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Zusammenfassung 

 

Im Bereich der Nanomedizin gewinnen Nanomaterialien als Nanotransporter mehr und mehr 

an Wichtigkeit, z.B. um Wirkstoffe besser zu formulieren, vor Abbau zu schützen und 

zielgerichtet zu transportieren. Allerdings interagieren Nanopartikel, sobald diese einer 

komplexen biologischen Umgebung (beispielsweise Blut) ausgesetzt sind, mit diversen 

Biomolekülen und binden diese als Korona. Die Proteinkorona ist der Schlüsselfaktor, welcher 

maßgeblich sowohl die biologische Halbwertszeit als auch den Transport und die Aufnahme 

von Nanopartikeln in vivo beeinflusst. Um das Verhalten von Nanopartikeln in vivo besser zu 

verstehen und gegebenenfalls auch vorhersagen zu können, ist es von zentraler Bedeutung, 

die Interaktion von Nanopartikeln und Proteinen zu entschlüsseln. 

Im Rahmen dieser Arbeit untersuchte ich den Einfluss verschiedener physiko-chemischer 

Eigenschaften (Größe, Oberflächenladung, Struktur und Hydrophobizität) von Nanopartikeln 

auf die Bildung einer Proteinkorona. In Hinblick auf die spätere Anwendung als Nanocarrier 

wurde zudem der Zusammenhang zwischen Proteinkorona und der zellulären Aufnahme 

genauer analysiert. Dabei sollten Interaktionspartner, d.h. Andockungsstellen, für 

Koronaproteine an die Zellmembran und damit mögliche zelluläre Aufnahmewege 

identifiziert werden. 

Die von mir verwendeten Nanopartikel wurden betreffend ihrer physiko-chemischen 

Eigenschaften umfangreich charakterisiert. Im Anschluss erfolgte die Bestimmung der 

Proteinkorona in humanem Serum mittels verschiedener Methoden wie z.B. 

2D Gelektrophorese in Kombination mit MALDI TOF/TOF Massenspektrometrie. Die zelluläre 

Aufnahme der Nanopartikel in humane THP-1 Monozyten untersuchte ich mittels 

Durchflusszytometrie und Fluoreszenzmikroskopie. Zudem wurden zelluläre 

Interaktionspartner über Pull Down Versuche identifiziert.  

Innerhalb dieser Arbeit konnte gezeigt werden, dass alle untersuchten physiko-chemischen 

Eigenschaften einen Einfluss auf die Bildung und Zusammensetzung der Proteinkorona haben. 

Den am stärksten ausgeprägten Einfluss hatten die Oberflächenladung sowie die 

Hydrophobizität. Deren Zunahme resultierte in einer erhöhten Bindung von Proteinen. 
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Ebenso bewirkte eine negative Ladung eine höhere Anzahl an gebundenen Proteinen im 

Vergleich zu einer positiv geladenen Nanopartikeloberfläche.  

Für die ausgewählten Partikelsysteme erzeugten Veränderungen in der Zusammensetzung 

der Proteinkorona Unterschiede in der zellulären Aufnahme in vitro. So korrelierte die in 

humane THP-1 Monozyten aufgenommene Menge an Nanopartikeln mit Veränderungen der 

Zusammensetzung der Proteinkorona. 

Zudem gelang es für die dendritischen Polyglycerole potentielle initiale Andockstellen auf 

humanen THP-1 Monozyten zu identifizieren und Hinweise auf einen möglichen 

Aufnahmemechanismus zu erhalten. So weist die Identifizierung von Serotransferin 

beispielsweise auf eine Clathrin-vermittelte Endozytose hin.  

Die erzielten Ergebnisse bestätigen den relevanten Einfluss der Proteikorona auf die zelluläre 

Aufnahme. Bestimmte Proteine (Opsonine) können die Aufnahme der Nanopartikel durch das 

mononukleär-phagozytäre System vermitteln und so die biologische Halbwertszeit sowie die 

systemische Zirkulationszeit verkürzen. Diese Resultate liefern einen wichtigen Beitrag zum 

optimierten Design der zukünftigen Nanocarrier. 
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Abstract 

 

In the field of nanomedicine, nanomaterials are becoming increasingly important as 

nanotransporters, e.g. to better formulate active substances, protect them from degradation 

and transport them in a targeted manner. However, as soon as nanoparticles are exposed to 

a complex biological environment (e.g. blood), they interact with various biomolecules and 

bind them as a corona. The protein corona is the key factor that significantly influences both 

the biological half-life as well as the transport and uptake of nanoparticles in vivo. In order to 

better understand and eventually predict the behaviour of nanoparticles in vivo, it is essential 

to decipher the interaction of nanoparticles and proteins. 

In this work, the influence of different physicochemical properties (size, surface charge, 

structure and hydrophobicity) of nanoparticles on the formation of a protein corona was 

investigated. In terms of future utilization as nanocarriers, the connection between protein 

corona and cellular uptake was also analysed in more detail. The aim was to identify 

interaction partners, i.e. docking sites, for corona proteins on the cell membrane and thus 

possible cellular uptake pathways. 

The nanoparticles used in this dissertation were extensively characterised with regard to their 

physicochemical properties. Subsequently, the protein corona in human serum was 

determined using various methods such as 2D electrophoresis in combination with MALDI 

TOF/TOF mass spectrometry. The cellular uptake of the nanoparticles into human THP-1 

monocytes was investigated by flow cytometry and fluorescence microscopy. In addition, 

cellular interaction partners were identified via pull-down experiments.  

Within this work it could be shown that all investigated physicochemical properties have an 

influence on the formation and composition of the protein corona. The most pronounced 

influence was exerted by the surface charge and the hydrophobicity. Increasing 

hydrophobicity led to the binding of more proteins. Similarly, a negative charge led to a higher 

number of bound proteins compared to a positively charged nanoparticle surface.  

For the selected particle systems, changes in the composition of the protein corona led to 

differences in cellular uptake in vitro. Thus, the amount of nanoparticles taken up in human 

THP-1 monocytes correlated with changes in the composition of the protein corona. 
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In addition, for the dendritic polyglycerols it was possible to identify potential initial docking 

sites on human THP-1 monocytes and to obtain indications of a possible uptake mechanism. 

For example, the identification of serotransferin indicates clathrin-mediated endocytosis.  

The results obtained confirm that the protein corona has a significant influence on cellular 

uptake. Certain proteins (opsonins) can mediate the uptake of nanoparticles by the 

mononuclear-phagocytic system and thus shorten the biological half-life and systemic 

circulation time. These results provide an important contribution to the optimised design of 

future nanocarriers. 
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Abbreviations 

 Au   gold 

 AuNCs   gold nanocubes 

 AuNP/AuNPs  gold nanoparticle/ gold nanoparticles 

 CDE   caveolae-dependent endocytosis 

 CME   clathrin-mediated endocytosis 

 DLS   dynamic light scattering 

DNA    deoxyribonucleic acid  

 DOX   doxorubicin 

dPGs    dendritic polyglycerols 

EMA   European Medicines Agency 

EPR   enhanced permeability and retention  

 FDA   Food and Drug Administration  

HIV   human immunodeficiency virus 

 IND   Investigational New Drug 

ISO   International Organization for Standardization 

 LC-MS/MS  liquid chromatography-tandem mass spectrometry 

 MPS   mononuclear phagocytic system 

 NDA   New Drug Application 

NM/NMs  nanomaterial/nanomaterials 

NP/NPs  nanoparticle/nanoparticles 

NG/NGs  nanogel/nanogels 

 2D – PAGE  two-dimensional polyacrylamide gel electrophoresis 

 PEG   poly(ethylene glycol) 

 RES   reticuloendothelial system 

 RNA   ribonucleic acid 

 SPARC    secreted protein, acidic and rich in cysteine 

SPR   surface plasmon resonance 

 THP-1   human monocytic like cell line 

 rhTNFα   recombinant human tumour necrosis factor alpha 
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1 Introduction 

1.1 What are nanoparticles? 

 

Nanomaterials (NMs) were used even before the concept of nanotechnology existed. With 

the progressive development of various NMs, the regulation of terminology became more 

and more important. 

According to the International Organization for Standardization (ISO), all materials with at 

least one dimension in the nanoscale range or structures in the order of 1-100 nm are to be 

considered as NMs. The definition of the ISO differentiates between (i) nanostructured 

materials and three mayor types of (ii) nano-objects. These are the (i) nanoplates, 

(ii) nanofibers and (iii) nanoparticles (NPs) with one, two or three dimensions between 1-

100 nm (Figure 1). 

 

 

Figure 1 Illustration of the definition of nanomaterials according to  ISO/TS 8004  of  the International Organization for 
Standardization. 

In addition to a  categorization based on dimensional sizes, NMs can be classified based on 

their  chemical  composition. In  detail,  NPs  can  be  made  from  (i) carbon,  (ii) inorganic  or 

(iii) organic substances or (iv) composites. Inorganic materials include metal and metal oxides 

like gold (Au) which can be synthesized into AuNPs.[1] Polyglycerols, for example, can be used 

as  the  basis  for  organic  NPs.[2] NPs  can  originate  from (i) natural,  (ii) unintended or  an 
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(iii) intended (synthetic) process. Nature itself is providing us with a wide range of particles 

including NPs which are emitted from volcanoes or mineral springs, for instance.[1, 3] 

Moreover, NPs are also emitted during anthropogenic combustion processes. However, in 

nanoscience we typically focus on intentionally synthesized NPs, which can be produced via 

(i) Top-Down or (ii) Bottom-Up methods (Figure 2). Whereas the Top-Down methods include 

the grinding/ milling of bulk materials, the Bottom-Up approaches use chemical synthesis 

methods to form nanoscaled structures de novo.[4-6] 

 

 

 

Figure 2 Synthesis of nanoparticles using top-down or bottom-up methods. Modified from Habiba et al.[7]

Intentionally  synthesized  NPs  are  already  widespread  used,  for  instance, in building  and 

construction, in cosmetic products, in packaging or in textiles.[8, 9] However, in particular the 

applications in medicine are receiving more and more attention.[10] Possible applications are 

inter  alia  as  nanosensors and nanoparticular  contrast  agents for  diagnostic  purposes, as  a 

nanoscale  coating  for  better  compatibility  of  implants,  in  tumour  therapy or  as  a  carrier 

system  of  drugs.[11] Nanocarriers should  be  small  enough  to  overcome  physiological 

boundaries or penetrate target cells, but large enough to deliver a certain amount of medical 

substance  to  the  desired site of action.[12] In this context it is important to  note, that the 

smaller size of the NPs compared to the starting (bulk) material leads to altered physical and 

chemical  characteristics  and  can  therefore  cause  specific  physical,  chemical  or  biological 

 2
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effects. One of the main factors influencing this significantly changed behaviour is the surface 

to volume ratio (specific surface) of NPs.[13] 

In addition, surface modifications can offer possibilities to increase the effectiveness of NPs. 

Thus, NPs functionalized with poly(ethylene glycol) (PEG) showed less aggregation than 

untreated NPs.[14] Even an increased biocompatibility or an improved cellular internalization 

can be achieved by functionalization of the NP surface. Using different molecules like PEG, 

dextran or chitosan the biocompatibility could be drastically improved in comparison to the 

non-functionalized NPs.[15] A number of other advantages result from the modification of 

the surface of NPs, such as enabling specific interactions between NPs and cells, or even 

ensure directed transport or specific accumulatio in targeted organs. Furthermore, they can 

also drastically prolong the retention time of NPs in the blood by preventing detection and 

removal by the mononuclear phagocytic system (MPS), also known as reticuloendothelial 

system (RES).[16-18]  

Immune cells (e.g. macrophages) of the RES are able to eliminate NPs from the bloodstream 

in a matter of seconds after intravenous application, which will prevent them from fulfilling 

their capacity as site-specific transport vesicles.[19] However, macrophages and other 

phagocytic cells are not able to directly identify the NPs themselves, but they recognize 

specific proteins, i.e. opsonins, associated with the surface.[20] An opsonin is any molecule 

that functions as a marker for phagocytosis, but complement system proteins such as 

complement C3, C4 and C5 as well as immunoglobulins are the most frequently occurring. By 

means of various functionalizations (e.g PEG), the binding of opsonins can be prevented or at 

least reduced, thus increasing the retention time of the NPs in the blood.[21] Opsonins are 

not the only ones that influence the behaviour of NPs in biological systems. Characteristics of 

most NPs differ greatly from their purely intrinsic (i.e. physical or chemical) properties after 

entering a biological system. In contact with a biological milieu the surface of NPs is in a 

dynamic exchange with ions, small molecules, proteins and lipids.[22, 23] Plasma proteins 

play a special role in the formation of nano-bio interfaces. They are able to attach to the 

surface of NPs and form a protein corona, which can subsequently drastically change the NP 

behaviour (see 1.4).[24] In the end it is the protein corona which is “expressed” at the surface 

of the NPs that is “read” by the living cells within the cell-NM interaction.[25] Precisely this 

protein corona forms on almost every NP. However, it varies depending on the nature of the 

NP, despite exposure to the same biological environment.[26-28] The physico-chemical 
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properties of a NP determine the composition of the protein corona. But the knowledge of 

exactly how these physico-chemical properties of the NP (e.g. size, shape, surface charge and 

coating etc.) influencing the protein corona, as well as the biological functions of the corona 

is not yet fully complete. 

 

1.2 Nanoparticles for medical applications 

 
Figure 3 Possible applications of nanoparticles in the field of medicine. Nanoparticles have a broad spectrum of possible 
applications and some selected ones are shown here. 

The use of NPs in medical applications such as molecular imaging, diagnosis, treatment and 

control  of  diseases  is  referred  to  as  “nanomedicine”.  In  this  field,  NPs  exhibit  a  broad 

spectrum of possible applications (Figure 3).
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Even if it seems as if this is a newly emerging field of medicine, the basics are already several 

decades old. For instance, the first versions of lipid vesicles (which later became known as 

liposomes) were described in 1965.[29] 11 years later, in 1976, the first controlled release 

polymer system of macromolecules[30] and in 1994, the first long circulating stealth 

polymeric NP was introduced.[19] 

One year later, in 1995, liposomal doxorubicin (DoxilTM / CaelyxTM) becomes the first 

nanomedicine approved by the U.S. Food and Drug Administration (FDA).[31, 32] In the time 

passed, a variety of NP-based therapeutic and diagnostic pharmaceuticals has been 

developed inter alia for the treatment of cancer, diabetes and allergy.[33, 34] With the 

condition that nanomedicines are defined as therapeutic or imaging agents that contain NPs 

to control biological distribution, increase efficacy or reduce toxicity. In 2019 a total of 29 

FDA-and European Medicines Agency (EMA) approved and 47 nanomedicines in clinical trials 

can be found.[35] Even if NPs are widely used in nanomedicine, it is their function as drug 

transporters to which we have focused our attention in this work. Some of the main 

advantages of the NPs as carriers are that they offer time-controlled, site-specific delivery, an 

increase in efficiency and safety of the drug due to enhanced stability and improved 

bioavailability as well as an extended effect of the drug in the tissue.[36, 37] In addition, they 

can deliver a wide variations of substances like deoxyribonucleic acid (DNA), ribonucleic acid 

(RNA), proteins and drugs.[38, 39] To be more specific, the poor water solubility of many 

existing and novel bioactive drugs is one of the biggest challenges that pharmaceutical 

industry is facing. Many potential candidates fail in preclinical studies due to limited solubility, 

stability and toxicity closely associated with the hydrophobic character of the concerned 

substances. As a result, many nanocarriers has been developed to counteract this problem. 

In general, there are two major ways to transport substances: (i) covalent binding or (ii) 

encapsulation. In the end, the substance should be able to unfold its effect at the desired 

location. For the covalent binding this involves the cleavage of the bond via an external 

trigger. Using encapsulation as transport mechanism, theoretically, the carrier can be used 

with a wide range of different substances.[2] 

As previously mentioned, the physico-chemical properties of NPs are usually different from 

the original (bulk) material. This gives NPs unique physico-chemical properties, depending on 

the type of material.[40] They may have a larger surface area, a controllable particle size, an 

increased catalytic activity or fluorescence, a unique biocompatibility, surface plasmon 
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resonance (SPR) and easy surface functionalization and bio-conjugation.[41, 42] When 

designing drug delivery via NPs, one of the major issues is their targeting specificity. 

Accumulation in a tumour can rely on passive or active processes. 

The passive transport of NPs to tumour tissues is based on the enhanced permeability and 

retention (EPR) effect. In general, NPs of certain sizes tend to accumulate to a greater extent 

in tissues of tumours than in healthy tissues.[43] An explanation for this phenomenon of the 

EPR effect is that, in order for tumour cells to grow quickly, they are depending on a sufficient 

blood supply for their need of nutrients and oxygen. To ensure this they must stimulate the 

production of blood vessels. These newly formed vessels are usually abnormal in form and 

architecture. They may have poor alignment and possess wide fenestrations. Precisely this 

enables NPs circulating in the blood to penetrate the tumour tissue (permeation). Removal of 

these NPs is more difficult due to the usually deficient lymphatic system in tumour tissues 

(retention). The increased permeability and retention capacity of tumour tissue can be used 

for tumour-targeted therapies.[43, 44] Addressing NPs for enhanced drug delivery due to the 

EPR effect, some aspects should be considered. These include, but are not restricted to a long 

blood half-life and minimal nonspecific delivery.[45] 

Active delivery depends on substances coated to the surface of the NPs, which possess a high 

affinity for overexpressed receptors in tumours or their microenvironment. Among them are 

compounds such as peptides, small organic or synthetic molecules, antibodies, variant types 

of RNA as well as DNA and oligosaccharides.[46-52] Some of these ligands are able to promote 

the intracellular accumulation of NPs in cancer cells.[53] Transferrin receptors, for example, 

are overexpressed in many solid tumours compared to normal cells and can therefore be used 

for active targeting with transferrin-conjugated NPs.[54] Addressing folate receptors using 

folate-conjugated NPs is also an option, as the alpha isoform is present in about 40% of all 

human cancers.[55] In summary, this form of administration can be used to provide NPs with 

a specificity for different tumour types.  

However, the efficient and controlled trafficking into cells remains a major challenge for the 

nanomedicine. A deeper insight and better understanding of the uptake mechanisms is crucial 

in designing safe nanocarriers.  

In the following chapters, the NPs that have been examined in my thesis should be introduced 

by briefly describing their structure and providing examples for possible medical applications. 
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1.2.1 Dendritic polyglycerols 

 

Dendrimers are highly branched, monodisperse macromolecules with a well-defined 

structure. This structure has a great impact concerning their physical-chemical properties.[56] 

Compared to linear polymers of the same or at least similar molecular weight, the “treelike” 

spherical structure of these molecules leads to a number of interesting characteristics.[57, 

58] In contrast to linear polymers, well-designed high-branched dendrimers have a 

pronounced “interior” which is sterically isolated in the dendrimer and facilitates their usage 

as nanocarriers.[56] Due to their high biocompatibility, dendritic polyglycerols (dPGs) have a 

broad application spectrum in medicine and pharmacology. The following small section 

describes some current trends for therapeutic purposes, such as for improved solubility of 

hydrophobic compounds and the transport of active substances across biological barriers.  

Due to the possibility to chemically modify either the core (increase hydrophobicity) or the 

shell (increase hydrophilicity) of dPGs, the solubility profile of these nanocarriers can be 

tailored. Park and co-workers could show that the solubility of the poorly water-soluble 

cancer chemotherapy drug paclitaxel is enhanced depending on the generation and 

concentration of the dPGs.[59] 

Dendritic systems are influenced by three main factors concerning their transport properties: 

(i) the core, determining the shape of the carrier; (ii) the internal structure, regulating the 

interactions between transported substance and the carrier; and (iii) the outer shell, defining 

the solubility properties as well as influencing the loading and release properties.[2, 60] The 

relatively simple modification of the dPGs provides, apart from the broad transport 

possibility, an excellent platform for the attachment of cell-specific targeting groups, 

solubility modifiers and stealth moieties.[61] As a result, dendrimers are found in a wide range 

of biomedical applications[62, 63], such as drug [64] and gene delivery [65]. Their flexibility in 

terms of size, shape and surface charge can be used for bypassing the cellular membrane.[66, 

67] Some dendrimer products are already available on the medical market, for example 

VivaGel®, which is used for the treatment of bacterial vaginosis and as protection against the 

human immunodeficiency virus (HIV).[68] 
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1.2.2 Nanogels 

 

These three-dimensional delivery systems consists of hydrogel particles within the 

sub-micron size range [69] and can be formed by physical and/or chemical intercrossing of 

different kinds of polymer chains.[70, 71] These bonds can either be covalent or non-covalent. 

Nanogels (NGs) can possess some unique characteristics such as biocompatibility, adjustable 

size, high stability and the ability to respond to external stimuli like temperature, light or 

pH.[71-73] Accompanying this NGs are emerging as versatile drug carriers, being interesting 

for many applications ranging from cancer therapy to nanoantibiotics.[74-81] Precisely 

because of their enormous versatility, there are many different types of nanogels. A potential 

classification based on their properties is shown in Figure 4.  

 

 

 

 

Figure 4 Classification of nanogel formulations. NGs can be classified into four different groups regarding their structure, 
their response to stimuli, if they require cross-linking agents and which type of polymer is used. Modified from Shah et al.[82]

Depending on the structure, a distinction can be made between hallow or multi-layered NGs, 

to name only a selection. Hollow NGs have a hollow cavity within their gel matrix, giving them 

a significantly larger surface area compared to conventional NGs. A greater surface area may 

result in an increased drug loading capacity as well as in an enhanced drug release.[83, 84] 

Multi-layered NGs consist of multiple layers of either a single or multiple polymers. 
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The selection of these polymers plays an important role concerning the site specificity as well 

as in the drug release profile of the NGs. Drugs which are highly toxic or sensitive to the body 

fluids, peptides, oligopeptides and nucleotides are only a few examples that can be 

transported using multi-layered NGs.[84, 85]  

The capability to respond to stimuli, offers a further possibility to differentiate NGs. Thus, a 

distinction is made between responsive and non-responsive. Responsive NGs change some of 

their properties depending on their local environment, which ultimately leads to a release of 

their cargo, while non-responsive NGs release the drug independently.[84] Such stimuli 

include inter alia temperature susceptibility[86], photosensitivity[87, 88] and 

pH-sensitivity[89, 90]. 

Unfortunately, there is one major drawback: the overall hydrophilicity of conventional NGs 

limits their application for hydrophobic drugs. This problem can be bypassed using a 

combination of different polymers. For example, amphiphilic NGs can be created by forming 

a hydrophilic polymer network with randomly distributed hydrophobic groups. The 

amphiphilic character of these NGs allows the encapsulation of hydrophobic drugs.[91, 92] 

The potential of NGs is already used for a wide range of disorders. 

Concerning disorders in the central nervous system for example, NGs already showed 

promising results in the treatment of glioblastoma due to targeted delivering of doxorubicin 

(DOX)[93] and in the treating of intra-cranial glioma via cisplatin loaded NGs[94]. A pH 

responsive system composed of chitosan for temozolamide delivery for aggressive skin 

papilloma was prepared and superior antitumour efficacy in vivo compared to plain drug was 

noticed. Furthermore, the pH responsive system accelerated the drug release in the acidic 

tumour environment.[95] Taken all together, NGs are one of the most tuneable delivery 

systems. Their capabilities can be utilized to enhance the potency of several drugs that are 

incorporated within them.[84] 
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1.2.3 Gold nanoparticles 

 

Because of their special properties, metal NPs, especially AuNPs, have generated enormous 

attention within a variety of scientific fields. To mention only a few special features: ease of 

synthetic manipulation, enabling precise control over the particle's physicochemical 

properties[96], unique tuneable optical[97] and distinct electronic properties[98]. 

Many efforts have been made to adapt the properties of AuNPs to specific biological 

applications, for instance in bio-imaging, gene diagnostics, analytical sensing and targeted 

delivery of biomolecular cargos. The properties of AuNPs such as the morphology, solubility, 

size, surface functionality and stability can be designed via different synthetic routes, 

including the Turkevich, the Brust and the Perrault method.[99-108] While Turkevich's 

method was predominantly used to produce spherical NPs, a wide variety of shapes can be 

achieved today. Among others, it includes rod-[109], cage-[110] and star-shaped[111] AuNPs. 

Based on the features of AuNPs, some of the leading biomedical applications are associated 

with imaging (e.g. computed tomography), administration of drugs and therapeutic strategies 

like radiosensitization and photothermal therapy.[112-114] However, due to their 

compatibility and simplicity of modification AuNPs have proven to be excellent drug 

carriers.[115] To control inter alia their stability, solubility and the interaction with the 

biological environment, the coating of AuNPs can be altered.[116] These surface 

modifications with polymeric materials are able to increase the circulation time, stability and 

furthermore reduce nanotoxicity of the AuNPs.[117-119] Several studies already highlighted 

the potential of AuNPs to provide drugs for cancer treatment.[120, 121] And indeed there is 

already an example of a nanostructured drug carried via an AuNPs is AurimuneTM (CYT-6091). 

This gold-based tumour-targeting nanomedicine consists of a 27 nm PEGylated colloidal AuNP 

on whose surface recombinant human tumour necrosis factor alpha (rhTNFα) and thiolyated 

PEG are bound. The approach of a systemic delivery of the rhTNFα into the cancer cells has 

already been used in Phase I clinical studies, and Phase II is currently being performed.[119, 

122, 123] AurimuneTM is supposed to carry rhTNFα into the tumours and destroy their blood 

vessels. If followed by chemotherapy, it is possible to induce increased cancer cell death.[122]  

 



Introduction 

11 
 

1.3 Drug development and approval 

 

Approval by the EMA can be roughly divided into three phases.[124] The entire process of 

development and approval of a new drug can normally take easily 10 to 15 years and 

approximately 1 billion dollars.[125]  

The first phase in this process is the research and development phase in which the initial 

identification of new therapeutic candidates, the testing of their effectiveness and first 

toxicity studies take place. Discoveries of new small molecule drug candidates are made by a 

number of different approaches. In some instances, candidates can be predicted in silico or 

can be found by screening libraries of small molecule drugs against known targets.[126, 127] 

Generally speaking, nanoparticulate platforms require functionalisation to achieve the 

desired drug effect.[128] Therefore, nanotherapeutics are built on mature, well-characterised 

nanoparticle platforms whose synthesis and surface and/or internal modification are well 

known and can be easily controlled.[129] Regarding the safety of the new drugs, preclinical 

testing focusing in particular on the interaction with biological systems. In cell culture, it is 

essential to demonstrate the mechanism of action of the therapeutic agent and, most 

importantly, that the observable effect is a result of the therapeutically active component and 

not the nanoparticle platform itself. After evaluation in vitro, the next step is the assessment 

of safety in animals. After discovering, characterization, demonstration of efficacy and safety 

in vitro and in vivo the new drug can be submitted as Investigational New Drug (IND) to the 

EMA. After the successful application of the IND, the clinical phase follows. In Phase I trials 

the main goal is to provide initial information regarding dosing, acute toxicity and drug 

excretion in humans. Increased numbers of patients, further evaluation of the safety and 

efficacy of the IND in a group of patients who suffer from the disease to be treated heralds 

the second clinical phase (Phase II). Phase III is even larger containing randomized. 

placebo-controlled trials. These studies are used to compare the IND to the eventually existing 

“gold-standard” and to demonstrate further safety and efficacy. After this a New Drug 

Application (NDA) can be filed with the EMA requesting approval for marketing purposes. At 

request of the EMA postmarketing studies (Phase IV) are undertaken after the NDA has been 

approved. These may be desired to study long-term effects of the drug or the efficacy of the 

drug in additional indications.[125, 130] 



Introduction 

12 
 

1.4 Biological environment and NPs -the protein corona 

 

A key aspect in preclinical testing of new medicines is the study of their behaviour in biological 

environments. It must be ensured that the effect originates from the therapeutically active 

component and not only from the NP platform itself. The importance of these investigations 

is illustrated in the following. 

