine multicore magnetic nanoparticles and with anionic or 

zwitterionic coatings. The biocompatibility of all materials was verified by PrestoBlue cell viability assays. 

After incubation in FCS for different times (1-20 minutes) and at different temperatures (25 – 70 °C), the 

adsorbed protein amount was quantified using TGA. The results showed that at lower temperatures (25 

and 37 °C) the amount of protein does not increase with increasing incubation times for all sample.  At 

elevated temperatures of 50 and 70 °C the overall amount of protein was increased over time for pristine 

and PtBAA coated particles. Compared to these samples, PDha coated MCNP showed drastically decreased 

adsorption of protein for all incubation times and temperatures. The general trends observed could also 

be approved by semi-quantitative analysis of SDS-page gels, which furthermore allowed insight into the 

composition of the protein corona. Although both coating material and temperature seem to influence 

the ratios between low molecular weight protenis (<25 kD), medium molecular weight proteins (25- 100 

kD), and high molecular weight (>100 kD) proteins, no general trends could be derived from the obtained 

data. Specific analysis of albumin and apolipoprotein via western blotessays revealed that for 

PDha@MCNP the amount of albumin is distinctly decreased compared to pristine and PtBAA coated MCNP 

at low incubation temperatures. We furthermore were able to reproduce the general results using smaller 

superparamagnetic iron oxide nanoparticles. Our findings show that PDha as a zwitterionic coating inhibits 

the adsorption of proteins from serum to nanoparticles. 

  



Experimental part 

Synthesis of MCNP 

The iron oxide nanoparticles used in this paper were prepared similar to the well-known wet chemical 

precipitation method[44] but using a 1.17-M NaHCO3 solution.[42] The solution was directly added under 

constant stirring to a FeCl2/FeCl3 solution with a Fe2+/Fe3+ ratio of 1:1.7 with a rate of 0.9 ml/min and a 

brownish precipitate occurred. After the addition of distilled water, the particles were boiled for 5 min at 

100 °C. That way multi-core MNP were formed by release of CO2, and the color of the suspension turned 

black. Afterwards, the MNP were magnetically separated using a high-performance permanent magnet 

and washed with distilled water twice to remove excess educts. To avoid aggregation and stabilize the 

particles in suspension 200 µl of 1M HCl have been added and the suspension has been treated with 

ultrasonication for 1 min (Sonopuls GM200, BANDELIN electronic, Berlin, Germany). 

PtBAMA 

A solution of 58 mg (0.168 mmol) TPO in 6 mL 1,4-dioxane was added to 6 g (19.8 mmol) of tBAMA (M:I = 

200:1). The mixture was placed in an UV-cube (250 W) for 5 minutes. The polymer was precipitated in a 

mixture of ethyl acetate and hexane (1:4). Yield: 52 % 

1H-NMR: (300 MHz, CDCl3): δ = 5.4 (b, 1H, NH), 3.7 (3H, OCH3), 1.4 (9H, Boc) 

PtBAA 

500 mg of PtBAMA were dissolved in 10 mL 1,4-dioxane and a solution of 2.5 g LiOH (~45 eq.) in 10 mL 

H2O was added. The mixture was stirred at 80 °C for 3 hours freeze dried and dialyzed against water. Yield: 

90 % 

1H-NMR: (300 MHz, D2O/NaOD): δ = 5.7 (b, 2H. CH2), 1.3 (s, 7H, Boc), 

PDha 

500 mg of PtBAMA were dissolved in a mixture of 1 mL H2O and 4 mL trifluoroacetic acid (TFA) and stirred 

for 1h at 50 °C. The product was precipitated in methanol. The resulting solid was dissolved in 10 mL 1,4-

dioxane and a solution of 2.5 g LiOH (~45 eq.) in 10 mL H2O was added. The mixture was stirred at 100 °C 

for 3 hours and neutralized with diluted HClaq. During the neutralization, PDha precipitated. Yield: 97 % 

PtBAA@MNP 



3.2 g PtBAA were dissolved in 160 mL water/NaOH mixture at pH = 12. The solution was carefully brought 

to pH = 5 with 0.1 M HCL. 800 mg of the respective MNP dispersion (20 g/L, 40 mL) were added to the 

solution and the mixture was ultrasonnicated for 1 hour. The particles were magnetically separated and 

washed with micropure water 5 times. 

PDha@MNP 

3.2 g PDha were dissolved in 160 mL water/NaOH mixture at pH = 12. The solution was carefully brought 

to pH = 5 with 0.1 M HCL. 800 mg of the respective MNP dispersion (20 g/L, 40 mL) were added to the 

solution and the mixture was ultrasonnicated for 1 hour. The particles were magnetically separated and 

washed with micropure water 5 times. 

Protein analysis via silver staining 

The non-specific analysis of proteins present within the protein corona was performed by SDS-PAGE 

followed by silver staining as described before.[45-46] In brief, 8.0 µg nanoparticle formulations were diluted 

in lysis buffer (20 mM HEPES, 150 mM NaCl, 10 mM EDTA, 2 mM EGTA, 1% (v/v) Triton X-100, 10 mM 

Na4P2O7, 50 mM NaF, 2 mM Na3VO4, 10 µg/ml aprotinin, 1 µM pepstatin, 10 µM leupeptin, 500 µg/ml 

pefabloc) and mixed with 4 x XT sample buffer and 20 x Reducing Agent (both Bio-Rad, Hercules, USA). 

Heat denaturation was carried out for 5 min by incubatiion at 95°C. before samples were loaded on a 4-

12% Bis-Tris gel (Bio-Rad). Upon electrophoretic protein separation (45 V, maximal 300 mA, 90 min) 

according to molecular sizes along with a Kaleidoscope protein standard ladder (Bio-Rad), protein bands 

were visualized by silver staining (SilverXpress Silver Staining Kit, Thermo Fisher Scientific, Waltham, USA). 

Acquired gray-scale gel images were converted to alternative color maps by MATLAB (MathWorks, 

Natick, USA). Semi-quantitative analyses of optical protein band intensities were performed using ImageJ 

1.50e (Wayne Rasband, National Institutes of Health, USA).   

Protein analysis via Western blot assay 

For the specific detection of proteins SDS-PAGE was performed as stated above. After gel run, proteins 

were blotted on PVDF Trans-Blot membranes using the Trans Blot Turbo Transfer system with a constant 

current of 1.0 A for 30 min at a maximum of 25 V. Protein studded PVDF membranes were blocked with 

5% (w/v) skimmed milk blocking buffer (20 mM tris(hydroxymethyl)aminomethane, 0.1% (v/v) Tween 

20) and incubated with Apo-AI- (#A55259, EpiGenTek, Farmingdale, USA) or albumin- (#A11133, Thermo 

Fisher Scientific) binding antibodies diluted 1:1000 in 5% skimmed milk blocking buffer at 4°C over night. 

After three washing steps using TBS-T (20 mM tris(hydroxymethyl)aminomethane TBS, 0.1% (v/v) Tween 



20) membranes were incubated with secondary horseradish-labeled α-rabbit IgG antibodies (#7074, Cell 

Signaling Technologies, Danver, USA, 1:1000 diluted in TBS-T). Upon another three washing steps, 

chemiluminescent signals were detected at the LAS4000 (GE Healthcare Life Science, Buckinghamshire, 

UK) via ECL reagents (Thermo Fisher Scientific). Semi-quantitative analyses of optical protein band 

intensities were performed using ImageJ 1.50e.  

