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Abstract 

 

Chemically engineered nanoparticles that come into contact with biomolecules containing fluids rapidly 

become coated with biomolecules forming a biomolecular corona. This biomolecular corona changes 

the surface properties of the nanoparticles and thereby determines the therapeutic efficiency of the 

nanoparticles and their interactions in vivo. A lot of effort was spent on the analysis of the protein corona 

and the reduction of the amount of protein in the corona. Creating a so-called stealth effect on the 

nanoparticles by their functionalization with hydrophilic polymers was shown to prolong the blood 

circulation time and to reduce the unspecific uptake in immune cells. However, often in vitro studies 

analyzing the protein corona show a lack of consistency in the coating conditions and a thorough analysis 

of the coating conditions is needed.  

Therefore, the first study aimed to analyze the influence of plasma concentration and temperature on the 

formation of the protein corona. Making use of a proteomic approach with liquid chromatography 

coupled to mass spectrometry (LC-MS) it was possible to show that the protein corona composition on 

polystyrene nanoparticles is dependent on the human blood plasma concentration and temperature. 

Additionally, it was shown that the differences in protein corona composition influence the uptake of 

the nanoparticles in human cervical cancer cells (HeLa) and human endothelial cells (HUVEC). Besides 

that, the temperature can also be used to force the protein corona to a specific composition of proteins 

in it. By using a temperature-responsive nanoparticle with a poly(N-isopropylacrylamide) (PNIPAM) 

shell, changes in the temperature can be used to specifically catch apolipoproteins from human blood 

plasma. Through the enrichment of the apolipoprotein J (clusterin) in the protein corona at lower 

temperatures, the uptake of the nanoparticles in murine macrophages (RAW2647) and HeLa cells can 

be reduced.  

Nanomedicine and nanoparticle research have taken an important role due to its diverse range of 

applications for diagnosis and therapeutics. However, for most applications, specific cells must be 

targeted, and the nanoparticles must be taken up into the cell. To achieve the full therapeutic efficacy in 

these cells or long-term tracking of the nanoparticles during imaging, the nanoparticles must additionally 

remain in the cell for as long as needed and not be exocytosed. For the application in specific tissues, 

on the other hand, nanoparticles have to pass through cells and should be exocytosed. While the uptake 

of nanoparticles is well studied, the exocytosis of the nanoparticles has received little attention so far. 

We showed that a prolonged incubation time leads to a higher and more stable loading of gold 

nanoparticles in mesenchymal-like stromal cells. This higher loading resulted in a reduced exocytosis 

of the gold nanoparticles which would allow for a longer imaging period in vivo. 

Since several intracellular mechanisms could lead to an exocytosis of nanoparticles, it is important to 

investigate and understand these processes. A lot of studies focused on the exocytosis pathway analysis 
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by imaging methods or blocking specific pathways. However, LC-MS proteomics have shown important 

insights into the intracellular trafficking of nanoparticles and therefore we wanted to extend this method 

to analyze the exocytosis pathways of nanoparticles. Although no influence of a human blood plasma 

protein corona on the exocytosis pathways could be shown, the method for the analysis was established 

and a first hint on the time dependency of the exocytosis pathways was shown. When combining this 

method with imaging methods in the future, a complete analysis of the intracellular pathways could be 

gained. 

Overall, these findings will help to transfer the stealth properties on nanoparticles by using temperature-

responsive nanoparticles and applying a precoating at the desired temperature. Moreover, with deeper 

knowledge about uptake times and exocytosis pathways, a better efficacy of the nanoparticles can be 

achieved.  
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Zusammenfassung 

 

Chemisch hergestellte Nanopartikel, die mit Flüssigkeiten in Kontakt kommen, welche Biomoleküle 

enthalten, werden schnell durch diese ummantelt und bilden eine biomolekulare Korona aus. Diese 

biomolekulare Korona verändert die Oberflächeneigenschaften der Nanopartikel und bestimmt damit 

die therapeutische Effizienz der Nanopartikel und deren Wechselwirkungen in vivo. Es wurden viele 

Studien durchgeführt, um die Proteinkorona zu analysieren und die Menge an Protein in der Korona zu 

reduzieren. Es hat sich gezeigt, dass die Funktionalisierung der Nanopartikel mit hydrophilen Polymeren 

einen so genannten „Stealth-Effekt“ erzeugt, der die Zirkulationszeit der Nanopartikel im Blut 

verlängert und die unspezifische Aufnahme in Immunzellen verringert. Allerdings mangelt es den 

in-vitro-Studien zur Analyse der Proteinkorona häufig an Konsistenz bei den 

Beschichtungsbedingungen, so dass eine gründliche Analyse der Bedingungen zur Proteinkorona 

Präparation erforderlich ist. 

Ziel der ersten Studie war es daher, den Einfluss der Plasmakonzentration und der Plasmatemperatur 

auf die Bildung der Proteinkorona zu analysieren. Unter Verwendung eines proteomischen Ansatzes mit 

Flüssigchromatographie gekoppelt mit Massenspektrometrie (LC-MS) konnte gezeigt werden, dass die 

Zusammensetzung der Proteinkorona auf Polystyrol-Nanopartikeln von der Konzentration und 

Temperatur des verwendeten menschlichen Blutplasmas abhängig ist. Außerdem wurde gezeigt, dass 

die Unterschiede in der Zusammensetzung der Proteinkorona die Aufnahme der Nanopartikel in 

menschliche Gebärmutterhalskrebszellen (HeLa) und menschliche Endothelzellen (HUVEC) 

beeinflussen. Des Weiteren kann die Temperatur auch genutzt werden, um die Proteinkorona zu einer 

bestimmten Zusammensetzung von Proteinen zu drängen. Durch die Verwendung eines 

temperaturabhängigen Nanopartikels mit einer Poly(N-Isopropylacrylamid)-Hülle (PNIPAM) können 

Temperaturänderungen genutzt werden, um gezielt Apolipoproteine aus menschlichem Blutplasma 

einzufangen. Durch die Anreicherung des Apolipoproteins J (Clusterin) in der Proteinkorona bei 

niedrigeren Temperaturen kann die Aufnahme der Nanopartikel in murine Makrophagen (RAW2647) 

und HeLa-Zellen reduziert werden. 

Die Nanomedizin und die Nanopartikelforschung sind aufgrund ihrer vielfältigen Einsatzmöglichkeiten 

für Diagnose und Therapie zu einem wichtigen Themengebiet geworden. Für die meisten Anwendungen 

müssen jedoch bestimmte Zellen ins Visier genommen werden und die Nanopartikel müssen in diese 

Zellen aufgenommen werden. Um eine volle therapeutische Wirksamkeit in diesen Zellen oder eine 

langfristige Verfolgung der Nanopartikel während der Bildgebung in vivo zu erreichen, müssen die 

Nanopartikel zudem möglichst lange in der Zelle verbleiben und sollten möglichst nicht exozytiert 

werden. Für die Anwendung in bestimmten tieferliegenden Geweben hingegen müssen die Nanopartikel 

die Zellen passieren und sollten exozytiert werden. Während die Aufnahme von Nanopartikeln gut 

untersucht ist, wurde der Exozytose der Nanopartikel bisher wenig Aufmerksamkeit geschenkt. Wir 
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haben gezeigt, dass eine längere Inkubationszeit zu einer höheren und stabileren Beladung von Gold-

Nanopartikeln in mesenchymal-ähnlichen Stromazellen führt. Diese höhere Beladung führte zu einer 

geringeren Exozytose der Gold-Nanopartikel, was eine längere Bildgebungsdauer in vivo ermöglichen 

würde. 