Ideally, the NPs would be injected into a patient's blood, where they circulate until they reach 

the targeted tissue. Then the ligand on the NP would recognise its specific receptor and the 

drug could be delivered in a regulated manner. Unfortunately, it is not always that 

straightforward. 

As soon as the NPs enter a biological system (e.g. blood stream), they are exposed to ions, 

small molecules, proteins and lipids.[22, 23] Due to their large surface-to-volume ratio NPs 

have a very active surface chemistry compared to the bulk variant. Therefore, unless they 

have been designed to do otherwise, in a physiological environment NPs will always try to 

reduce their surface energy by adsorbing biomolecules.[25, 131] Exactly this newly formed 

corona will influence the interaction between biological entities like cells or tissues and the 

NPs. [132] After all, this complex formed by NPs and the corona instead of the bare NP is the 

first thing a biological entity sees first (Figure 5).[133] The so-called protein corona is primarily 

composed of proteins, although the presence of other biomolecules is assumed but has not 

been investigated in detail.[134, 135] Understanding the formation of the protein corona in 

biological environments is crucial for the application of NPs as drug carriers. It is known, that 

the protein corona formation depends on several physico-chemical properties of NPs such as 

size, shape, surface charge, or hydrophobicity and can influence cellular uptake in vitro.[133, 

136-142]  
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Figure 5 The NP-corona-complex in a biological environment. The NP-corona-complex, rather the bare NP, is the first thing 
the cell sees. Depicted is a NP with different proteins bound to the surface. Adapted from Monopoli et al.[131]

The variability of the corona is determined not only by the NPs themselves, but also by various 

properties  of  the  proteins.  Thus,  (i)  the  wide  range  of  binding  affinities  and  equilibrium 

constants, (ii) variations in the association/dissociation rate and (iii) differences of the protein 

profile  in  biological  fluids  have  a  significant  impact  on  the  dynamics  of  the  protein 

corona.[132]

When proteins are adsorbed from solutions containing many different types of proteins (e.g. 

blood plasma), the combination of the concentration and size of the protein determines its 

diffusion  flux. As  a  result,  the  kinetics  of  its  adsorption  are also  determined.[143] In  a 

biological environment, proteins that are present in large quantities, have higher kinetics and 

will be initially adsorb on the surface of the NPs. Subsequently, a critical equilibrium between 

the kinetics and thermodynamics of all proteins controls the corona formation on  the NPs. 

Thermodynamically,  a  protein  will  spontaneously  adsorb  on  a  surface  if  that  results  in  a 
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reduction of the total system's energy.[144] Due to kinetic interactions, proteins that have a 

higher affinity to the material surface and thus contribute more to lowering the free energy, 

reach  the  NP  surface  at  a  later  point  in  time.  There,  they  displace  the  originally  adsorbed 

proteins. This process is long known as the Vroman effect.[145, 146]

Regarding  the  affinity  of  the  proteins  towards  the  NP  surface,  the  protein  corona  can  be 

classified  as  hard  or  soft.  In  contradiction  to  the  hard  corona,  where  proteins  with  a  low 

dissociation  (koff)   constant  and  high   affinity  to   the   NP surface  are  commonly  observed, 

the  soft  corona  contains  proteins  with  a  high dissociation (koff) constant and low affinity 

(Figure 6).[147]

 

Figure 6 Schematic illustration of a protein corona. Modified from Fleischer et al.[147]

Investigation of the NP-protein corona complex usually results in the examination of the hard 

corona, as this is the only part of the corona that can be isolated and studied. Loosely bound 

proteins,  either  to  the  NPs  or  the  proteins  of  the  protein  corona,  are  referred  as  the  soft 

corona.  This  part  is  experimentally  practically  inaccessible,  since  the  soft  corona  desorbs 

during  isolation.  However,  even  though  the  proteins  of  the  hard  corona  possess  a  high 

affinity,  its  composition  is  still  variable.  If  the  NP-protein corona-complex  is  trafficking 
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through different environments (e.g. uptake into cells or tissues) the hard corona will change 

and evolve due to adsorbing of environment specific proteins.[148] The adsorption of 

proteins is a dynamic process consisting of a steady adsorption/desorption equilibrium of 

proteins on and off the NP surface (Figure 7). The kinetics of this time dependent process are 

given by the association (kon) and dissociation (koff) constants. Kon depends on the frequency 

of contact between NP and protein, whereas the binding energy of the NP-protein complex 

determines koff. The balance of these two values, defines the affinity of a protein for the NP 

and is referred to as the dissociation constant kd.[132] 

 

 

Figure  7 Adsorption  and  desorption  - interactions  between  NPs  and  proteins. A  section  of  relevant  processes  for  the 
interaction of proteins with a NP is depicted. Biomolecules in the surroundings adsorb on the naked NP surface (k1) and form 
a firmly bound layer, the hard corona. Other biomolecules, namely the soft corona, display a lower residual affinity to the 
NP-hard-corona complex, so that these molecules are in rapid exchange with the environment (k2). Modified from Monopoli 
et al.[131]

 

1.5 Cell membrane interactions and NP cellular uptake pathways 

 

Reaching the exterior membrane of a cell, NPs will interact with the components of the 

plasma membrane or extracellular matrix. To achieve cellular uptake, NPs need to overcome 

the cell plasma membrane. This involves highly regulated mechanisms with complex 

biomolecular interactions. It is important to know how NPs enter cells, as the underlying 

uptake pathway will determine the function and intracellular fate of the NP.[149] To cross the 

cell membrane, several pathways of entry are available for NPs. These pathways can generally 



Introduction 

16 
 

be divided into two different groups: (i) endocytosis-based (Figure 8) and (ii) direct cellular 

entry like direct translocation, lipid fusion, electroporation or microinjection.[150]  

 

Figure 8 Schematic overview of NP uptake pathways via endocytosis. The figure was used from Nathan D. Donahue et al.: 
“Concepts of nanoparticle cellular uptake, intracellular trafficking, and kinetics in nanomedicine”; Advanced Drug Delivery 
Reviews 2019 [150]

 

 

 

The term endocytosis is used to summarize different pathways and mechanisms. Generally, 

there  are  five  mechanistically  different  endocytosis  pathways  for  NPs  to  enter  the  cell 

(Figure  8). In  biomolecular  terms,  these  pathways  are  highly  controlled  and  driven  by 

various  types of  lipids and transport  proteins  (e.g. lipid rafts, clathrin and caveolin).  After 

endocytosis,  NPs are  typically  trapped  in  intracellular  vesicles  such  as  endosomes,  

phagosomes  or  macropinosomes.  Therefore,  they  do  not  have  immediate access to the 

cytoplasm or the cell organelles.[150]

Since not many NPs are documented to utilize the other three variants (Figure 8 c,d,e), only 

two (Figure 8 a,b) are described briefly in the following.
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1.5.1 Clathrin-mediated endocytosis 

 

Clathrin-mediated endocytosis (CME) (Figure 8 a) is the main pathway by which cells are 

provided with nutrients and plasma membrane components. This is achieved either via 

receptor-specific uptake or via non-specific adsorptive uptake, also known as receptor-

independent CME.[151] CME takes place in a clathrin-rich area of the plasma membrane. Such 

areas cover about 0.5-2 % of the cell surface.[152] Together with other proteins, the clathrin 

is responsible for the assembly of a complex structure that will ultimately create the curvature 

of the membrane and then the budding vesicle. Following a cascade of protein interactions, 

dynamin, a membrane cleaving protein, finally binds to the neck of the budding vesicle, 

releasing the vesicle into the cytoplasm.[153, 154] 

CME is considered as the major pathway for NP cellular entry and is mediated by interaction 

of NP surface ligands and cell membrane receptors.[155, 156] After pinching off the 

membrane the NP is transported via the vesicle to the endosomes. Endosomes are either 

recycled or fuse with lysosomes leading to the breakdown of the engulfed payloads. 

Therefore, CME is a possibility for NPs to reach the cell’s endolysosomal system. Benyettou 

and co-workers were able to exploit this pathway. As reported, they were able to deliver 

anticancer therapeutics to HeLa cancer cells in vitro. After lsysosomal entrapment the NPs 

released their payloads in response to the low pH of lysosomes, resulting in an increased 

anti-cancer activity.[157]  

 



Introduction 

18 
 

1.5.2 Caveolin-dependent endocytosis 

 

Caveolae-dependent endocytosis (CDE) (Figure 8 b) plays a crucial role in numerous biological 

processes. These include, for instance, cell signalling, transcytosis and the regulation of 

membrane proteins and membrane tension. Furthermore, CDE seems to play a part in 

multiple diseases such as cancer, diabetes and viral infections.[158-161]  

Caveolae are membrane invaginations present in epithelial and non-epithelial cells. They are 

interspersed between regions of dense bodies that anchor the cytoskeleton. Caveolin, a 

dimeric protein that lines the caveolae and is involved in the formation of their characteristic 

flask shape.[159]  

This signalling pathway has aroused great interest in nanomedicine. This is related to the fact 

that the CDE has the ability to bypass lysosomes. Lysosomes possess hydrolytic enzymes that 

contribute to the degradation of biomolecules. If the lysosomes are bypassed by means of 

the CDE, the premature degradation of NPs could also be prevented and may result in a more 

efficacious efficiency.[162] Several pathogens exploit this fact to prevent lysosomal 

degradation.[163] Maybe it could also be beneficial for the cellular transport of proteins and 

DNA.[164] However, among others, the nanotherapeutic Abraxane® was already found to be 

taken up by cancer cells via the CDE. This albumin-bound form of paclitaxel binds to gp60, the 

albumin receptor in the caveolae of endothelial cells, entering the interstitial spaces of the 

tumour and is captured by SPARC (secreted protein, acidic and rich in cysteine). SPARC is 

selectively secreted by the tumours. The complex of NP and SPARC is taken up in tumour cells 

resulting in selective cytotoxicity.[165] 
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2 Aim of the work 

 

The interaction between the biological environment and NPs is of major relevance for the 

biological half-life, the cellular uptake and the associated efficacy as well as the general 

behaviour of NPs in medical applications.  

Therefore, the overarching objective of my research was to systematically investigate the 

influence of physico-chemical properties of NPs on the formation of a protein corona. In this 

context, different NPs, representing promising nanocarrier systems have been selected and 

their physico-chemical properties were systemically altered. For dPGs the influence of the size 

and surface charge on the protein corona formation has been investigated (see chapter 3.1). 

Amphiphilic NGs have been examined with respect to the impact of hydrophobicity (see 

chapter 3.2). Furthermore, for AuNPs the effect of shape and surface charge (see chapter 3.3) 

on protein corona formation has been studied. An overview is given in Figure 9. For the 

selected NPs the formation and the composition of the protein corona has been investigated 

using different proteomic methods such as two-dimensional polyacrylamide gel 

electrophoresis (2D PAGE) analysis in combination with mass spectrometry. 

Furthermore, the influence of the protein-corona on cellular uptake was a second objective 

of my thesis. These investigations have been undertaken in differentiated THP-1 cells as a 

cellular model for the mononuclear phagocytic system. The cellular uptake of selected NPs 

was assessed by flow cytometry and fluorescence microscopy.  

In addition, ligand-receptor interactions were investigated to understand the initial docking 

step on the cell membrane. For this purpose, pull-down experiments have been performed. 
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Figure 9 Nanoparticles used in this thesis are grouped into their respective examination criteria. From top to bottom these 
are the dendritic polyglycerols (chapter 3.1), the amphiphilic nanogels (chapter 3.2) and the gold nanoparticles (chapter 3.3).
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uptake: studies with dendritic polyglycerols and dendritic polyglycerol-

coated gold nanoparticles 
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Abstract: Nanoparticles (NPs) have gained huge interest in the medical field, in particular for 

drug delivery purposes. However, binding of proteins often leads to fast NP uptake and rapid 

clearance, thereby hampering medical applications. Thus, it is essential to determine and control 

the bio–nano interface. This study investigated the serum protein interactions of dendritic polyg-

lycerols (dPGs), which are promising drug delivery candidates by means of two dimensional 

gel electrophoresis (2DE) in combination with mass spectrometry. In order to investigate the 

influence of surface charge, sulfated (sulfated dendritic polyglycerol [dPGS]) and non-sulfated 

(dPGOH) surfaces were applied, which were synthesized on a gold core allowing for easier 

separation from unbound biomolecules through centrifugation. Furthermore, two different sizes 

for dPGS were included. Although size had only a minor influence, considerable differences 

were detected in protein affinity for dPGS versus dPGOH surfaces, with dPGOH binding much 

less proteins. Cellular uptake into human CD14+ monocytes was analyzed by flow cytometry, 

and dPGOH was taken up to a much lower extent compared to dPGS. By using a pull-down 

approach, possible cellular interaction partners of serum pre-incubated dPGS-Au20 NPs from 

the membrane fraction of THP-1 cells could be identified such as for instance the transferrin 

receptor or an integrin. Clathrin-mediated endocytosis was further investigated using chlorpro-

mazine as an inhibitor, which resulted in a 50% decrease of the cellular uptake of dPGS. This 

study could confirm the influence of surface charge on protein interactions and cellular uptake 

of dPGS. Furthermore, the approach allowed for the identification of possible uptake receptors 

and insights into the uptake mechanism.

Keywords: sulfated dendritic polyglycerols, protein corona, cellular uptake, uptake receptors, 

clathrin-mediated endocytosis

Introduction
Nanotechnology is often regarded as one of the key enabling technologies of the 

century. Nanoparticles (NPs) are already used for various diverse purposes including 

medical applications such as drug delivery.1 NP-based drug delivery systems offer 

several advantages. In particular, they are used with difficult-to-formulate chemicals, 

can protect drugs from degradation, enhance drug half-lives, and finally can enable drug 

targeting as NPs may reach and accumulate at specific sites in the body, where they 

may also be used as local drug depots. Thus, often for nano-formulated drugs, lower 

doses can be applied compared to conventional formulations leading to significantly 

reduced side effects.2 Some NP drug carrier systems are already approved, mostly 
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for tumor therapy such as DaunoXome®, a liposome-based 

formulation of daunorubicin being used to treat human immu-

nodeficiency virus-related Kaposi’s sarcoma.3 However, not 

only liposome-based formulations but also dendrimers seem 

to be useful candidates for drug delivery purposes. They 

allow packaging of larger molecules and are in particular 

useful to solubilize poorly water-soluble drugs.4,5

Often the use of NPs in medicine is hampered by the fast 

binding of plasma proteins to their surfaces (opsonization), 

leading to quick clearance of the circulating NPs by the retic-

uloendothelial system, which is also called the mononuclear 

phagocytic system.6–8 This may decrease the injected dose by 

as much as 50% within a few hours.9 Thus, for medical appli-

cations, it is often desired to synthesize NPs that are rather 

repellent to plasma protein interaction. Polyethylene glycol as 

a surface modifier for example was shown to enhance blood 

circulation and half-life of superparamagnetic iron oxide 

nanoparticles in vivo in mice fivefold.10 On the other hand, 

in order to achieve site-specific targeting of a drug specific 

interactions of a NP with selected serum proteins may be 

desired. One example is poly(n-butyl-2-cyanoacrylate) NP, 

which upon coating with polysorbate 80 was able to mediate 

transport across the blood brain barrier in vivo.11–13 This was 

shown to be dependent on recruiting apolipoprotein E from 

blood plasma onto the NP surface.14,15 Thus, in nanomedicine, 

it is necessary to understand the behavior of NPs in physi-

ological environments and to analyze the NP protein corona. 

The protein corona formation depends on several physico-

chemical properties of NPs such as size, shape, surface 

charge, or hydrophobicity and can influence cellular uptake 

in vitro.16–23 Therefore, the protein corona can also influence 

NP functionality and their biological effects.24,25 For example, 

transferrin coating was shown to enhance the endocytosis 

of lipid-coated NPs in A549 cells in vitro and furthermore 

to have the best inhibitory effect on tumor growth in vivo 

compared to the other used NPs.26

Within this study, we focused on dendritic polyglycerols 

(dPGs), which are interesting carrier systems for medical 

applications. They are highly biocompatible and can be syn-

thesized with different functionalities on their surface offer-

ing a high variability and allowing modulation of the binding 

affinity.27–29 Sulfated dendritic polyglycerol (dPGS) has 

been shown to possess anti-inflammatory properties in vivo 

and in vitro with the relevant cellular targets being L- and 

P-selectins.28,30,31 The aim of this study was to investigate 

the influence of size and charge of dPGs on the interactions 

with serum proteins and to study the influence of the protein 

corona on cellular uptake in human CD14+ monocytes by 

flow cytometry. Furthermore, this study aimed to elucidate 

cellular interaction partners being possibly involved in cel-

lular uptake by using a pull-down approach with purified cell 

membrane proteins of THP-1 cells and to get first insights 

into the uptake mechanisms.

Materials and methods
synthesis of the NPs
The synthesis of the native citrate-functionalized gold NPs 

as well as their functionalization with TA (thioctic acid)-

dPGS-10 kDa and TA-PGOH-10 kDa is described in detail 

elsewhere.32 Briefly, native citrate-functionalized gold NPs 

were synthesized by the reduction of tetrachloroauric acid at 

elevated temperatures in an aqueous solution.33 Larger-sized 

gold NPs (50 nm) were obtained by a seed-mediated growth 

procedure according to a protocol established by Ziegler and 

Eychmüller.34 The functionalization of the gold NPs with 

TA-PGOH-10 kDa and TA-dPGS-10 kDa, respectively, was 

performed according to an own established salt aging proce-

dure to maximize the ligand packing on the NPs.32 Briefly, 

the citrate-stabilized gold NPs were incubated with TA-

dPGS-10 kDa and TA-PGOH-10 kDa, respectively, under 

rapid stirring. After 30 min, the ionic strength of the solution 

was increased from 0 to 1.5 M over 30 min by the drop-wise 

addition of a NaCl (5 M) stem solution. The particles were 

incubated for 1 h under rapid stirring with 2 s sonification 

every 20 min. For purification, the colloidal dispersion 

was purified 6 times by centrifugation (15,000× g, 20 min, 

room temperature [RT]) for the removal of the supernatant 

and redispersion of the pellet in water. The concentration 

of gold NPs in the solutions was calculated by the ratio of 

the mass concentration of gold in the colloidal solution as 

determined by atomic adsorption spectroscopy and the mass 

of one gold NP as calculated by the diameter obtained from 

dynamic light scattering (DLS) and the assumption of a 

perfect sphere.32,35

The syntheses of rhodamine B-labeled dendritic poly-

glycerol (dPGOH-RB) and rhodamine B-labeled dendritic 

polyglycerol sulfate (dPGS-RB) are explained and depicted 

schematically in Figures S1 and S2, complete details are 

described elsewhere.36

characterization of the NPs
Transmission electron microscopy (TeM)
Droplets of the corresponding sample solutions (5 µL) were 

placed for 30 s on hydrophilized (60 s plasma treatment at 8 W 

using a BAL-TEC MED020 device [Leica Microsystems, Wet-

zlar, Germany]) carbon-coated copper grid. Excess fluid was 

removed with a filter paper, and the samples were analyzed in 

a CM-12 by FEITM with an accelerating voltage of 60 kV.
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Dls and zeta potential measurement
NPs were diluted 1:200 either in ultra-pure water (Milli-Q 

[MQ] reference ultrapure water purification system; Merck 

Millipore, Darmstadt, Germany), phosphate-buffered saline 

(PBS; PAN Biotech GmbH, Aidenbach, Germany) or Dul-

becco’s Modified Eagle’s Medium (DMEM, without phenol 

red and l-glutamine; PAN Biotech GmbH) containing 10% 

non-heat-inactivated fetal bovine serum (FBS gold, PAA 

Laboratories GmbH, Cölbe, Germany). The NPs (dPGOH-

Au50 with a final concentration of 24.6 µg/mL, dPGS-Au50 

with 20 µg/mL, and dPGS-Au20 with 10.08 µg/mL) were 

dispersed at RT under constant stirring (700 rounds per min-

ute, rpm) with a magnetic stirring device (HMC Cyclone; 

HMC Europe, Tüssling, Germany). These concentrations 

are in line with the ones used for studying cellular uptake. 

After 120 min, samples were taken and measured using a 

Zetasizer Nano ZS (Malvern Instruments GmbH, Herrenberg, 

Germany) equipped with a red laser (He-Ne-Laser 633 nm, 

maximum 4 mW). Pre-equilibration time for the samples 

of 60 s was used before the measurement (5 runs with 10 

measurement points [equals n=50] for each sample) at 25°C. 

The attenuator and voltage calibration were selected auto-

matically during the automatic measurements.

In order to measure zeta potential, NP dispersions were 

measured at 1 mg/mL in 10 mM NaCl dissolved in ddH
2
O 

(Merck Millipore) at 25°C using Zetasizer Nano ZS. A 

pre-equilibration time of 2 min was also used, attenua-

tor and voltage were selected automatically, and three 

runs of 30 measurements were used.

Nanoparticle tracking analysis (NTA)
The NanoSight LM20 system (638 nm visible radiation, max-

imum output 40 mW, Malvern Instruments GmbH) was used 

for NTA. Sizes were calculated from videos (60 s, 30 frames 

per second, camera gain =1, and background extract on) by 

the NTA software (Version 2.3 Build 0033). Particles were 

diluted using filtrated MQ water (filtered through a 0.2 µm 

filter) to final concentrations of dPGOH-Au50 2.46 µg/mL, 

dPGS-Au50 2 µg/mL, and dPGS-Au20 1.008 µg/mL and 

measured at 25°C.

Dispersion of the NPs for protein corona 
analysis
For analysis of the protein corona, the concentrations of all 

NPs (dPGS-Au20, dPGS-Au50, and dPGOH-Au50) were 

adjusted such that protein to surface ratio was kept constant 

(total available NP surface was adjusted to approximately 

66 cm2. Ratio was kept at approximately 300 microgram 

protein/cm2.). The total available surface for protein binding 

was calculated by assuming a perfect spherical shape. NPs 

were dispersed in DMEM containing 10% FBS gold in a total 

volume of 5 mL in sterile glass vials containing magnetic 

stir bar by stirring (700 rpm for 2 h at RT) with a magnetic 

stirring device (HMC Cyclone; HMC Europe).

Protein elution and analysis of protein 
content in eluate
For the separation of the NPs with adsorbed corona from 

unbound proteins, the NP dispersions (5 mL) were loaded 

on top of 2 M sucrose (4.5 mL), and the NPs were pelleted 

through ultracentrifugation (17,900× g, 2.5 h at RT). DMEM 

with 10% FBS gold without NPs served as control and was 

treated similarly. Proteins in the NP pellets were eluted in 

500 µL two dimensional (2D) lysis buffer containing 7 M 

urea, 2 M thiourea, 4% chaps, 2% pharmalyte pH 4–7, 1% 

dithiothreitol (DTT), and protease inhibitors for 2DE analysis 

while rotating for 1 h at RT. Samples for 2DE analysis were 

centrifuged (40,000× g for 1 h at 15°C) and total protein 

content was measured using the 2D Quant kit (GE Healthcare, 

Berlin, Germany) according to manufacturer’s instructions.

2D-Polyacrylamide gel electrophoresis 
(Page) analysis of the protein corona
For the isoelectric focusing (IEF), samples (500 µL) were 

loaded on nonlinear IPG strips (24 cm Immobiline™ 

DrySrip pH 4–7 [NL]; GE Healthcare) and equilibrated in 

equilibration buffer EB1 containing 360 mg/mL urea (Carl 

Roth GmbH, Karlsruhe, Germany), 24 mg/mL sodium 

dodecyl sulfate (SDS; Carl Roth GmbH) and 50.4 mM/mL  

tris(hydroxymethyl)aminomethane-hydrogen chloride 

(Tris-HCl), pH 8.6 (Carl Roth GmbH) for 1 h. Active rehy-

dration and focusing were performed (15 h at 30 V, 1.5 h 

at 200 V, 1 h at 500 V, 13.5 h gradient 500–1,000 V, 3 h 

gradient 1,000–8,000 V, and 6 h at 8,000 V) with the GE 

Ettan IPGphor 3 (GE Healthcare). After the IEF proteins 

were first reduced using DTT (1% DTT in EB1; Carl Roth 

GmbH) and then alkylated using iodacetamide (4% IAA 

in EB1; SERVA, Heidelberg, Germany) 15 min each. For 

the second dimension, strips were transferred onto 12.5% 

SDS-polyacrylamide gels. Electrophoresis was carried out 

with the GE Ettan DALTtwelve System Seperation Unit 

(GE Healthcare). Later, the gels were fixed using 30% 

ethanol (Sigma-Aldrich, Munich, Germany) and 10% acetic 

acid (Carl Roth GmbH) in water and thereafter stained with 

ruthenium II tris (bathophenanthroline disulfate) chelate  

(0.4 µM RU-II and 20% ET in MQ).37 After scanning of the 

gels with the FLA 9,500 (GE Healthcare, excitation λ=473 nm 

and detection at λ=610 nm), they were analyzed with Delta2D 
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version 4.4 (Decodon, Greifswald, Germany). Each sample 

was analyzed in three independent replicates. Spots with an 

increased intensity compared with control gels without NPs 

(.1.5 fold increase, n=3, p,0.05) were further analyzed by 

mass spectrometry to identify the respective proteins.

Matrix-assisted laser desorption 
ionization (MALDI)-time of flight 
(TOF)/TOF
Spots of interest were excised using a spot picker (Proteome 

Factory, Berlin, Germany), destained in 200 mM ammo-

nium bicarbonate (ABC; Sigma-Aldrich) containing 50% 

acetonitrile (ACN; Sigma-Aldrich) and digested overnight 

with trypsin using a standard protocol (50 mM ABC and 

5% ACN, 1.2 ng/µL trypsin). Peptides were extracted from 

the gel piece with 60% ACN and then with 100% ACN. 

Collected and combined supernatants were dried using a 

speedvac. Dry peptide pellets were resuspended in 0.1% 

TFA and purified using a C18 ZipTip (Merck Millipore). 

Samples were spotted with an α-cyano-4-hydroxy-cinnamic 

acid (HCCA; Sigma-Aldrich) matrix on AnchorChip targets 

(383/800; Bruker, Bremen, Germany) and measured using a 

UltrafleXtreme MALDI-TOF/TOF (Bruker) device equipped 

with FlexControl (version 3.3) and FlexAnalysis (version 3.3) 

software packages. For analysis, ProteinScape (version 4.0) 

and MASCOT (version 2.3.02) were used based on search in 

Swissprot database (MS tolerance 50 ppm, MS/MS tolerance 

0.8 Da, Carbamidomethyl [Cys] and Oxidation [Met] as 

variable modifications, 1 partial cleavage).