PrestoBlue cell viability assay 

Cell viability studies upon exposure to indicated particle formulations were performed utilizing human 

brain microvascular endothelial cells (HBMEC). Cells seeded into black-walled 96-well plates (µ-Clear, F-

bottom,  Greiner Bio-One, Frickenhausen, Germany) in triplicates were incubated with particle 

concentrations between 5—100 µg/cm2 (corresponding to 19--378 µg/ml), water (negative control), or 

polythylenimine-coated PEI-M particles (positive control). After 3 h and 24 h PrestoBlue  cell viability 

Reagent (Thermo Fisher Scientific) was added and incubated at 37°C for further 30 min. After annular 

magnetic sedimentation of particles to the well periphery fluorescence at 600 nm (40 nm bandwidth) was 

detected upon excitation with 545 nm (20 nm bandwidth) using the CLARIOstar microplate reader (BMG 

LABTECH GmbH, Orthenberg, Germany). Nanoparticle-associated auto-fluorecence effects were verified 

by carrying along cell-free wells treated with particles. Furthermore, quenching  effects were monitored 

by comparison of fluorescent signals before and subsequently after particle addition into cell-seeded 

control wells. 

Instrumentation 

Size exclusion chromatography in CHCl3: SEC measurements were performed on a Shimadzu system 

equipped with a Size exclusion chromatography (SEC) SCL-10A system controller, a LC-10AD pump, and a 

RID-10A refractive index detector using a solvent mixture containing chloroform, triethylamine, and 

isopropanol (94:4:2) at a flow rate of 1 mL min-1 on a PSS-SDV-linear M 5 μm column at 40°C. The system 

was calibrated with PMMA (410-88 000 Da) standards. Zeta potential measurements: the zeta potentials 

were measured on a ZetaSizer Nano ZS from Malvern via M3-PALS technique with a laser beam at 633 nm. 

The detection angle was 13°. Malvern Software (version 7.11).. Dynamic light scattering: Dynamic light 

scattering (DLS) measurements were performed using an ALV Laser CGS3 Goniometer equipped with a 

633 nm HeNe Laser. DLS measurements were performed at 25 °C and at a detection angle of 90°. The 

CONTIN algorithm was used to evaluate the obtained data. Transmission electron microscopy (TEM): For 

TEM from aqueous solutions, copper grids were rendered hydrophilic by Ar plasma cleaning for 30 s 

(Diener Electronics). 15 µL of the respective sample solution were applied to the grid and excess sample 



was blotted with a filter paper. TEM images were acquired with a 200 kV FEI Tecnai G2 20 equipped with 

a 4k x 4k Eagle HS CCD and a 1k x 1k Olympus MegaView camera for overview images. UV-Irradiation was 

carried out using a Hoehnle UVACUBE 100 equipped with a 250 W lamp. Ultrasonication was performed 

using an ElmaSonic S30H ultrasonic unit. Thermogravimetric Analysis: The samples were magnetically 

separated and freeze dried for 72 hours. TGA measurements were carried out from 30 °C up to 800 °C 

under nitrogen with a heating range of 10 K/min in a Perkin Elmer TGA8000 device. 
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Calculation of protein content from TGA 

 

Equation 1 

= + −  

with   

• rs  shell thickness 

• rc core radius 

• ρc core density 

• ρs shell density 

• WL weight loss dedicated to shell 

• RM residual mass 

The densities of the coating materials were determined using a 5 mL pycnometer. 

δ(PtBAA) = 0.918 g/cm3 δ(PDha) = 1.11 g/cm3 

 

Characterization of polyelectrolyte@MCNP 

 

PtBAA@MCNP 

PtBAA@MCNP show a decreased zeta potential of -39.7 ± 12.1 mV. TGA measurements show an overall 

weight loss of 7.5 %, resulting in a PtBAA content of 4.0 % after deduction of 1.0 % water content and 

2.5 % weight loss of pristine MCNP (Figure S1B). To investigate the shell stability during the incubation 

conditions, 1 mL water was heated to 70 °C and 750 µL PtBAA@MCNP (10 g/L) were added. The mixture 

was heated to 70 °C for 20 min, cooled to room temperature, magnetically separated and freeze dried. 

Subsequently, a TGA measurement was performed. Results show a PtBAA content of 4.0 %. The 

calculation leads to a theoretical shell thickness of 3.3 nm. Dynamic light scattering (DLS) as well as 

transmission electron microscopy (TEM) investigations show a thin organic shell around the particles 

(Figure S2). 

 



 

Figure S 1: Figure 31: (A) Number-weighted DLS CONTIN plots of MC1704 (solid black line, <Rh>n,app = 39 nm; diameter of 78 

nm), and PtBAA@MC1704 (solid blue line, <Rh>n,app = 62 nm; diameter of 124 nm), and (B) thermograms of MC1704 (solid 

black line, 4.5 % overall weight loss), and PtBAA@ MC1704 ( solid blue line, 7.5 %). 

 

 

Figure S2: TEM micrographs of PtBAA@MC1707, showing small aggregates with a thin shell of organic material. 

 

PDha@MCNP 

PDha@MCNP 

The Zeta-potential of PDha@MCNP is decreased to -36.7 ± 4.3 mV compared to +42.3 ± 6.6 mV for the 

pristine MCNP. TGA measurements show an overall weight loss of 10.0 %, resulting in a PDha content of 

5 % after deduction of 2.0 % water content and 3.0 % weight loss of pristine MCNP (FigureS3B). In 

consequence, a shell thickness of 2.1 nm is calculated. This value is also confirmed by investigations via 

TEM (Figure S4B). Table S1 sums up the data of the MCNP used for the following incubation experiments 



 

Figure S3: (A) Number-weighted DLS CONTIN plots of pristine MC1606 (black line, <Rh>n,app = 26 nm; diameter of 52 nm), and 

PDha@MC1606 (purple line, <Rh>n,app = 44 nm; diameter of 88 nm); and (B) thermograms of pristine MC1606 (black line, 

overall weight loss of 5.0 %), and PDha@MC1606 (purple line, 10.0 %). 

 

 

Figure S4: TEM micrographs of (A) pristine MC1606 with an average diameter of 50 ± 5 nm, and (B) PDha@MC1606 showing a 

shell of organic material (purple arrows) with an average thickness of 3 nm. 

  



Investigation of shell stability under incubation conditions 

 

 

Figure S5: Thermograms of (A) PtBAA@MCNP1704 (blue line, 7.5 % overall weight loss), and PtBAA@MCNP1704 after 20 min 

at 70 °C (cyan and pink line, average of 8.0 %), and (B) pristine MCNP1604 (black line, 5 %), PDha@MCNP1604 (purple line, 13 

%), and PDha@MCNP1604 after 20 min at 70 °C (green and blue line, average of 11.5 ± 0.5 %). 

 

Table S1: Weight losses and calculated polyelectrolyte contents of MC with different coatings before and after treatment at 

70 °C. 

sample overall weight 

loss 

solvent content particle weight 

loss 

PE content 

MC1704 4.5 2.5 2.5 - 

PtBAA@MC1704 7.5 1.0 6.5 4.0 

PtBAA@MC1704 

after 20 min @ 70 

°C 

8.0 1.5 7.0 ± 0.5 4.5 ± 0.5 

MC1604 5.0 2.0 3.0 - 

PDha@MC1604 13.0 2.5 10.5 7.5 

PDha@MC1604 

after 20 minutes 

@ 70 °C 

11..5 1.5 10 7.0 

 

  



Biocompatibility 

 

Figure S6: PrestoBlue cell viability assay of differently coated MCNP and SCNP incubated at different temperatures and times. 