Da verschiedene intrazelluläre Mechanismen zu einer Exozytose von Nanopartikeln führen können, ist 

es wichtig, diese Prozesse zu untersuchen und zu verstehen. Viele Studien konzentrierten sich auf die 

Analyse der Exozytosewege durch bildgebende Verfahren oder die Blockierung bestimmter Wege. Es 

hat sich jedoch gezeigt, dass die LC-MS-Proteomik wichtige Erkenntnisse über den intrazellulären 

Transport von Nanopartikeln liefert, und deshalb wollten wir diese Methode auf die Analyse der 

Exozytosewege von Nanopartikeln erweitern. Obwohl kein Einfluss einer humanen Blutplasma-

Proteinkorona auf die Exozytosewege gezeigt werden konnte, konnte hier die Methode für die Analyse 

etabliert werden und ein erster Hinweis auf die Zeitabhängigkeit der Exozytosewege gezeigt werden. 

Wenn diese Methode in Zukunft mit bildgebenden Verfahren kombiniert wird, könnte eine vollständige 

Analyse der intrazellulären Wege gewonnen werden. 

Insgesamt werden diese Erkenntnisse dazu beitragen, den „Stealth-Effekt“ auf Nanopartikel zu 

übertragen, indem temperaturabhängige Nanopartikel verwendet und eine Vorbeschichtung bei der 

gewünschten Temperatur angewendet wird. Darüber hinaus kann mit einem tieferen Wissen über 

Aufnahmezeiten und Exozytosewege eine bessere Wirksamkeit der Nanopartikel erreicht werden. 
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Introduction 

 

Nanotechnology and nano-based drug delivery systems have become increasingly important for modern 

medicine in recent years. The use of nanoparticles as nanomedicine has many advantages compared to 

traditional drugs. Nanoparticles can serve as a vehicle for drugs to achieve a selective targeting to the 

site of interest1. This can help to overcome the poor bioavailability and stability as well as the toxicity 

of larger molecules that serve as potential drugs2. Moreover, besides the usage of nanomaterials for 

therapeutics, nanoparticles can also serve as imaging agents or contrast agents3.  

Nanomedicine has become even more important recently. Formulation of mRNA into lipid nanoparticles 

allowed a more potent immune response in vivo compared to naked mRNA4 and an efficient delivery of 

the mRNA into cells compared to vaccination with a viral vector5. Due to the flexibility of the system 

of lipid nanoparticles and mRNA, it was possible to rapidly develop a vaccine against the COVID-19 

virus and it offers the possibility to quickly adapt vaccines to other diseases in the future6.   

However, the translation from chemically designed nanoparticles to in vitro and in vivo studies often 

remains challenging. When nanoparticles come into contact with biological fluids such as blood, a 

so-called biomolecular corona forms around the nanoparticles. This biomolecular corona consists of 

various biological molecules such as proteins, lipids, and sugars7. These molecules can mask the original 

surface of the nanoparticles and thereby influence the interactions of nanoparticles with cells or their 

toxicity8. Through a proteomic approach the proteins in the protein corona were intensively investigated 

since it was shown that the proteins have a huge influence on the in vivo response of the nanoparticles9. 

However, the interactions between nanoparticles and proteins forming the protein corona are still not 

fully elucidated. Predicting what a protein corona and the biological fate of a particular nanocarrier 

would look like remains difficult.   

Thus, this thesis focuses on the formation of the protein corona of nanocarriers and their interactions 

with cells. This thesis is divided into three subchapters and the first Chapter A deals with the 

temperature sensitivity of the protein corona and its cellular impact. In a first study, the influence of 

plasma concentration and temperature on the cellular uptake and protein corona of polystyrene 

nanoparticles is analyzed. In the second study of the chapter, the temperature-dependent binding of 

apolipoproteins from human plasma on temperature-responsive nanoparticles is investigated.  

In Chapter B the intracellular formed protein corona is studied to track the intracellular fate and 

exocytosis behavior of nanoparticles. In the first study of the chapter, the exocytosis rate in dependence 

on the loading efficiency of gold nanoparticles in mesenchymal-like stromal cells is investigated. In 

order to quantify the amount of gold nanoparticles in the cells and supernatant, a new method using 

inductively coupled plasma-optical emission spectrometry was developed. The second part of the 

chapter deals with the exocytosis of magnetic dextran coated iron-oxide nanoparticles. Here, the protein 
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corona of exocytosed nanoparticles is used to predict the intracellular mechanisms by which the 

nanoparticles are eliminated from the cell. 

Furthermore, I contributed to different other projects during my PhD. Therefore, the last Chapter C 

gives a short summary of these projects and shows further applications of the protein corona and the 

inductively coupled plasma-optical emission spectrometry.  
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Chapter A – The influence of temperature on the protein corona 

 

The first chapter is divided into three subchapters. The first subchapter provides an introduction to the 

overall topic and the theoretical background. Parts of the introduction have been published in the review 

[1] showing the state of the art. In the second subchapter, the second publication [2] is presented, which 

demonstrates the influence of the temperature and the concentration of human plasma on the proteins 

adsorbed on polystyrene nanoparticles. The results shown were published in a peer-reviewed journal 

(Acta Biomaterialia) and the text is an almost identical reproduction of the published paper. The third 

publication [3] is introduced in the third subchapter and it shows that the protein adsorption on 

nanoparticles can be controlled by the use of a temperature-responsive polymer. All results and the text 

from the published paper in a peer-reviewed journal (Small) are shown in a nearly word-to-word 

reproduction.  

[1] XXX, XXX, Jennifer Oberländer, XXX, XXX, XXX. Modulating Protein Corona and Materials-

Cell Interactions with Temperature-Responsive Materials. Advanced Functional Materials, 2021, 32 

(2), 2106353.  

[2] Jennifer Oberländer*, XXX*, XXX, XXX, XXX. Temperature, concentration, and surface 

modification influence the cellular uptake and the protein corona of polystyrene nanoparticles. Acta 

Biomaterialia, 2022, 148, 271-278. (*shared first) 

[3] XXX*, Jennifer Oberländer*, XXX, XXX, XXX, XXX, XXX, XXX, XXX. Temperature-

Responsive Nanoparticles Enable Specific Binding of Apolipoproteins from Human Plasma. Small, 

2021, 18 (3), 2103138. (*shared first) 
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1. Theoretical background 

The use of nanotechnology in modern medicine has been steadily expanded in recent years and has 

reached a wide range of applications2. By definition, only engineered structures with a size range of 

1-100 nm are considered as nanotechnology10. However, in most areas and in biomedical applications 

larger structures of some hundred nanometers are also included in nanotechnology10. A large part of the 

research on nanotechnology is conducted on nanoparticles and over the last decades, many types of 

nanoparticles have been developed11. 

 

 

Figure 1.1. Three different classes of nanoparticles under investigation for nanomedicines. For each class, two examples 

of nanoparticle types are shown. Figure created with BioRender.com.  

The broad applicability of nanoparticles (NPs) in medicine is due to their diverse compositions and 

properties (Figure 1.1). While lipid-based NPs captivate with their high biocompatibility and ability to 

carry large payloads, inorganic NPs convince with the possibility to synthesize various sizes and 

geometries and their good  applicability for imaging applications11.  On the other hand, e.g. polymeric 

NPs benefit from the advantage of controlled release of active drugs and a wide variety of characteristics 

and materials12. All these types of NPs have in common that they help to overcome biological barriers 

and improve the safety and efficacy of drugs1. However, despite their great potential as drug delivery 

agents, only a few formulations have been approved for patients yet13, 14. One reason for this is the 

interaction of NPs with proteins in the human body and the direct adsorption of proteins onto the surface 

of the NPs8, 15. This nano-bio interface is often not taken into account in the design of new NPs and 

therefore results in the fact that only a few new drugs based on nanotechnology are approved14. 
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1.1 The biomolecular corona on nanoparticles 

The adsorption of proteins onto the surfaces of NPs was first described in the 1960s by Vroman and 

colleagues16. Since that time, many studies have dealt with this effect. While Vroman investigated 

protein adsorption by gel electrophoresis at that time, analysis by mass spectrometry became more and 

more common and the name protein corona was established for protein adsorption9. Nowadays, the term 

has evolved even further and the protein corona is now increasingly referred to as biomolecular corona17. 