Cell culture THP-1 cells
The human monocytic cell line THP-1 was obtained from 

DSMZ (German Collection of Microorganisms and Cell 

Cultures, Germany) and was cultivated in RPMI-1640 com-

plete medium containing 10% FBS, 2 mM l-glutamine, 100 

mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid, 

100 units/mL penicillin, 0.1 mg/mL streptomycin in an incu-

bator (37°C, 5% CO
2
). Cell culture medium, FBS, and addi-

tives were obtained from PAN Biotech GmbH. Cell viability 

and quantity were determined through a cell counter Casy 

TTC (Roche Diagnostics GmbH, Mannheim, Germany).

Isolation of the cD14+ cells through 
cD14 MicroBeads
Primary human CD14+ monocytes were isolated from blood 

samples (buffy coats) obtained from Deutsche Rote Kreuz 

(Berlin, Germany). Samples were diluted with PBS, layered 

on Ficoll-Paque™ Plus (GE Healthcare) solution and 

centrifuged (400× g for 35 min at RT) to obtain peripheral 

blood mononuclear cells (PBMCs). PBMCs were washed 

with PBS and finally dispersed in auto MACS™ Running buf-

fer (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) 

(40 µL per 107 cells). CD14+ MicroBeads (Miltenyi Biotec 

GmbH) were added (10 µL per 107 cells). After 15 min of 

incubation, CD14+ cells were separated using positive selec-

tive LS columns (Miltenyi Biotec GmbH). Figure S3 depicts 

quality control through flow cytometry before and after CD14 

MicroBeads purification. For analysis 1×105 cells (PBMC 

or CD14+ monocytes) were washed (300 g, 5 min) with buf-

fer (PBS, 1% FBS and 2 mM ethylenediaminetetraacetate 

[EDTA]) and stained in 50 µL buffer with a-CD14-PE 

(TÜK4) as a marker for CD14+ monocytes, with a-DC-

Sign-APC (DCN47.5) as a marker for dendritic cells and 

with a-CD86-Fitc (FM95) as an activation marker (all 1:50; 

Miltenyi Biotec GmbH) for 30 min at 4°C. After washing, the 

samples were measured using the BD FACSAria III with Diva 

6.0 software (BD Biosciences, Heidelberg, Germany).

Investigation of the uptake of NPs 
through flow cytometry
CD14+ cells (105 cells per well in 1 mL RPMI-1640 medium 

containing 10% FBS) were seeded in 12-well plates (TPP, 

Trasadingen, Switzerland). After 24 h, the medium was 

replaced with either RPMI-1640 medium containing 10% 

FBS or cell culture RPMI-1640 medium containing 3 mg/mL  

bovine serum albumin (BSA) or RPMI-1640 medium without 

any proteins. Rhodamine B-labeled dPG NPs were diluted 

in the respective cell culture medium (final concentration 

dPGOH-RB 50 µg/mL and dPGS-RB 20 µg/mL) and pre-

incubated for 1 h (at 37°C) such that a protein corona can 

form. Cell culture medium from the monocytes was then 

replaced with the respective cell culture medium containing 

the NPs and incubated for 1 or 6 h, respectively. Later, the 

cells were rinsed with PBS and detached using trypsin (PAN 

Biotech GmbH), washed again using PBS and fixed using 

100 µL 1× CellFix solution (BD Biosciences). Uptake was 

analyzed using an FACS Aria III (BD Biosciences), equipped 

with a blue laser (488 nm) and fluorescence detector (585/42 

nm) using a 70 µm nozzle.

Purification of cell membrane protein 
fraction
Biotinylation of the THP-1 cells
Prior to the treatment with sulfosuccinimidyl-2-(biotinamido)

ethyl-1,3-dithiopropionate (Biotin; Antibodies-online GmbH, 

Aachen, Germany), THP-1 cells were washed three times 

with PBS (500 g for 10 min, 4°C). After incubation with 

Biotin for 10 min at RT (0.05 mg/mL biotin diluted in PBS 
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per 5×106 THP-1 cells) Tris-HCl (pH 7.5 with 50 mM) was 

added followed by incubation for another 10 min at RT. 

Thereafter cells were washed with PBS five times (4°C at 

500 g for 10 min) and lyzed by 30 min incubation on ice in 

modified RIPA buffer (0.05 M Tris-HCl [pH 7.4], 0.15 M 

NaCl, 0.001% EDTA, 1% Igepal CA-630, 0.25% sodiumde-

oxycholate) followed by centrifugation (14,000× g for 20 min 

at 4°C). All chemicals were obtained from Sigma-Aldrich. 

Total protein content was determined in supernatants using 

a Bradford assay (BioRad, Munich, Germany) according to 

the manufacturer’s protocol.

Purification of the biotinylated membrane proteins 
through avidin-agarose beads
Biotinylated proteins were isolated using avidin-agarose 

beads (15 µL of a 50% w/w slurry per 25 mg lysate), which 

were incubated with the cell lysates (three runs, each 15 min 

incubation). After binding, beads were washed with PBS 

(five times) and proteins eluted by adding DTT (100 mM in 

PBS, 1 h at RT). Concentration of the eluate was determined 

by Bradford assay according to manufacturer instructions. 

In total, 615 µg of protein was obtained using this protocol 

from 250×106 cells.

Pull-down experiment with dPG NPs
The NPs dPGS-Au50 and dPGOH-Au50 (final concentra-

tions 100 µg/mL) were washed with PBS three times and 

incubated for 2 h at RT with the relevant medium (RPMI-

1640 medium ±10% FBS), later washed again with PBS three 

times. Then, NPs with or without serum pre-treatment were 

incubated (2 h at RT) with the purified membrane protein 

fraction (115 µg total protein per 100 µg NP) and later washed 

with PBS three times and pelleted by centrifugation. Proteins 

from NP pellets were eluted using Laemmli buffer (0.25 M 

Tris-HCL pH 6.8, 4% SDS, 20% glycerol [Sigma-Aldrich] 

with 10% ß-mercaptoethanol [Merck Millipore]) at 95°C for  

10 min. Eluted proteins were separated through 10% SDS-PAGE 

and stained with Coomassie brilliant blue R 250 (AppliChem 

GmbH, Darmstadt, Germany). Each lane was cut into 10 bands, 

proteins were digested, peptides were eluted, dried, and redis-

solved in ACN/0.1% TFA (ratio 7:3). Peptides were then 

analyzed by nano high performance liquid chromatography 

(nanoHPLC) coupled offline with MALDI-MS/MS.

Analysis of pulled down proteins through 
nanoHPLC-MALDI-MS/MS
For the chromatographic separation of the samples, a 

reversed-phase HPLC UltiMate3000 (Thermo Scientific) 

with gradient elution was used. The nonpolar stationary phase 

(Acclaim® PepMap RSLC, 75 µm ×50 cm nano Viber, C18, 

2 µm, 100 Å) consists of C18-modified silica. Equilibration 

was done with solvent A (0.1% TFA) for 5 min, and the 

separation of the samples was done by increasing the con-

centration of the nonpolar solvent B (0.08% TFA/80% TFA, 

reaching following concentrations at the given time points: 

1 min 20%, 11 min 25%, 95 min 50%, 105 min 80%, and 

after 115 min 95% concentration of solvent B). Ultraviolet 

spectrum was measured at 214 nm. Eluates from nanoHPLC 

were automatically spotted with matrix solution (HCCA) at a 

target (AnchorChip 1536 TF, Bruker) and measured through 

an UltrafleXtreme MALDI-TOF/TOF (Bruker).

Investigation of possible uptake pathways 
of dPGS-RB in THP-1 cells
THP-1 cells were seeded in 96-well plates (TPP) at 75,000 

cells per well in 100 µL cell culture medium (CCM, RPMI-

1640 medium containing 10% FBS) 24 h before treatment. To 

investigate energy-dependent uptake, cells were then either 

transferred to 4°C or were kept at 37°C (control) for the rest of 

the treatment. After 4 h at the respective temperature condi-

tions, 20 µg/mL of pre-incubated dPGS-RB NPs (2 h in CCM, 

RT) were added for another 2 or 4 h. To investigate endo-

cytosis, cell culture medium was replaced with serum-free  

RPMI-1640 medium (control) or serum-free RPMI-1640 

medium containing 5 or 10 µg/mL chlorpromazine (CP) to 

investigate clathrin-mediated endocytosis (Sigma-Aldrich) 

or 200 µM genistein (Sigma-Aldrich) and incubated for 

2 h. Then, 20 µg/mL of pre-incubated dPGS-RB NPs (in 

CCM) were added for another 2 h. Thereafter in both cases, 

cells were washed twice with ice cold PBS (300× g, 5 min). 

Life/Dead Fixable Near-IR Dead cell Stain Kit (Thermo-

Fisher Scientific, Darmstadt, Germany) diluted 1:1,000 in 

ice cold PBS was added for 30 min (constant shaking, 4°C). 

Samples were washed twice with PBS (300× g, 5 min) and 

fixed (2 h, 4°C) using 100 µL 1× CellFix solution (BD 

Biosciences). Uptake was analyzed using a FACS Aria III 

(BD Biosciences), equipped with a blue laser (488 nm) and 

fluorescence detector (585/42 nm) using a 70 µm nozzle.

Results
characterization of the NPs
This study used gold NPs functionalized with either sulfated 

or non-sulfated dPGs with a molecular weight of 10 kDa, 

dPGS-10 kDa or dPGOH-10 kDa, respectively. Figure 1 sche-

matically depicts the chemical structures of dPGS-10 kDa and 

dPGOH-10 kDa as well as the NPs used in this study.

Both, dPGS-10 kDa and dPGOH-10 kDa were functional-

ized with ~1 TA anchor moiety, resulting in TA-dPGS-10 kDa 
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and TA-dPGOH-10 kDa, respectively, to permit the binding 

to the gold NP surface through stable sulfur–gold linkage.38 

The dPGOH- and dPGS-coated gold NPs (dPGS-Au and 

dPGOH-Au) were synthesized by ligand exchange from 

citrate-coated gold NPs according to a previously established 

salt-aging procedure, which permits a maximization of the 

ligand density on the NPs.32 This leads to a slight increase in 

NP radii compared with the original citrate-coated gold NPs 

(Figure 2). The dPGS-Au was synthesized in two different 

sizes, using 20 and 50 nm gold cores, herein referred to as 

dPGS-Au20 and dPGS-Au50, respectively. In the case of 

dPGOH-Au, a 50 nm gold core was used for the synthesis, 

resulting in dPGOH-Au50. NPs were fully characterized with 

respect to size and size distribution using TEM, DLS, and 

NTA. The DLS and NTA results are summarized in Table 1, 

and TEM images and DLS data are depicted in Figure 2.

Figure 1 schematic structures of the dPgs.
Notes: The structures of dPGOH-10 kDa (A), dPGS-10 kDa (B), (a) TA-dPGOH-10 kDa, which was then attached to the Au surface; (b) TA-dPGS- 10 kDa, was was then 
attached to the au surface (C), and the rhodamine-B-labeled NPs, dPGOH-RB and dPGS-RB (D) are depicted. The surface of the gold NPs (C) can be coated by using thioctic 
acid functionalized with either sulfated or non-sulfated PG. Depicted is the first generation non sulfated PG-dendron (Ca), which would result in dPGOH-Au NPs and the 
first generation sulfated PG-dendron (Cb), which would result in dPGS-Au NPs. The moieties of the Rhodamine-B-labeled dPGs (D) are either non-sulfated dPGs forming 
the dPGOH-RB NPs (Da) or sulfated dPGs resulting in the dPGS-RB NPs (Db). 
Abbreviations: dPG, dendritic polyglycerol; NP, nanoparticle.
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NPs were dispersed in different biological dispersion 

media, that is, PBS or complete CCM, consisting of DMEM 

supplemented with 10% FBS. NPs seem to be stably 

dispersed in PBS and CCM over the time course of the 

experiment, that is, for up to 2 h. However, a shift in NP 

hydrodynamic radii was observed over time in the protein 

containing CCM dispersion medium compared with PBS, 

in particular for the dPGS-Au NPs. This may indicate the 

formation of a protein corona (Table 1). For dPGS-Au50, 

the increase in hydrodynamic radius in CCM accounts 

for 25 nm, which is consistent with the reported changes 

that occurred because of the formation of a protein corona 

of ~50 nm NPs as reviewed in Walkey and Chan.39 In addi-

tion, the zeta potential in 10 mM NaCl in MQ water was also 

determined for dPGS (-25.7 mV) and dPGOH (+12.1 mV) 

particles. For studying cellular uptake, rhodamine-labeled 

Figure 2 NP characterization by TeM and Dls.
Notes: TEM images of the dendrimer-coated NPs are depicted on the left panel and DLS data of the native gold citrate NPs (scattered lines) and dendrimer coated gold NPs 
(solid lines) on the right panel, with dPGS-Au20 (A and B), dPGS-Au50 (C and D), and dPGOH-Au50 (E and F). 60.000= 60 sec plasma treatment at 8 W using a BAL-TEC 
MeD020 device.
Abbreviations: NP, nanoparticle; TEM, transmission election microscopy; DLS, dynamic light scattering.
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dPGS-RB and dPGOH-RB were used, which were also 

fully characterized (Table S1).

NP protein corona
The NPs were incubated in CCM for 2 h such that they could 

form a stable protein corona. As of course the total amount 

of bound protein would depend on available NP surface, the 

NP concentrations for this experiment were adjusted such that 

similar ratios of total protein to NP surface were obtained.

A detailed analysis of protein coronas was performed 

using 2D gel electrophoresis (2DE) in combination with 

MALDI-TOF/TOF. 2DE analysis revealed qualitative and 

quantitative differences between the coronas of all NPs. 

Each NP displayed an individual spot pattern. It becomes 

obvious that dPGOH surface binds considerable less protein 

compared with dPGS surfaces (Figure 3). Significant quan-

titative and qualitative differences were observed in protein 

coronas for the different surface functionalized NPs, that is, 

dPGOH-Au50 versus dPGS-Au50, whereas the differences 

for the two sizes of dPGS, that is, dPGS-Au20 versus dPGS-

Au50, appeared marginal only (Figure S4).

In order to identify relevant proteins, spot patterns of all 

gels were analyzed and compared with control gels. Protein 

spots with significantly increased intensity compared with 

controls (ie, intensity increased .1.5, p,0.05, n=3) were 

excised and analyzed by MALDI-TOF/TOF (Figure S5).

Clearly, dPGS surfaces bind more proteins compared 

with dPGOH (ie, compare dPGS-Au50 versus dPGOH-Au50, 

Figure 3). The corona of dPGOH-Au50 consisted only of 

36 protein spots, whereas 169 were detected on dPGS-Au50 

and 114 on dPGS-Au20. Similarities and differences in the 

protein coronas are visualized in a Venn diagram based on 

the spot numbers (Figure 3C). Comparing the proteins in the 

different coronas as identified by mass spectroscopy, it was 

found that most proteins detected on dPGOH-Au50 were 

also found on dPGS-Au50 (for instance complement factor 

H and serum albumin). However, several of them such as 

for instance serotransferrin and vitronectin (VN) were unique 

for the dPGS NP coronas (Table 2).

Influence of the protein corona on 
cellular uptake
Next, the study aimed to analyze whether the differences in 

protein binding would correlate with differences in cellular 

uptake. For this analysis, we used rhodamine B-labeled 

dPGS and dPGOH NPs without a gold core, herein referred 

to as dPGS-RB and dPGOH-RB (refer to Figures S1 and S2 

for a summary of their syntheses and to Table S1 for their 

physico-chemical characterization). The fluorescence label 

allowed for easy quantification of cellular uptake using 

flow cytometry. NPs were pre-incubated for 2 h in different 

biological media. DMEM cell culture medium was used 

without serum (ie, no proteins were present), CCM with 

serum such that a complete protein corona can form or cell 

culture medium containing BSA only, which was considered 

a rather unspecific binder with moderate affinity.

Figure 4 shows that dPGS-RB was taken up much more 

efficiently by primary human monocytes compared with 

dPGOH-RB, regardless of the kind of pre-incubation. Using 

confocal laser scanning microscopy, it could be confirmed 

that dPGS-RB NPs (Figure S6) and also dPGOH-RB NPs 

(Figure S7) were taken up into monocytes. However, amounts 

of dPGOH-RB taken up seemed to be very low.

Comparing different conditions of pre-incubation for 

dPGS, it was found that without any protein pre-incubation, 

dPGS was taken up most efficiently (Figures 4 and S6). 

Thus, clearly the presence or absence of a protein corona 

influences the cellular uptake of dPGS. In addition, the 

Table 1 NP characterization of dPGS-Au and dPGOH-Au by DLS and NTA

NP DLS NTA

Incubation (min) Medium Z-average (d, nm) SD (nm) PDI Average size (d, nm) Mode (nm) SD (nm)

dPGS-Au20 120 PBs 36 0.76 0.35 45 38 20
MQ 40 5.53 0.26
ccM 48 6.27 0.47

dPGS-Au50 120 PBs 51 0.33 0.11 56 51 18
MQ 53 0.32 0.13
ccM 76 9.78 0.89

dPGOH-Au50 120 PBs 52 0.53 0.11 85 65 30
MQ 54 0.36 0.14
ccM 60 4.44 0.39

Notes: NPs were dispersed in water, PBs or ccM, respectively. analysis by Dls was performed after 120 min. NTa was performed in water only with freshly dispersed NPs.
Abbreviations: NP, nanoparticle; MQ, Milli-Q; DLS, dynamic light scattering; NTA, nanoparticle tracking analysis; PBS, phosphate-buffered saline; CCM, complete cell 
culture medium (DMEM containing 10% FBS); FBS, fetal bovine serum; SD, standard deviation; PDI, polydispersity index.
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composition of the corona seems to affect cellular uptake as 

well (compare uptake in the presence of BSA alone, which 

is a rather unspecific binder compared to uptake in the pres-

ence of complete serum).

Identification of putative cellular 
interaction partners
This prompted us to further analyze the interactions between 

protein-coated NPs and cellular surfaces in more detail. For 

this purpose, the cell membrane proteins of THP-1 cells 

were purified after biotinylation by affinity chromatography. 

Purified membrane fraction was used in pull-down experi-

ments with dPGS-Au50 (Figure 5A) and dPGOH-Au50 as 

control (Figure 5B), both of which have been pre-incubated 

in CCM. Later, pulled down proteins were identified using 

a nanoHPLC-MALDI-TOF/TOF approach.

A total of 138 proteins could be identified in the pull-

down experiment with CCM-pre-incubated dPGS-Au50, 

out of which 22 were membrane or membrane-associated 

proteins. A few selected identified membrane proteins, that 

is, those for which possible protein interaction partners may 

be suggested from the identified proteins in the protein corona 

of dPGS, are listed in Table 3, and all of them are listed in 

Table S2. In particular, transferrin receptor protein 1 and 

the integrin βII might be involved in cellular recognition 

of the dPGS.

Investigation of possible uptake pathways
In the pull-down experiment, the transferrin receptor was 

identified as a possible cellular interaction partner, which 

indicates that clathrin-mediated endocytosis is involved in 

the cellular uptake of dPGS as the transferrin receptor is 

internalized through this pathway.40 To further look into this, 

this study first aimed to analyze whether the uptake process 

is energy dependent, which may be expected for endocytotic 

processes and then whether it may be inhibited by CP, which 

Figure 3 analysis of the protein corona by 2De.
Notes: 2D gels of dPGS-Au50 (A) and dPGOH-Au50 (B) are depicted. A Venn diagram was used to compare the corona composition of the different NPs based on the 
number of protein spots in their coronas as obtained from 2De analysis (C). The total number of significant protein spots within the gels compared with controls is given 
within parentheses.
Abbreviation: 2DE, two-dimensional gel electrophoresis.
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Table 2 Identified proteins of the protein coronas of all NPs

Protein Accession MW (kDa) PI MS UP dPGOH-Au50 dPGS-Au50 dPGS-Au20

actin, cytoplasmatic 1 acTB_BOVIN 41.7 5.48 945 3 - + +
Alpha-1-antiproteinase a1aT_BOVIN 46.1 6.1 109.5 2 + + -
Alpha-1B-glycoprotein a1Bg_BOVIN 53.5 5.3 419 8 + + -
Alpha-2-HS-glycoprotein FeTUa_BOVIN 38.4 5.3 84.8 2 + - -
Alpha-fetoprotein FeTa_BOVIN 68.5 5.9 170.2 4 - - +
Apolipoprotein A-I aPOa1_BOVIN 30.3 5.7 345.3 9 + + +
C4b-binding protein alpha chain c4BPa_BOVIN 68.9 6.38 424 8 - + +
Coagulation factor XII Fa12_BOVIN 67.2 7.9 115 2 - + -
Collagen alpha-1(I) chain cO1a1_BOVIN 138.9 5.78 124.6 2 + + +
complement c3 cO3_BOVIN 187.1 6.4 173.7 4 - + +
complement component c9 cO9_BOVIN 62 5.7 130 3 + + +
complement factor B cFaB_BOVIN 85.3 7.9 128.9 2 + + +
complement factor h cFah_BOVIN 140.4 6.8 164 5 + + +
Factor XIIa inhibitor F12aI_BOVIN 51.7 6.2 289 6 - + +
gelsolin gels_BOVIN 80.7 5.5 156.6 3 - + +
Inter-alpha-trypsin inhibitor ITIh1_BOVIN 101.2 7.2 349 10 - + +
Pigment epithelium-derived factor PeDF_BOVIN 46.2 6.6 493.3 10 + + +
Plasma serine protease inhibitor IPsP_BOVIN 45.3 9.36 141.2 4 - - +
serotransferrin TrFe_BOVIN 77.7 6.8 295.9 6 - + +
serum albumin alBU_BOVIN 69.2 5.8 1,782.6 32 + + +
Tetranectin TeTN_BOVIN 22.1 5.5 238 3 + + +
Vitamin D binding protein VTDB_BOVIN 53.3 5.52 184 4 + + -
Vitronectin VTNc_PIg 53.3 5.6 81 1 - + +

Note: The labels “+” and “-” indicate whether the respective protein was present in the corona of the given nanoparticle.
Abbreviations: NP, nanoparticle; MW, molecule weight; PI, isoelectric point; MS, MASCOT score; UP, unique peptides.

Figure 4 Uptake of dPGS-RB and dPGOH-RB in primary human monocytes 
analyzed by flow cytometry.
Notes: NPs were pre-incubated for 2 h with DMEM only, with DMEM containing 
BSA or with DMEM containing 10% FBS (CCM). Later, the NPs were incubated with 
monocytes for 1 or 6 h. Mean fluorescence values including SEM (n=8–10 biological 
repeats) as bars (with significance: **P,0.01 and *P,0.05) are depicted.
Abbreviations: DMEM, Dulbecco’s Modified Eagle’s Medium; BSA, bovine 
serum albumin; ccM, complete cell culture medium; FBs, fetal bovine serum; NP, 
nanoparticle; seM, standard error of the mean.

is a known inhibitor for clathrin-mediated endocytosis.41 

When transferring the cells to 4°C and thereby blocking 

energy-dependent uptake processes, it could be shown that 

the uptake of dPGS-RB NPs is indeed significantly decreased, 

that is, ~79% after 2 h and ~66% after 4 h (Figure 6A). When 

pretreating THP-1 cells for 2 h with CP, the uptake was 

decreased by ~25% after 2 h using 5 µg/mL and by ~50% 

using 10 µg/mL (Figure 6B). Caveolin-mediated endocytosis 

was also considered, and cellular uptake could be blocked 

by ~20% after 2 h and by ~30% after 4 h incubation with 

genistein (Figure 6C). Therefore, it is concluded that clathrin-

mediated endocytosis seems to be the major uptake pathway 

for dPGS particles. However, other pathways, in particular 

caveolin-mediated endocytosis also contribute but to a lesser 

extent. Also energy-independent processes seem to exist and 

can also contribute to cellular uptake of dPGS.

Discussion
The aim of this study was to investigate the influence of 

size and surface chemistry for dPGs on interactions with 
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Figure 5 Pull-down experiment of serum pre-incubated dPGS-Au50 or dPGOH-Au50 with purified membrane fractions.
Notes: The dPGS-Au50 (A) and dPGOH-Au50 (B) NPs were incubated with RPMI-1640 medium serum containing 10% FBS (CCM), with isolated MPs or were first pre-
incubated with RPMI-1640 medium containing 10% FBS and then incubated with MPs (CCM + MPs). Proteins were eluted from NP surfaces using Laemmli buffer and analyzed 
by SDS-PAGE. Eluted proteins were visualized by Coomassie and the identified by nanoHPLC coupled with MALDI-TOF/TOF.
Abbreviations: NP, nanoparticle; FBs, fetal bovine serum; MPs, membrane proteins; ccM, complete cell culture medium; SDS-PAGE, sodium dodecyl sulfate polyacrylamide 
gel electrophoresis; nanoHPLC, nano high performance liquid chromatography; MALDI, matrix-assisted laser desorption ionization; TOF, time of flight.

Table 3 Selected identified membrane proteins after pull- 
down approach

Protein Accession MW 
(kDa)

MASCOT 
score

Unique 
peptides

Integrin β-II ITB2_hUMaN 84.7 30 1
Transferrin 
receptor protein 1

TFr1_hUMaN 84.8 224.4 5

Notes: The dPGS-Au50 NPs were pre-incubated with CCM containing 10% 
FBs and then incubated with isolated membrane protein fraction. Proteins were 
eluted, separated through SDS-PAGE, and analyzed by using nanoHPLC coupled 
with Ms/Ms.
Abbreviations: NP, nanoparticle; ccM, complete cell culture medium; FBs, fetal 
bovine serum; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; 
nanoHPLC, nano high performance liquid chromatography; MW, molecular weight; 
Ms, mass spectrometry.

serum proteins as they may be widely used in medical 

applications. A reduced protein affinity was clearly observed 

for the non-sulfated variant dPGOH compared with dPGS, 

which indicates that serum proteins preferably interact with 

negatively charged NP surfaces, as also shown by others.28 

Differences in protein binding with respect to NP size were 

also observed. However, the influence of size on the protein 

composition of the NP protein corona seems to be minor 

compared with the influence of the surface charge. The 

effect of size on the composition of the protein corona may 

be explained by the different curvature of NPs, which could 

affect the binding of differently shaped proteins to different 

extents. Often, globular proteins absorbed on small particles 

seem to retain their native conformation with increasing cur-

vature as shown for BSA on monodisperse silica spheres.42 In 

contrast, fibrillar proteins may lose their native conformation 

with decreasing particle size as shown for fibrinogen.42

Here we could identify different serum proteins as 

components of the protein corona for each NP, among them 

constituents of the adaptive immune response, cell-adhesion 

(-migration, -motility, and -proliferation), activators, and 

regulators of the complement system. Some of these proteins 

may play a role in the cellular interaction of the NPs and thus 

could be interesting with respect to NP targeting.

In order to further analyze the interactions between NP 

protein corona and cell membranes, pull-down experiments 

were performed to identify possible interaction partners 

for dPGS. Through this approach, the transferrin receptor 

protein, HLA class 1 histocompatibility antigens, and a 

member of the integrin receptor family, which could be 

potentially involved in cellular recognition and uptake of 

the dPGS NPs, could be identified.