HBMEC seeded into 96-well plates in triplicate were incubated with 100 µg/cm2 (equal to 378 µg/ml) of indicated particles for 

24 h. Positive and negative controls were analogously treated with aqua bidest. or cationic polyethylenimine-coated PEI-M, 

respectively. Detected fluorescence upon incubation with PrestoBlue reagent is normalized to positive controls. 

 

Investigation of protein adsorption to SPION 

 

Sample Rh (Dh)a 

 

[nm] 

Zeta 

potentialb 

[mV] 

Carbonate 

contentc 

[%] 

PE contentc 

 

[%] 

calc. shell 

thicknessd 

[nm] 

SC1702 5 (10) +33.4 ± 5.2 5.5 - - 

PtBAA@SC1702 5 (10) -40.4 ± 5.8  2.0 0.2 

PDha@SC1604_2 3.5 (7) -43.4 ± 6.1  12.5 0.7 

 

Compared to MCNP, the protein amounts are strongly increased, which is explained by an increased 

surface/Volume ratio of the smaller particles. Again, incubation times have only negligible influence o 

the protein amount al temperatures >50 °C. At 50 and 70 °C, the protein amounts increase with 

increasing incubation times as shown for the MCNP. PtBAA@SPION show comparable amounts as 

pristine SPION, but slightly decreased vlues at the elevated temperatures. PDha@SPION show decreased 

adsorption under all conditions. 



 

Figure S7: (A) protein amounts determined by TGA: pristine SPION (black bars), PtBAA@SPION (blue bars), and PDha@SPION 

(purple bars), (B-D) relative optical densities of protein bands abstracted from SDS-PAGE gels of (B) pristine SPION, (C) 

PtBAA@SPION, and (D) PDha@SPION. 
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Materials and Methods 

Instrumentation 

 

Size exclusion chromatography in CHCl3: SEC measurements were performed on a Shimadzu 

system equipped with a Size exclusion chromatography (SEC) SCL-10A system controller, a LC-

10AD pump, and a RID-10A refractive index detector using a solvent mixture containing 

chloroform, triethylamine, and isopropanol (94:4:2) at a flow rate of 1 mL min
-1

 on a PSS-SDV-

linear M 5 μm column at 40°C. The system was calibrated with PMMA (410-88 000 Da) 

standards. 

Zeta potential measurements: the zeta potentials were measured on a ZetaSizer Nano ZS from 

Malvern via M3-PALS technique with a laser beam at 633 nm. The detection angle was 13°. 

Dynamic light scattering: Dynamic light scattering (DLS) measurements were performed using 

an ALV Laser CGS 3 Goniometer equipped with a 633 nm HeNe Laser. DLS measurements 

were performed at 25 °C and at a detection angle of 90°. The CONTIN algorithm was used to 

evaluate the obtained data. 

Thermogravimetric Analysis: The samples (prepared and washed as described in the 

nanoparticle coating section) were magnetically separated and freeze dried for 72 hours. TGA 

measurements were carried out from 30 °C up to 800 °C under air with a heating range of 10 

K/min in a Perkin Elmer TGA8000 device. 

UV/Vis measurements were performed on an Agilent Cary 60 in a Hellma quarz glass cuvette 

with a path length of 10 mm at room temperature in solvent. The absorbance was measured in a 

range from 200 nm to 800 nm in 5 nm steps. 
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Calculations of MB Content 

UV/Vis measurements of a series of MB solutions at varying concentration were performed at pH 

= 7. The resulting calibration curve is shown in Figure S4. 

 
Figure S4. Calibration curves for concentration calculation of MB. 

Equation 1. pH = 7:                            pH = 2:                          

  



    

 - 6 - 

Table S2. Amounts of MB calculated from the UV/Vis adsorptions of initial solutions, 

supernatants after washing and desorption steps (all solutions had a volume of 1ml), and 

deviations between initial content, and the actual amount desorbed from the particles. 

Sample Intensity 

(664 nm) 

m (MB) 

[µg] 

Overall amount of 

MB 

[µg] 

Deviation 

[µg (%)] 

2.5 mg 

MB solution 1.705 8.88  

3.03 

(34.1) 

after MCNP 0.467 2.32 

5.86 

 

washing step 1 0.173 0.76 

washing step 2 0.106 0.41 

washing step 3 0.125 0.51 

washing step 4 0.079 0.26 

washing step 5 0.077 0.25 

washing step 6 0.062 0.17 

washing step 7 0.000 0.00 

pH = 2_1 0.245 1.21 

pH = 2_2 0.000 0.00 

5 mg 

MB solution 1.535 7.98  

3.08 

(38.6) 

 

after MCNP 0.231 1.07 

4.90 

 

washing step 1 0.077 0.25 

washing step 2 0.086 0.30 

washing step 3 0.040 0.06 

washing step 4 0.054 0.13 

washing step 5 0.056 0.14 

washing step 6 0.047 0.09 

washing step 7 0.063 0.18 

pH = 2_1 0.507 2.67 

pH = 2_2 0.027 0.00 
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Table S3. Amounts of MB calculated from the UV/Vis adsorptions of initial solutions, 

supernatants after washing and desorption steps (all solutions had a volume of 1ml), and 

deviations between initial content, and the actual amount desorbed from the particles. 

Sample 

Intensity 

(664 

nm) 

m (MB) 

[µg] 

Overall amount of 

MB 

[µg] 

Deviation 

[µg (%)] 

15 mg 

MB solution 1.631 8.49   

after MCNP 0.032 0.02 

5.02 
3.27 

(38.6) 

washing step 1 0.059 0.16 

washing step 3 0.041 0.06 

pH = 2_1 0.928 5.02 

pH = 2_2 0.042 0.08 

pH = 2_3 0.000 0 

 

Table S4. Amounts of MB calculated from the UV/Vis adsorptions of initial solutions, 

supernatants after adsorption to 2.5 mg PDha@MCNP (all solutions had a volume of 1ml), and 

calculated ratios of Dha:MB. 

Sample 
Intensity 

(664 nm) 

m1 (MB) 

[mg] 

m2 (MB) 

[mg] 

Adsorbed 

MB [mg] 

Ratio 

Dha:MB 

MB 

0.55 

mg/ml 

MB 

solution 
1,07171

[a] 
0,00553

[a]
 0,55256

[c]
 

0,04433 

 
14 

after 

MCNP 
0,98806

[a]
 0,00508

[a]
 0,50823

[c]
 

MB 

0.31 

mg/ml 

MB 

solution 
0,60856

[a]
 0,00307

[a]
 0,30709

[c]
 

0,04082 

 
16 

after 

MCNP 
0,53154

[a]
 0,00266

[a]
 0,26627

[c]
 

MB 

0,05 

mg/ml 

MB 

solution 
1,03249

[b]
 0,00532

[b]
 0,05318

[d]
 

0,01718 

 
37 

after 

MCNP 
0,70836

[b]
 0,00360

[b]
 0,03600

[d]
 

MB 

0,03 

mg/ml 

MB 

solution 
0,60263

[b]
 0,00304

[b]
 0,03040

[d]
 

0,01544 

 
42 

after 

MCNP 
0,31123

[b]
 0,00150

[b]
 0,01495

[d]
 

MB 

0,008 

mg/ml 

MB 

solution 
1,705 0,00888 0,00888 

0,00656 98 
after 

MCNP 
0,467 0,00232 0,00232 

[a] obtained from a solution diluted by 100 [b] obtained from a solution diluted by 10 [c] m1 

multiplied by 100 [d] m1 multiplied by 10 
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Table S5. Amounts of MB calculated from the UV/Vis adsorptions of initial solutions, 

supernatants after washing and desorption steps (all solutions had a volume of 1ml), and 

deviations between initial content, and the actual amount desorbed from the particles. 