This should reflect the fact that, in addition to proteins, other biomolecules such as lipids and sugars 

also adsorb on the nanoparticles18. However, since proteins make up the largest proportion of the 

biomolecular corona, they have also been studied the most17. 

The adsorption of proteins on the surface of nanocarriers happens immediately after their contact with 

biological fluids19, 20. This spontaneous adsorption is driven by different attractive forces including Van 

der Waals interactions, hydrogen bonds, electrostatic forces, hydrophobic forces, and disulfide 

interactions (Figure 1.1.1)18, 19, 21, 22. First small proteins with a high diffusion rate and high concentration 

bind to the NPs. These loosely bound proteins are replaced over time by proteins with a higher affinity 

to the NPs and the hard protein corona forms with characteristic and strongly bound proteins23, 24. This 

effect is known as the Vroman effect25. The time until the proteins with the highest affinity have bound 

depends on the physicochemical properties of the NP but once formed, the protein corona remains stable 

for several hours or days26-28. Despite the high complexity and the great diversity of proteins in human 

plasma, only about 300 proteins were found in the protein corona of different NPs26. This clearly 

demonstrates that the protein corona is a complex system in which certain proteins bind with a high 

affinity18. Moreover, often the protein corona is described with two different layers, the hard corona and 

the soft corona. While the hard corona is described as the inner layer of proteins tightly bound directly 

to the surface of the NP, the soft corona is considered as an outer shell of loosely bound and rapidly 

exchanging proteins20, 23, 24. However, these two layers cannot be considered as two independent layers 

and the importance of the soft corona has not yet been clearly demonstrated8, 9. 
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Figure 1.1.1. Schematic representation of the surface interactions between nanoparticles and proteins. The main 

interactions which drive protein adsorption on nanoparticles are Van der Waals interactions (A), electrostatic forces (B), 

hydrogen bonds (C), and hydrophobic forces (D). Figure reprinted with permission from Mahmoudi et al.19. Copyright © 2016, 

Elsevier.    

Since the protein corona on NPs turns their chemical identity into a biological identity, it can alter the 

properties of an engineered NP mostly18, 29, 30. Through the protein corona on the NPs, the adhesion 

capacity of them on cell membranes can be reduced and therefore the uptake and internalization of NPs 

in cells can be reduced31, 32. On the opposite, specific proteins in the protein corona, such as 

immunoglobulins, can increase the uptake into certain cells33. Moreover, the protein corona can cover 

targeting moieties of the NP and thereby reduce its uptake into target cells33, 34. Despite that, the protein 

corona can even lead to unspecific uptake through receptor recognition of the proteins in the protein 

corona35, 36. In addition, the proteins in the corona can change their structure or denature, thereby 

promoting inflammation and toxicity8, 37. As the biomolecular corona is dependent on the properties of 

the NPs, it is important to understand these parameters to minimize or control protein adsorption. 
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1.2 Physicochemical properties  

The surface of the NPs is the key factor influencing the formation of the biomolecular corona. And the 

surface of the nanomaterials is determined by the physicochemical properties of the nanomaterial. Some 

of these physicochemical properties influencing the protein adsorption on NPs are the size, shape, 

ligands, and surface charge38, 39. Some important correlations between the physicochemical properties 

and the protein adsorption have already been reported8.   

One of the most prominent and extensively studied key factors determining protein adsorption is the 

surface charge of the NP40. Since a majority of the blood proteins have mainly a negative charge, 

positively charged NPs bind higher quantities of protein, and the protein corona is thicker compared to 

negatively charged and neutral NPs8, 41. However, negatively charged NPs still attract a higher amount 

of proteins compared to neutral NPs due to interactions with positively charged proteins or positive 

regions of proteins42-45. Besides neutral NPs, zwitterionic NPs with an overall neutral surface                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

charge at their isoelectric point showed a significantly reduced protein adsorption and were reported as 

promising low fouling materials46, 47. These protein adsorption properties of charged NPs have a 

dramatic influence on the behavior of the NPs in vivo. Positively charged NPs show a high uptake into 

cells through their ability to bind easily to the negatively charged cell membrane. However, due to their 

high protein binding, they show a high toxicity, a high uptake in macrophages, and in consequence a 

fast clearance of these NPs from the blood plasma40. The high uptake of charged NPs in macrophages 

can be explained by their preferential binding of opsonins (e.g. IgG, fibrinogen, albumin)42, 48, 49. In 

contrast, negatively charged and zwitterionic materials have shown that dysopsonins are enriched in 

their protein corona (e.g. clusterin) which leads to a reduced unspecific uptake in macrophages49-53. 

Moreover, since the surface of the NPs is still charged, the uptake into the desired cells is still high40.  

Besides the surface charge, the size and morphology of the NPs have a great influence on the protein 

adsorption. Smaller NPs have a higher surface-to-volume ratio and one could expect therefore that 

smaller NPs adsorb higher amounts of proteins per weight of NPs40. However, it could be shown for 

different NP systems that the actual trend is the opposite. It was shown for different polymeric20, 54, 55 

but also for silica56, dendrimeric57, and metal58 NPs that more protein adsorbs on bigger nanoparticles 

compared to smaller ones. This is due to the lower curvature degree of bigger particles which makes the 

surface of the NP better accessible to the proteins29, 40. In addition, extremely small NPs with sizes 

smaller than 10 nm showed nearly no protein adsorption8. Nevertheless, although the size influences the 

amount of protein, the composition of the protein corona is very similar and almost the same for different 

sizes56, 59. Besides the size of the NPs, the surface roughness and the shape influence the curvature as 

well. Roughness of NPs leads to an irregular surface and an increased local surface curvature40. 

Therefore, the binding of the proteins is hindered and rough NPs have shown to bind less protein60. 

While for gold NPs it was shown that star shaped gold NPs bind more protein in comparison to rod 

shaped ones61, for mesoporous silica NPs with rod shape the total amount of protein was higher than on 
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spherical NPs62. Moreover, the shape did not only affect the amount of protein, it also directly influenced 

the composition of the protein corona61, 62.  

Of course, the surface properties do not only depend on the charge and the size of the NPs. Another 

factor that drastically influences protein adsorption is hydrophobicity. Early studies have already shown 

that by increasing the amount of hydrophobic monomer in the polymer, the amount of protein adsorbed 

increased as well29. This trend that hydrophobic NPs tend to adsorb more proteins was confirmed by 

several studies later63-66. Moreover, it was also shown that specific proteins prefer to bind either to 

hydrophilic or hydrophobic NPs40. For example, it was shown that apolipoproteins, which are known as 

dysopsonins to induce the stealth effect on NPs, tend to adsorb more on hydrophobic NPs67-69 but can 

also adsorb on hydrophilic NPs70-72. To improve the applicability of NPs in vivo, different polymeric 

coatings have been investigated to decrease the hydrophobicity but increase the adsorption of 

dysopsonins on the NPs67. Thereby polyethylene glycol (PEG) coating was most widely applied. 

PEGylation has shown to decrease the protein adsorption by creating a hydrophilic shell around the NP 

and to increase the circulation time by decreasing the clearance of the NPs by phagocytes73-75. Besides 

the hydrophilic character PEGylation provides a steric hindrance, so that proteins cannot penetrate to 

the NPs surface8. However, this effect strongly depends on the PEG chain length and density on the 

surface74. Longer PEG chains provide a bigger distance of the NPs to the proteins making protein 

binding less favored8. The PEG density influences the conformation which the PEG chains form on the 

NP surface. While at low PEG densities the mushroom conformation is the preferred one, at higher 

densities PEG forms a brush conformation which hinders protein adsorption76, 77. However, PEGylation 

does not prevent protein adsorption completely. In fact, certain proteins, mainly dysopsonins, still bind 

on the PEGylated nanoparticles and often they are responsible for the stealth effect of the NPs18, 75, 78.  