Others have already performed intensive research on 

the role of transferrin in NP uptake. Transferrin has been 

frequently identified in the protein coronas of several NPs, 

for example, silver, iron oxide, and silica.43–45 Here we could 

identify serotransferrin in the corona of dPGS but not in the 

corona of dPGOH NPs. Serotransferrin can interact with 

the transferrin receptor and mediate an endocytotic uptake 

through clathrin-mediated endocytosis.46 It was shown that 
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Figure 6 Investigation of possible uptake pathways of dPGS NPs.
Notes: (A) THP-1 cells were incubated for 2 or 4 h with pre-incubated dPGS-RB NPs at different temperatures (4°c or 37°C). THP-1 cells were pre-incubated for 2 h 
either with serum-free RPMI-1640 medium or medium containing 5 or 10 µg/mL CP (B) or with 200 µM genistein (Ge) (C). NPs, that is, dPGS-RB, which were pre-
incubated for 2 h with RPMI-1640 medium containing 10% serum, were then added for another 2 h. Mean fluorescence values are depicted as analyzed by flow cytometry 
including SEM (n=9–12 biological repeats) as bars (with significance: **P,0.01 and *P,0.05), and the percentage of viable cells is depicted as a line including SEM (n=9–12 
biological repeats).
Abbreviations: NP, nanoparticle; PBS, phosphate-buffered saline; CP, chlorpromazine; Ge, genistein.

° ° °° ° ° °°

the presence of transferrin enhanced the endocytosis of 

lipid-coated NPs in A549 cells in vitro.26 In this study, the 

transferrin receptor could be identified as a possible cellular 

interaction partner of CCM pre-incubated dPGS NPs using 

a pull-down approach. Furthermore, by using CP, a known 

inhibitor of clathrin-mediated endocytosis, cellular uptake 

of dPGS was decreased by 50% in this study. Therefore, 

clathrin-mediated endocytosis plays a major role in cellular 

uptake of dPGS. However, other pathways, in particular 

caveolin-mediated endocytosis seem to contribute as well.

In addition, a membrane protein of the integrin family was 

identified, which can also be involved in mediating cellular 

uptake of dPGS NPs. Integrins have the ability to recognize 

multiple ligands and may bind to interaction partners with 

an RGD sequence (Arg-Gly-Asp), an acidic motif termed 

“LDV,” or a collagenous GFOGER motif.47–53 VN, which 

was identified as a component of the serum corona for dPGS 

but not for dPGOH NPs, can interact with αvβ3 integrin and 

could thus possibly be important for the uptake of dPGS  

NPs as well.54–56 For FBS-treated TiO
2
 NPs, it was already 

shown that cellular uptake into human lung carcinoma 

cells (A549) was reduced when cells were pre-treated with 

anti-VN antibodies.57

Taken together, several lines of evidence that the protein 

coronas of dPG NPs can alter the NP cell interactions and 

influence cellular uptake are presented. These data indicate 

that clathrin-mediated endocytosis is the major cellular 

uptake pathway for dPGS, whereas other pathways such as 
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caveolin-mediated endocytosis contribute as well. Therefore, 

most likely different proteins and different pathways are 

involved in parallel in cellular uptake of dPGS NPs. Indeed, for 

the first time, a few possible cellular uptake receptors for dPGS 

were identified. As shown by others, different proteins in the 

protein corona can be involved in the cellular uptake of NPs. 

A study performed by Ritz et al showed that binding of ApoA4 

and ApoC3 to four polymeric NPs was increasing the uptake 

while the binding of ApoH was decreasing it.58 Therefore, 

as NPs are typically covered by a protein corona consisting 

of plenty of different proteins, there seems to be a complex 

interplay of different corona components. Different proteins 

may influence cellular uptake through different pathways.

Conclusion
In this study, different dPG-coated gold NPs were synthesized, 

and it could be shown that the surface charge had a large 

influence on the protein corona compared to size, which only 

had a minor effect on corona composition in this study. Sul-

fated dPG NPs (dPGS) showed a higher tendency to interact 

with serum proteins compared to the non-sulfated dPG NPs 

(dPGOH). The different protein affinities were well reflected 

by different rates of cellular uptake with dPGS but not dPGOH 

being strongly taken up by human monocytes. A pull-down 

approach allowed us to identify possible cellular interaction 

partners for dPGS in human monocytes such as the transferrin 

receptor or an integrin, which correlated well with the presence 

of serotransferrin or VN, respectively, in the corona of dPGS. 

Thus, this approach allows for the first time to get insights 

into the role of specific proteins of the dPGS corona in cel-

lular uptake and thereby to better understand possible uptake 

mechanisms. Furthermore, these data indicate that clathrin-

mediated endocytosis is the major though not the only cellular 

uptake pathway for cellular uptake. It may be concluded that 

most likely different pathways involving different receptors 

exist for mediating cellular uptake of dPGS NPs.
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Background and purpose: Nanogels (NGs) are promising drug delivery tools but are

typically limited to hydrophilic drugs. Many potential new drugs are hydrophobic. Our study

systematically investigates amphiphilic NGs with varying hydrophobicity, but similar col-

loidal features to ensure comparability. The amphiphilic NGs used in this experiment consist

of a hydrophilic polymer network with randomly distributed hydrophobic groups. For the

synthesis we used a new synthetic platform approach. Their amphiphilic character allows the

encapsulation of hydrophobic drugs. Importantly, the hydrophilic/hydrophobic balance deter-

mines drug loading and biological interactions. In particular, protein adsorption to NG

surfaces is dependent on hydrophobicity and critically determines circulation time. Our

study investigates how network hydrophobicity influences protein binding, biocompatibility

and cellular uptake.

Methods: Biocompatibility of the NGs was examined by WST-1 assay in monocytic-like

THP-1 cells. Serum protein corona formation was investigated using dynamic light scatter-

ing and two-dimensional gel electrophoresis. Proteins were identified by liquid chromato-

graphy-tandem mass spectrometry. In addition, cellular uptake was analyzed via flow

cytometry.

Results: All NGs were highly biocompatible. The protein binding patterns for the two most

hydrophobic NGs were very similar to each other but clearly different from the hydrophilic

ones. Overall, protein binding was increased with increasing hydrophobicity, resulting in

increased cellular uptake.

Conclusion: Our study supports the establishment of structure–property relationships

and contributes to the accurate balance between maximum loading capacity with low

protein binding, optimal biological half-life and good biocompatibility. This is an

important step to derive design principles of amphiphilic NGs to be applied as drug

delivery vehicles.

Keywords: adjustable amphiphilic nanogels, tuneable hydrophilic/hydrophobic balance,

biocompatibility, cellular uptake, protein corona, THP-1 cells

Introduction
Nanogels (NGs) as cross-linked polymeric nanoparticles (NPs) are emerging as

flexible, versatile drug carriers,1 being interesting for many applications ranging

from cancer therapy to nanoantibiotics.2–8 However, conventional NGs exhibit one

major drawback: their overall hydrophilicity dramatically limits their application

for hydrophobic drugs.
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Amphiphilic NGs, based on a hydrophilic polymermatrix

containing hydrophobic groups, recently emerged as new

carriers for hydrophobic drugs.9–11 Accurately tuning deliv-

ery properties can be achieved by changing the network’s

hydrophilic/hydrophobic balance. In general, increasing

hydrophobicity enables higher loading capacities and more

sustained release profiles,12 but may lead to several undesired

effects such as decreased systemic circulation time and

reduced biocompatibility.13,14 In blood, plasma proteins

selectively adsorb to NG surfaces, forming a specific protein

corona. The identity and amount of bound proteins are

mainly determined by surface characteristics with hydropho-

bicity and surface charge being the most important ones.13–19

The corona represents the actual bio-nano-interface, med-

iates cellular interactions and depicts the biological identity

of a NP.20,21 Hydrophobic surfaces favor binding of opso-

nins, specific plasma proteins, that label NPs for uptake and

removal by the reticuloendothelial system (RES).22,23,24

Consequently, blood circulation time is dramatically

reduced, limiting the therapeutic potential of the NPs.25 In

contrast, hydrophilic surface moieties protect NPs from

opsonization and prevent cellular uptake by the RES,

described as “stealth effect”.26–29

Amphiphilic NGs combine aspects from hydrophobic

and hydrophilic surfaces in one single colloidal system.

Thus, their protein interactions and biocompatibility are

far less understood. It becomes obvious that structural opti-

mization for drug delivery applications requires a careful

balancing, as increasing hydrophobicity leads to increased

loading capacities of hydrophobic cargoes but at the other

side also results in a reduced half-life and biocompatibility.

To correlate specific hydrophilic/hydrophobic network

compositions to loading/release profiles and to NG behavior

in biological systems, systematic investigations are needed.

However, up to now such systematic studies are highly

challenging since conventional synthetic approaches to

generate amphiphilic NGs also change the colloidal fea-

tures, such as size, size distribution and morphology. The

protein corona is also dependent on NP size, curvature and

shape.30–32 Consequently, it would be impossible to dis-

criminate whether a different NG behavior results from

altered size or modified amphiphilicity.

Thus, a new synthetic approach is required. We have

recently developed a synthetic platform approach based on

the functionalization of reactive precursor particles with

hydrophilic and hydrophobic moieties,12,33 allowing to

tuning of amphiphilicity while providing a majority of

similar colloidal features. Therefore, we now have access

to a library of comparable NGs with varying network

composition but similar colloidal properties. All NGs are

based on an amphiphilic network of poly(methacrylamide)

copolymers containing 80 mol-% of hydrophilic 2-hydro-

xypropylamin (HPA) groups but 20 mol-% of different

hydrophobic amides, ie, benzyl, hexyl, cholesteryl and

dodecyl moieties referred to as BENZA-20, HEXA-20,

CHOLA-20 and DODA-20.

This allows us, for the first time, to systematically

investigate the influence of network composition on the

interaction with biological systems. Human monocytic

like THP-1 cells are used as a model system for human

monocytes, which are a main component of the RES. We

investigated biocompatibility and cellular uptake in THP-1

cells. Protein binding was analyzed by two-dimensional gel

electrophoresis (2DE) and liquid chromatography-tandem

mass spectrometry (LC-MS/MS) combined with the Top 3

approach for quantification.34,35 To the best of our knowl-

edge, this is the first systematic investigation on highly

comparable amphiphilic NGs with different hydrophobici-

ties, their specific protein coronas and the resulting effects

in terms of cellular uptake and biocompatibility. In combi-

nation with our previously determined loading capacities

and release profiles,12 these results are important to estab-

lish structure–property and structure–activity relationships.

Materials and methods
Synthesis of amphiphilic NGs
All reagents were purchased from commercial sources and

used without further purification, unless otherwise stated.

Anhydrous solvents were obtained from a MB-SPS-800

(MBraun, Germany) solvent purification system and ultra-

pure water (MQ) from a LaboStar Pro UV 2 (Evoqua,

Germany) water system. Pentafluorophenyl methacrylate

(PFPMA),36,37 poly(pentafluorophenyl methacrylate)

(PPFPMA),38 CHOLA39,40 and [2-(aminoethyl)-carba-

mothioyl]-5-aminofluorescein (FITCA)41 and post-modifica-

tion of PPFPMA12,42 were prepared according to literature

procedures. Moisture or air-sensitive reactions were carried

out in dry glassware under nitrogen atmosphere. Dialysis was

performed in benzoylated cellulose dialysis tubes (width:

32 mm, molecular weight cutoff 2000 g/mol, Sigma-

Aldrich, Germany).

Reactive precursor particles

Amphiphilic NGs were synthesized as recently described.12

First, reactive PPFPMA precursor particles were synthesized

via miniemulsion polymerization. Briefly, an oil phase
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consisting of 10 g PFPMA, 0.4 g ethylene glycol dimethacry-

late (EGDMA, 5 mol-% w.r.t PFPMA), hexadecane (0.44 g)

and 195 mg 2,2′-azobis(2-methylpropionitrile) (AIBN) was

dispersed in an aqueous phase of sodium dodecyl sulfate

(SDS) dissolved in deionized (DI) water (1.25 mg/mL, in

200 mL DI water, 2.5 wt-% w.r.t PFPMA) by pre-sonication

in a sonication bath (Elmasonic P30 H, Elma, Germany) for

10 mins. Full dispersion was achieved by ultrasonication with

a Digital Sonifier SFX 550 (Branson, Germany). The emul-

sion was purged with nitrogen for 10 mins before the reaction

was allowed to proceed for 24 hrs at 70°C. Particle dispersions

were purified via repeated centrifugation-washing-redisper-

sion steps and freeze-dried for storage.

Amphiphilic NGs

Post-modification of reactive precursor particles was carried

out on dispersed PPFPMAparticles (400mg, 1.59mmol w.r.t

monomer units of PPFPMA particles, 1.0 eq) in dimethyl-

formamide (DMF) by adding different molar ratios of amine

functionalized moieties (3.0 eq w.r.t. monomer units) and

triethylamine (TEA) (660 µL, 4.77mmol, 3.0 eq w.r.t. mono-

mer units), as summarized in Table S1.

The reaction was allowed to proceed at 50°C for 24 hrs.

Afterward, the particles were purified by extensive dialysis

first against DMF (1 week) and subsequently against DI

water (1 week) and MQ (1 week). The particles were then

freeze-dried for storage upon use. In this study, the follow-

ing five NGs were used: poly(N-(2-hydroxypropyl)metha-

crylamide) (PHPMA) as hydrophilic control, bearing no

hydrophobic groups and variants that each contained 80

mol-% hydrophilic HPA and 20 mol-% of a different hydro-

phobic group, ie, benzylamine (BENZA-20), hexylamine

(HEXA-20), an amine-functionalized cholesteryl group

(CHOLA-20) and dodecylamine (DODA-20). Estimated

differences in NG hydrophobicities were calculated using

http://www.molinspiration.com resulting in the theoretical

logarithmic partition coefficients (logP).

FITC-labeled amphiphilic NGs

The synthesis of the fluorescence labeled NGs was carried

out analog to the post-modification of the unlabeled NGs

but in a two-step approach. Briefly, freeze-dried PPFPMA

particles (2.00 g, 7.93 mmol w.r.t monomer units of

PPFPMA particles, 1.0 eq) were dispersed in 400 mL

DMF by short treatment in a sonication bath (Elmasonic

P30 H, Elma). The particles were swollen overnight in

DMF before amine functionalized fluorescein (FITCA)

(71 mg, 0.16 mmol, 0.02 eq w.r.t monomer units) and

TEA (3.3 mL, 23.8 mmol, 3 eq w.r.t. monomer units)

were added and heated to 50°C. After 24 hrs, 30 mL of

the dispersion (150 mg PPFPMA-FITC particles) were

reacted for another 24 hrs with different ratios of amine

functionalized moieties (3.0 eq w.r.t. monomer units), as

summarized in Table S2.

Afterward, the NGs were purified by extensive dialysis

against DMF and subsequently against DI water and MQ.

The NGs were then freeze-dried and obtained as pale-

yellow powder. They can be stored and redispersed in DI

water or PBS by vortex and short sonication treatment.

Characterization of the NGs via dynamic light scattering

(DLS) measurement after redispersion in DI water is

shown in Table 1.

NG dispersion
NGs were dispersed in MQ or PBS by vortexing, followed

by 30 min sonication at room temperature (RT).

Characterization of the NGs
The success of the post-modification reaction was moni-

tored by attenuated total reflection- Fourier-transform

infrared spectroscopy (ATR-FTIR spectroscopy) on

freeze-dried particles as described previously.12 The size

of the NGs after post-modification was determined by

DLS using a nicomp nano Z3000 (Particle Sizing

Systems, USA) at a fixed scattering angle of 173°. The

measurements were carried out at RT. In order to measure

zeta potential, NGs were measured at 200 µg/mL in MQ or

PBS at 25°C using Zetasizer Nano ZS (Malvern

Instruments GmbH, Germany). A pre-equilibration time

of 2 mins was used, attenuator and voltage were selected

automatically and three runs of 30 measurements were

used.

The size of the NGs in the dry state was investigated

via transmission electron microscopy (TEM). Samples

were prepared by applying a 10 μL droplet of the NG

dispersion (1 mg/mL in MQ) on a carbon-coated copper

grid (400 meshes, Quantifoil Micro Tools GmbH,

Großlöbichau, Germany) for 45 s. The supernatant was

removed with filter paper. This process was repeated 10

times and the grids were allowed to dry in air overnight.

The TEM samples were measured afterward using the

TEM mode of a Hitachi Scanning Electron Microscope

(SU8030, Hitachi High-Technologies Corporation, Tokyo,

Japan) with a working voltage of 30.0 kV at different

magnifications. In order to evaluate the size and the size

distribution of the NGs in the dried state, the diameter of
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500 NGs each sample was determined with the software

ImageJ (version 1.52e).

Measurement of the water contact angle
Polymer films were produced via spin-coating of polymer

solutions on glass slides (Ø 25 mm, Neolab, Germany) with

a spin processor WS-659MZ-23NPPB (Laurell Technologies

Corporation, USA). Polymers solutions (1.5 wt-% in CHCl3
with a few drops of MeOH, if needed) were dropped on the

objects and coated at 11,000 rounds per minute (rpm) for 40 s.

Polymer films were dried under vacuum (RT, 90 mins). Static

contact anglemeasurementswere performed using sessile drop

method on a contact angle system OCA 20 (DataPhysics

Instruments, Germany) and processed with SCA20 (Version

3.12.11, DataPhysics Instruments). Two microliters MQ were

dropped on the substrate and allowed to equilibrate (20 s, RT).

The contact angles of 18 measurements from three coating

samples were determined and averaged.

Cell culture
The human monocytic like cell line THP-1 was obtained

from DSMZ (German Collection of Microorganisms and

Cell Cultures, Germany) and cultivated in RPMI 1640

complete cell culture medium (CCM) containing 10%

FBS, 2 mM L-Glutamine, 100 mM 4-(2-hydroxyethyl)

piperazine-1-ethanesulfonic acid (HEPES), 100 units/mL

penicillin, 0.1 mg/mL streptomycin in an incubator (37°C,

5% CO2). Cell culture medium, FBS and additives were

obtained from PAN Biotech, Germany. Cells were counted

using a Casy TTC (Roche Diagnostics GmbH, Germany).

Cell viability
Cells were seeded in 96-well plates (TPP, Germany) at 15,000

cells/100 μL CCM, incubated for 24 hrs (37°C, 5% CO2),

treated with NGs (final concentrations 20, 75 and 100 µg/mL)

and incubated for additional 24 cells were washed twice

with PBS. Next, WST-1 solution (4-[3-(4-iodophenyl)-2-

(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate,

Roche, Switzerland) was added according to manufacturer

instruction and incubated for another 2 hrs (37°C, 5% CO2).

Absorbance was measured using a GENios plate reader at

450 nm (TECAN, Switzerland).

Protein corona analysis
The NGs were dispersed at 300 µg/mL in 5 mL CCM (with

10% FBS gold) in sterile glass vials containing magnetic

stir bar by stirring (700 rpm, 30 mins, RT). NGs were loaded

on top of 4.5 mL 1.5M sucrose (except PHPMA, which was

loaded on 1.25 M sucrose) and pelleted via ultracentrifuga-

tion (17,900 g, 2.5 hrs at RT). CCM without NGs served as

control and was treated similarly. Pellets were washed twice

with PBS (17,900 g, 30 mins at RT). Samples were divided

into two equal parts, one for two-dimensional polyacryla-

mide gel electrophoresis (2D-PAGE) analysis and one for

LC-MS/MS analysis.

2D-PAGE analysis of the protein corona
Unless otherwise stated, chemicals were purchased fromCarl

Roth GmbH (Germany). Proteins were eluted in 500 µL 2D

lysis buffer (7 M urea, 2 M thiourea, 4% chaps, 2% pharma-

lyte pH 4–7, 1% dithiothreitol (DTT) and protease inhibi-

tors). Total protein content was measured using the 2DQuant

kit (GE Healthcare, Germany). For the isoelectric focusing-

samples (500 µL) were loaded on nonlinear IPG strips

(24 cm ImmobilineTM DrySrip pH 4–7 (NL), GE

Healthcare) and equilibrated for 1 hr in equilibration buffer

EB1 (360 mg/mL urea, 24 mg/mL SDS and 50.4 mM/mL

Tris HCl, pH 8.6). Active rehydration and focusing were

Table 1 Characterization of the physico-chemical properties of the NGs

Nanogels Particle diameter Dh [nm] (from dls) Size difference Δdh [nm] Zeta potential Ζ [mv]

Type Sample MQ CCM MQ PBS

Hydrophilic PHPMA 210±45 225±5 15 −15.7 −12.4

Moderate hydrophobic BENZA-20 185±35 235±25 50 −9.4 −5.8

HEXA-20 170±65 255±10 85 −8.8 −5.1

Hydrophobic CHOLA-20 170±40 220±5 50 −13.4 −7.0

DODA-20 180±70 280±5 100 −18.7 −19.7

Notes: NGs were dispersed in MQ, PBS or CCM by vortexing, followed by 30-min sonication at RT. DLS was performed after 2 hrs. Particle sizes are denoted as the

hydrodynamic diameter and the respective standard deviation.

Abbreviations: NGs, nanogels; DLS, dynamic light scattering; MQ, ultrapure water; CCM, complete cell culture medium (RPMI 1640 containing 10% FBS); RT, room

temperature.
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performed (15 hrs at 30 V, 1.5 hrs at 200 V, 1 hr at 500 V, 13.5

hrs gradient 500–1000 V, 3 hrs gradient 1000–8000 Vand 6

hrs at 8000 V) with the GE Ettan IPGphor 3 (GEHealthcare).

Afterward proteins were reduced (1% DTT in EB1, 15 mins)

and then alkylated (4% iodoacetamide in EB1, 15 mins).

Stripes were transferred onto 12.5% SDS-polyacrylamide

gels. Electrophoresis was carried out with the GE Ettan

DALTtwelve System Separation Unit (GE Healthcare).

Gels were fixed (30% ethanol, 10% acetic acid in water)

and stained with ruthenium II tris (bathophenanthroline

disulfate) chelate (0.4 µM RU-II and 20% ET in MQ).43

Gels were scanned with a VersaDoc 4000MP imaging

system (Bio-Rad, Germany) using excitation λ=473 nm/

detection λ=610 nm and analyzed with Delta2D version

4.6 (Decodon, Germany). Each sample was analyzed in

three independent replicates.

LC-MS/MS
In solution digestion

Unless otherwise stated, chemicals were purchased from

Carl Roth GmbH. NG pellets were reconstituted in 50 µL

of denaturation buffer (6 M urea/2 M thiourea in 10 mM

HEPES, pH 8.0), reduced for 30 mins at RT with 1 µL of

0.5 M DTT in 50 mM of ammonium bicarbonate (ABC)

and alkylated for 30 mins at RT in the dark by adding 1 µL

of 0.5 M iodoacetamide in ABC. Subsequently, 2 µL of

Trypsin/Lys-C Mix (Promega, USA) at 0.5 µg/µL in ABC

was added and incubated for 4 hrs at RT. The urea con-

centration was decreased to <2 M by addition of 150 µL of

ABC for trypsin digestion overnight at RT. The digestion

was stopped by acidification with 200 µL of 5% acetoni-

trile (ACN), 3% trifluoroacetic acid (TFA). Tryptic pep-

tides were desalted with stage tips.44

Liquid chromatography-electrospray

ionization-tandem mass spectroscopy

(LC-ESI-MS/MS)
Unless otherwise stated, all devices were purchased from

Thermo Scientific (USA) and all chemicals were purchased

from Carl Roth GmbH. Desalted peptides were reconstituted

in 20 μL of 0.1% (v/v) TFA, 5% (v/v) ACN and 4 µL were

analyzed by a reversed-phase capillary nano-liquid chromato-

graphy system (Ultimate 3000), connected to an Orbitrap

Velos mass spectrometer via a nanospray. The LC system

was flexion source equipped with a stainless-steel emitter.

Samples were injected and concentrated on a trap column

(PepMap100 C18, 3 μm, 100 Å, 75 μm i.d. ×2 cm),

equilibratedwith 0.05%TFA, 2%ACN inwater. After switch-

ing the trap column inline, LC separations were performed on

a capillary column (Acclaim PepMap100 C18, 2 μm, 100 Å,

75 μm i.d. ×25 cm) at an eluent flow rate of 300 nL/min using

a linear gradient of 3–50% B in 50 mins. Mobile phase A

contained 0.1% formic acid (FA) in water, and mobile phase B

contained 0.1% FA in ACN. Mass spectra were acquired in a

data-dependent mode utilizing a single MS survey scan with a

resolution of 60,000 in the Orbitrap, and MS/MS scans of the

20 most intense precursor ions in the linear trap quadrupole.

TheMS survey range was m/z 350–1500. The dynamic exclu-

sion time (for precursor ions) was set to 60 s and automatic

gain control was set to 1×106 and 5.000 for Orbitrap-MS and

LTQ-MS/MS scans, respectively.

Protein identification and label-free

quantification of protein abundance
MS and MS/MS data from each LC/MS run were analyzed

using the MaxQuant software (Version 1.6.0.16).

Identification of proteins was performed using the

MaxQuant-implemented Andromeda peptide search

engine against a reference proteome database of Bos

taurus (Bovine/Uniprot proteome ID: UP000009136,

Version October 1, 2017). Initial maximum precursor and

fragment mass deviations were set to 7 ppm and 0.5 Da,

respectively. Variable modification (methionine oxidation

and N-terminal acetylation) and fixed modification

(cysteine carbamidomethylation) were set for the search

and trypsin with a maximum of two missed cleavages

were chosen for searching. The minimum peptide length

was set to 7 amino acids and the false discovery rate for

peptide and protein identification was set to 0.01. Relative

protein abundance was determined using the Top 3

approach. Top 3 intensities of the identified proteins were

calculated by summing up the intensities of the three most

intense unique peptides for each protein.34,35 Table S3

summarizes the quantification of NG protein coronas.

Cellular uptake of FITC-labeled NGs in

THP-1 cells
Data for physico-chemical characterization of the FITC-

labeled NGs are included in Table S4. NGs were sonicated

in a Sonorex RK510water bath (30 mins, RT). Subsequently,

40 µg/mL of the pre-incubated NGs (2 hrs, RT, CCM con-

taining 10% FBS) were incubated with THP-1 cells for 2 hrs

(37°C, 5% CO2). After washing with PBS three times (500 g,

5 mins), uptake was analyzed using a FACS Aria III
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(BD Biosciences, Germany), equipped with a blue laser (488

nm), a fluorescence detector (582/42 nm) and a 70 µm

nozzle. An example for the differentiation panels we used

during the flow cytometry is given in Figure S1.

Results
Physico-chemical characterization of the

NGs
In order to investigate the influence of NG hydrophobicity on

protein interaction, biocompatibility and cellular uptake, a

library of amphiphilic NGs (Figure 1) with varying hydro-

phobicities but similar colloidal properties was synthesized.

For this, we used our recently developed synthetic platform

approach which is based on the functionalization of reactive

precursor particles with hydrophilic and hydrophobic moi-

eties (Figure 1A).12 Well-defined reactive precursor particles

with narrow size distribution were obtained from miniemul-

sion polymerization (respective DLS curve can be found in

Figure S2). The colloidal features of these precursor particles,

ie, crosslinking density, size and size distribution, are then

translated into the different amphiphilic NGs equally. Table 1

summarizes particles sizes and the respective standard devia-

tion, as a measure for particle size dispersity (DLS curves are

included in Figure S2). To further demonstrate the similarity

in colloidal features between precursor particles and the

amphiphilic NGs, TEM images of PPFPMA and NGs were

compared (TEM images and statistical evaluations of

PPFPMA precursors and CHOLA-20 NGs as representative

samples for the amphiphilic NGs are included in Figure S3).