Sample Intensity 

(664 nm) 

m (MB) 

[µg] 

Overall amount of 

MB 

[µg] 

Deviation 

[µg (%)] 

pH = 3 

 

MB solution 1.301 6.74   

after MCNP 0.000 0.00 

3.24 
3.50 

(51.9) 

washing step 1 0.031 0.01 

washing step 2 0.041 0.06 

pH = 3_1 0.609 3.08 

pH = 3_2 0.047 0.10 

pH = 3_3 0.005 N/D 

pH = 3_4 0.000 0.00 

 pH = 2 0.000 0.00   

 

Table S6. Amounts of MB calculated from the UV/Vis adsorptions of initial solutions, 

supernatants after washing and desorption steps at pH = 4 (all solutions had a volume of 1ml), 

and deviations between initial content and the actual amount desorbed from the particles. 

Sample Intensity 

(664 nm) 

m (MB) 

[µg] 

Overall amount of MB 

[µg] 

Deviation 

[µg (%)] 

pH = 4 

 

MB solution 1.301 6.74   

after MCNP 0.000 0.00 

2.80 3.94 (58.4) 

washing step 

1 
0.020 N/D 

washing step 

2 
0.045 0.08 

pH = 4_1 0.355 1.73 

pH = 4_2 0.172 0.76 

pH = 4_3 0.082 0.28 

pH = 4_4 0.029 N/D 

 pH = 2 0.000 6.74   
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Table S7. Amounts of MB calculated from the UV/Vis adsorptions of initial solutions, 

supernatants after washing and desorption steps at pH = 5 (all solutions had a volume of 1ml), 

and deviations between initial content and the actual amount desorbed from the particles. 

Sample Intensity 

(664 nm) 

m (MB) 

[µg] 

Overall amount of MB 

[µg] 

Deviation 

[µg (%)] 

pH = 5 

 
MB solution 1.301 6.74   

 

after MCNP 0.000 0.00 

1.77 

 
5.0 (73.8) 

washing step 

1 
0.048 0.10 

washing step 

2 
0.013 N/D 

pH = 5_1 0.032 0.02 

pH = 5_2 0,027 N/D 

pH = 5_3 0,018 N/D 

pH = 5_4 0,029 N/D 

pH = 2 0.323 1.65 

 

Table S8. Amounts of MB calculated from the UV/Vis adsorptions of initial solutions, 

supernatants after washing and desorption steps at pH = 6 (all solutions had a volume of 1ml), 

and deviations between initial content and the actual amount desorbed from the particles. 

Sample Intensity 

(664 nm) 

m (MB) 

[µg] 

Overall amount of MB 

[µg] 

Deviation 

[µg (%)] 

pH = 6 

 

MB solution 1.304 6.76   

after MCNP 0.000  0.00 

1.66 

 
5.10 (75.4) 

washing step 1 0.022  N/D 

washing step 2 0.058 0.15 

pH = 4_1 0.038 0.05 

pH = 4_2 0.037 0.04 

pH = 4_3 0.033 0.02 

pH = 4_4 0.030 0.01 

pH = 2 0.278 1.39 
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Table S9. Amounts of MB calculated from the UV/Vis adsorptions of initial solutions, 

supernatants after washing and desorption steps in 9 consecutive cycles (all solutions had a 

volume of 1ml), and deviations between initial content and the actual amount desorbed from the 

particles. 

Cycle  Initial MB 

solution 

After MCNP Desorption 

supernatant 

Sum (after 

+ 

desorbed) 

Deviation 

 Intensity m [µg] Intensity 
m 

[µg] 
Intensity 

m 

[µg] 
[µg] [µg (%)] 

1 1.631 8.490 0.03236 0.017 0.928 5.017 5.034 3.456 (41) 

2 1.557 8.098 0.59189 2.983 0.889 4.803 7.786 0.312 (4) 

3 1.557 8.098 0.63627 3.218 0.903 4.882 8.100 0.000 (0) 

4 1.557 8.098 0.70878 3.602 0.827 4.456 8.058 0.040 (0.5) 

5 1.557 8.098 0.27935 1.326 1.031 5.594 6.920 1.178 (15) 

6 1.557 8.098 0.50696 2.532 0.928 5.017 7.549 0.549 (7) 

7 1.557 8.098 0.53223 2.666 0.812 4.374 7.041 1.057 (13) 

8 1.557 8.098 0.36105 1.759 0.893 4.821 6.581 1.517 (19) 

9 1.557 8.098 0.57766 2.907 0.739 3.968 6.875 1.223 (15) 

 

 

 

Zeta Potential 

Table S10. Zeta potentials of MCNP nad PDha@MCNP prior to and after adsorption of MB. 

sample zeta potential
a
 

[mV] 

MCNP +45.5 ± 10.4 

PDha@MCNP -41.8 ± 20.2 

MB@PDha@MCNP -38.3 ± 9.5 

PDha@MCNP after MB desorption -34.9 ± 4.8 

a) determined using a Malvern Zetasizer Nano ZS 
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Irreversible Binding of MB 
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Figure S5. UV/Vis spectra of the supernatant of PDha@MCNP after desorption of MB (black 

line), and a solution of the same sample after dissolution of the MCNP cores in conc. HCl (red 

line), showing the presence of MB (inset). 
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Abstract 

The inevitable formation of a protein corona upon contact of nanoparticles with different biological fluids 

is of great interest in the context of biomedical applications. It is well established that the surface 

chemistry of the respective nanomaterial has tremendous impact on protein adsorption, both in terms of 

the actual amount as well as the type of proteins adsorbed. In that regard, especially polyzwitterions are 

discussed as coating materials as they are known to partially inhibit protein adsorption. We herein present 

comparative incubation studies on iron oxide nanoparticles (either single core (SPION) or multicore 

nanoparticles (MCNP)) after coating with either polyanionic or polyzwitterionic polymeric shells based on 

polydehydroalanine (PDha). Apart from varying surface charge and chemistry, also the influence of 

incubation time and temperature on the formation and composition of a protein corona upon exposure 

to fetal calf serum (FSC) was investigated. The amounts of adsorbed protein were determined using 

thermogravimetric analysis (TGA), whereas SDS-PAGE experiments revealed information on the corona 

composition. Our results show that distinctly lower amounts of proteins are adsorbed onto 

polyzwitterionic hybrid nanoparticles in general, but also the corona composition varies as indicated by 

elevated relative ratios of medium molecular weight proteins (i.e. proteins 25--100 kDa) via non-specific 

silver protein staining as well as increasing relative amounts of albumin (67 kDa) via specific Western blot 

assays on PDha-coated MCNP. 
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Introduction 

During the last decades, magnetic nanoparticles (MNP) have gained huge interest in different research 

fields.1-4 Especially for biomedical applications like hyperthermia5-7 and drug delivery,8-10 such materials 

are of great interest due as they allow mechanical manipulation or heating by external alternating 

magnetic fields. Additionally, they provide the ability of enhancing contrast in magnetic resonance imaging 

(MRI),11-12 and therefore have potential in simultaneous imaging and therapeutic approaches 