In addition to these physicochemical factors influencing the protein corona, the exposure conditions as 

e.g. the protein source can also influence the protein corona composition. Here, the species of the protein 

source has obviously a huge influence on the protein corona. It was shown that in human plasma one of 

the main adsorbed proteins on polystyrene NPs was clusterin followed by Apo-A1. On contrary, in 

mouse plasma, Apo E and Apo-A1 were the most abundant proteins in the protein corona79. Moreover, 

comparing human, mouse, and rabbit protein corona it was shown that the immunoglobulin content 

differed significantly between 1% for mice and 13% for humans80. Additionally, for the use of blood 

plasma an anticoagulant is needed but it was shown that this can influence the protein adsorption as 

well14, 59. Besides this, protein corona composition may vary also with temperature. Even in the 

physiological range, the protein corona can change depending on the incubation temperature7. This 

factor is often forgotten and must be taken into account, especially when working with temperature-

responsive materials81, 82. 
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1.3 Analytical methods for the protein corona 

Since many different factors can affect the protein corona composition, the protein corona of each newly 

synthesized NP needs to be analyzed. Therefore, different approaches have been developed to analyze 

the protein corona. While initially proteins from protein corona were separated by Sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then single bands were analyzed by mass 

spectrometry, modern corona studies analyze the entire protein corona83. In the bottom-up proteomic 

approach the proteins are digested into peptides after collecting them and in the top-down approach the 

undigested and intact proteins are measured (Figure 1.3.1)83, 84. Bottom-up proteomics which is also 

called shotgun proteomics, is the most commonly used method for protein corona analysis and is 

therefore described in more detail here. 

 

 

Figure 1.3.1. Bottom-up proteomic approach for the analysis of the protein corona.  Protein corona characterization is 

divided into four different phases. 1) Nanoparticles incubation with biological fluids (red bar). 2) Protein isolation and digestion 

to peptides (orange bar). 3) Separation and characterization of peptides by liquid chromatography and mass spectrometry (green 

bar). 4) Protein identification using deconvolution software and protein databases (blue bar). Figure reprinted with the 

permission of Chetwynd et al83. Copyright © Elsevier 2019. 

The first step during protein corona analysis with the bottom-up approach is the formation of the protein 

corona on the NPs. As previously described this is a critical step in corona analysis since the exposure 

conditions can already influence the protein corona significantly. To achieve the best possible results 

and to best understand the situation in vivo, it is necessary to consider e.g. the incubation temperature, 

pH, protein to nanoparticle ratio, or the shear stress for protein corona formation85. Especially the blood 

flow is a difficult factor to reproduce, but it can lead to distinct changes in the protein corona86.  

The next step in protein corona preparation and analysis is the isolation of the NPs and removal of 

unbound proteins. The most used method for the isolation of the NPs is centrifugation but magnetic 

separation or chromatographic methods have also been reported86, 87. Centrifugation is easy to perform 

and applicable for many different NP protein complexes29, 87, 88. However, centrifugation steps need to 

be adapted to each new NP protein system and protein aggregates may sediment during centrifugation 

as well86. Magnetic separation avoids this problem and is therefore described as less interfering. 

Aggregation of proteins does not falsify the results there, however, this purification method is limited 

to magnetic and thus a very small group of particles45, 89. Since for most issues the hard protein corona 

should be analyzed, washing of the NPs is needed in order to remove loosely bound proteins. For both 

methods, centrifugation and magnetic separation, loss of NPs and proteins is reported59, 85. However, for 

magnetic separation, a lower loss of analyte was reported86. The washing buffer can also influence the 

protein corona. Changes in pH, ionic strength, or temperature can alter the composition of the protein 
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corona81, 87, 90. Therefore, a good balance must be found for the washing step. Insufficient washing means 

too much contamination by weakly bound proteins, whereas too much washing can lead to the loss of 

actual bound proteins8. Asymmetric flow field-flow fractionation (AF4) is being used to analyze the 

more loosely bound proteins in the corona as well. This method is comparable to chromatographic 

methods and is therefore considered as a gentle purification method87, 91, 92. However, this method also 

has a few disadvantages, e.g. the high dilution of the samples or the time-consuming nature of the 

process86, 93. Other, but less frequently used isolation methods, are size exclusion chromatography and 

hydrodynamic chromatography29, 61, 94, 95. However, centrifugation and magnetic separation remain the 

most popular methods due to their ease of implementation8, 85. 

After washing the proteins from the protein corona, the NPs need to be separated. Therefore, mainly 

two different methods have been explored. Proteins can either be desorbed from the NPs surface or 

directly on the surface digested66. Mostly, desorption with different surfactants is applied to separate 

proteins and NPs. SDS has been widely applied and different protocols were developed with varying 

temperatures, desorption times or SDS concentrations96-99. Besides SDS also other desorption buffers 

have been developed e.g. using urea, Triton X, or dodecyltrimethylammonium bromide8, 96. Desorbing 

the proteins from the surface allows further investigations of the protein composition using the molecular 

weight or the charge of the proteins8. However, one must make sure that the proteins are completely 

desorbed and do not remain on the particle99-101.  

For the bottom-up proteomics approach, the proteins need to be digested into peptides before analysis 

by liquid chromatography and mass spectrometry (LC-MS). For a more efficient digestion the disulfide 

bonds of the proteins are often first reduced with reducing agents as 1,4-dithio-DL-threitol (DTT)75, 85. 

To avoid reformation of the disulfide bonds the free thiol groups are alkylated afterwards with an 

alkylation agent such as iodoacetamide (IAA)102. Protein digestion is then performed by the use of 

specific proteins e.g. trypsin103. Digestion can be carried out in three different ways: In-gel digestion, 

In-solution digestion, and on-particle digestion85. In-gel digestion was the method that was originally 

used a lot. Proteins are therefore separated by SDS PAGE and afterwards protein bands are cut out and 

digested. The resulting peptides can then be extracted from the gel61, 104, 105. However, with this method, 

only the highly abundant and visible proteins in the protein corona can be analyzed85. Therefore, 

nowadays the in-solution method is mostly used where the whole protein solution is analyzed75, 102, 104, 

106. Here, the most critical step is the protein desorption from the NPs surface. However, with attention 

to the choice of desorption solutions, this method leads to a proper digestion and protein corona 

analysis85. The last method, the on-particle digestion, benefits from requiring fewer steps and no 

desorption buffer to obtain the peptides8, 104. However, cleavage sites of the proteins may not be 

accessible to trypsin, resulting in incomplete digestion. In addition, the peptides may reattach to the 

particles after digestion104.  Nevertheless, it has been shown that this method is more sensitive and can 

detect more low abundant proteins than the in-gel method104, 107, 108.  
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After the digestion of the proteins, in the next step the peptides are separated by LC and are analyzed by 

MS. Since in complex peptide solutions several peptides have similar masses, a separation of the 

peptides by e.g. chromatography is necessary103. During chromatographic separation the peptides are 

pushed through a hydrophobic packed column with a polar mobile phase. Since hydrophobic peptides 

will interact more with the hydrophobic column than hydrophilic peptides, the peptides are separated 

according to their hydrophobicity. With this separation it is possible to distinguish peptides with the 

same mass but different hydrophobicity103. After LC separation other separation techniques such as ion 

mobility separation can be applied where peptides collide with neutral gas and are by that separated 

according to their size and gas phase structure109. After separation, peptides are analyzed with a mass 

spectrometer where the mass to charge ration is measured. To further improve the resolution and analyte 

identification, mass spectrometers are often coupled to a quadrupole or time-of-flight (TOF) mass 

spectrometers are used103, 109. 

The last step of bottom-up proteomics is the analysis of the data where the proteins are identified from 

the mass spectrum of the LC-MS. With the use of a deconvolution software and databases containing 

all proteins and amino acid sequences of expected proteins, the peptides are assigned to the proteins. 