Following this approach (Figure 1A), we now have access to

a library of comparable NGs with varying network composi-

tion, including a hydrophilic NG (PHPMA) and four different

amphiphilic NGs (Figure 1B) with each containing 80 mol-%

hydrophilic HPA in combination with 20 mol-% of a specific

hydrophobic group, ie, benzylamine (BENZA-20), hexyla-

mine (HEXA-20), an amine-functionalized cholesteryl

(CHOLA-20) or dodecylamine (DODA-20). Having demon-

strated equal molar incorporation of the specific hydrophobic

groups (20 mol-% each), we assessed hydrophobicity of the

different NGs. First, the logarithmic partition coefficients

(logP) of the resulting hydrophilic/hydrophobic methacryla-

mide repeating units on the network copolymer were calcu-

lated allowing for a first classification of the five NGs into

three groups: 1) hydrophilic, 2) moderate hydrophobic and 3)

hydrophobic (Figure 1B). The hydrophilic group only con-

tains PHPMA (logP =1.52) while BENZA-20 (logP =3.18)

and HEXA-20 (logP =4.23) were assigned to the moderately

hydrophobic NGs. DODA-20 (logP =7.26) and CHOLA-20

(logP =8.86) represent the hydrophobic NGs.

To reinforce these theoretical values, the hydrophobi-

city of each NG was examined by static contact angle

measurements using the sessile drop method. However,

as contact angle measurements on dried NP films could

be misleading due to capillary forces at interparticulate

cavities,45 the measurements were carried out on linear

polymer analogs, confirming the above-described classifi-

cation (Figure 2). The hydrophilic PHPMA (Figure 2A)

has a contact angle of θ 23±2°. BENZA-20 (Figure 2B)

and HEXA-20 (Figure 2C) of the moderate hydrophobic

group showed θ 70±3° and θ 76±1°, respectively. The

largest contact angles were found for the members of the

hydrophobic group, ie, CHOLA-20 (Figure 2D) and

DODA-20 (Figure 2E) with θ 80±1° and θ 92±1°.

In addition, loading and release experiments with Nile

red as hydrophobic model cargo have been carried out

previously to determine the influence of the polymer com-

position on the internal network hydrophobicity.12 The

incorporation of 20 mol-% of hydrophobic groups

increased the loading capacity in the order: BENZA-

20<HEXA-20<DODA-20<CHOLA-20. The loading capa-

city of CHOLA-20 was increased threefold compared to

PHPMA while the corresponding release rate was signifi-

cantly reduced.12 These results not only fortify the classi-

fication based on hydrophobicity but also demonstrate the

high potential of the amphiphilic NGs as nanocarriers for

hydrophobic compounds. However, for evaluating the

therapeutic potential the interactions of the NGs with

biological systems should be determined next.

Increasing hydrodynamic diameters of the NGs upon

incubation in physiological medium as assessed via com-

parative DLS measurements already indicate formation

of protein coronas. Table 1 summarizes the size increases

as differences of the hydrodynamic diameters in CCM

and MQ (Δdh), which is also graphically depicted in

Figure 3. Size increases are largely consistent with

reported changes due to protein corona formation.46 In

addition, the zeta potential in MQ and PBS was deter-

mined (Table 1). Neutral to slightly negative values in

MQ and PBS suggest that colloidal stability of the NGs

can mainly be attributed to neutral PHPMA segments on

the particle surface.

Biocompatibility of NGs
PHPMA, which is the main component (80 mol-%) of the

amphiphilic NGs, is known to be biocompatible.42,47
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However, the amphiphilic networks also contain addi-

tional 20 mol-% of hydrophobic groups, which may

influence the interaction of the NGs with lipid mem-

branes and cause some toxicity. Previously, we have

already demonstrated that amphiphilic NGs with varying

amphiphilicity showed no cytotoxic effect on normal

human keratinocytes, suggesting good biocompatibility.12

Reasoned by the fact that monocytes are a main compo-

nent of the RES, we assessed the biocompatibility in the

monocytic like human cell line THP-1 (Figure 4). All

NGs were found to be biocompatible, which is in line

with our previous study.

Figure 1 A reactive precursor particle approach gives access to a NG library with varying hydrophobicity and similar colloidal features.

Notes: Schematic synthesis of the NGs is depicted (A) based on precursor particles being subsequently amine functionalized (B). We used HPA that translates to PHPMA

and four modified variants that each contained 80 mol-% HPA and 20 mol-% of a different hydrophobic group, ie hexylamine (HEXA-20), benzylamine (BENZA-20), linear

dodecylamine (DODA-20) as well as an amine functionalized cholesteryl group (CHOLA-20).

Abbreviations: NG, nanogel; NGs, nanogels; HPA, 2-hydroxypropylamine; PHPMA, poly(N-(2-hydroxypropyl)methacrylamide); FITCA, amine functionalized fluorescein;

EGDMA, ethylene glycol dimethacrylate.
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Investigation of protein corona of NGs by

2DE
To further investigate the protein corona that is suggested

by the observed size increase by DLS measurements in

CCM, the protein binding of all NGs was examined using

2DE. The resulting 2D gel images obtained after 30 min

incubation in CCM revealed significant qualitative and

quantitative differences between the coronas of all NGs.

Each NG displayed a unique and individual spot pattern

(Figure 5, Figures S4A–E), where also the amount and

intensity of spots varied significantly. While the hydrophilic

NG PHPMA showed the lowest number of protein spots,

considerable increased spot numbers were observed with

increasing hydrophobicity. Hence, the protein binding was

far less prominent for PHPMA (Figure 5A) compared to all

other NGs. In particular, when compared to the moderate

hydrophobic NG BENZA-20 (Figure 5B) and the hydro-

phobic DODA-20 (Figure 5C), the observed increase in

spot number and intensity supports the assumption of an

increased protein binding with increased hydrophobicity.

The spot patterns of all NGs were analyzed and compared

to PHPMA, serving as a benchmark. All protein spots with

significantly increased intensity compared to PHPMA (ie,

intensity increased >1.5, p<0.05, n=3) were taken into

account. Largest differences were found for one of the

most hydrophobic NGs, ie DODA-20, where in total 49

significantly increased protein spots compared to PHPMA

were detected (Figure 5D). Concerning the number of spots

being different from PHPMA the NGs can be ranked as

such: DODA-20>CHOLA-20=BENZA-20>HEXA-20.

Protein binding patterns between the two hydrophobic

NGs showed a high degree of similarity, ie, DODA-20 and

CHOLA-20 had 16 protein spots in common. Whereas

DODA-20 had only 11 and 6 spots in common with the

moderate hydrophobic NGs BENZA-20 and HEXA-20,

Figure 2 Contact angle measurement allows for the categorization of the NGs.

Notes: We could differentiate three groups: with PHPMA (A) as hydrophilic,

BENZA-20 (B) and HEXA-20 (C) as moderate hydrophobic and CHOLA-20 (D)

and DODA-20 (E) as hydrophobic.
Abbreviations: NGs, nanogels; PHPMA, poly(N-(2-hydroxypropyl)methacrylamide).
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Figure 3 Illustration of size differences (Δdh) between incubation of NGs in MQ

and CCM.

Notes: NGs were dispersed in MQ and CCM by vortexing, followed by 30 min

sonication at RT. DLS was performed after 2 hrs.

Abbreviations: NGs, nanogels; MQ, ultrapure water; CCM, complete cell culture

medium (RPMI 1640 containing 10% FBS); RT, room temperature; DLS, dynamic

light scattering; PHPMA, poly(N-(2-hydroxypropyl)methacrylamide).
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Figure 4 Viability of monocytic like THP-1 cells shows good biocompatibility of the

NGs with different network hydrophobicities.

Notes: Depicted are mean values of three biological repeats and standard error of

mean (SEM).

Abbreviation: NGs, nanogels.
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respectively. Similarities and differences in the protein coronas

are visualized in a Venn diagram based on the spot numbers

(Figure 5D). It becomes obvious that the number of significant

spots follows roughly the same trend as the NG hydrophobi-

city. When comparing the two NGs within the respective

group (ie, moderate hydrophobic and hydrophobic), it is

remarkable that the slightly less hydrophobic NG in the

respective cluster each has a higher number of pronounced

spots. This suggests that the formation and composition of the

protein corona is not only dependent on the overall hydropho-

bicity but may also depend on the molecular structure of the

hydrophobic groups.

Identification of the corona proteins via

LC-MS/MS
Having demonstrated qualitative differences in the protein

corona, quantitative investigations of protein binding were

conducted using LC-MS/MS using the Top 3 approach

(Table S3). Again, DODA-20 showed the highest protein

binding, while all the other NGs showed similar protein

binding (Figure 6). Interestingly, total bound protein does

not necessarily match with the total number of different

proteins identified in each corona. This can occur when a

single protein binds to a NG with an increased amount,

while several proteins bind to another NG in smaller

amounts. For example, the highest number of different

individual proteins was found in HEXA-20 (Table 2)

where 111 different proteins could be identified, while

slightly fewer proteins (105) could be identified on

DODA-20, despite the far higher amount of total bound

proteins.

In order to address this context more precisely, the next

step was to compare the specific composition of the pro-

tein coronas of the NGs with each other. Figure 7 shows

the summary of the 15 most abundant proteins across all

pH4

pH4

A

C D

BpH7 (NL)

PHPMA
pH7 (NL)

DODA-20

DODA-20

CHOLA-20 HEXA-20

BENZA-20

BENZA-2013

6

254

5

5

4

4

6

49

16

25

7

11

pH7 (NL)
kDa

100

69

kDa
100

69

30

30

kDa
100

69

30

pH4

Figure 5 Differences in the protein coronas are illustrated using the spot patterns of the obtained 2DE analysis from representative NGs.

Notes: NGs (300 µg/mL) were incubated in CCM for 30 mins. Bound proteins were eluted and analyzed using 2DE analysis. Depicted are the resulting representative 2D

gels for (A) PHPMA, (B) BENZA-20 and (C) DODA-20. All other 2D images are depicted in Figure S4. In comparison to blank control (no NGs), labels indicate significantly

modified proteins within the respective NGs. Similarities and differences regarding the number of significant spots (ie, intensity increased >1.5, p<0.05, n=3) in each corona

relative to PHPMA as a benchmark are visualized in a Venn diagram (D).

Abbreviations: 2DE, two-dimensional gel electrophoresis; NGs, nanogels; CCM, complete cell culture medium (RPMI 1640 containing 10% FBS); PHPMA, poly(N-(2-

hydroxypropyl)methacrylamide).
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NGs, which make up at least 78% of the total coronas. As

our NGs only differ in hydrophobicity while colloidal

properties are largely similar, we can directly observe the

influence of hydrophobicity on the protein corona compo-

sition. By applying a uniform color scheme, differences in

the corona composition can be easily visualized. It is quite

self-evident that the NGs have different influences on the

corona compositions. We also wanted to investigate

whether our groups (moderate hydrophobic and hydropho-

bic) are similar with regard to their protein corona.

Therefore, the obtained protein intensities of the Top 3

approach were used. We compared the composition of the

different protein coronas of each NG relative to PHPMA.

As a result, a classification of the respective protein into

the group, increased or decreased compared to PHPMA,

could be made. The results of the NGs with BENZA-20

and HEXA-20 as representatives of the moderate hydro-

phobic and CHOLA-20 and DODA-20 as members of the

hydrophobic group were then compared. The visualization

is depicted as cluster analysis (Figure 8) and clearly shows

the increased (red) and decreased (green) proteins of the

respective corona compared to PHPMA. The protein cor-

onas of DODA-20 and CHOLA-20 are very similar to

each other and distinctly distinguishable to the coronas

of BENZA-20 and HEXA-20. This can be seen by the

very similar color pattern. The majority of proteins (one

box each) display the same behavior with respect to

increased or decreased intensity compared to PHPMA

within the hydrophobic group. Thus, the hydrophobicity

of the individual NGs seems to act as an important factor

for the composition of the protein corona.

Subsequently, we were able to detect a number of

different proteins that were significantly reduced (factor

<0.5) or increased (factor >1.5) regarding their intensities

compared to PHPMA (Table 2). Protein intensities were

normalized using PHPMA as a reference, log(2) trans-

formed and the Z-score was calculated. Profiles of altered

proteins were then compared between the two groups of

amphiphilic NGs (moderate hydrophobic group versus

hydrophobic group). We found proteins that behaved

alike, eg, being rather low in intensity on the moderate

hydrophobic NGs (BENZA-20 and HEXA-20) and

increased on the hydrophobic ones (CHOLA-20 and

DODA-20) or vice versa (Figure 9A and B, Table 3).

For example, proteins such as pentraxin, complement fac-

tor I and complement factor B (Figure 9C–E) bound

stronger to the more hydrophobic NGs (DODA-20 and

CHOLA-20). Apolipoprotein E and serum albumin, on
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CHOLA
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Figure 6 Comparison of the amount of bound proteins in the corona of the

respective NGs using the Top 3 approach.

Notes: Proteins in the NG coronas were identified using LC-MS/MS and abundan-

cies were determined using the Top 3 approach. The intensity for each protein is

obtained by summing up the intensities of the three most intense unique peptides

for that protein. Based on that, total protein intensities for each NG were

determined.

Abbreviations: NGs, nanogels; LC-MS/MS, liquid chromatography-tandem mass

spectrometry; A.U., arbitrary unit; PHPMA, poly(N-(2-hydroxypropyl)

methacrylamide).

Table 2 Overview on number of corona proteins identified via LC-MS/MS compared to the hydrophilic NG PHPMA

Nanogels Number of identified proteins in the corona

Type Sample Total

(specific for this corona)

Comparison to PHPMA

Decreased

(intensity factor <0.5)

Increased

(intensity factor >1.5)

Moderate hydrophobic BENZA-20 88 (1) 18 32

HEXA-20 111 (4) 19 62

Hydrophobic CHOLA-20 104 (4) 9 62

DODA-20 105 (4) 11 58

Notes: Given is the total number of all identified proteins for the respective NG (total). The number of proteins found only on this NG is given in brackets. The number of

proteins with a lower (<0.5) or higher (>1.5) intensity compared to PHPMA are listed in the following columns.

Abbreviations: LC-MS/MS, liquid chromatography-tandem mass spectrometry; NG, nanogel.
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the other hand, were found in much lower amounts (Figure

9F and G). Thus, we can conclude that the hydrophobicity

of the NGs significantly influenced the amount and the

identity of proteins in the corona.

Cellular uptake of NGs
Finally, we investigated how changes in protein binding are

reflected by an altered cellular uptake in THP-1 cells. For

this, we used analogous amphiphilic NGs but containing

covalently attached FITC as fluorescent label, which facili-

tated easy quantification using flow cytometry based on a

methodology recently established.48 The respective NGs are

denoted as PHPMA-FITC, BENZA-20-FITC, HEXA-20-

FITC, DODA-20-FITC and CHOLA-20-FITC. The phy-

sico-chemical characterization of the FITC-labeled NGs is

summarized in Table 4. NGs were pre-incubated for 2 hrs in

CCM such that a protein corona can form and were then

incubated with THP-1 cells for 2 hrs. Figure 10 shows clear

variations in the cellular uptake with PHPMA-FITC being
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Figure 7 Impact of the various NGs upon the relative distribution of the most abundant proteins among all protein coronas.

Notes: Depicted are the 15 most abundant proteins of each single protein corona (summarized overall), which were identified via LC-MS/MS and relative percentages were

calculated using the Top 3 approach. Results for each protein are given in percentage of the total bound proteins in that corona. Remaining proteins (residual % up to 100)

are not depicted.

Abbreviations: NGs, nanogels; LC-MS/MS, liquid chromatography-tandem mass spectrometry; PHPMA, poly(N-(2-hydroxypropyl)methacrylamide).

DODA-20

CHOLA-20

HEXA-20

BENZA-20

Figure 8 Cluster analysis for comparison of the NG corona proteins shows the

grouping of the NGs regarding similarity within the protein corona.

Notes: Similarities and differences in the protein coronas of the NGs are visualized

using a HCA. Each protein (every rectangle stands for a different identified protein)

is compared to PHPMA, which serves as a benchmark particle (values are normal-

ized) and values are transformed into a heat map. Red shows a higher intensity and

green a lower intensity compared to PHPMA.

Abbreviations: NGs, nanogels; HCA, hierarchical cluster analysis; PHPMA, poly

(N-(2-hydroxypropyl)methacrylamide).
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taken up least, while the more hydrophobic NGs, ie,

CHOLA-20-FITC, showed an enhanced uptake. All four

NGs were significantly (p<0.0005) increased in uptake com-

pared to the control NG PHPMA-FITC. Furthermore, it was

observed that the uptake of the hydrophobic NG CHOLA-

20-FITC in THP-1 cells compared to both moderate hydro-

phobic NGs (BENZA-20-FITC and HEXA-20-FITC) is also

significantly (p<0.0005) increased. For the second represen-

tative of the hydrophobic group, DODA-20-FITC, this was

only the case in comparison to BENZA-20-FITC

(p<0.0005). These results correlate well with the increased

amount of protein adsorption and demonstrate that increasing

hydrophobicity led to an increase in cellular uptake in THP-1

cells, emphasizing the correlation between protein corona

and cellular uptake.

Discussion
Here, we investigated protein binding, biocompatibility and

cellular uptake of amphiphilic NGs. This new family of NGs

is based on a cross-linked amphiphilic copolymer network

allowing for solubilization of hydrophobic drugs in the inter-

ior. As previously shown, network hydrophobicity can be

modified to accurately tailor loading and release profiles,12

demonstrating the high potential of these new carriers for

medical applications. However, accurately determining their

therapeutic potential requires a more detailed investigation of

the interactions of the NGs with biological systems. In parti-

cular, the adsorbed protein corona is of importance as this

links to rapid blood clearance and limits the therapeutic

potential of the NGs.

We prepared a library of well-defined amphiphilic NGs

with varying hydrophobicity (Figure 1) but similar colloidal

features, ie, crosslinking density, size, size distribution, thus

enabling true comparability between different NGs. Even

though polydispersity can play a role in interaction of parti-

cles with biological systems, our concept allows the reduc-

tion of this effect to a systematic influence that is assumed to

contribute to all samples equally. As can be seen in Table 1,

only slight deviations in particle sizes and size distributions

of NGs can be observed, which are within the margin of error

for DLS. Only the hydrophilic PHPMANG is larger than the

hydrophobically modified ones. This is suggested to stem

from a higher network hydration, resulting in a greater extent

of swelling. The monocytic like human cell line THP-1 was

Figure 9 The comparison, with regard to their intensities, of normalized expression profiles of the identified corona proteins supports the grouping of the investigated NGs.

Notes: Protein intensities were normalized (PHPMA as reference), log(2) transformed and the Z-score was calculated using Perseus Version 1.6.1.3. The expression profiles were

then examined for similarities.With increasing hydrophobicity, corona proteins of the two groups of NGs, namely moderate hydrophobic (BENZA-20+HEXA-20) and hydrophobic

(DODA-20+CHOLA-20), display either an increase (A) or a decrease (B) in their expression profiles. Pentraxin (C), complement factor I (D) and complement factor B (E) are
depicted as examples for proteins with an increased intensity among the hydrophobic NGs compared to themoderately hydrophobicNGs. Apolipoprotein E (F) and serum albumin

(G) on the other hand show a decreased intensity among the hydrophobic NGs compared to the moderate NGs.

Abbreviations: NGs, nanogels; A.U., arbitrary unit; PHPMA, poly(N-(2-hydroxypropyl)methacrylamide).
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chosen as a cell model, as monocytes are a main component

of the RES being responsible for fast uptake and clearance.

At first, biocompatibility was assessed as amphiphilicity may

represent a risk factor due to unfavorably interactions with

lipid membranes.49,50,51 All NGs were highly biocompatible

(Figure 4), which is in line with our previous experiments on

normal human keratinocytes.12 The increased viability of the

cells to more than 100% can be attributed to several factors. It

may also indicate a general possible influence of NPs on

colorimetric assays52 or also on the mitochondrial reductase

system. However, these experiments strengthen our assump-

tion that the highly hydrophilic nature of PHPMA as the

main network component translates to the amphiphilic NGs

and ensures good biocompatibility.

Next, we focused on the determination of protein bind-

ing in physiological fluids as the resulting protein corona

determines the biological identity of the NGs in vivo.53,54

Protein adsorption is largely determined by surface charge

and hydrophobicity.17,55 Our study confirmed that simila-

rities in protein binding profiles were well correlated with

the estimated hydrophobicity of the NGs. The increase of

hydrodynamic diameters (Table 1 and Figure 3) indicates

differences in corona formation with varying NG hydro-

phobicity. While the truly hydrophilic PHPMA NG shows

only a marginal size increase, the more hydrophobic NGs

show significantly increased sizes, suggesting increased

protein adsorption. These findings correlate very well

with the results from 2DE (Figure 5, Figures S4A–E),

confirming a significantly increased number and intensity

of spots for the moderate hydrophobic NG BENZA-20 and

the hydrophobic NG DODA-20 compared to PHPMA.

Similar results were obtained by LC-MS/MS investiga-

tions (Figure 6), showing an increase of protein adsorption

for the hydrophobic NG DODA-20. While similar trends

Table 3 Comparative assessment of protein coronas

Expression pattern Protein Accession number

A

Increased protein adsorption with increasing hydrophobicity of the NGs

Complement factor B (Fragment) Q3KUS7

Pentraxin C4T8B4

Haemoglobin fetal subunit beta P02081

Complement factor I F1N4M7

Haemoglobin subunit beta P02070

Plasma serine protease inhibitor Q9N2I2

Haptoglobin (Zonulin) Q2TBU0

Thrombospondin-1 Q28178

Alpha-2-macroglobulin Q7SIH1

Apolipoprotein B E1BNR0

Histidine-rich glycoprotein F1MKS5

Alpha-1-antiproteinase P34955

Alpha-1B-glycoprotein Q2KJF1

Actin, cytoplasmic 2 P63258

Uncharacterized protein (F1MI18) F1MI18

Hemopexin Q3SZV7

Coagulation factor XII P98140

Fetuin-B Q58D62

B

Decreased protein adsorption with increasing

hydrophobicity of the NGs

Serum albumin A0A140T897

Prothrombin P00735

Serum amyloid A-4 protein Q32L76

Apolipoprotein E Q03247

Alpha-fetoprotein Q3SZ57

ApoN protein Q2KIH2

Carboxypeptidase B2 Q2KIG3

Apolipoprotein C-IV Q3SYR5

ECM1 protein A5PJT7

Alpha-2-antiplasmin (Alpha-2-AP) P28800

Notes: The intensities of the adsorbed corona proteins identified by LC-MS/MS were normalized and the Z-score was determined with Perseus (Version 1.6.1.3). Proteins

with increasing (A) or decreasing (B) profiles depending on the hydrophobicity of NGs have been grouped and are shown here.

Abbreviations: LC-MS/MS, liquid chromatography-tandem mass spectrometry; NGs, nanogels.
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have been observed for other NP systems,17,18 our study

revealed that for NGs with comparable hydrophobicity but

different functional hydrophobic moieties (ie, BENZA-20

vs HEXA-20 and DODA-20 vs CHOLA-20) the increase in

protein adsorption varied significantly. This becomes espe-

cially obvious by comparing DODA-20 and CHOLA-20.

Even though both hydrophobic repeating units in the net-

work show similar logP-values (7.3 and 8.9), the size

increase for DODA-20 was double (Δs=100 nm) compared

to CHOLA-20 (Δs=50 nm) and intensity of total bound

proteins was almost four times higher for DODA-20 com-

pared to CHOLA-20 (Figure 6). Thus, protein binding does

not appear to be governed by overall hydrophobicity alone,

but is influenced by the molecular structure, as well.

We also examined the quantitative composition of the

protein coronas, which typically is unique for different

particles.56 However, it is assumed that specific protein

binding profiles also share commonalities that may result

in similar biological consequences. It is of high interest to

identify specific particle characteristics that define the

occurrence of particular protein corona commonalities,

which in turn will help to determine a well-defined biolo-

gical response. Here we focused on the influence of NG

network composition (and corresponding surface hydro-

phobicity) on the process of opsonization, which is

responsible for removal of the particles by uptake into

cells of the RES. This is mediated by binding of specific

proteins, called opsonins. While there are also opsonins

triggering hemolysis and thrombogenicity, adsorption of

opsonins belonging to the complement system leads to

rapid clearance of NPs from the systemic blood cycle via

complement receptor-mediated phagocytosis.57

Thus, we focused on correlating network hydrophobi-

city with adsorption of these types of opsonins. Up to now,

this task was highly challenging since varying the network

hydrophobicity also resulted in changes to the colloidal

features which can also cause changes in protein adsorp-

tion profiles. Our synthetic platform approach, which gen-

erates well-defined NGs with similar colloidal features,

represents a unique opportunity to systematically study

the influence of network composition of protein binding.

Interestingly, we found a higher overlap among the hydro-

phobic NGs. Among the protein spots that were significantly

increased in intensity (2DE, Figure 5D) compared to PHPMA

(factor >1.5), the hydrophobic NGs CHOLA-20 and

DODA-20 have a total of 16 spots in common. If we consider

the group of the moderately hydrophobic NGs (BENZA-20

and HEXA-20), we only find six protein spots in common.

Similarities between comparable structures (Figure 1B) are

smaller. We find only six common protein spots in HEXA-20

and DODA-20 (linear moieties) and nine in BENZA-20 and

CHOLA-20 (non-linear moieties). This suggests that the NG

hydrophobicity has a greater influence on the corona composi-

tion than, for example, the structure. This relationship is also

evident in the cluster analysis of the protein corona (Figure 8),

which confirms an increased similarity between the hydropho-

bicities of the NGs than between similar structures, strengthen-

ing the impression from the 2D gels.

For a deeper understanding, we took a closer look at the

15 most abundant proteins for each corona (Figure 7). We

identified proteins with different adsorption characteristics

in the group of the moderate hydrophobic NGs (BENZA-20

and HEXA-20) compared to the hydrophobic group

(CHOLA-20 and DODA-20). To improve visualization,

we normalized the expression profiles of the intensities of

the proteins to the reference particle PHPMA (Figure 9).

The increase (Figure 9A) or decrease (Figure 9B) of protein

adsorption with increasing hydrophobicity is now clearly

visible. Interestingly, we found an enrichment of comple-

ment activation components such as pentraxin (Figure 9C),

complement factor I (Figure 9D) and B (Figure 9E) for the

most hydrophobic NGs, ie, CHOLA-20 and DODA-20. In

comparison, the moderate hydrophobic NGs BENZA-20
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Figure 10 Flow cytometry data reveal a correlation between the uptake of NGs in

human monocytic like THP-1 cells and the hydrophobicity of NGs.

Notes: NGs were pre-incubated for 2 hrs with CCM containing 10% FBS. After 2 hrs

of incubation with THP-1 cells in an incubator (37°C, 5% CO2) uptake was measured

using flow cytometry. Mean fluorescence values including SEM (n=3 biological repeats)

as bars with significance (*P<0.0005) are depicted. All four NGs were significantly

(p<0.0005) increased in uptake versus the control PHPMA (not depicted).

Abbreviations:NGs, nanogels; CCM, complete cell culture medium (RPMI 1640with

10% FBS); SEM, standard error of mean; A.U., arbitrary unit; PHPMA, poly(N-(2-

hydroxypropyl)methacrylamide).
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and HEXA-20 show lower binding of these complement

activation factors. Pentraxins are plasma proteins with a

pentameric structure that serve as recognition molecules

for foreign substances (eg, antigens) and label them for

activation of the innate immune system. They also interact

with the classical cascade of the complement system

through binding of complement component 1q (C1q) as

well as Fc receptors to activate immune responses.58 With

complement factors I and B two other interesting candidates

were found in the corona of the hydrophobic NGs.