(theranostics). Regarding biomedical applications, potential nanoparticle systems face several problems: 

at first, the materials need to be inherently biocompatible and therefore, iron oxide nanoparticles are 

often preferred compared to nanoparticles made of alternative magnetic materials like Ni or Co.13-15 

Promising magnetic properties with regard to medical applications are observed for so-called multicore 

magnetic nanoparticles (MCNP).16 MCNP show superparamagnetic behavior in the absence, but 

ferrimagnetic behavior upon exposure to an external magnetic field. In combination with a superior 

heating performance, MCNP have high potential for hyperthermia applications.17-19 In addition, also 

SPIONs are of interest for medical applications, especially for applications where small hydrodynamic 

diameters and high aspect ratios are of interest as for example in the design of contrast agents for MRT.20-

25 

Independent of the nanoparticle nature, size, or shape, upon addition of such materials to a biological fluid 

protein adsorption to the surface occurs, leading to the formation of a protein corona.26 This corona has 

tremendous influence on the dispersion stability of the particles in terms of secondary aggregation, 

recognition by the immune system, as well as nanoparticle cell interactions.27 It has been shown that the 

formation of the protein corona is a dynamic process,28-29 which is influenced by several factors, including 

medium composition,30 temperature and incubation time, as well as size and surface chemistry of the 

respective nanoparticles.31-34 Besides effects on dispersion stability, it has also been shown that the protein 

corona plays an important role during cellular uptake35 and subsequent intracellular processes once such 

materials have been internalized by cells.36 Even more, the presence of a protein layer was shown to 

reduce unspecific cellular uptake for nanoparticles featuring a surface coating of poly(ethylene oxide) 

(PEO) or poly(ethyl ethylene phosphate) (PEEP) – both belonging to the class of so- alled stealth  

polymers.37 While several studies so far have described amount and composition, recent efforts have 

started to focus on a more quantitative description of the underlying kinetics governing protein corona 

formation38 or, as an additional tool, measures to visualize the protein layer by electron microscopy – 

thereby also distinguishing et ee  the hard  a d the soft  part of the oro a.39 
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The surface chemistry of MNP can easily be tuned using different coating materials such as surfactants or 

polyelectrolytes and hybrid materials consisting of magnetic cores and an organic shell are widely used in 

biomedical research.4, 40-41 Polyelectrolyte coatings can stabilize NP dispersions due to high charge 

densities and, in addition, polymer platforms can be used to impart further functionality e.g., targeting, 

stealth,42-43 or anti-fouling properties. Polyzwitterions, a subclass of polyelectrolytes bearing both cationic 

and anionic charges at every repeating unit of the polymer backbone,44-45 often show anti-fouling 

properties in terms of reduced unspecific protein adsorption.46-47 This is dedicated to the high hydration 

capacity of the charged polymer backbones.48 Typical examples for polyzwitterions showing antifouling 

behavior are poly(betaines) like poly(carboxybetaine acrylamide) (PCBAA),49 poly(sulfobetaine 

methacrylate) (PSBMA),50 or poly(carboxybetaine methacrylate) (PCBMA).51 The immobilization of PCBMA 

on the surface of magnetic nanoparticles has been shown to lead to reduced protein adsorption,52 and 

Pombo-Garcia et al. reported on similar effects for SPIONs after coating with 3-

(dimethylamino)propylamine functionalized poly(maleic anhydride-alt-1-decene.53 

We previously reported on the coating of superparamagnetic iron oxide nanoparticles (SPION)54 or multi-

core magnetic nanoparticles (MCNP)55 with polyelectrolytes based on polydehydroalanine (PDha), and 

also that the resulting hybrid materials are in general biocompatible.54 Furthermore, as PDha shows 

varying charge in dependence of the solution pH, we could reversibly adsorb and desorb oppositely 

charged polyelectrolytes, proteins, or methylene blue as model cargo from PDha@MCNP hybrid 

nanoparticles by changing the pH of the dispersant.55-56 In the present study, we use both polyanionic 

poly(tert-butoxycarbonylamino acrylic acid) (PtBAA) and polyzwitterionic PDha for the coating of different 

magnetic nanoparticles, SPION and MCNP. Since both organic materials feature an identical polymeric 

backbone and molecular characteristics such as molar mass and dispersity, we used this to investigate the 

influence of net charge and charge density on protein adsorption under varying conditions. Both the 

pristine as well as the coated nanoparticle samples were incubated in fetal calf serum (FCS) for different 

times and at different temperatures. The resulting nanoparticles were then characterized concerning the 

amount of adsorbed protein by means of zeta potential measurements, thermogravimetric analysis (TGA), 

and regarding qualitative corona composition using sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) with subsequent silver protein stain or Western blot assays. Additionally, 

protein corona-induced cytotoxic effects were investigated by cell viability testing using human brain 

microvascular endothelial cells (HBMEC) and PrestoBlue cell viability assays. 
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and all nanoparticle characteristics are summarized in Table 1. Although we have carried out comparable 

sets of experiments for both SPION and MCNP, the following sections will focus on the results regarding 

MCNP, which show most promising magnetic properties for different biomedical applications, e.g. 

hyperthermia or drug targeting. The corresponding results obtained for the SPION-based nanoparticles 

are presented in the supporting information (Figure S7), and will briefly be compared to the results 

obtained for MCNP. 

Compared to the pristine particles, all coated MCNP showed increased hydrodynamic radii in dynamic light 

scattering (DLS) measurements, decreased zeta potential, and increased weight losses in TGA, resulting in 

contents of organic material of 4.0 % (PtBAA@MCNP), and 5.0 % (PDha@MCNP).  

Table 1: Hydrodynamic radii determined by DLS, zeta potentials, polyelectrolyte (PE) contents, and calculated shell thicknesses 

of differently coated MCNP and SPION samples. 

Sample Rh, N, app
a 

[nm] 

Zeta potentialb 

[mV] 

PE contentc 

[%] 

Calc. shell thicknessd 

[nm] 

MCNP 38 +42 ± 7 - - 

PtBAA@MCNP 62 -40 ± 12 4.0 3.3 

PDha@MCNP 44 -36 ± 4 5.0 2.1 

SPION 5 +33 ± 5 - - 

PtBAA@SPION 5 -40 ± 5 2.0 0.2 

PDha@SPION 3.5 -43 ± 6 12.5 0.7 

a) determined via DLS, b) determined using a Malvern ZetaSizer Nano ZS c) calculated 

from TGA, d) calculated using equation S1 

 

Shell stability 

To investigate the stability of the organic shell (PtBAA or PDha) under the given incubation conditions, 

both PtBAA@MCNP and PDha@MCNP were dispersed in water at a concentration of 4.3 g/L (the 

concentration used in the subsequent incubation studies) and heated to 70 °C for 20 min. Please note that 

the PDha@MCNP batch used for the shell stability investigations slightly varies from the one used for 

incubation experiments as here 7.5 wt. % of PDha were adsorbed according to TGA data. Figure S5A shows 

the thermograms of PtBAA@MCNP and Figure S5B those of PDha@MCNP, each before and after being 

stored at 70 °C for 20 min. On average, both the PtBAA (4.0 % (before) and 4.5 % (afterwards)) and the 

PDha content (7.5 % (before) and 7.0 % (afterwards)) are not significantly affected by the incubation 

procedure, at least within the error of the TGA method (Table S1). 
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Incubation studies 

 

Scheme 2: Schematic representation of the herein carried out nanoparticle coating and incubation process, protein contents 

exemplarily shown for pristine MCNP. 