For human proteins often the whole known proteome is used for protein analysis. Therefore, the tryptic 

digestion of the proteins is simulated to create the peptide fragments. Theoretical fragmentation of the 

proteins is then compared to the measured data and the peptides are assigned to the proteins103. Prior to 

peptide matching, different data filtration steps can be added to reduce background noise or false 

discovery110. For the quantification of the proteins, either a label free approach or an isotope labeling 

can be applied111. Isotope labeling creates a shift in the mass to charge ratio of the peptide and through 

the comparison with the unlabeled peptide a quantification of the protein can be done103. However, 

labeling of the samples can be complicated and expensive and consequently label free approaches have 

been developed111, 112. With this method it is possible to absolutely quantify the amount of protein in 

solution by the use of an internal standard peptide112. Due to the complexity of this process, the data 

analysis, protein identification, and protein quantification are performed by the use of specified software.  

Overall, previous studies have shown that the protein corona needs to be considered when developing 

new particles and that the protein corona preparation and analysis influence the results. Some factors 

influencing the corona e.g. size and surface hydrophobicity have been widely analyzed and their 

influence is well known. However, other factors such as the temperature are often not taken into account 

even when working at different temperatures. Therefore, it is important to analyze the influence of the 

temperature on the protein corona.   
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1.4 Temperature-responsive polymers in protein adsorption 

Copyright: 

The following part is based on the publication [1]. The review was published in a peer reviewed journal 

and parts of the review have been extracted for this introduction. The text has been shortened and 
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of Wiley-VCH GmbH, Advanced Functional Materials. © Wiley-VCH GmbH 2022.   
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1.4.1 Introduction 

Proteins are composed of amino acids within some cases phosphate groups or lipids and oligosaccharide 

chains. The heterogeneous structures and functions of proteins hence lead to a complex pattern of 

adsorbed proteins113. The protein adsorption is a result of an overlap of transport, adsorption, and 

repulsion processes. It is a kinetic process, initiated by the adsorption of highly mobile proteins followed 

by replacement of initially adsorbed proteins by higher affinity proteins25, 114. Moreover, proteins 

undergo a conformational change when they are adsorbed on the surface due to protein-surface 

interactions. Van der Waals forces, hydrogen bonds as well as electrostatic interactions play a role on 

protein adsorption in case of charged surfaces115. In addition, external parameters such as temperature, 

pH value, and ionic strength can have a strong influence on protein adsorption around materials. The 

number of protein adsorbed around materials could be either increased or decreased upon increasing 

temperature, mainly due to change of protein conformation116, 117. 

Protein adsorption can be regulated using stimuli-responsive materials such as temperature-responsive 

polymers. For biomedical applications, temperature-responsive polymers of interest usually display a 

phase transition temperature (lower critical solution temperature – LCST or upper critical solution 

temperature – UCST) around body temperature (≈ 37 °C) in water, above which they are either collapsed 

or dissolved, respectively118-120. Polymers with a LCST in water in the physiological range such as 

poly(N-isopropylacrylamide) (PNIPAM) and its derivatives display a conformational change from a 

hydrophilic coil to a hydrophobic globule at T > LCST, due to changes in solvation of the polymer 

chains121. Other polymers (e.g. poly(N-acryloylglycinamide) and copolymers containing acrylamide 

units) displaying a UCST in the physiological range of temperatures in water and hence undergo 

precipitation below UCST122. 

The amount of protein adsorbed on the surface of temperature-responsive polymers was found to be 

strongly temperature-dependent. Indeed, the adsorption of bovine serum albumin (BSA) on PNIPAM 

brushes at 23 °C (T < LCST) was ≈ 3 times lower than its adsorption at 37 °C (T > LCST) after the 

swelling of PNIPAM chains in water. This resulted in the lift-off of proteins from the PNIPAM surface 

at T < LCST123. Temperature-responsive materials were used for separating specific proteins from a 

protein mixture124. Specific proteins, such as lysozyme and human serum albumin which were present 

in a protein mixture, were bound to temperature-responsive copolymers containing NIPAM units at 

T > LCST. The proteins were then retrieved by lowering temperature to T < LCST. Besides, 

temperature-responsive nanoparticles could be enriched with different proteins when altering incubation 

temperature due to the change of surface hydrophobicity125, 126. Protein adsorption on nanoparticles leads 

to rapid (<0.5 min) formation of protein corona26, 127, 128. The protein corona around the nanoparticles 

strongly influences cell uptake, biodistribution, and clearance of nanoparticles28.  

The uptake of temperature-responsive materials prepared with PNIPAM by cells significantly increased 

at 37 °C due to favored interactions between collapsed polymer chains and the cell membrane. Thus, 
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the temperature-responsive materials were applied for intracellular drug delivery129. The temperature- 

responsive materials were also used for growing cells at 37 °C and detaching them by reducing the 

temperature to T < LCST, without the need of chemical disruption that may harm cells130-134. 

 

1.4.2 Nanoparticles-Protein Interactions 

It is known that protein corona plays a key role in biological response such as the recognition of 

nanoparticles by macrophages28. The protein corona on dextran-coated superparamagnetic iron oxide 

nanoparticles (SPIONs) was investigated at different temperatures81, 82. Dextran-coated SPIONs with 

positive, negative, and neutral surface charge were incubated in fetal bovine serum (FBS). According to 

liquid chromatography-mass spectrometry (LC-MS) measurements, the relative content of serum 

albumin, serotransferrin, apolipoprotein A1, and alpha-2-HS glycoprotein in the protein corona was 

dependent on the temperature (5–45 °C), although no clear trend could be identified81. Furthermore, 

differential centrifugal sedimentation results revealed that the amount of protein in the corona on 

SPIONs was also dependent on temperature, but with no noticeable trend82. Inactivation of proteins by 

heating fetal calf serum (FCS) affected the composition and amount of the proteins in the corona around 

nanoparticles135, 136. Typically, heating serum or plasma to 56 °C for 30 min is applied to inactivate heat 

labile proteins such as complement proteins, which can interfere with immunological assays137. The 

amount of proteins in the protein corona formed on polystyrene nanoparticles in FCS preheated to 56 °C 

was larger than for the nanoparticles incubated in a serum that was not heated135. 

Clusterin, a protein providing stealth properties to nanoparticles, was the major protein (>50%) 

identified in the protein corona of polystyrene nanoparticles stabilized with Lutensol AT-50 incubated 

in human serum or plasma at 37 °C for 1 h136. The amount of clusterin in the protein corona was reduced 

to ≈ 3% when incubating the nanoparticles with heat-inactivated human plasma or serum. 40% clusterin 

was unfolded during the heat inactivation procedure (56 °C for 30 min), as measured by scanning 

fluorometry. The relative amount of complement C3 protein in the protein corona was reduced from 

≈ 6.8% to ≈ 0.8% when incubating hydroxyethyl starch nanocapsules with inactivated serum at 37 °C 

for 1 h instead of incubating the nanoparticles with the native serum136. Therefore, the type and amounts 

of proteins in the protein corona around nanoparticles are influenced by temperature. Moreover, the 

protein corona can be tuned by inactivating serum or plasma with a heat treatment. Controlling 

temperature during protein corona formation is hence crucial. 

 

1.4.3 Interactions between Proteins and Temperature-Responsive Polymers  

The hydrophobicity of temperature-responsive materials is altered upon temperature change. At 

T < LCST, temperature-responsive polymer chains are in the hydrophilic state due to their solvation in 

water, resulting in less interactions between protein and polymer, and hence less proteins are adsorbed. 
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On the contrary, higher protein adsorption is obtained at T > LCST than at T < LCST due to more 

hydrophobic interactions between polymer and protein. The change of surface hydrophobicity can hence 

be used for regulating the amount of proteins adsorbed. The surface hydrophobicity of flat surfaces can 

be determined by water contact angle measurement123, 138. For nanoparticles, the surface hydrophobicity 

can be determined based on the adsorption of organic molecules49, 139-141, by evaluating the partition 

coefficient between octanol and water phases141, and by measuring their maximum optical density upon 

dispersion in solvents with different surface tensions142. 