Complement factor I plays a role in the regulation of the

complement cascade, while complement factor B is

involved in the activation of the alternative pathway of

complement activation.59,60 These opsonin corona compo-

nents could drastically reduce blood retention time and thus

the biological half-life, hampering medical application.

Since CHOLA-20 and DODA-20 NGs contain several

components of this complement system in their protein cor-

onas, we expect that these NGs will be cleared much faster

compared to the moderate hydrophobic NGs BENZA-20,

HEXA-20 and the hydrophilic PHPMA NG. Indeed, this

expectation is supported by our cell uptake experiments.

We could clearly show that increasing hydrophobicity and

the resulting specific adsorption of opsonins leads to an

increased cellular uptake in human monocytic like THP-1

cells (Figure 10). This is in line with other reports, showing

that in general an increased hydrophobicity often leads to a

much faster uptake of NPs.13,17,24 In our study, we were able

to demonstrate that the protein adsorption also crucially

depends on the molecular structure of the respective func-

tional hydrophobic groups. As demonstrated for CHOLA-20

and DODA-20 NGs of comparable hydrophobicity (logP

around 7–8), the amount of protein adsorption varied signifi-

cantly. However, composition of the protein coronas showed

commonalities, translating to a similar cellular uptake. Our

platform approach resulting in NGs with varying hydrophi-

licity but comparable colloidal features allowed the accurate

identification of this difference in protein binding patterns on

the molecular composition of amphiphilic NGs for the first

time. These results show the importance of not only tuning

drug delivery vehicles with respect to one aspect (eg, high

loading capacities) but rather investigating them in their

entirety to account for opposing effects. For the amphiphilic

NGs used here, this means the hydrophilic/hydrophobic bal-

ance needs to be accurately adjusted to enable high drug

loading and desirable release kinetics while providing an

optimum biological half-life.

Conclusion
In this study, amphiphilic NGs with tuneable hydrophobi-

city but similar colloidal features were used to system-

atically examine the influence of network composition and

hydrophobicity on the interactions with biological sys-

tems. We investigated not only biocompatibility and pro-

tein binding but also cellular uptake of the NGs in human

monocytic like THP-1 cells. It could be shown that

increasing network hydrophobicity increases interactions

with proteins. For example, DODA-20, as one of the most

hydrophobic representative NGs used in this study,

showed a much higher protein intensity in LC-MS/MS

compared to PHPMA, being the most hydrophilic NGs.

Strikingly, it was also observed that for DODA-20 and

CHOLA-20 NGs of similar hydrophobicity, significant

differences in the amount of adsorbed proteins could be

detected. This suggests a strong additional influence of the

molecular structure of the hydrophobic groups on protein

binding. This was confirmed as well using 2DE gels.

In addition to these qualitative investigations, quantita-

tive studies showed that the composition of the protein cor-

ona also varied in dependence on the hydrophobicity.

Specifically, a higher amount of opsonins was determined

for the protein coronas of the hydrophobic NGs CHOLA-20

and DODA-20 compared to the moderate NGs BENZA-20

and HEXA-20 as well as to the hydrophilic NG PHPMA.

These findings correlated well with the increased uptake of

these NGs into THP-1 cells. Thus, hydrophobicity and mole-

cular structure of the respective hydrophobic groups not only

influenced protein binding (both qualitative and quantita-

tive), but also the interactions of the NGs with cells of the

RES. Therefore, these results, together with our recent inves-

tigation on the loading and release of a hydrophobic model

compound, allow the design of optimal drug carriers systems

for hydrophobic drugs. For this, the nanocarrier’s network

amphiphilicity needs to be balanced with respect to max-

imum loading capacity on one side and low protein binding

on the other side, resulting in an increased biological half-

life. As an example, the moderate hydrophobic BENZA-20

NGs represent a compromise between the enhanced loading

capacity compared to PHPMA NGs and moderate cellular

uptake in monocytic THP-1 cells. To further exploit the

benefits of CHOLA-20 NGs, namely high loading capacity

and slow release kinetics, the protein binding should be

reduced to gain an increased biological half-life. In this

regard, amphiphilic NGs with a covalent bound PEG-shell

will be synthesized for further studies.
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A B S T R A C T

With increasing importance of gold nanoparticles (AuNPs) in the medical field, the understanding of their interactions in biological environments is essential. It is
known that the exposure to biological fluids of particles in the nanometric range leads to accumulation of proteins on the particle surface proximity, generating the
so-called protein corona. This fact can completely change the properties of AuNPs, thus drastically influencing the characteristics and intended purpose of the
particles. Therefore, deep insight on the formation and composition of this protein corona is of extreme importance. Between the different factors that can alter the
corona formation, our study focuses on the influence of the shape and particle surface charge. In detail, four different shapes of nanometrical scale (spheres, rods,
stars and cages) of comparable size were used, all of them stabilized with three different heterofunctionalized poly(ethylene glycol) thiol (R-PEG-SH) linkers
(R = OCH3, COOH or NH2) to check the effect of charge as well. After incubation with human serum, abundant proteins were identified via liquid chromatography-
electrospray ionization-tandem mass spectroscopy (LC ESI MS/MS) and compared in terms of their relative abundance. On the basis of statistical evaluations, the
shape of our AuNPs showed a greater influence than the surface charge. Especially, cage-shaped AuNPs showed a lower amount of total corona proteins. This shape
showed differences in the abundances of individual proteins like albumin, vitronectin and members of the complement system. These results indicate that nanocages
could present an improved biocompatibility compared with the other shapes due to the high curvature areas and dense ligation on the flat surfaces that could hinder
opsonisation and fast removal by the immune system.

1. Introduction

Over the past decades, nanotechnology has led to manifold in-
novations. Especially in the field of medical applications, an increasing
number of nanomaterials with different sizes, shapes and physico-che-
mical properties were described. Among them, especially gold nano-
particles (AuNPs) received an increased attention due to their efficient
straightforward synthesis and high long-term stability that allows their
use as biocompatible platforms [1–7]. Moreover, AuNPs present unique
optical properties which qualifies them as Raman probes and light-to-
heat transducers [8]. To improve biological applications of AuNPs (i.e.
bio-imaging, analytical sensing, gene diagnostics, photothermal
therapy and targeted delivery of biomolecular and chemical cargos), a
wide spectrum of synthetic strategies have been designed to control

their size, shape and surface functionality [9–15].
Considering the described in vivo medical treatments that used

colloidal dispersions of AuNPs, their administration occurs mainly by
intravenous injection or oral ingestion [16]. Nevertheless, via both
entry modes, AuNPs are exposed to a complex biological environment
from either the blood or the digestive tract, right on the event of ad-
ministration. Diverse biomolecules like metabolites, lipids, sugars, ions
and especially proteins present in such environments, have the poten-
tial to interact with the AuNPs [17–20]. However, among all the pos-
sible interactions, the so called protein corona is the most dominant and
important factor, influencing the behaviour of AuNPs in vivo. The
corona composition is determined by the kinetic on and off rates (or
rather the equilibrium binding constants) of the several thousand pro-
teins present in biological fluids and tissues for the respective AuNPs,
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taking into account the complexity of the protein corona scenario
[21–23]. Moreover, the bio-identity of the particle (the composition of
the protein corona formed) has a dramatic impact on the fate of the
AuNPs. For instance, it was shown that by altering the bio-identity of
the AuNPs, parameters like biological interactions, cellular recognition,
uptake and intracellular recognition of AuNPs are critically affected
[24–28]. For example, AuNPs coated with transferrin or haemoglobin
lose their targeting capabilities when a protein corona is formed
[25,28–31].

The accumulation of proteins and thus the formation of a corona is
highly dependent on the physico-chemical properties of the AuNPs.
Size, shape and surface charges are the most prominent factors with a
serious influence on the composition of the protein corona [25,32–34].
The dependence of protein adsorption on AuNP surfaces as a function of
their size and surface curvature has already been investigated several
times. With increasing curvature of the surface, for example, globular
proteins appear to retain their native conformation, as shown for bo-
vine serum albumin on monodisperse silica spheres. In comparison,
fibrillar proteins such as fibrinogen may lose their native conformation
with decreasing particle size [35–37]. Apart from size and curvature,
we also found on a previous report that the surface charge on dendritic
polyglycerol-coated AuNPs plays a crucial role with regard to the pro-
teins present in the corona [38]. This is in good agreement with other
studies, which demonstrate that the surface chemistry has a major in-
fluence on the corona composition [39]. Nevertheless, most of these
studies mainly focus on the differences in sizes, surface modifications or
colloidal stability on a limited collection of AuNPs. This situation mo-
tivated us to discuss the influence of shape and surface charge on a
broader variety of particle shapes decorated with neutral, positively or
negatively charged ligands.

Within this study, we present for the first time a comprehensive
investigation of protein corona formation on AuNPs with comparable
sizes, where the shape and the surface charge are systemically varied.
We considered gold nano-spheres (AuNSPs) as an isotropic geometry
which are predominant in biomedical research. Three anisotropic ar-
chitectures widely used as near infra-red to heat transducers were
considered as well: gold nano-rods (AuNRs), gold nano-stars (AuNSTs)
and gold nano-cages (AuNCs). These structures have high appearance in
literature and are of interest for different biomedical applications
[40–44]. Particularly, AuNCs are of interest due to their hollowed in-
terior, flat surface and superior optical properties. Given their relative
novelty, they have not yet been studied so intensively as the other

anisotropies. To investigate potential variation between the different
surface charges we chose three types of thiolated poly(ethylene glycol)
(PEG) as ligands due to the good colloidal stability and easy functio-
nalization with three different end-groups (-OCH3, -COOH, -NH2).

2. Results and discussion

2.1. Synthesis and characterization of the AuNPs

Protein corona formation on differently shaped and charged AuNPs
was investigated with four different AuNP shapes (AuNSPs, AuNRs,
AuNSTs and AuNCs). These structures have high appearance in litera-
ture and are of interest for different biomedical applications [40–44].
To have the targeted differently shaped AuNPs with comparable sizes,
considering the synthetic limitations, we aimed for particles in a range
of around 50 nm. Particles in this size range show prolonged circulation
in vivo and increased accumulation in infected tissues and are therefore
ideal candidates for optical imaging, photothermal therapy and drug
delivery applications [45]. In detail, we applied different reduction
protocols found in literature. Such synthetic methodologies of this
particular AuNPs can provide particles with low dispersity for the tar-
geted size range. AuNSPs were synthesized with sodium citrate as re-
ductant by a modified Turkevich-Frens protocol [46]. CTAB capped
AuNRs were formed in a one-pot protocol by Jana et al. with silver
nitrate, ascorbic acid and sodium borohydride [47]. Star-shaped growth
of AuNSTs was achieved by adding gold salt, silver nitrate and ascorbic
acid to 2–3 nm spherical seed particles [48]. AuNCs were synthesized in
a galvanic exchange reaction with silver nanocubes as templates [49].
Ionic stabilizing agents which were required during the synthesis of
AuNPs where later exchanged with the desired functional moieties by
exposing the AuNPs to an excess of mono-thiolated PEG (X-PEG-SH).
Three different types of hetero-functionalized PEG were used, yielding
particles with methoxy (-OCH3), carboxylic acid (-COOH) and amine
(-NH2) end functionalization.

Transmission electron microscopy (TEM) pictures are revealing the
particular size and shape of the synthesized AuNPs along with their
typical absorption spectra. Targeted sizes of around 50 nm were suc-
cessfully achieved and the particles show low polydispersity in TEM
(Fig. 1). Absorption spectra show expected maxima around 540 nm for
AuNSPs and between 720 and 860 nm for AuNRs, AuNSTs and AuNCs
(Fig. S1). High-resolution TEM images are provided to show the in-
ternal hollow structure of the AuNCs in contrast to the other particle

Fig. 1. TEM images of the differently shaped AuNPs used in this study, demonstrated by (a) spheres, (b) rods, (c) stars and (d) cages, each equipped with (e) one of
three different functionalized PEG chains (–OCH3, –COOH or –NH2).
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shapes (Fig. S2). Basic physico-chemical properties of the AuNPs are
summarized in Table 1. Characterization with respect to their size
distribution in dispersion was done with dynamic light scattering (DLS)
in ultrapure water (MQ) and human serum (HS). Hydrodynamic dia-
meters in MQ varied between 56 and 88 nm and show narrow size
distributions (Fig. S4). Compared with the sizes evaluated by TEM, a
minor increase in diameter was detected for most particles. Only the
amine-functionalized particles showed a slight tendency for aggrega-
tion, illustrated by higher DLS values, but were still completely dis-
persed in solution when incubated with HS. Therefore, TEM sizes are
accurate regarding the diameter and aggregation behaviour of the
particles in solution and all AuNPs shall be comparable regarding their
uniform size. In HS however, the hydrodynamic diameters of the AuNPs
were slightly increased when compared to the measurements in MQ.
These shifts may indicate an association of proteins and are reported as
an evidence of the protein corona formation [50–53].

Additionally, the zeta potential was determined in MQ for all AuNPs
to verify the exchange of surface functionalization (Table 1). All OCH3-
equipped AuNPs show neutral values. AuNPs functionalized with
COOH show a high negative charge, NH2-functionalized a slightly po-
sitive charge except for AuNCs. As AuNC-NH2 show the fastest ag-
gregation of all the particles. We assume that the charge is partially

shielded by interactions of amines with the gold surface which could
also explain why the zeta potential remains neutral or slightly negative.
The minor differences in zeta potential could not only mean a shielding
of the end groups, but also differences in overall PEG-functionalization
density. Indeed, it has already been shown, that high curvature, as
present for e.g. spheres and the longitudinal ends of rod-shaped parti-
cles, shows a lower density of binding ligand than flat surfaces and
ultimately leads to different protein binding patterns [54]. Never-
theless, within this study, we want to focus solely on the structural
differences for protein composition dependant on the shape of the in-
organic AuNP-core itself and possible variations of same structures by
alternation of the end group functionalization.

2.2. Identification of the protein corona via LC-MS/MS

In total, by combination of the shapes and charges, twelve different
types of AuNPs regarding their shape and surface functionalization
were synthesized. All AuNPs were incubated with HS to study the in-
dividual formation of protein corona and the dependency on shape and
charge. For comparison, we used same concentrations of particles as
comparison by total surface volume is hardly achievable for highly
anisotropic particles like AuNSTs and hinders the comparison with
structures like AuNSPs and AuNRs in this context. Protein binding to
the AuNPs was identified via liquid chromatography-tandem mass
spectrometry (LC-MS/MS) and quantified using the TOP 3 approach
[55]. Therefore, the intensities of the identified proteins were calcu-
lated by summing up the intensities of the three most intense unique
peptides for each protein [56]. Although PEG is known to shield par-
ticles from protein adsorption, we could identify a total of more than 90
proteins for almost all shapes and surface charges. Only for the AuNCs,
less proteins were abundant in the protein corona. Here, 81 (AuNC-
OCH3), 45 (AuNC-COOH) and 55 (AuNC-NH2) proteins could be iden-
tified (Fig. 2A). The same tendency was observed in the overall in-
tensities of the proteins identified by the TOP 3 approach. Highest
amount of proteins per weight of AuNPs was bound to the AuNSTs
which we attribute to their larger surface-to-volume ratio. For AuNSPs
and AuNRs, we found similar intensities while clearly less total protein
was present in the cage variants (Fig. 2B). This could indicate a hin-
drance in interaction between the serum proteins and AuNCs due to
their structural appearance.

However, the amount of identified proteins does not correlate with
the number of total bound proteins. For example, within the spherical
variants, the AuNSPs-OCH3 show the highest intensity although they

Table 1
Characterization of AuNPs.

Nanoparticles shape
moiety

Size in
TEM
[nm]a

Size in
MQ
[nm]

Size in HS
[nm]

Zeta [mV] λmax

[nm]

AuNSPs –OCH3 49.2 56.4 108.9 −4.0 544
–COOH 58.1 96.1 −17.4 539
–NH2 89.2 102.3 +7.1 543

AuNRs –OCH3 54.3 71.1 83.8 −5.4 771
–COOH 69.6 75.9 −12.1 783
–NH2 572.1 > 1000 +4.4 770

AuNSTs –OCH3 52.5 67.3 148.0 −3.0 850
–COOH 62.7 178.9 −25.7 820
–NH2 66.2 185.2 +9.9 867

AuNCs –OCH3 58.0 75.3 94.0 −5.6 736
–COOH 73.8 91.7 −19.0 720
–NH2 87.8 217.1 −2.6 736

a TEM sizes are given as the average for all three variants as the initial
synthesis of the AuNP core structure is identical. Sizes are given as the diameter
for AuNSPs and AuNSTs, the longitudinal length for AuNRs, and the diagonal
length for AuNCs. Histograms are shown in Fig. S3.

Fig. 2. (a) Total number of identified corona proteins and (b) the total intensities of proteins bound to the AuNPs are shown. Corona proteins were identified using
LC-MS/MS and abundances were determined via TOP 3 approach. The intensity for each protein is obtained by summing up the three most intense unique peptides
for each protein. The total intensities were determined based on this approach. The various functional surface groups are colour coded (–OCH3 white; –COOH black;
–NH2 grey). One-way nonparametric ANOVA analysis with Tukey test for multiple comparison was used to assess differences between groups (* p < 0.05).
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had the lowest number of identified proteins. For AuNSTs, the re-
presentatives of the AuNSTs-NH2 group show a higher proportion of
bound proteins compared to the AuNSTs-OCH3 group, despite the fact
that the number of identified corona proteins was less. Still, the amount
of proteins identified is in good agreement with other studies for
PEGylated AuNPs [57]. Only the AuNCs stand out as they show a huge
difference in identified proteins between the negatively/positively
charged and the neutral particles. It has already been investigated, that
the grafting density of PEG increases with high curvature and that PVP-
capped AuNCs show higher grafting densities than CTAB-coated AuNRs
[58,59]. In this context, we assume that the higher PEG grafting density
of AuNCs effects the adsorption of proteins as tightly packed PEG layers
are more efficient in preventing protein association [60,61], and that
the difference between –COOH, –NH2 and –OCH3 end-groups result
from the increased number of charges at the surface. Although as the
total numbers do not differ significantly within the other shape-groups,
we conclude that the variation in end-group modification does not seem
to have a strong influence on the total and relative numbers of bound
proteins and that the density of the PEG layer – influenced by the shape
– is the key factor here. Within this study, we were further interested on
a closer insight in the individual protein compositions of the different
shapes and surface charges.

2.3. Comparison of individual protein abundances

For analysis of the protein corona, the 15 most abundant proteins
for each particle were determined. Across all we found a total of 22
proteins covering at least 67% of the total protein corona (Fig. 3).
Hierarchical cluster analysis was used to show the similarities among
the AuNPs (Fig. 4). For the method of hierarchical cluster analysis, we
looked at the composition of the protein corona of each individual NP.

Roughly speaking, it can be said that the distance between two links
represents the similarity or better: dissimilarity of two NPs with respect
to their protein corona. In our case, this would mean that AuNSTs-NH2

and AuNSPs-OCH3 are very similar in terms of their protein corona
composition. While AuNCs-COOH should show a large difference in the
protein corona due to the very late linkage with the cluster of the two
mentioned nanoparticles. According to the hierarchical arrangement, in
our case the 5 NPs with a similar protein corona (with decreasing si-
milarity) are: AuNSTs-NH2, AuNSPs-OCH3, AuNRs-NH2, AuNSTs-NH2

and AuNSTs-COOH. Among these 5 NPs, there are already all 3 variants
of the AuNSTs. This could lead to the conclusion that rather the form
than the functionalization of the NPs could play a role in the formation
of the protein corona. Interestingly, only few direct correlations could
be observed. AuNCs seem to be further separated from the other
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Fig. 3. Comparison of the most abundant proteins in the corona of AuNPs. The 15 most abundant proteins of each protein corona (summarized) are shown. These
were calculated using the TOP 3 approach. Results are given in percentage of the total bound proteins in the specific corona (proteins are colour coded). Remaining
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Fig. 4. Hierarchical cluster analysis (HCA) of the AuNPs for the comparison of
the protein coronas. Similarities and differences are shown using HCA in
Perseus (version 1.6.2.3).
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variants. Nevertheless, no dependence of the protein corona on surface
charge could be determined. This indicates that same AuNP shapes are
more likely to share similarities in protein corona composition than
same end-group functionalizations.

A closer look into the individual groups reveals a more detailed
distribution of the entire protein corona as well as to the 15 most
abundant proteins. The examination of these corona proteins with re-
gard to the structure or the surface charge (Fig. 5) of the individual
AuNPs also confirmed the previously found relationship. AuNSTs gen-
erally show the most similar pattern with regard to intensity. The sur-
face charge seems to have less influence on the star-shaped AuNPs
(Fig. 5c) compared to the others. AuNRs and AuNCs show a much more
pronounced altered pattern (Fig. 5a & d). But in general, the variation
between the different surface modifications is not as pronounced as the
influence of the shape on protein corona formation within a comparable
surface charge. Even though, the band patterns of the graphs are very

different across all AuNPs, -NH2 functionalized variants seem to have a
more similar distribution than the -COOH and -OCH3 particles. How-
ever, a closer look reveals that there is also a noticeable difference
especially regarding the AuNCs which we contribute to the huge dif-
ference in identified proteins for the charged (45 and 55 identified
proteins for -COOH and -NH2, respectively) and neutral (81 for -OCH3)
AuNCs as previously discussed.

For a more detailed insight into the composition of the protein
corona, some representative proteins were selected (Fig. 6). In these
graphs, similarities and differences in the composition of the protein
corona are more clearly visualized with respect to the individual pro-
teins. For example, it becomes visible that an activator of the comple-
ment system (complement C3) is distributed over all AuNPs in-
dependent of charge or structure (Fig. 6a). In the case of serum
albumin, we again find high abundances throughout all shapes and
charges. Serum albumin usually shows a preferable adsorption onto

Fig. 5. Comparison of the most abundant proteins in the corona of each AuNP, grouped for different shapes and surface charges. Depicted are the 15 most abundant
proteins of each protein corona (summarized). Classification is based on structure with (a) rod-, (b) sphere-, (c) star- and (d) cage-shaped AuNPs or according to the
surface functionalization with (a) –COOH, (b) –NH2 and (c) –OCH3. Within one panel the different surface modifications (a–d) or the different shapes of the AuNPs (e-
g) are shown. Intensities were calculated using the TOP 3 approach. Results are given in percentage of the total bound proteins in the specific corona (proteins are
colour coded).
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positively charged particles due to its low isoelectric point (< 5.5) [33],
but for AuNPs, albumin is recognized as one of the most abundant
proteins for particles with spherical, rod-like and star-like shapes
[62,63].

As a new result, we find a higher abundance of serum albumin re-
lative to the total amount of bound proteins in case of AuNCs (Fig. 6b).
In general, albumin shows rapid adsorption onto nanoparticles upon
administration but is usually replaced at a later stage by proteins, which
show higher binding affinities. Previous studies have already shown
that particles which bind less total proteins in their corona are parti-
cularly enriched in albumin [64]. We hypothesize that the high cur-
vature at the edges and higher grafting density of the PEG layer for the
AuNCs hinders other plasma components like vitronectin (Fig. 6c), a
protein which regulates cell adhesion, apolipoproteins and members of
the complement system from adsorption at later stages. That would
explain the remaining of high relative amounts of serum albumin as
well as other rapidly adsorbing proteins like some immunoglobulins
(Ig). This assumption is supported by the overall low total intensity and
number of abundant proteins for all variants of the AuNCs. Due to their
structure, AuNCs have the smallest surface area and strong surface
curvatures at the edges comparable to smaller spherical particles, which
are also known to show lower total abundances [37]. In addition, it
might also be possible that proteins can interact internally through their
open structure and are therefore not determined by the methodology
used in this study.

AuNCs also stand out from the rest regarding complement unit C1q
(Fig. 6d). The C1 complex binds to antibodies adsorbing to the surface
of pathogens or nanoparticles and initiates the classical complement
pathway which results in opsonisation and phagocytosis [65]. C1q
shows higher abundance for AuNCs compared to other members of the
complement system. We conclude that the progression of the classical
complement pathway might be hindered as C1q splits into further

fragments to promote opsonisation. A closer look into the structure of
the protein reveals, that C1q differ from other plasma proteins with
respect to its distinct collagen-like regions [66]. The polyproline helices
in these collagen-like motifs could attach to the cages similarly to poly
(vinyl pyrrolidone), a polymer often used in AuNC stabilization because
of its preferable attachment to {100} facets [67]. As the surface of
AuNCs, contrarily to other AuNP shapes, mostly consists of {100} fa-
cets, this could explain the stronger affinity of the C1q compared to
other shapes. Another protein found enriched in the corona of the cages
was the histidine-rich glycoprotein, which exhibits high binding affinity
to C1q through its cystatin-like regions at the N-terminus and therefore
also shows increased presence in the corona of the cages [68]. From
these apparent differences, we conclude that the presence of {100}
facets along with previously mentioned PEG grafting density and par-
ticle structure have a strong influence in the abundance of certain
plasma proteins. In view of the fact that C1q is a component of the
complement activation system (classical pathway) and the less abun-
dant vitronectin also plays a role in the complement system, this might
indicate a variation in the cellular uptake pathway of AuNCs. Since
vitronectin can interact with αvβ3 integrin, it could also be of high
importance in the cell uptake mechanisms [69,70].

Interestingly, the three most abundant apolipoproteins show a most
diverse pattern regarding AuNRs (Fig. 6e–g). Apolipoprotein A-I was
only present among the 15 most abundant proteins of AuNRs-NH2,
whereas apolipoprotein A-II was missing only in this nanostructure.
Apolipoprotein B-100 in contrast was not detected for AuNRs-COOH
and AuNRs-NH2, but also not for other variants of AuNSPs and AuNSTs.
In general, apolipoproteins were found to be more likely adsorbing onto
liposomes and organic nanoparticles than inorganic surfaces [71]. This
supports our findings that we could not detect several apolipoproteins
among the 15 most abundant proteins for our particles.

In order to analyse whether the structure or the surface charge alone

Fig. 6. Representation of selected corona proteins with different binding patterns among the AuNPs. Depicted are selected proteins of the 15 most abundant proteins.
The values of the respective proteins correspond to the percentage of the total bound proteins in the corona of the AuNPs. Proteins displayed are (a) complement C3,
(b) serum albumin, (c) vitronectin, (d) complement C1q subcomponent subunit C, (e) apolipoprotein A-I, (f) apolipoprotein A-II and (g) apolipoprotein B-100.
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might have an influence on the formation of the protein corona, we
have further summed up and compared the percentage of proteins re-
lative to total corona either over all the identical charges or shapes
(Fig. 7). The comparison of these two figures confirms that the structure
may have a greater influence on the formation of the protein corona
than surface charge. The more frequent and larger variations in the
abundance of proteins can be clearly seen in the comparison of nano-
particle structures. Obviously, there are greater divergences in both
graphs, nevertheless, it can be noted that the charge dependency graphs
are generally more uniformly distributed. This is even more surprising
when taking into account the isoelectric points (pI) of the different
plasma proteins. Proteins with low pI should preferably adsorb onto
positively charged particles and vice versa. We can point out a higher
affinity for negatively charged particles in case of histidine-rich glyco-
protein (pI ~ 7.1), apolipoprotein B-100 (pI ~ 6.6) and complement C3
(pI ~ 6.3). For positively charged particles, only apolipoprotein A-I
(pI ~ 5.5) shows a significant enrichment (among rod- and cage-shaped
AuNPs).