For the formation of a protein corona at the surface of either PtBAA@MCNP or PDha@MCNP, the 

nanoparticles have been incubated in FCS serving as natural protein source. In brief, 750 µL of the 

respective particle dispersion with a concentration of 10 g/L was dispersed in 1 mL of preheated FCS and 

incubated in a water bath for different respective times and at temperatures of 25, 37, 50 and 70°C in a 
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heated water bath. Incubation was performed for 1, 5, 10, and 20 minutes. During the incubation time the 

particles were treated with ultrasonication and, afterwards, the samples were magnetically separated and 

washed with 1 ml of distilled water (4x). 

Pristine MCNP 

In the following, only calculated protein contents will be shown, and both DLS as well as zeta potential 

results will only be briefly discussed. Figure 1 exemplarily shows the results obtained for pristine MCNP 

before and after incubation in FCS at 70 °C. The TEM micrograph in Figure 1D shows an aggregate of 

pristine MCNP after 5 minutes incubation at 70 °C. The protein corona can be seen as gray shell around 

the iron oxide cores. 

 

Figure 1: (A) hydrodynamic radii and (B) zeta potentials of pristine MCNP before and after incubation at 70 °C for different 

times, (C) thermograms of pristine MCNP prior to (black line) and after incubation in FCS at 70 °C for different times: 1 min (red 

line), 5 min (green line), 10 min (blue line), and 20 min (cyan line). Additionally, the key data used for the calculation of the 

protein content are highlighted: water content (150 °C, dashed blue line), overall weight loss (850 °C, dashed red line), and 

MCNP carbonate content (dashed black lines; black arrow), and (D) TEM micrograph of pristine MCNP after 5 minutes 

incubation at 70 °C. 
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Figure 2: Determination of protein content and protein composition of pristine MCNP after incubation in FSC at different 

temperatures and times: (A) pseudo false color image of protein bands upon SDS-PAGE and silver staining, (B-C) relative optical 

densities of protein bands abstracted from (A), and (D) respective overall protein contents calculated from TGA measurements. 

To calculate the protein content from the TGA results, the corresponding water content at 150 °C as well 

as the 4 % weight loss dedicated to the MCNP itself were subtracted from the overall weight losses. Prior 

to the incubation in FCS, MCNP showed an overall weight loss of 6.0 %, of which 2.5 % can be assigned to 

water (30 – 150 °C). The remaining 4.0 % correspond to carbonates remaining in the nanoparticle core 

from the synthesis. The protein contents after incubation show similar trends as obtained from SDS-PAGE. 

Incubation at 25 °C and 37 °C leads to protein contents between 6 and 7.5 % without any clear trend for 

prolonged incubation times. Compared to that, the protein content after incubation at 50 °C increases 

with increasing incubation time from 6 % to 8 % and from 9 % to 13.5 % in case of 70 °C incubation 

temperature (Figure 2D). We attribute this increase of the overall protein amount at least partially to 

temperature-induced denaturation, resulting in protein agglomeration and, thus, increased adsorption to 

the MNP surface. 

PtBAA@MCNP 

PtBAA@MCNP exhibited a negative zeta potential of -40 ± 12 mV and subsequent incubation in FCS leads 

to comparable values between -20 and -30 mV without a clear trend for incubation temperature or 

duration, similar as observed for the pristine MCNP. Same accounts for an apparent increase in 

hydrodynamic radii as observed in DLS measurements. 

PtBAA@MCNP samples after different incubation times were analyzed semi-quantitatively using SDS-

PAGE and silver protein staining (Figure 4). At all temperatures, the overall amount of proteins increases 

with increasing incubation time similar to observations made for pristine MCNP 50 °C as well as 70 °C. If 

analogous incubation times at different temperatures are compared, higher protein contents are again 

observed for elevated temperatures. Interestingly, size distribution-specific analysis reveals that for 

temperatures of up to 50 °C predominantly low molecular weight proteins are adsorbed (27.5 % - 40.7 %), 

whereas the ratio of medium and high molecular weight (i.e. >100 kDa) proteins simultaneously decreases 

from 66.2 % and 6.4 % to 55.4 % and 3.9 %, respectively. At 70 °C reversed effects are observed, as here 

the fraction of low molecular weight proteins decreases with progressing incubation time from 34.5 % to 

31.6 %, while the fractions of both medium and high molecular weight proteins increase. Altogether, it can 

be said that similar trends concerning size distribution-specific effects are observed for PtBAA@MCNP and 

the pristine MCNP. 
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Saikia et al. investigated the protein adsorption onto silica nanoparticles, which showed a comparable size, 

but negative surface charges. The particles adsorbed a total protein amount of 12 %, which is in a 

comparable range as the adsorption to pristine MCNP, and PtBAA@MCNP at elevated temperatures.60 
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staining, (B-C) relative optical densities of protein bands abstracted from (A), and (D) protein contents calculated from TGA 

measurements. 

In order to get deeper insight into the protein corona composition in dependence of particle surface charge 

the presence of two representative proteins was quantified via additional Western blot assays. In 

particular, apolipoprotein (Apo-)AI (28 kDa) as part of the low molecular weight fraction and albumin 

(67 kDa) as part of the medium molecular weight fraction were analyzed (Figure 7). In agreement with the 

data discussed above, the amount of Apo-AI is minimal for PDha@MCNP (13.1—36.4 %), whereas 

increasing amounts are found of up to 227.4 % (PtBAA@MCNP) and 163.1 % (pristine MCNP) as 

normalized to HepG2 cell lysates as reference samples. Whereas the largest amounts of Apo-AI can be 

detected upon incubation at 70 °C (163.1 % and 227.4 %) in comparison to 37 °C (67.5 % and 43.4 %) after 

5 min of incubation in case of pristine MCNP and  PtBAA@MCNP respectively, prolonged incubation leads 

to a decrease in Apo-Al resulting in 106.8 % and 90.5% for pristine MCNP and 60.6 % and 41.9 % for 

PtBAA@MCNP. Nevertheless, reference samples of FCS analogously treated with indicated temperatures 

and durations imply, that elevated incubation temperature and time seems to enhance the amount of 

Apo-AI detected via this method. Plausible explanations for this discrepancy may be the position of the 

antigenic determinant for the antibodies, a temperature-dependent complex formation of Apo-AI 

polypeptides or the elevated variability of means obtained from repetitive experiments. With regard to 

albumin, this effect is not observed for the FCS reference samples, where similar protein amounts are 

detected independent of temperature and incubation time. Comparing albumin amounts adsorbed onto 

the different MCNP samples, only in case of PDha@MCNP minor contents of 18.9 % and 16.9 % are found 

for incubation at 37 °C. After incubation at 70 °C, all samples show increasing albumin contents up to 

53.1 % with increasing incubation time. Comparing these findings for specific proteins by Western blot 

analysis to the data obtained from silver protein staining, a clear correlation for albumin and Apo-Al can 

be observed for PtBAA@MCNP and PDha@MCNP. In case of pristine MCNP, albumin appears 

underrepresented and this indicates that medium molecular weight proteins other than albumin may play 

a critical role in the temperature- and time-dependent formation of the protein corona on the nanoparticle 

surface. Similarly, data found for low molecular weight proteins upon silver staining are not completely 

reflected by the specific detection of Apo-AI, especially in case of incubations at 70 °C for 5 minutes. Here, 

a strong over-representation of Apo-AI in the protein corona of pristine MCNP (163.1 %) and 

PtBAA@MCNP (227.4 %) compared to the silver staining-based evaluation implicates a pivotal role of Apo-