Protein Adsorption Amount Regulated by Temperature-Dependent Surface Hydrophobicity 

PNIPAM is the most reported polymer for controlling protein adsorption by change of hydrophobicity 

as a consequence of a change of temperature. This peculiar ability of PNIPAM has been applied for 

controlling adsorption of BSA123, 138, 143, fibrinogen144, FBS145, and human plasma on various surfaces125. 

BSA is the most abundant protein found in bovine serum. BSA was adsorbed before fibronectin on 

poly(allylamine) surface immersed in a mixture of BSA and fibronectin. This phenomenon was 

attributed to the lower molecular weight and higher abundancy of BSA compared with fibronectin146. 

BSA on the surface was then replaced by fibronectin (a protein promoting cell adhesion and spreading), 

following the Vroman effect. Therefore, BSA was employed as a model protein to prescreen whether 

PNIPAM-based surfaces can be applied for cell culture with an ability to detach cell sheets at T < LCST. 

The adsorbed amount of 3H-BSA (BSA labeled by 3H-acetic anhydride) on glass coated with PNIPAM 

(LCST = 32 °C) at 37 °C was ≈ 0.6 times larger than at 10 °C138. On the contrary, no significant 

difference in 3H-BSA adsorption at 10 and 37 °C was observed for PNIPAM-co-N-tert-butylacrylamide 

(LCST = 20 °C) and PNIPAM-co-acrylamide (LCST = 42 °C) surfaces. The density and molecular 

weight of PNIPAM played a role on the amount of adsorbed BSA at T > LCST123. Indeed, adsorption 

of 125I-BSA (BSA labeled by iodine-125) on PNIPAM surface at 37 °C with a higher molecular weight 

and grafting density (126 kDa and 0.11 nm−2) ([125I-BSA] ≈ 35 ng/cm2) was lower than for the surface 

with a lower molecular weight and grafting density (85 kDa and 0.09 nm−2) ([125I-BSA] ≈ 45 ng/cm2). 

The amount of adsorbed protein at T > LCST on the PNIPAM surface increased because the protein was 

capable of penetrating into the tightly PNIPAM brushes to extensively interact with PNIPAM chains. 

Moreover, the adsorbed amount of 125I-BSA at 23 °C (T < LCST) was ≈ 20 ng/cm2 for surfaces of 

PNIPAM with different molecular weights and densities, suggesting that the density and molecular 

weight of PNIPAM on the surface did not regulate protein adsorption when PNIPAM was hydrophilic. 

BSA was also used as model protein for determining the thermoresponsive protein separation feature of 

PMMA/PNIPAM nanofibrous mats143. The equilibrium concentration of BSA adsorbed on 

PMMA/PNIPAM mats was ≈ 8 times larger at 37 °C than at 25 °C. Moreover, 85% of BSA could be 

released from the mats when lowering temperature from 37 to 25 °C. Thus, PNIPAM-based nanofibrous 

mats can find a potential application for bioseparation because no chemicals were required to detach 

proteins from the mats. Fibrinogen is a highly abundant protein in blood plasma, possessing the ability 
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to promote adhesion of blood platelets and cells to surfaces147. Therefore, the amount of fibrinogen 

reflects whether cells successfully grow on a surface. The amount of adsorbed fibrinogen at 37 °C 

(T > LCST) on a PNIPAM surface containing hydrophobic dodecyl trithiocarbonate terminal group was 

7 times larger than for the PNIPAM surface with a carboxylic acid terminal group144. On the contrary, 

fibrinogen was adsorbed on the surface at T < LCST in negligible amount, without noticeable difference 

between the PNIPAM with different terminal groups. 

The adsorption of FBS on PNIPAM surfaces has also been reported. FBS was selected because it is 

widely used as a supplement in cell culture media, and thus its adsorption on PNIPAM-coated surfaces 

could enhance cell adhesion. The adsorption of FBS on gold substrates grafted with PNIPAM and 

alkanethiols with different end groups at 25 and 37 °C increased with increasing hydrophobicity and the 

electron withdrawing ability of the alkanethiol’s end group (-COOH > -CH3 >-OH > oligo(ethylene 

glycol))145. Moreover, FBS could be almost completely recovered from the surface when lowering 

temperature from 37 to 25 °C, when increasing density of PNIPAM on the surface from 0.07 to 

0.15 chains per nanometer square. Therefore, surface hydrophobicity, surface functional groups, and 

PNIPAM density are important parameters for designing temperature-responsive cell culture surfaces. 

Serum and plasma contain many types of protein, which can bind onto foreign surfaces to yield a protein 

corona. The amounts and types of proteins in the protein corona depend, among other properties, on 

surface hydrophobicity63. The variation of the protein corona on temperature-responsive surfaces has 

been demonstrated with PNIPAM nanoparticles148. Below the LCST, the interactions between proteins 

and PNIPAM chains were reduced due to the solvation of PNIPAM, increasing the energy required for 

forming tightly bound proteins (hard corona) around nanoparticles. Proteins hence were loosely bound 

around nanoparticles (soft corona) at this temperature range. On the contrary, the interactions between 

proteins and PNIPAM chains increased when PNIPAM chains were in the hydrophobic state 

(T > LCST). These interactions lowered the energy to form a hard corona around nanoparticles, resulting 

in more protein adsorption. To prove that the change of surface hydrophobicity of PNIPAM by 

temperature controls the formation of the protein corona, protein amounts on magnetic beads coated 

with PNIPAM were measured after incubating the beads in human plasma at 25 and 37 °C for 2 h125. 

The concentration of human plasma on the beads at T > LCST was slightly larger (105 μg/mL) than at 

T < LCST (90 μg/mL). Temperature could be used to control the amount of proteins bound to PNIPAM-

based surfaces when incubating the surfaces in protein mixtures. PNIPAM is not a bio-inert polymer 

because its amide moieties can strongly bind with proteins via hydrogen bonding149. To overcome these 

limitations, temperature-responsive polymers composed of poly(ethylene glycol) (PEG) such as 

poly[di(ethylene glycol) methyl ether acrylate], poly[oligo(ethylene glycol) methyl ether methacrylate], 

and poly[2-(2-methoxyethoxy)ethyl methacrylate] were developed because PEG is non-cytotoxic and 

less susceptible to hydrogen bonding than PNIPAM150. The LCST of poly[2-(2-methoxyethoxy) ethyl 

methacrylate] (PME2MA) was 25 °C151. Thereafter, the glass surface grafted with PME2MA was 

incubated in BSA, human immunoglobulin G, or bovine plasma fibrinogen for 1 h at 25 and 37 °C. The 
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amount of adsorbed protein on the surface at 37 °C was ≈ 1.5, 2, and 2.5 times higher than at 25 °C for 

BSA, human immunoglobulin G, and bovine plasma fibrinogen, respectively. The PME2MA surface 

hence displayed a protein repellent property at T < LCST. The amount of adsorbed protein on PME2MA 

surfaces was ≈ 2 times and ≈ 5 times larger at 37 °C than at 22 °C for fibrinogen and fibronectin, 

respectively152. These two proteins promote cell adhesion on surfaces and the PME2MA surfaces could 

hence be used as cell culture scaffold. 

Poly(glycidyl methyl ether-co-glycidyl ethyl ether) is a temperature-responsive polymer with a 

biocompatibility and a bio-inertia comparable to PEG. Gold substrates grafted with this polymer were 

investigated as cell culture scaffold153. The amount of fibrinogen on poly(glycidyl methyl ether-co-

glycidyl ethyl ether) surfaces, a protein promoting cell adhesion, measured by surface plasmon 

resonance (SPR), was higher at T > LCST (40 °C) than at T ≤ LCST (25–37 °C), making these substrates 

potentially interesting as cell scaffolds. Similarly to PME2MA surfaces, the ability of the scaffold to 

release cells from the surface needs however to be investigated. 