To visualize the relationship between different charges and shapes
even better, we have calculated the mean values of the corresponding
properties for all nanoparticles and determined the standard deviations.
Subsequently, the percentage deviation of the standard deviation from
the mean value was determined and displayed (Fig. S5). Using this
representation, we notice again that the structure has a greater influ-
ence on the protein corona composition. If the structure is the variable
variant, we still find 9 proteins with a 40% variation. If the surface
charge is varied, there is only 1 protein with a 40% variation.

3. Conclusion

Within this project, we have focused on two essential physico-che-
mical properties (particle shape and surface charge) of AuNPs whose
influence on the formation of a protein corona has been previously
described [9,28]. The AuNPs used within this study featured four dif-
ferent structures and in addition each included three different surface
functionalizations introduced by ligation with PEG. We investigated
protein binding on the AuNPs and applied statistical methods to

correlate the attachment with the physico-chemical properties.
Negatively charged surfaces of nanoparticles are supposed to lead to

a stronger accumulation of proteins [31], which we could observe to a
small extent in our experimental setup. AuNSP-COOH and AuNR-COOH
showed this behaviour. Interestingly, we were able to identify a higher
number of proteins for the neutral functionalized nanoparticles when
compared to the other two representatives (AuNSTs and AuNCs). The
15 most abundant proteins did not show significant tendencies for any
of the different moieties. Thus, we conclude that the interactions of
proteins with PEGylated AuNPs might show low dependence on surface
charge.

Regarding the size of the particles, we could not detect a difference
of protein abundances in our set-up, as we aimed to use AuNPs with
comparable dimensions. However, in the case of the slightly agglom-
erated AuNR-NH2, the incubation with HS only led to further ag-
gregation, but no noticeable difference in protein composition whether
compared to the other AuNR-variances, nor NH2-functionalized parti-
cles.

However, when considering the different structures, AuNSTs have a
higher amount of total proteins present compared to AuNSPs and
AuNRs due to their overall larger surface area. AuNCs however showed
an interesting behaviour regarding its interaction with some proteins
despite the fact that their surface-to-volume area is comparable with
the other unbranched architectures. In relation to all shapes, AuNCs
showed a lower total number and variety of proteins, but increased
relative abundances for albumin and the complement C1q fragment.
This leads to the conclusion that adsorption of other plasma proteins
could be strongly hindered which we correlate to the high curvature at
the edges, dense PEG-layers at the sides and predominance of {100}
facets. The different composition in protein corona indicates the pos-
sibility of altered biological behaviour in contrast to spherical, rod-like
and star-like AuNPs. Whether this has a direct effect on parameters like
circulation time, cellular recognition and cellular uptake still needs to
be investigated. Our findings indicate, that AuNCs could be a superior
system for biomedical applications compared to other types of AuNPs as
high relative amounts of albumin in the corona suggests improved
biocompatibility and the high curvature and dense ligation could

Fig. 7. (a) Mean values for the same surface charge across all AuNP structures. The percentages of the proteins relative to the total protein corona were summarized
for the same surface charge across all AuNP structures. Depicted are mean values of the summarized groups (COOH in black, NH2 in grey and OCH3 in white) with the
SEM. (b) Mean values for the same AuNP structure across all surface charges. The percentages of the proteins relative to the total protein corona were summarized for
the same structure across all AuNP surface charges. Depicted are mean values of the summarized groups (AuNRs in white, AuNSPs in light grey, AuNSTs in dark grey
and AuNCs in black) with the SEM. One-way nonparametric ANOVA analysis with Tukey test for multiple comparison was used to assess differences between groups
(*p < 0.05).
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protect the particles from opsonisation and fast removal by the immune
system.

4. Experimental

4.1. Materials and methods

All chemicals were purchased from Sigma-Aldrich, Acros or Merck
and used as received. Heterofunctionalized PEGs with molecular
weights of 5 kDa were purchased from Rapp Polymere. Milli-Q water
used for the experiments was obtained from a Millipore water pur-
ification system (18.2 MΩ·cm).

For UV/Vis spectroscopy, Scinco S 3150 multi-channel spectro-
photometer was used. All samples were measured in Millipore water
using disposable UV micro cuvettes from Brand.

Dynamic and electrophoretic light scattering measurements were
recorded using Malvern Zetasizer Nano ZS ZEN3600 with a HeeNe
laser (λ = 633 nm) or DPSS laser (λ = 532 nm) under a scattering
angle of 173° at room temperature as not indicated otherwise. All
samples were filtered with 0.2 μm or 0.45 μm syringe filters prior to the
measurement to exclude large aggregates and dust. Measurements were
analyzed using Malvern Zetasizer Software version 7.11. Size distribu-
tion of the particles is provided as the average of three measurements
with 12–15 runs each. Zeta potential was measured by dilluting the
AuNPs in phosphate buffer (10 mM) and is given as the average of five
measurements.

Electron microscopy was performed on Hitachi SU 8030 scanning
electron microscope operating at 30 kV. For preparation, a droplet
(2 μL) of the diluted sample solution was attached onto a carbon coated
copper grid and dried at air. Size analysis was performed with ImageJ
software.

4.2. Synthesis of gold nanospheres

The gold nanospheres were synthesized by citrate reduction. Briefly,
39.4 mg tetrachloroauric acid trihydrate (0.1 mmol) was dissolved in
water (400 mL) and heated to 100 °C. Sodium citrate (2.36 mL, 1 wt%
in water, 0.08 mmol) was quickly added. The solution was stirred under
reflux for 15 min until which the colour changed from slightly yellow to
deep red. After completion of the reaction, the particles were used
without further purification.

4.3. Synthesis of gold nanorods

Gold nanorods were synthesized by dissolving 98.4 mg tetra-
chloroauric acid trihydrate (0.25 mmol) in water (250 mL) and heated
to 45 °C. 18.23 g hexadecyltrimethylammonium bromide (50 mmol)
was added and dissolved completely in the warm solution. After cooling
down to room temperature, AgNO3 solution in water (5 mL, 10 mM)
and 88 mg ascorbic acid (0.5 mmol) were added followed by the ad-
dition of NaBH4 solution in water (25 μL, 10 mM). After stirring for 1 h,
the dark red solution was purified twice by centrifugation (6500 rpm,
2 h) and redispersion in water.

4.4. Synthesis of gold nanocages

For the synthesis of the nanocages, silver nanocubes were used as a
scaffold and converted into gold nanocages by galvanic replacement.
First, ethylene glycol (EG, 5 mL) was heated to 150 °C and stirred for
30 min. Disodium sulfide (60 μL, 3 mM in EG), polyvinylpyrrolidone
(55 kDa, 1.25 mL, 20 mg/mL in EG) and HCl (0.5 mL, 3 mM in EG) were
added and stirred for 2 min. Then, a solution of silver trifluoroacetate
(0.4 mL, 282 mM in EG) was quickly injected and the particles were
allowed to grow for 1 h while the colour changed from colorless to
yellow/slightly greenish. The reaction was quenched by placing the
reaction vessel into an ice bath. The particles were purified by

centrifugation (2000 rpm, 15 min) and redispersion in 2 mL water.
Afterwards, the particles were centrifuged three times (8000 rpm,
2 min), redispersed in water and stored in the dark at 4 °C.

For conversion into gold nanocages, a solution of poly-
vinylpyrrolidone (55 kDa, 5 mL, 1 mg/mL in water) was heated to
105 °C. Previously synthesized silver nanocubes were added and the
mixture was stirred for 5 min. Afterwards, tetrachloroauric acid trihy-
drate (0.1 mM in water) was added dropwise via a syringe pump
(0.75 mL/min). The replacement reaction was monitored by absorption
spectroscopy and the addition of gold salt was stopped when the
plasmon band reached 700 nm. After the addition, the solution was
stirred for further 10 min at 105 °C and then cooled down in an ice bath.
The particles were purified two times by centrifugation (3000 rpm,
30 min) and redispersion in water.

4.5. Functionalization of gold nanospheres, nanorods and nanocages

A known amount of the previously synthesized gold nanoparticles
(spheres, rods, or cages) was added to a solution of excess bi functio-
nalized poly(ethylene) glycol HS-PEG5kDa-X (X = OCH3, COOH,
NH2∙HCl) and stirred for 48 h. The particles were purified by cen-
trifugation and redispersion in water. For the gold nanocages, pur-
ification by dialysis (Spectra/Por Dialysis Tubing, molecular weight cut
off = 50,000 Da) was additionally applied for 72 h against 2 L of ul-
trapure water.

4.6. Synthesis of gold nanostars

Small spherical particles served as seeds for the synthesis of gold
nanostars. The seeds were produced by adding 6 mL of ice-cold sodium
borohydride solution in water (0.1 M) to a solution of 19.7 mg tetra-
chloroauric acid trihydrate and 14.7 mg sodium citrate in 200 mL
water. The formation of 3–4 nm spherical particles was confirmed by
TEM and the particles were used without purification for the synthesis
of nanostars. For that, 10 mL of tetrachloroauric acid trihydrate in
water (0.25 mM) was mixed with 10 μL HCl (1 M) and 100 μL of the
previously synthesized seed particle solution. 100 μL of silver nitrate
solution (1 mM) and 50 μL of ascorbic acid solution (100 mM) were
simultaneously added followed by 20 mg of bi-functionalized poly
(ethylene) glycol HS-PEG5kDa-X (X = OCH3, COOH, NH2·HCl). The
solution was immediately centrifuged (5000 rpm, 10 min) and after
redispersion in water further purified by centrifugation (6000 rpm,
3 min).

4.7. Incubation with human serum

For analysis of the protein corona all AuNPs (with 3 biological re-
peats for each NP) were dispersed at a final concentration of 300 μg/mL
in 1.5 mL 70% human serum (diluted with PBS). Incubation was for 2 h
in sterile glass vials containing magnetic stir bar by stirring (700 rpm at
room temperature (RT)) with a magnetic stirring device (HMC Cyclone,
HMC Europe, Germany). For the separation of the AuNPs with adsorbed
corona from unbound proteins, the AuNP dispersions (1.5 mL) were
loaded on top of 7.5 mL 2 M sucrose. The AuNPs were pelleted via
ultracentrifugation (17,900g, 2.5 h at RT). 70% human serum without
AuNPs served as control and was treated similarly. Pellets were washed
twice with PBS (17,900g, 30 min at RT). Samples (n = 3 for each NP)
were further prepared for LC-MS/MS analysis.

4.8. In solution digestion

The AuNP pellets (n = 3 for each NP) were reconstituted in 50 μL of
denaturation buffer (6 M urea/2 M thiourea in 10 mM HEPES, pH 8.0)
and reduced for 30 min at RT with 1 μL of 0.5 M DTT in 50 mM of
ammonium bicarbonate (ABC, Carl Roth GmbH, Germany). The alky-
lation was carried out by adding 1 μL of 0.5 M IAA in ABC and
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incubation for 30 min at RT in the dark. Subsequently, 2 μL of Trypsin/
Lys-C Mix (Promega) at a concentration of 0.5 μg/μL in ABC was added
and incubated for 4 h at RT. The urea concentration was decreased
to< 2 M by addition of 150 μL of ABC for trypsin digestion overnight at
RT. The digestion was stopped by acidification with 200 μL of 5%
acetonitrile (ACN), 3% trifluoroacetic acid. Tryptic peptides were de-
salted with stage tips [71].

4.9. Liquid chromatography-electrospray ionization-tandem mass
spectroscopy (LC ESI MS/MS)

Desalted peptides were reconstituted in 20 μL of 0.1% (v/v) TFA,
5% (v/v) ACN and 4 μL were analyzed by a reversed-phase capillary
nano-liquid chromatography system (Ultimate 3000, Thermo Scientific,
United States of America) connected to an Orbitrap Velos mass spec-
trometer (Thermo Scientific). The LC system was coupled to the mass
spectrometer via a nanospray flexion source equipped with a stainless-
steel emitter (Thermo Scientific). Samples were injected and con-
centrated on a trap column (PepMap100 C18, 3 μm, 100 Å, 75 μm
i.d. × 2 cm, Thermo Scientific) equilibrated with 0.05% TFA, 2% ACN
in water. After switching the trap column inline, LC separations were
performed on a capillary column (Acclaim PepMap100 C18, 2 μm,
100 Å, 75 μm i.d. × 25 cm, Thermo Scientific) at an eluent flow rate of
300 nL/min using a linear gradient of 3 50% B in 50 min. Mobile phase
A contained 0.1% formic acid (FA) in water and mobile phase B con-
tained 0.1% FA in ACN. Mass spectra were acquired in a data-depen-
dent mode utilizing a single MS survey scan with a resolution of 60,000
in the Orbitrap and MS/MS scans of the 20 most intense precursor ions
in the linear trap quadrupole. The MS survey range was m/z 350 1500.
The dynamic exclusion time (for precursor ions) was set to 60 s and
automatic gain control was set to 1 × 106 and 5.000 for Orbitrap-MS
and LTQ-MS/MS scans, respectively.

4.10. Protein identification and label-free quantification of protein
abundance

MS and MS/MS data from each LC/MS run were analyzed using the
MaxQuant software (Version 1.6.0.16). Identification of proteins was
performed using the MaxQuant-implemented Andromeda peptide
search engine against a reference proteome database of Homo sapiens
(Human/Uniprot proteome ID: UP000005640, Version October 1,
2017). Initial maximum precursor and fragment mass deviations were
set to 7 ppm and 0.5 Da, respectively. Variable modification (methio-
nine oxidation and N-terminal acetylation) and fixed modification
(cysteine carbamidomethylation) were set for the search and trypsin
with a maximum of two missed cleavages were chosen for searching.
The minimum peptide length was set to 7 amino acids and the false
discovery rate (FDR) for peptide and protein identification was set to
0.01. Relative protein abundance was determined using the TOP 3
approach. TOP 3 intensities of the identified proteins were calculated
by summing up the intensities of the three most intense unique peptides
for each protein [55].
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4 Summary and Conclusion 

 

What the biological cell actually "sees" when it interacts with NPs dispersed in a biological 

medium probably is more important than the pure material properties of the bare particle 

itself.[133] Therefore, it is highly important to understand the interactions between NPs and 

proteins. 

Within my thesis I focused on two main objectives. The influence of physico-chemical 

properties of NPs on the formation of a protein corona and the role of the protein-corona on 

cellular uptake. 

 

4.1 Physico-chemical properties and formation of a protein corona 

4.1.1 The influence of size and surface charge 

 

In chapter 3.1 we dealt with dendritic polyglycerols and focused on two physico-chemical 

factors (size and surface charge). With the NPs used in this study, we were capable of showing 

that surface charge had a greater influence than size on protein corona formation. Thus, we 

were able to find significantly more proteins on the NPs that were negative (169 compared 

to 26) in terms of surface charge. This is in line with the results of other studies that have 

demonstrated that proteins tend to prefer negatively charged surfaces.[166] The comparison 

of the two different sizes (dPGS-Au50 vs. dPGS-Au20) did not reveal such a major difference 

in terms of protein numbers (169 compared to 114). Difference that still occur can be 

explained due to the varying curvature of the NPs. Depending on whether the protein is 

globular or fibrillar, the alteration of the surface curvature can lead to a change in the native 

conformation and thus alter the possibility of attachment. For example, fibrinogen, a fibrillar 

protein, can lose its native conformation as the surface curvature decreases and occupies 

more space on the nanoparticle.[167] Consequently, the surface area for the attachment of 

other proteins would be reduced.  

After we had addressed the influence of size, we examined the influence of hydrophobicity. 
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4.1.2 Hydrophobicity and its impact on the formation of a protein corona 

 

The NGs we used in chapter 3.2 deserve special attention, because their adjustable 

amphiphilic character makes them a well-suited candidate for embedding and transporting 

various drugs. With the recently developed synthetic platform approach by Klinger it is 

possible to tune the amphiphilicity while keeping the similar colloidal features of the NGs. 

Given this feature, we put our attention in chapter 3.3 to examine how the amphiphilic 

character affects protein binding. By using dynamic light scattering (DLS) measurement we 

could show that with ascending hydrophobicity the hydrodynamic diameter increases, 

indicating higher protein adsorption. These findings correlated with the results from 2D-

PAGE, confirming significantly increased number and intensity of spots for increasing 

hydrophobicity. Comparable outcomes were obtained with liquid chromatography-tandem 

mass spectrometry (LC-MS/MS). Our study revealed that for NGs with a comparable 

hydrophobicity but various functional hydrophobic moieties the increase in protein 

adsorption varied significantly. Therefore, protein binding seems to be determined not only 

by the overall hydrophobicity, but is also affected by the molecular structure. In addition, the 

new synthetic platform approach allowed us to focus at the influence of hydrophobicity on 

the protein corona. Comparing the two groups of the hydrophobic NGs (moderate 

hydrophobic and hydrophobic), regarding the protein spots with significantly increased 

intensities, we found a higher overlap between the two most hydrophobic NGs (16 compared 

to 6). Similarities between comparable structures (linear versus non-linear moieties) were 

smaller, leading to the conclusion that the hydrophobicity has a higher influence than the 

structure.  

After investigating the role of size and hydrophobicity, we addressed the influence of shape 

on the formation of a protein corona. 
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4.1.3 The shape of NPs and its effect on the protein-corona 

 

 

Within the chapter 3.3 we investigated AuNPs with comparable sizes, where the shape and 

the surface charge could be changed systematically.  We have compared 4 different shapes 

(spheres,  rods,  stars and  cages),  each  with  3  different  surface  functionalization’s  (OCH3, 

COOH, NH2) in terms of their end groups. These end group functionalization’s lead to different 

surface  charges  on the  NPs.  Therefore,  it  can  be  stated  that  we  have  NPs  with  a  negative

(COOH), positive (NH2) and rather neutral (OCH3) surface charge. 

After  the  incubation  of twelve  different  types  of  AuNPs  (regarding  shape  and  surface 

functionalization) with human serum we studied the individual formation of a protein corona. 

Protein binding was identified using liquid chromatography-tandem mass spectrometry and 

quantified  via  TOP 3  approach.  We  were  able  to  identify  more  than  90  proteins  for  the 

different  shapes  and  surface  charges.  Interestingly  the  gold  nanocages  (AuNCs) showed 

deviations, as we found less abundant proteins. This tendency was also visible in the overall 

intensities of the proteins identified by the TOP 3 approach. That may indicate a hindrance in 

the interaction between the serum proteins and the AuNCs by their structural appearance. 

For analysis of the protein corona 15 of the most abundant proteins for each NP were chosen. 

In total we found a total of 22 different proteins covering at least 67% of the total protein 

corona. The hierarchical clustering of the corona proteins suggests that rather the shape than 

the functional end groups have an influence on the formation of the corona. For a closer look 

at  the  similarities  and  differences  within  the  protein  coronas,  we  have  selected  some 

representative proteins. These allowed us to better illustrate the possible influence of shape 

or surface charge. As a result, we found that on the surface of the AuNCs, in relation to the 

total  protein  amount,  significantly  more  albumin was bound  than on the  other  NPs.  It has 

already  been  shown  that  NPs  that  bind  fewer  different  proteins  in  their  corona  show  an 

enrichment of albumin.[168] In case of the AuNCs, we assume that the highly curved surface 

at the ends of the NPs and the higher grafting density of the PEG layer prevent other proteins 

from attaching. This also explains why we found high amounts of fast adsorbing proteins like 

albumin or immunoglobulins in the protein corona of all AuNCs. Due to their structure, AuNCs 

have the smallest surface area with strong curvatures and can therefore rather be compared 

to small spherical nanoparticles (which are known to show lower total abundances).[169]  
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On  the  other hand,  due  to  the  open  structure  of  the  AuNCs, there is a possibility that 

proteins bind inside and could not be determined with the method we used. 

To  analyze  whether  the  structure  or  the  surface  charge  has  a  greater  influence  on  the 

composition,  we  summarized  the  proportion  of  proteins  in  the  corona  for  the  respective 

criteria  across  all  NPs.  The  data  summarized  in  this  way  obviously  showed  that  there  was 

greater  variability  within  the  structure. To  further  investigate  the  relationship  between 

surface  charge,  shapes  and  protein  corona,  we  calculated  the  mean  values  of  the 

corresponding  properties  for  all  nanoparticles  and  determined  the  standard  deviations. 

Subsequently, the percentage deviation of the standard deviation from the mean value was 

determined.  Again,  it  is  noticeable  that  the  structure  has  a  greater  influence  on  the 

composition  of  the  protein  corona.  Combining  all  our  results  and  investigations,  we  can 

conclude that the structure of the NPs has a greater influence than the surface charge on the 

composition of the protein corona. 

Following  the  studies  concerning  the  influence  of  physico-chemical  properties  on  protein 

corona  formation,  we  were  interested  in  the  influence  of  the  protein  corona  on  cellular 

uptake of NPs.

 

4.2 The influence of the protein corona on cellular uptake 

 

Crucial for the application of NPs in nanomedicine is whether they enter cells and the 

internalized amount. Considering the different compositions of the protein-coronas, varying 

cellular uptake pattern of the NPs should be evident. This will be displayed and discussed in 

the following chapters. 

 

4.2.1 Effect of the size and surface charge on cellular uptake 

 

The difference in the number of proteins on the surface (see 4.1.1) was also very well 

reflected in the uptake rates of the NPs. Negatively compared to positively charged NPs were 

strongly taken up into the cells. Which only reinforces the influence of the protein corona on 

the cellular uptake.  
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Generally speaking, the cell membrane has more negatively than positively charged areas on 

the surface. Consequently, positively charged NPs should be able to penetrate the cell 

membrane more easily than negatively charged NPs. Still negatively charged NPs were shown 

to be internalized and even be able to penetrate the cell membrane.[170, 171] Considering 

the possible influence of the proteins bound to the NP surface our results are in line with 

these observations. 

In the following, we have investigated whether a similar correlation can also be found with 

hydrophobicity. 

 

4.2.2 Impact of hydrophobicity on cellular uptake 

 

We examined the composition of the protein coronas and took a closer look at the 15 most 

abundant proteins for each NG. Interestingly, we detected an enlargement of complement 

activation components like pentraxin, complement factor 1 and B for the most hydrophobic 

NGs in comparison to the moderate hydrophobic NGs. These opsonins could drastically 

reduce blood retention time and consequently even the biological half-life. Indeed, we were 

able to show this connection. Increased hydrophobicity and the resulting opsonin adsorption 

leaded to an increased cellular uptake in human monocytic like cells representing the RES.  

 

4.3 Identification of possible uptake pathways 

 

After characterization of the protein corona, we were interested in its influence on uptake. 

By performing a pull-down approach (chapter 3.1), subsequent experiments allowed us to 

identify several possible cellular interaction partners in the corona of the NPs. This gave us a 

first impression of the possible functioning of cellular uptake mechanisms and, in context with 

the NPs that were used, to pinpoint receptor-mediated uptake as a potentially key 

mechanism. Given the fact that NPs are typically covered by various proteins after entering 

the biological environment, there should be a complex interplay of different corona 

components. Therefore, either different proteins individually or in association may be 

responsible for the cellular uptake. 
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5 Outlook 

 

This work contributes to the ongoing research on how the chemical properties of NPs 

influence the formation and composition of the protein corona. Our results can help 

preventing, limiting or even shifting protein accumulation in the desired direction. As a 

consequence, it might be possible to ensure that the blood circulation time of the NPs being 

prolonged and thus the administered dose being modifiable.  

In this respect, further protein corona studies should be carried out with regard to the uptake 

behaviour in cells of the RES. A further step would also be the transition from in vitro to in vivo. 

Here it should be investigated whether the results obtained from the models can bear up 

against a “real life” application.  

However, not only the addressing of NPs is of interest, but also the formation of the protein 

corona in biological environments. For the application of NPs as drug transporters, it is of 

utmost importance to know how they will behave in different biological environments. To 

achieve this, other models for biological environments, not only serum, should also be 

investigated for the formation of a protein corona on the surface of NPs. 

The work presented in this thesis provides several starting points for further studies. For 

example, thanks to our pull-down experiment, good indications of possible ligand-receptor 

interactions could be found. These are particularly interesting for addressed NP delivery. 

Continuing investigations should identify further protein-ligand interactions between protein 

corona and receptors on the cell surface. To accomplish that, NPs with single protein coronas 

could be formed and examined for their uptake behaviour. In this context, the actual changes 

in the proteins on the surface of the nanoparticles could eventually also be explored. 

Furthermore, to get an even more detailed insight into the formation of the protein corona, 

the association and dissociation constants of the individual proteins could be measured.  

The identification of receptors on cells of the RES with our pull-down experiment also offers 

the possibility to investigate the uptake pathways of NPs. With the identification of the 

receptors, further inhibitor experiments should also be carried out. We have already laid the 

foundation for further approaches with the identification of ligands and receptors. 
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Figure S1 Schematic illustration of the synthesis of rhodamine-B-labeled dendritic polyglycerol (dPGOH-RB).
Notes: The synthesis through esterification is described in detail elsewhere.1 Briefly, dry dendritic polyglycerol (dPGOH) was dissolved in anhydrous DMF and cooled to 
0°C. Rhodamine B (159.67 mg, 0.33 mmol), DMAP (5.0 mg, 40.93 mol), NHS (134.27 mg, 1.17 mmol), and DCC (241.4 mg, 1.17 mmol) were added, and the mixture was 
allowed to achieve the room temperature. The mixture was stirred overnight, and the solvent was evaporated. Later, water was added. The obtained solution was extracted 
with DCM, and the phases were separated. Then, the solvent was evaporated, and chloroform was added. After ultrasonification (1 h), the solvent was decanted. Purification 
was accomplished by ultrafiltration in water and Sephadex™ G-25 SEC in water. Freeze-drying yielded the pure product. Average number of dye molecule incorporation 
(1.6) per polymer was determined by UV-Vis-spectroscopy.
Abbreviations: DMF, dimethylformamide; DMAP, 4-dimethylaminopyridine; NHS, N-hydroxysuccinimide; DCC, N,N′-dicyclohexylcarbodiimide; DCM, dichloromethane.