AI in low molecular weight protein fractions during short-term incubations at elevated temperatures – at 

least for our set of samples. 
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Conclusion 

We demonstrate the synthesis and serum incubation of pristine  as well as anionic or zwitterionic coated 

magnetic multicore nanoparticles. The biocompatibility of all materials was verified by PrestoBlue cell 

viability assays. After incubation in FCS for different times (1-20 minutes) and at different temperatures 

(25 – 70 °C), the adsorbed protein amount was quantified using TGA. The results show that at lower 

temperatures (25 and 37 °C) the amount of protein does not increase with increasing incubation times for 

all samples. At elevated temperatures of 50 and 70 °C the overall amount of protein is increased over time 

for pristine and PtBAA coated particles. Compared to these samples, PDha-coated MCNP show drastically 

decreased adsorption of protein for all incubation times and temperatures. The general trends observed 

could also be approved by semi-quantitative analysis of SDS-page gels, which furthermore allow insight 

into the composition of the protein corona. Although both coating material and temperature seem to 

influence the ratios between low molecular weight proteins (<25 kD), medium molecular weight proteins 

(25- 100 kD), and high molecular weight (>100 kD) proteins, no general trends can be derived from the 

obtained data. Specific analysis of albumin and apolipoprotein via Western blot assays reveal that for 

PDha@MCNP the amount of albumin is distinctly decreased compared to pristine and PtBAA coated MCNP 

at low incubation temperatures. We furthermore were able to reproduce the general results using smaller 

superparamagnetic iron oxide nanoparticles. Our findings show that PDha as a zwitterionic coating inhibits 

the adsorption of proteins from serum to nanoparticles. 
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Experimental part 

Materials 

Chemicals were purchased from Sigma-Aldrich or Carbolution (Saarbrücken, Germany) in p.a. grade and 

used without further purification. The photoinitiator Lucirin-TPO was kindly provided by BASF. FCS was 

obtained from Biochrom GmbH (Berlin) (#S0115, Lot 1184C, tested for mycoplasma and viruses, tested for 

endotoxins). FCS was heat-inactivated at 56°C for 1h prior to use. 

Synthesis of MCNP 

The iron oxide nanoparticles used in this paper were prepared similar to the well-known wet chemical 

precipitation method61 but using a 1.17-M NaHCO3 solution as alkaline media.57 The solution was directly 

added under constant stirring to a FeCl2/FeCl3 solution with a Fe2+/Fe3+ ratio of 1:1.7 with a rate of 0.9 

ml/min and a brownish precipitate occurred. After the addition of distilled water, the particles were boiled 

for 5 min at 100 °C. That way multicore MNP were formed by release of CO2, and the color of the 

suspension turned black. Afterwards, the MNP were magnetically separated using a high-performance 

permanent magnet and washed with distilled water twice to remove excess educts. To avoid aggregation 

and stabilize the particles in suspension 200 µl of 1M HCl have been added and the suspension has been 

treated with ultrasonication for 1 min (Sonopuls GM200, BANDELIN electronic, Berlin, Germany). 

PtBAMA 

A solution of 58 mg (0.168 mmol) TPO in 6 mL 1,4-dioxane was added to 6 g (19.8 mmol) of tBAMA (M:I = 

200:1). The mixture was placed in an UV-cube (250 W) for 5 minutes. The polymer was precipitated in a 

mixture of ethyl acetate and hexane (1:4). Yield: 52 % 

1H-NMR: (300 MHz, CDCl3): δ = 5.4 (b, 1H, NH), 3.7 (3H, OCH3), 1.4 (9H, Boc) 

PtBAA 

500 mg of PtBAMA were dissolved in 10 mL 1,4-dioxane and a solution of 2.5 g LiOH (~45 eq.) in 10 mL 

H2O was added. The mixture was stirred at 80 °C for 3 hours freeze dried and dialyzed against water. Yield: 

90 % 

1H-NMR: (300 MHz, D2O/NaOD): δ = 5.7 (b, 2H. CH2), 1.3 (s, 7H, Boc), 

PDha 
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500 mg of PtBAMA were dissolved in a mixture of 1 mL H2O and 4 mL trifluoroacetic acid (TFA) and stirred 

for 1h at 50 °C. The product was precipitated in methanol. The resulting solid was dissolved in 10 mL 1,4-

dioxane and a solution of 2.5 g LiOH (~45 eq.) in 10 mL H2O was added. The mixture was stirred at 100 °C 

for 3 hours and neutralized with diluted HClaq. During the neutralization, PDha precipitated. Yield: 97 % 

PtBAA@MNP 

3.2 g PtBAA were dissolved in 160 mL water/NaOH mixture at pH = 12. The solution was carefully brought 

to pH = 5 with 0.1 M HCL. 800 mg of the respective MNP dispersion (20 g/L, 40 mL) were added to the 

solution and the mixture was ultrasonnicated for 1 hour. The particles were magnetically separated and 

washed with micropure water 5 times. 

PDha@MNP 

3.2 g PDha were dissolved in 160 mL water/NaOH mixture at pH = 12. The solution was carefully brought 

to pH = 5 with 0.1 M HCL. 800 mg of the respective MNP dispersion (20 g/L, 40 mL) were added to the 

solution and the mixture was ultrasonnicated for 1 hour. The particles were magnetically separated and 

washed with micropure water 5 times. 

Incubation 

Five times 1 ml of FCS was given separately in five 2 ml vessels placed in a tempered water bath at the 

respective incubation temperatures of 25, 37, 50 and 70°C to guarantee a homogeneous temperature 

distribution throughout the samples. After applying 750 µl of the previously prepared MCNP suspension 

(concentration 10 g(MCNP)/L, 7.5 mg of MCNP) to every sample, incubation was performed for one of the 

respective times (1, 5, 10 or 20 min). During this time the suspensions were treated with ultrasound in an 

accordingly tempered ultrasonic bath (US-bath, S100H, Elmasonic, Germany) to re-disperse possible 

agglomerates at several time points (for details see Table S2). Afterwards, the samples were taken out of 

the water bath and were magnetically separated. The excess FCS was withdrawn and 1 ml of distilled water 

was added. Afterwards the particles were treated again with ultrasound for 1 min and this washing 

procedure was repeated for further 4 times to remove any loosely bound proteins. Afterwards, the washed 

MCNPs of the four to five resulting samples have been mixed together in a glass vessel, ultrasonicated for 

1 min and the final samples for characterization were taken (approx.. 0.6 ml for zeta measurement, DLS 

and VSM;  approx. 1.6 ml for PAGE and cytotoxicity studies and 2 ml for TGA and TEM-measurements). 

After incubation, the samples were stored in the fridge at 4°C. 
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Protein analysis via silver staining 

The overall analysis of proteins present within the protein corona was performed by SDS-PAGE followed 

by silver staining as described before.62-63 In brief, 8.0 µg nanoparticle formulations were diluted in lysis 

buffer (20 mM HEPES, 150 mM NaCl, 10 mM EDTA, 2 mM EGTA, 1% (v/v) Triton X-100, 10 mM Na4P2O7, 

50 mM NaF, 2 mM Na3VO4, 10 µg/ml aprotinin, 1 µM pepstatin, 10 µM leupeptin, 500 µg/ml pefabloc) 

and mixed with 4 x XT sample buffer and 20 x Reducing Agent (both Bio-Rad, Hercules, USA). Heat 

denaturation was carried out for 5 min by incubation at 95°C before samples were loaded on a 4-12% Bis-

Tris (tris(hydroxymethyl)aminomethane) gel (Bio-Rad). Upon electrophoretic protein separation (45 V, 

maximal 300 mA, 90 min) according to molecular sizes along with a Kaleidoscope protein standard ladder 

(Bio-Rad), protein bands were visualized by silver staining (SilverXpress Silver Staining Kit, Thermo Fisher 

Scientific, Waltham, USA). Acquired gray-scale gel images were converted to alternative color maps by 

MATLAB (MathWorks, Natick, USA). Semi-quantitative analyses of optical protein band intensities were 

performed using ImageJ 1.50e (Wayne Rasband, National Institutes of Health, USA). 