Poly(2-alkyl-2-oxazoline) are thermoresponsive pseudopeptide biocompatible polymers showing low 

accumulation in organs154. Poly(2-isopropyl-2-oxazoline) with a LCST ≈ 30 °C was processed as 

nanoparticles for drug-delivery applications155. The total protein concentration on nanoparticles in 

bovine serum after incubation for 1 h was ≈ 2 times larger at 37 °C than at 20 °C (5.6 × 10−14 mg/NP at 

20 °C and 9.9 × 10−14 mg/NP at 37 °C), indicating that change of surface hydrophobicity upon 

temperature controlled the amount of protein adsorbed on NPs surface. In summary, the amount of 

adsorbed protein on temperature-responsive surfaces depends on the variation of surface hydrophobicity 

by temperature change, polymer grafting density, and hydrophobicity of end groups. Temperature-

responsive surfaces were then applied for cell culture, membranes for protein separation, and drug 

delivery carriers (Table 1.4.3.1). A multiple reusability of temperature-responsive surfaces for adsorbing 

proteins without loss of performance is an interesting challenge to tackle. 
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Table 1.4.3.1. Temperature-responsive surfaces prepared with poly(N-isopropylacrylamide) (PNIPAM), poly[2-(2-

methoxyethoxy)ethyl methacrylate], poly(glycidyl methyl ether-co-glycidyl ethyl ether), and poly(2-isopropyl-2-oxazoline) 

with various transition temperatures on different substrates for controlling protein adsorption amount by changing temperature.  

Polymeric material Substrate 

Ttransition 

[°C] 

Protein Ref 

PNIPAM-based surfaces 

PNIPAM Silicon wafer 32 Bovine serum albumin 123 

PNIPAM and PNIPAM-PAA Silicon wafer 29-30 Fibrinogen 144 

PNIPAM Gold 32 Fetal bovine serum 145 

PNIPAM copolymers Glass 20, 32, 42 Bovine serum albumin  138 

PEG-based surfaces 

Poly[2-(2-methoxyethoxy)ethyl 

methacrylate] 
Glass 25 

Bovine serum albumin, 

human 

immunoglobulin G and 

bovine plasma 

fibrinogen 

151 

Poly[2-(2-methoxyethoxy)ethyl 

methacrylate]  

Poly(ethylene 

terephthalate) 
22 

Fibrinogen and 

fibronectin 

152 

Glycerol-based surface 

Poly(glycidyl methyl ether-co-

glycidyl ethyl ether) 
Gold 29, 33, 35 Fibrinogen 153 

Particles 

PNIPAM  Magnetic beads 32 Human plasma 125 

Poly(2-isopropyl-2-oxazoline)  
Poly(organosiloxane) 

nanoparticles 
30 Bovine serum 155 

Nanofibers 

PMMA/PNIPAM Nanofibrous mats n.a. Bovine serum albumin 143 

 

Changes of Protein Coating Compositions/Specific Protein Adsorption 

The composition of adsorbed proteins when incubating temperature-responsive materials in protein 

mixtures can be altered upon temperature, due to the change of surface hydrophobicity. At 25 °C, 

PNIPAM beads were mostly enriched with transport/ binding proteins (16 proteins from 28 detected 

proteins) after incubation in human plasma, while they were enriched with transport/binding proteins 

and immune response related proteins (18 proteins from 27 detected proteins) after incubation at 

37 °C125. Besides, the amount of adsorbed immunoglobulin light chains on PNIPAM-based nanogels 

after incubation in human serum was larger at 37 °C than at 25 °C126.  
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It should be noted that the human plasma or serum used in these experiments was obtained from multiple 

donors. However, recent findings revealed that the protein composition in the plasma rely on several 

factors such as sex, age, and individual health status156. For instance, the amount of growth hormone is 

typically ≈ 11 times larger in female plasma than in male plasma. In addition, the concentration of 

proteins in female’s plasma is altered during menstruation, pregnancy, lactation state, and menopause. 

The difference of protein composition of the protein corona due to sex was investigated by incubating 

SiO2 nanoparticles (diameter = 70 nm) in the plasma of male and female zebrafish157. The SiO2 

nanoparticles were enriched with vitellogenin (an egg yolk protein) after incubating the nanoparticles in 

plasma of female zebrafish, whereas this phenomenon was not attributed after incubation in the plasma 

of male zebrafish. The uptake of nanoparticles incubated in plasma of female zebrafish by leukocytes 

was ≈3 times larger than for nanoparticles incubated in plasma of male zebrafish. Thus, the source of 

serum and plasma affects strongly the protein composition around the nanoparticles. 

In the previous section, it was shown that the amount of adsorbed proteins on temperature-responsive 

materials at T > LCST was larger than at T < LCST due to increased surface hydrophobicity. Because 

of this characteristic, temperature-responsive materials can be applied for harvesting specific proteins 

from protein mixtures and preventing protein denaturation upon heating. 

 

1.4.4 Cellular Uptake of Temperature-Responsive Materials 

Uptake of nanoparticles by cells is found to increase with the hydrophobicity of the nanoparticles158. 

Because PNIPAM becomes more hydrophobic above the LCST than below, cell uptake is hence 

increased at higher temperature159. The uptake of PNIPAM by RAW 264.7 cells at 37 °C (T > LCST) 

was ≈ 30 times larger than at 25 °C (T < LCST)160. This remarkable increase of cellular uptake at 

T > LCST was attributed to the dehydration of PNIPAM chains, leading to an increase of hydrophobic 

interactions between cell membranes and PNIPAM. Thus, temperature-responsive polymers such as 

PNIPAM are suitable for intracellular drug delivery systems because they enhance the uptake of 

nanoparticles by cells at physiological temperatures compared with conventional polymers such as 

poly(lactic acid)161. Short interfering RNA (siRNA), as the therapeutic macromolecule used in gene 

therapy, was encapsulated into liposomes grafted with PNIPAM in order to increase the uptake of siRNA 

by cells129. The gene silencing activity caused by internalized siRNA was quantified by flow cytometry 

measurements after incubating PNIPAM-based liposome loaded with siRNA in HeLa Luc cells at 

different temperatures. The gene silencing at 37 °C (T > LCST) was ≈ 7 times larger than at 30 °C 

(T < LCST), because of an enhanced adhesion between collapsed PNIPAM chains and cell membranes 

at T > LCST. 
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2. Temperature, concentration, and surface modification influence the cellular 

uptake and the protein corona of polystyrene nanoparticles 

 

Copyright:  

The following subchapter is based on the publication [2] published in a peer-reviewed journal. 

Therefore, the following text is a nearly identical reproduction of the published paper. The results are 

reprinted with permission from Acta BioMaterialia. Copyright © 2022 Elsevier. The order of the 

individual chapters as well as the numbering of the figures was adapted to this work.  

[2] Jennifer Oberländer*, XXX*, XXX, XXX, XXX. Temperature, concentration, and surface 

modification influence the cellular uptake and the protein corona of polystyrene nanoparticles. Acta 

Biomaterialia, 2022, 148, 271-278. (*shared first) 

 

Aim:  

The formation of the protein corona around different types of nanoparticles has been analyzed in several 

studies during the last decades. Thereby different key factors that influence the composition of the 

protein corona have been identified. However, the influence of temperature or concentration has 

received little attention so far. This study, therefore, aimed to analyze the effect of the temperature and 

concentration on the formation of the protein corona on polystyrene nanoparticles and in consequence 

the influence on the cellular uptake of these nanoparticles. Moreover, to achieve better comparability to 

other publications, we tested different surface modifications and surfactants to give a systematic 

representation of the effects. In the future this will help to better compare publications where different 

conditions have been chosen. 