Figure S2 Schematic illustration of the synthesis of rhodamine-B-labeled dendritic polyglycerol sulfate (dPGS-RB).
Notes: The synthesis through partial mesylation (1), azidation (2), sulfation (3), and click coupling of alkyne functionalized rhodamine B (4) is described in detail elsewhere.1 a 
solution of dPGOH (9.87 g, 1.65 mmol, 133.2 mmol OH groups) in anhydrous pyridine was cooled to 0°C and mesyl chloride (1.78 mL, 2.63 g, 22.96 mmol, 0.17 eq. per OH 
group) was added dropwise over 30 min and later stirred for 24 h at room temperature (RT). The solvent was evaporated and the residue submitted to dialysis in methanol 
for 24 h. Then, the solvent was stirred in anhydrous DMF at rT, and sodium azide was added. The solution was heated (75°C) and stirred for 3 days. After cooling to RT, the 
mixture was filtered, and the solvent was evaporated. The residue was redissolved in methanol and filtered over celite. Later, the residue was dialyzed in methanol for 2 days. 
After evaporating the solvent, azide functionalized dendritic polyglycerol was dissolved in anhydrous DMF (7 mL) and heated to 60°c. Over a period of 2 h sO3 pyridine 
complex in anhydrous DMF (3 mL) was added, the mixture was stirred for 2 h at 60°C and later for 2 days at RT. The pH was adjusted immediately to 8 by adding NaOH. 
The solvent was evaporated and the residue was subjected to ultrafiltration in water for 1 day. Evaporation of the solvent produced the title compound as a solid yield (degree 
of sulfation was 86%). For rhodamine-B-labeling azide, functionalized dPGS was dissolved in water and a solution (pH 8 adjusted) of copper sulfate (5 mg, 31.3 µmol), sodium 
ascorbate (25 mg, 126.67 µmol), and alkyne functionalized rhodamine B (4.1 mg, 7.93 mmol) was added. The solution was stirred for 3 days at RT. The crude product was 
ultrafiltrated in a saturated EDTA solution, followed by water. Size exclusion chromatography with Sephadex™ G-25 SEC in water and freeze-drying yielded the compound. 
Average number of dye molecule incorporation (2.4) per polymer was determined by UV-Vis-spectroscopy.
Abbreviations: DMF, dimethylformamide; eDTa, ethylenediaminetetraacetic acid; UV, ultraviolet.
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Figure S3 Quality control for the selection of cD14+ monocytes through MicroBeads.
Notes: For analysis, 1×105 cells (PBMc or cD14+ monocytes) were stained with a monocyte-specific antibody, a-CD14-PE (TÜK4) or with dendritic cell-specific antibodies, 
a-DC-Sign-APC (DCN47.5) or with an activation marker, a-CD86-FITC (FM95). Samples were measured using the BD FACSAria III with Diva 6.0 software (BD Biosciences, 
Heidelberg, Germany). The measurements before (A and B) and after (C and D) using CD14 MicroBeads are depicted. It is clearly visible (D, panel CD14-PE) that the usage 
of CD14 MicroBeads leads to a specific increase in the amount of CD14+ monocytes. No Dcs are present and cells are not activated.
Abbreviations: PBMc, peripheral blood mononuclear cell; cD, cluster of differentiation; Dc, dendritic cell.

Figure S4 Analysis of the protein corona of dendritic polyglycerols by two dimensional (2D) gel electrophoresis.
Note: A typical 2D gel for control samples, that is, without nanoparticles (A), for dPGS-Au20 (B), dPGS-Au50 (C), and dPGOH-Au50 (D).

Table S1 Characterization of the rhodamine-B-labeled NPs dPGOH-RB and dPGS-RB

Polymer Mn
a (g/mol) NFb dFc PDId dh ± SDe (nm) ζ-Potential ± SDf (mV)

dPGOH-RB 6,000 81 - 0.31 5.1±0.5 –
dPGS-RB 12,100 54 67 0.25 6.7±0.9 -26.7±2.9

Notes: aNumber average molecular weight calculated from the dF. bNumber of functional groups per polymer. cDegree of functionalization determined by 1H-NMR or 
elemental analysis. dPolydispersity index (Dls). ehydrodynamic diameter (mean ± sD) by Dls in PBs (ph 7.4) from the size distribution by volume. fζ-Potential (mean ± sD) 
in PBS (pH 7.4). The zeta potential of dPGOH-RB was not measured since the potential should be neutral.
Abbreviations: dF, degree of functionalization; 1H-NMR, hydrogen-1 nuclear magnetic resonance; DLS, dynamic light scattering; SD, standard deviation; PBS, phosphate 
buffered saline.
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Figure S5 Analysis of the protein corona of dendritic polyglycerols by 2D gel electrophoresis.
Notes: A fusion gel, which is created by Delta2D software (DECODON, Germany) by merging all individual gel pictures, is depicted. This allows for visualization of all 
interesting protein spots, which are labeled with capital letters. All labeled spots have been further analyzed by MALDI-TOF/TOF.
Abbreviations: MALDI, matrix-assisted laser desorption ionization; TOF, time of flight.

Figure S6 Confocal microscopic images of dPGS-RB-treated CD14+ monocytes are depicted.
Notes: NPs (20 µg/mL) were pre-incubated with BSA (3 mg/mL), complete cell culture medium (CCM; RPMI-1640 with FBS [10%]), or serum-free medium (no serum) for 
2 h. Cells were incubated for 6 h with NPs, washed (2 times PBS, 300 g, 5 min, RT) and stained with Hoechst (100 ng/mL for 5 min).
Abbreviations: NP, nanoparticle; BSA, bovine serum albumin; CCM, complete cell culture medium; FBS, fetal bovine serum; PBS, phosphate-buffered saline; RT, room 
temperature.
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Figure S7 Confocal microscopic images of dPGOH-RB-treated CD14+ monocytes are depicted.
Notes: NPs (20 µg/mL) were pre-incubated with BSA (3 mg/mL), complete cell culture medium (CCM; RPMI-1640 with FBS [10%]), and serum-free medium (no serum) for 
2 h. Cells were incubated for 6 h with NPs, washed (2 times PBS, 300 g, 5 min, RT), and stained with Hoechst (100 ng/mL for 5 min).
Abbreviations: NP, nanoparticle; BSA, bovine serum albumin; CCM, complete cell culture medium; FBS, fetal bovine serum; PBS, phosphate-buffered saline; RT, room 
temperature.

Table S2 Overview of all identified membrane proteins in the pull-down experiment using dPGS-Au50 NPs

Protein Accession MW (kDa) MS UP

60 kDa heat shock protein, mitochondrial CH60_HUMAN 61.0 488.4 8
Amyloid-like protein 1 aPlP1_hUMaN 72.1 22.0 1
aTP synthase subunit alpha, mitochondrial aTPa_hUMaN 59.7 95.5 11
aTP synthase subunit beta, mitochondrial aTPB_hUMaN 56.5 529.8 9
Basigin BasI_hUMaN 42.2 134.0 2
Calcium-binding protein 1 caBP1_hUMaN 39.8 18.0 1
carboxypeptidase M cBPM_hUMaN 50.5 86.7 1
cathepsin g caTg_hUMaN 40.9 433.1 7
Heat shock cognate 71 kDa protein hsP7c_hUMaN 70.9 107.1 2
HLA class I histocompatibility antigen, A-2 alpha chain 1a02_hUMaN 40.9 433.1 7
HLA class I histocompatibility antigen, A-24 alpha chain 1a24_hUMaN 40.7 52.9 2
HLA class I histocompatibility antigen, A-3 alpha chain 1a03_hUMaN 40.8 354 5
HLA class I histocompatibility antigen, B-57 alpha chain 1B57_hUMaN 40.2 314.6 5
Integrin β-II ITB2_hUMaN 84.7 30 1
Interleukin-23 receptor Il23r_hUMaN 71.1 15.1 1
Leukocyte immunoglobulin-like receptor subfamily B member 4 lIrB4_hUMaN 49.3 24.8 1
Myeloid cell surface antigen CD33 cD33_hUMaN 39.8 74.2 1
Protein disulfide-isomerase PDIa1_hUMaN 57.1 53.4 1
Signal-regulatory protein beta-1 isoform 3 sIrBl_hUMaN 43.3 48.0 1
Sodium/potassium-transporting ATPase subunit beta-3 aT1B3_hUMaN 31.5 23.9 1
Transferrin receptor protein 1 TFr1_hUMaN 84.8 224.4 5
Vinculin VINc_hUMaN 123.7 16.0 1

Notes: The dPGS-Au50 NPs were first pre-incubated with complete RPMI-1640 medium (containing 10% FBS) and then incubated with isolated MPs. Proteins were eluted, 
separated through SDS-PAGE and analyzed by using LC-MS/MS.
Abbreviations: NPs, nanoparticles; MPs, membrane proteins; MW, molecule weight; MP, membrane protein; MS, Mascot score; UP, unique peptides.
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 2 

Supplementary Table 1 Parameters for post-modification reaction of PPFPMA precursor 

particles 

Nanogels HPA Hydrophobic group 

Type Sample eq 

n 

[mmol] 

m 

[mg] 

hydrophobic 

group 
eq 

n 

[mmol] 

m 

[mg] 

hydrophilic PHPMA 3 4.76 358 - - - - 

moderate 

hydrophobic 

BENZA-20 2.4 3.81 286 
hexylamine 

(HEXA) 
0.6 0.95 102 

HEXA-20 2.4 3.81 286 
benzylamine 

(BENZA) 
0.6 0.95 96 

hydrophobic 

CHOLA-20 2.4 3.81 286 
dodecylamine 

(DODA) 
0.6 0.95 450 

DODA-20 2.4 3.81 286 
cholesteryl 

(CHOLA) 
0.6 0.95 176 

Notes: Post-modification of reactive precursor particles was carried out on dispersed PPFPMA 

particles (400 mg, 1.59 mmol w.r.t monomer units of PPFPMA particles, 1.0 eq) in DMF by 

adding different molar ratios of amine functionalized moieties (3.0 eq w.r.t. monomer units) and 

TEA (660 µL, 4.77 mmol, 3.0 eq w.r.t. monomer units), as summarized. The reaction was allowed 

to proceed at 50 °C for 24 h. Afterwards the particles were purified by extensive dialysis first 

against DMF (1 week) and subsequently against DI water (1 week) and MQ (1 week). 

Abbreviations: DMF, dimethylformamide; TEA, triethylamine. 
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Supplementary Table 2 Parameters for post-modification reaction of PPFPMA precursor 

FITC-particles 

Nanogels HPA Hydrophobic group 

Type Sample eq 

n 

[mmol] 

m 

[mg] 

hydrophobic 

group 
eq 

n 

[mmol] 

m 

[mg] 

hydrophilic PHPMA 3 1.78 134 - - - - 

moderate 

hydrophobic 

BENZA-20 2.4 1.43 107 
hexylamine 

(HEXA) 
0.6 0.36 38 

HEXA-20 2.4 1.43 107 
benzylamine 

(BENZA) 
0.6 0.36 36 

hydrophobic 

CHOLA-20 2.4 1.43 107 
dodecylamin

e (DODA) 
0.6 0.36 169 

DODA-20 2.4 1.43 107 
cholesteryl 

(CHOLA) 
0.6 0.36 66 

Notes: The synthesis of the fluorescence labelled NGs was carried out analogue to the post-

modification of the unlabelled NGs but in a two-step approach. Briefly, freeze-dried PPFPMA 

particles (2.00 g, 7.93 mmol w.r.t monomer units of PPFPMA particles, 1.0 eq) were dispersed in 

400 ml DMF by short treatment in a sonication bath (Elmasonic P30 H, Elma, Germany). The 

particles were swollen overnight in DMF before FITCA (71 mg, 0.16 mmol, 0.02 eq w.r.t monomer 

units) and TEA (3.3 ml, 23.8 mmol, 3 eq w.r.t. monomer units) were added and heated to 50 °C. 

After 24 h, 30 ml of the dispersion (150 mg PPFPMA-FITC particles) were reacted for another 

24 h with different ratios of amine functionalized moieties (3.0 eq w.r.t. monomer units). 

Afterwards the NGs were purified by extensive dialysis against DMF and subsequently against DI 

water and MQ. 

Abbreviations: NGs, nanogels; DMF, dimethylformamide; FITCA, amine functionalized 

fluorescein; TEA; triethylamine; DI water, deionized water; MQ, ultrapure water. 
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Supplementary Table 3 Quantification of NG protein coronas as measured via LC-MS/MS 

Protein names BENZA-20 HEXA-20 CHOLA-20 DODA-20 

Serum albumin o 19.76 o 23.28 o 9.68 o 8.75 

Apolipoprotein A-I o 23.76 - 7.05 - 7.86 - 10.06 

Hemoglobin subunit alpha o 12.11 o 7.63 o 6.24 o 12.05 

Complement factor B (Fragment) o 5.12 o 5.76 + 10.36 o 7.27 

Complement C3 - 2.99 o 7.11 - 2.63 o 6.44 

Apolipoprotein A-II o 7.93 - 1.74 - 3.88 - 2.08 

Pigment epithelium-derived factor + 1.00 + 4.60 + 5.51 + 7.76 

Vitronectin o 1.12 + 5.78 + 4.53 + 3.07 

Pentraxin + 1.92 + 2.56 + 6.26 + 4.35 

Inter-alpha-trypsin inhibitor heavy 

chain H2 
o 1.12 o 3.19 + 4.41 + 4.33 

Hemoglobin fetal subunit beta o 2.81 o 2.22 + 4.12 o 3.18 

Complement factor I o 0.88 o 2.01 + 6.41 + 3.14 

Complement component C9 - 1.59 o 2.01 o 2.31 o 3.90 

Hemoglobin subunit beta o 1.86 - 0.94 o 2.47 o 1.85 

Prothrombin o 1.45 + 3.93 o 0.96 o 1.04 

C-X-C motif chemokine + 3.09 - 0.54 - 0.20 - 0.44 

Serum amyloid A-4 protein o 0.85 o 1.10 o 0.83 - 0.64 

Apolipoprotein E o 0.99 + 2.75 - 0.10 - 0.32 

Complement C4 - 0.08 + 1.44 + 1.25 + 1.07 

Protein AMBP x 0.00 x 0.00 + 1.42 + 1.12 

Plasma serine protease inhibitor o 0.41 o 0.56 + 1.24 o 0.73 

Gelsolin + 0.52 + 0.94 + 0.73 + 0.71 

Complement C8 beta chain - 0.17 o 0.66 + 1.19 o 0.73 
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Haptoglobin (Zonulin) o 0.49 o 0.62 o 0.70 o 0.92 

Immunoglobulin J chain - 0.35 o 0.49 o 1.19 - 0.36 

Lipocalin 2 + 0.14 + 1.16 + 0.84 + 0.48 

Paraoxonase 1 o 0.77 o 0.32 o 0.68 o 0.70 

Thrombospondin-1 - 0.06 - 0.06 + 1.29 o 0.67 

Alpha-2-macroglobulin o 0.32 + 0.49 + 1.11 + 0.63 

Serum amyloid A protein + 0.94 - 0.21 o 0.35 o 0.54 

Apolipoprotein B o 0.35 - 0.30 o 0.61 o 0.62 

Uncharacterized protein + 0.41 + 0.76 + 0.53 + 0.42 

Apolipoprotein A-IV o 0.40 - 0.17 o 0.41 - 0.31 

Lipopolysaccharide-binding protein o 0.18 + 0.24 o 0.15 + 1.09 

Alpha-2-HS-glycoprotein x 0.00 x 0.00 x 0.00 + 0.35 

Proteoglycan 4 + 0.01 + 0.55 x 0.00 + 0.46 

Histidine-rich glycoprotein + 0.09 + 0.16 + 0.54 + 0.49 

Serum amyloid A protein + 0.38 + 0.15 x 0.00 x 0.00 

Coagulation factor V - 0.05 + 0.43 o 0.18 + 0.37 

Golgin B1 x 0.00 + 0.22 x 0.00 + 0.25 

Complement factor H x 0.00 + 0.32 + 0.15 + 0.23 

Complement C8 alpha chain - 0.03 o 0.24 o 0.29 o 0.30 

Alpha-1-antiproteinase - 0.10 - 0.08 o 0.17 + 0.46 

Alpha-fetoprotein + 0.32 o 0.24 - 0.08 o 0.17 

Alpha-1B-glycoprotein o 0.14 o 0.14 + 0.39 o 0.18 

Protein HP-20 homolog o 0.15 + 0.25 o 0.19 o 0.21 

Primary amine oxidase, liver isozyme - 0.16 - 0.07 o 0.29 - 0.07 

Spleen trypsin inhibitor I o 0.19 o 0.10 o 0.14 + 0.31 

ApoN protein + 0.33 + 0.18 o 0.14 o 0.10 

Antithrombin-III x 0.00 + 0.02 + 0.21 + 0.29 
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SERPIND1 protein + 0.15 + 0.20 + 0.22 + 0.18 

Hepatocyte growth factor-like protein o 0.09 o 0.14 + 0.35 o 0.13 

Sulfhydryl oxidase + 0.04 + 0.31 + 0.05 + 0.21 

Uncharacterized protein x 0.00 + 0.20 x 0.00 + 0.11 

Actin, cytoplasmic 2 - 0.07 - 0.10 o 0.19 - 0.13 

Beta-2-glycoprotein 1 (Apo-H) - 0.08 x 0.00 o 0.14 o 0.14 

Tetranectin x 0.00 x 0.00 + 0.08 + 0.18 

Apolipoprotein C-III x 0.00 x 0.00 x 0.00 + 0.12 

Uncharacterized protein + 0.06 + 0.13 + 0.16 + 0.21 

Serpin H1 o 0.06 + 0.11 + 0.26 o 0.07 

Uncharacterized protein x 0.00 x 0.00 + 0.27 + 0.06 

Lactotransferrin + 0.09 + 0.23 + 0.12 + 0.10 

Coagulation factor XIII B chain o 0.07 + 0.22 o 0.10 o 0.07 

Carboxypeptidase B2 + 0.15 + 0.17 + 0.09 + 0.09 

L-lactate dehydrogenase B chain o 0.09 o 0.09 + 0.18 o 0.07 

Uncharacterized protein x 0.00 + 0.11 + 0.10 + 0.10 

Hemopexin o 0.08 - 0.01 o 0.16 o 0.12 

Thrombospondin-4 o 0.07 - 0.03 + 0.25 - 0.03 

Alpha-1-acid glycoprotein x 0.00 + 0.06 + 0.12 x 0.00 

C8G protein o 0.03 + 0.07 x 0.00 + 0.17 

Cartilage oligomeric matrix protein x 0.00 x 0.00 + 0.08 x 0.00 

Phosphatidylinositol-glycan-specific 

phospholipase D 
o 0.05 o 0.08 + 0.12 x 0.00 

Collagen alpha-1(I) chain x 0.00 o 0.08 x 0.00 o 0.08 

Cumulus cell-specific fibronectin 1 

transcript variant (Fibronectin) 
- 0.00 + 0.18 + 0.07 + 0.11 

Coagulation factor XII + 0.03 + 0.01 + 0.19 + 0.07 
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Apolipoprotein C-IV o 0.09 o 0.09 o 0.05 o 0.06 

Serpin A3-1 o 0.06 o 0.07 o 0.09 o 0.07 

ECM1 protein + 0.15 + 0.07 + 0.03 + 0.02 

Complement C5a anaphylatoxin o 0.04 + 0.09 + 0.07 + 0.10 

Clusterin (GpIII) - 0.02 x 0.00 o 0.12 - 0.04 

Pyruvate kinase x 0.00 + 0.10 + 0.03 x 0.00 

Coagulation factor X x 0.00 - 0.04 x 0.00 x 0.00 

C-X-C motif chemokine x 0.00 + 0.06 + 0.04 + 0.07 

Serotransferrin - 0.04 - 0.04 - 0.02 o 0.09 

Procollagen C-endopeptidase 

enhancer 
x 0.00 - 0.02 o 0.08 x 0.00 

Plasma kallikrein + 0.02 + 0.11 + 0.03 + 0.06 

Complement component C6 + 0.01 + 0.09 + 0.06 + 0.07 

Angiotensinogen + 0.04 + 0.07 + 0.05 + 0.06 

Complement component C7 o 0.03 o 0.06 o 0.06 o 0.06 

Transthyretin (Prealbumin) x 0.00 - 0.01 o 0.04 + 0.11 

Alpha-enolase x 0.00 x 0.00 + 0.05 x 0.00 

Histone H2A.J (H2a/j) x 0.00 + 0.05 x 0.00 x 0.00 

Apolipoprotein M + 0.12 o 0.03 - 0.02 o 0.04 

Uncharacterized protein o 0.04 o 0.05 + 0.05 + 0.07 

L-lactate dehydrogenase A chain 

(LDH-A) 
+ 0.02 + 0.08 x 0.00 + 0.03 

121 kDa protein x 0.00 + 0.03 + 0.06 + 0.04 

Fetuin-B o 0.04 - 0.02 o 0.05 o 0.05 

Leucine-rich alpha-2-glycoprotein 1 x 0.00 o 0.03 + 0.06 x 0.00 

Periostin x 0.00 + 0.04 x 0.00 + 0.03 

Inter-alpha-trypsin inhibitor heavy - 0.02 o 0.03 o 0.03 o 0.03 
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chain H3 

Retinol-binding protein 4 x 0.00 + 0.02 + 0.05 + 0.03 

Adipocyte plasma membrane-

associated protein 
+ 0.03 x 0.00 x 0.00 x 0.00 

Chondroadherin x 0.00 + 0.03 x 0.00 + 0.03 

Histone H1.2 (CTL-1) o 0.02 + 0.04 x 0.00 o 0.03 

MGAT1 protein x 0.00 x 0.00 o 0.03 x 0.00 

Insulin-like growth factor-binding 

protein 3 
x 0.00 + 0.03 + 0.04 + 0.03 

Kininogen-2 x 0.00 + 0.03 x 0.00 + 0.02 

Complement C1s subcomponent + 0.01 x 0.00 + 0.04 x 0.00 

Complement component 1, r 

subcomponent 
x 0.00 x 0.00 + 0.03 x 0.00 

Coagulation factor XIII A chain + 0.02 + 0.03 x 0.00 x 0.00 

Azurocidin 1 x 0.00 x 0.00 x 0.00 + 0.02 

Alpha-2-antiplasmin (Alpha-2-AP) + 0.02 + 0.04 + 0.02 + 0.02 

Fructose-bisphosphate aldolase - 0.01 o 0.04 - 0.01 o 0.03 

78 kDa glucose-regulated protein x 0.00 x 0.00 + 0.03 x 0.00 

GLI pathogenesis-related 2 x 0.00 + 0.03 + 0.03 + 0.02 

Fibulin-1 (FIBL-1) - 0.01 x 0.00 x 0.00 x 0.00 

C1QC protein x 0.00 + 0.03 + 0.02 + 0.01 

Phosphoglycerate kinase 1 x 0.00 + 0.02 + 0.02 + 0.02 

Transketolase + 0.02 + 0.01 + 0.03 x 0.00 

SERPINA10 protein + 0.02 x 0.00 + 0.02 x 0.00 

Vitamin D-binding protein x 0.00 - 0.01 x 0.00 + 0.03 

Serum amyloid P-component (SAP) x 0.00 x 0.00 + 0.01 x 0.00 

C1QTNF3 protein + 0.01 + 0.01 + 0.02 x 0.00 
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Vinculin x 0.00 + 0.01 x 0.00 x 0.00 

Collagen type VI alpha 3 chain x 0.00 + 0.01 + 0.00 + 0.02 

Elongation factor 1-alpha 1 x 0.00 x 0.00 x 0.00 + 0.01 

Heat shock 70 kDa protein 1A x 0.00 + 0.01 x 0.00 x 0.00 

Moesin x 0.00 + 0.01 x 0.00 + 0.01 

Talin 1 x 0.00 + 0.01 x 0.00 x 0.00 

Collagen type XVIII alpha 1 chain + 0.00 + 0.01 x 0.00 x 0.00 

Notes: Bound proteins were analysed using LC-MS/MS, protein quantities were calculated using 

the TOP 3 approach and relative quantities were obtained by comparison to the reference particle 

PHPMA. A particular protein in a NG corona can be increased (ie quantity at least 1.5-fold higher, 

indicated by +), decreased (ie values are 0.5 or lower, indicated by -) or similar in amount 

(indicated by o) compared to the reference particle PHPMA. If a particular protein was not 

measured in a specific corona this protein is marked with an "x". 

Abbreviations: NGs, nanogels; LC-MS/MS, liquid chromatography-tandem mass spectrometry; 

NG, nanogel. 
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Supplementary Table 4 Characterization of the FITC labelled NGs 

Nanogels Precursor particle 

diameter 

dh [nm] in DI water 

Particlediameter dh 

[nm] in DI water Type Sample 

hydrophilic PHPMA-FITC 

150 ± 40 

160 ± 30 

moderate 

hydrophobic 

BENZA-20-FITC 175 ± 45 

HEXA-20-FITC 165 ± 40 

hydrophobic 

CHOLA-20-FITC 165 ± 20 

DODA-20-FITC 170 ± 40 

Notes: NGs-FITC were freshly dispersed in DI water and sonicated for 30 min at RT. Particle 

sizes are denoted as the hydrodynamic diameter and the respective standard deviation. 

Abbreviations: DI water, deionized water. 
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Supplementary Figure S1 Illustration of the differentiation steps used in the evaluation of the 

flow cytometry experiment using a well established method.48 

Notes: The first channel (size) shows the size distribution to separate cell debris or cell 

aggregates. The second channel (living and dead) differentiates the dead from the living cells. 

The third channel (uptake) illustrates NG cell uptake using the FITC signal. Here we depict the 

three channels for THP-1 control cells (A) and cells treated with the NGs, B) PHPMA-FITC, 

C) BENZA-20-FITC, D) HEXA-20-FITC, E) CHOLA-20-FITC and F) DODA-20-FITC are 

illustrated. Abbreviations: SSC, sideward scatter; FSC, frontward scatter 
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Supplementary Figure S2 DLS curves of amphiphilic NGs in DI water 

Notes: Measurements are carried out at an angle of 173°. Depicted are the curves for 

A) PPFPMA precursor particles, B) PHPMA NG, C) BENZA-20 NG, D) HEXA-20 NG, 

E) CHOLA-20 NG and F) DODA-20 NG. 

Abbreviations: NGs, nanogels; dh, hydrodynamic diameter. 
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Supplementary Figure S3 TEM images and statistical evaluation of the particles size of 

PPFPMA precursor particle and CHOLA 20 NG as representative sample of the amphiphilic NGs 

Notes: Size and size distribution of the nanogels in the dried state were evaluated by determining 

the diameter of 500 nanogels each sample with the software ImageJ. TEM images of A) PPFPMA 

reactive precursor particle and B) CHOLA-20 NG as well as the respective statistical evaluation 

C) PPFPMA and D) CHOLA-20 NG are depicted. 

Abbreviations: NGs, nanogels; d, diameter; TEM, transmission electron microscopy 
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Supplementary Figure S4 Representative 2D gel images depicting the protein corona of all NGs 

Notes: NGs (300 µg/ml) were incubated with CCM for 30 min. Bound proteins were eluted and 

analysed using 2DE analysis. Depicted are the resulting 2D gels for A) PHPMA, B) BENZA-20, 
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C) HEXA-20, D) CHOLA-20 and E) DODA-20. All significant spots, ie spots with increased 

intensities (> 1.5, p < 0.05, n=3), relative to the control (CCM without NGs) are labelled. 

Abbreviations: NGs, nanogels; CCM, complete cell culture medium (RPMI 1640 containing 10% 

FBS); FBS, fetal bovine serum; 2DE, two dimensional gel electrophoresis. 
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Fig. S1 Additional TEM images of AuNPs and their absorption spectra for (a) spheres, (b) rods, (c) stars and (d) 

cages. The absorption spectra are color coded indicating different surface functionalization (green for OCH3, blue 

for COOH, red for NH2). 

 

 

 

 

 

 

 

 



 

 

Fig. S2 High resolution TEM image of AuNC. 

 



 

Fig. S3 TEM size distributions of all different AuNPs analyzed by ImageJ software with at least 150 particles 
counted for each variant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. S4 DLS size distributions of all different AuNPs. 
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Fig. S5 Number of percentage differences within the analysis groups. The mean values of the corresponding 

properties were calculated and the standard deviations were determined. Percentages of the proteins were 

averaged over the AuNPs either with constant structure or unchanged surface charge. Subsequently, the 

standard deviations were counted with regard to their percentage deviation from the mean value. 
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