Protein analysis via Western blot assay 

For the specific detection of proteins SDS-PAGE was performed as stated above. After gel run, proteins 

were blotted on PVDF Trans-Blot membranes (Bio-Rad) using the Trans Blot Turbo Transfer system (Bio-

Rad) with a constant current of 1.0 A for 30 min at a maximum of 25 V. Protein studded PVDF membranes 

were blocked with 5% (w/v) skimmed milk blocking buffer (20 mM TBS (Tris-buffered saline), 0.1% (v/v) 

Tween 20) and incubated with Apo-AI- (#A55259, EpiGenTek, Farmingdale, USA) or albumin- (#A11133, 

Thermo Fisher Scientific) binding antibodies diluted 1:1000 in 5% skimmed milk blocking buffer at 4°C over 

night. After three washing steps using TBS-T (20 mM TBS, 0.1% (v/v) Tween 20) membranes were 

incubated with secondary horseradish-labeled -rabbit IgG antibodies (#7074, Cell Signaling Technologies, 

Danver, USA, 1:1000 diluted in TBS-T). Upon another three washing steps, chemiluminescent signals were 

detected at the LAS4000 (GE Healthcare Life Science, Buckinghamshire, UK) via ECL reagents (Thermo 

Fisher Scientific). Semi-quantitative analyses of optical protein band intensities were performed using 

ImageJ 1.50e.  

PrestoBlue cell viability assay 

Cell viability studies upon exposure to indicated particle formulations were performed utilizing human 

brain microvascular endothelial cells (HBMEC). Cells seeded into black-walled 96-well plates (µ-Clear, F-

bottom, Greiner Bio-One, Frickenhausen, Germany) in triplicates were incubated with particle 
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concentrations between 5 - 100 µg/cm2 (corresponding to 19 - 378 µg/ml), water (negative control), or 

polythylenimine-coated PEI-M particles (positive control). After 3 h and 24 h PrestoBlue  cell viability 

Reagent (Thermo Fisher Scientific) was added and incubated at 37°C for further 30 min. After annular 

magnetic sedimentation of particles to the well periphery fluorescence at 600 nm (40 nm bandwidth) was 

detected upon excitation with 545 nm (20 nm bandwidth) using the CLARIOstar microplate reader (BMG 

LABTECH GmbH, Orthenberg, Germany). Nanoparticle-associated auto-fluorecence effects were verified 

by carrying along cell-free wells treated with particles. Furthermore, quenching effects were monitored by 

comparison of fluorescent signals before and subsequently after particle addition into cell-seeded control 

wells. 

Instrumentation 

Size exclusion chromatography in CHCl3: SEC measurements were performed on a Shimadzu system 

equipped with a Size exclusion chromatography (SEC) SCL-10A system controller, a LC-10AD pump, and a 

RID-10A refractive index detector using a solvent mixture containing chloroform, triethylamine, and 

isopropanol (94:4:2) at a flow rate of 1 mL min-1 on a PSS-SDV-linear M 5 μm column at 40°C. The system 

was calibrated with PMMA (410-88 000 Da) standards. Zeta potential measurements: the zeta potentials 

were measured on a ZetaSizer Nano ZS from Malvern via M3-PALS technique with a laser beam at 633 nm. 

The detection angle was 13°. Malvern Software (version 7.11). Dynamic light scattering: Dynamic light 

scattering (DLS) measurements were performed using an ALV Laser CGS3 Goniometer equipped with a 

633 nm HeNe Laser. DLS measurements were performed at 25 °C and at a detection angle of 90°. The 

CONTIN algorithm was used to evaluate the obtained data. Addditionally, DLS measurements for the pure 

and incubated particles were performed by Zetasizer Nano ZS from Malvern using NIBS technology and 

Malvern Software (version 7.11). Transmission electron microscopy (TEM): For TEM from aqueous 

solutions, copper grids were rendered hydrophilic by Ar plasma cleaning for 30 s (Diener Electronics). 15 

µL of the respective sample solution were applied to the grid and excess sample was blotted with a filter 

paper. TEM images were acquired with a 200 kV FEI Tecnai G2 20 equipped with a 4k x 4k Eagle HS CCD 

and a 1k x 1k Olympus MegaView camera for overview images. UV-Irradiation was carried out using a 

Hoehnle UVACUBE 100 equipped with a 250 W lamp. Ultrasonication was performed using an ElmaSonic 

S30H ultrasonic unit. Thermogravimetric Analysis: The samples were magnetically separated and freeze 

dried for 72 hours. TGA measurements were carried out from 30 °C up to 800 °C under nitrogen with a 

heating range of 10 K/min in a Perkin Elmer TGA8000 device. 
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Calculation of protein content from TGA 

 

Equation 1 

𝑟𝑠 = √𝑟𝑐3 + (𝑟𝑐3 (𝜌𝑐𝜌𝑠) (𝑊𝑅 ))3 − 𝑟𝑐 

with   

• rs  shell thickness 

• rc core radius 

• c core density 

• s shell density 

• WL weight loss dedicated to shell 

• RM residual mass 

The densities of the coating materials were determined using a 5 mL pycnometer. 

(PtBAA) = 0.918 g/cm3 (PDha) = 1.11 g/cm3 

 

Characterization of polyelectrolyte@MCNP 

 

PtBAA@MCNP 

PtBAA@MCNP show a decreased zeta potential of -39.7 ± 12.1 mV. TGA measurements show an overall 

weight loss of 7.5 %, resulting in a PtBAA content of 4.0 % after deduction of 1.0 % water content and 

2.5 % weight loss of pristine MCNP (Figure S1B). To investigate the shell stability during the incubation 

conditions, 1 mL water was heated to 70 °C and 750 µL PtBAA@MCNP (10 g/L) were added. The mixture 

was heated to 70 °C for 20 min, cooled to room temperature, magnetically separated and freeze dried. 

Subsequently, a TGA measurement was performed. Results show a PtBAA content of 4.0 %. The calculation 

leads to a theoretical shell thickness of 3.3 nm. Dynamic light scattering (DLS) as well as transmission 

electron microscopy (TEM) investigations show a thin organic shell around the particles (Figure S2). 

 











 

Figure S7: (A) protein amounts determined by TGA: pristine SPION (black bars), PtBAA@SPION (blue bars), and PDha@SPION 

(purple bars), (B-D) relative optical densities of protein bands abstracted from SDS-PAGE gels of (B) pristine SPION, (C) 

PtBAA@SPION, and (D) PDha@SPION. 

 

Time Spots for Ultrasonnication during incubation experiments 

Table S2: Time spots and durations of ultrasonication during incubation experiments. 

Incubation time Time point for ultrasonication Duration of ultrasonication 

1 30 s 30 s 

5 1 min 1 min 

3 min 1 min 

10 2 min 1 min 

8 min 1 min 

20 2 min 1 min 

18 min 1 min 
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