Contribution:  

The project was divided into the temperature-responsive protein corona and the concentration-

responsive protein corona. I performed the cell experiments with the HeLa cells (Flow cytometry, cell 

viability, and cLSM), protein corona (Pierce Assay, SDS-PAGE, and LC-MS), and characterizations 

(DLS and Zeta potential) of the temperature-responsive protein corona. XXX analyzed and 

characterized the concentration-dependent protein corona (DLS, Zeta potential, Pierce Assay, SDS-

PAGE, and LC-MS) and cell uptake (Flow cytometry and cell viability). XXX performed the cell studies 

with the HUVEC cells (Flow cytometry and cell viability). Nano DSF measurements were performed 

by XXX and PCD by XXX. Manuscript preparation was done by XXX and me. The project was 

supervised by XXX and XXX.  
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2.1 Abstract 

The composition of the protein corona varies depending on several parameters and influences the 

cellular fate of the nanocarriers. Here, we investigated the influence of three key parameters (surface 

charge, temperature, and plasma concentration) on the formation and composition of the protein corona 

of polystyrene nanoparticles and ultimately on the cellular uptake of pre-coated nanoparticles. At a fixed 

temperature and concentration, the surface charge, and surfactant influence its composition. We 

observed that the composition of the corona formed at low temperatures (4 °C) is different from that 

formed at physiological temperatures (37 °C). While fibrinogen is enriched in the protein corona at 4 °C, 

clusterin, serum albumin, and vitronectin is enriched at 37 °C. At low plasma concentrations (up to 

25%), the corona consists of more diverse proteins than at higher concentrations. Finally, we concluded 

that regardless of the nanoparticle formulation, the degree of uptake by model cancer and endothelial 

cells of the nanoparticles decreased when pre-coated at increasing temperature or plasma concentration. 
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2.2 Introduction 

Research groups around the world have developed their own polymer, silica, or gold nanoparticles and 

more recently liposomal formulations, to improve drug delivery to cells162, 163. Pre-coating nanoparticles 

with a defined protein corona has been investigated and successfully applied164, 165. However, 

consistency regarding coating conditions (type of plasma, plasma concentration, temperature…) is not 

always achieved, making it difficult to cross-reference results20, 35, 166. The formulation of a nanoparticle 

has been at the core of studies carried out over the last decade regarding the protein corona 

composition167. Key parameters such as size, charge, surface hydrophobicity, or the addition of 

polyethylene glycol (PEG) to the surface have been changed to provide important insights into protein 

corona and cellular uptake59, 75, 168.  

In addition to formulation considerations, the pre-coating conditions are also critical during pre-clinical 

testing of new nanoparticles. The protein source (human vs mouse, serum vs plasma) is known to 

influence the cellular uptake169. The temperature used during the coating has been investigated for 

temperature-responsive nanomaterials123, 170, yet it is not clear if it is relevant for other, non-temperature-

responsive materials. Temperature-responsive nanoparticles have been used for the catch and release of 

proteins171. Moreover, small changes in incubation temperature, close to the physiological temperature, 

have been shown to influence the adsorption of individual proteins81. Furthermore, heat inactivation of 

serum resulted in a different protein corona composition and therefore in a different cellular uptake135, 

136. However, an analysis of the temperature-dependent protein corona in human plasma is still missing.  

Similarly, the concentration of plasma used for pre-coating has been varied; and changes in the protein 

corona have been studied in the past20, 33, 59, 172-174, however such studies were limited to one type of 

nanoparticles and no cellular uptake tests were performed. Dawson’s group did several studies on this 

topic using silica and polystyrene nanoparticles concluding that the plasma concentration influences the 

protein content in the corona20, 59. However, they did not relate these results to the effect on cellular 

uptake. Gräfe et al. demonstrated that the protein concentration used for the pre-coating of positively 

charge magnetic nanoparticles altered their uptake into brain endothelial cells172. Yet, different groups 

still use different concentrations during their pre-clinical assays without always clearly explaining the 

reasons for their choices.  

To address some concerns about pre-coating conditions, we test here five nanoparticles formulations 

stabilized with three different surfactants: CTMA-Cl, Lutensol, and SDS, and having surface charge 

ranging from +40 mV to -40 mV. Each nanoparticle from this panel is incubated either at 4 °C, 25 °C, 

or 37 °C in presence of undiluted human citrate plasma, or at 37 °C with 10%, 25%, 40%, 60%, or 100% 

plasma. Through these extensive and systematic tests, we are able to evaluate and conclude on the effect 

of temperature and concentration on the pre-coating step in regard to the protein corona composition 

and more importantly their impact on the cellular uptake. We demonstrate that increasing the human 

plasma concentration or increasing the coating temperature leads to a decrease of the uptake of 
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nanoparticles into HeLa and HUVEC cells. This can be attributed to an increase in the ratio of clusterin 

in the protein corona for most formulations. 
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2.3 Materials and methods 

Synthesis of PS nanoparticles. Polystyrene nanoparticles (PS NPs) were synthesized by free-radical 

miniemulsion polymerization as mentioned in a previous work for the CMTA-NH2 and SDS-COOH175. 

PS-CTMA-NH2. The macro emulsion was composed of an aqueous continuous phase containing 2-

aminoethyl methacrylate hydrochloride (3 %wt. to styrene) and cetyl trimethyl ammonium chloride 

(25 %wt. in water) in sterile Milli-Pore water. The organic dispersed phase contained distilled styrene, 

BODIPY 523/535 as fluorescent dye, and 2,2′-Azobis(2-methylpropionamidine) dihydrochloride in 

hexadecane. The continuous phase was added slowly to the dispersed phase under constant stirring. The 

macro emulsion was stirred for 1 hour at high speed. The emulsion was then passed through a 

microfluidizer (Microfluidics USA, LM10). The miniemulsion obtained was directly transferred into a 

flask and let to polymerize under stirring condition for 18 h at 72 °C. The dispersion was purified by 

filtration followed by successive centrifugations at 13,200 g. The supernatant was removed and the pellet 

was dispersed in sterile Milli-Pore water. The purification step was repeated twice. 

PS-Lut-NH2. The same procedure as for PS-CTMA-NH2 was followed, yet Lutensol AT50 replaced 

cetyl trimethyl ammonium chloride in the continuous phase. The dispersion was purified by successive 

centrifugations at 20,000 g. Half of the supernatant was removed and replaced by sterile Milli-Pore 

water. The purification step was repeated four times. 

PS-SDS-COOH. For these particles, acrylic acid was used as a co-monomer along with styrene in the 

disperse phase. In addition, sodium dodecyl sulphate was added to the continuous phase as surfactant. 

The emulsion and polymerization was carried as described for the amine nanoparticles. The purification 

was done by dialysis for 3 days against Milli-Pore water using 14000 kDa MWCO dialysis bags. 

PS-Lut-COOH. The same procedure as for PS-SDS-COOH was followed, yet Lutensol AT50 replaced 

sodium dodecyl sulfate in the continuous phase. The dispersion was purified by successive 

centrifugations at 20,000 g. Half of the supernatant was removed and replaced by sterile Milli-Pore 

water. The purification step was repeated four times. 

PS-Lut. The same procedure as for PS-Lut-COOH was followed, except no acrylic acid was used as co-

monomer.  

 

Characterization of PS nanoparticles. The nanoparticles were characterized in terms of surface charge 

using a Zetasizer Nano Z instrument (Malvern, Germany), size using a Zetasizer S90 instrument 

(Malvern, Germany), and fluorescence intensity using an Infinite M1000 plate reader (Tecan, USA). 

The characterization of the nanoparticles with protein corona was performed after preparation, 

centrifugation, and washing of the nanoparticles as described for the cellular experiments. The particle 

charge was determined using a particle charge detector (PCD, Mütek PCD 03 pH) as previously 

described176. 
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Protein corona preparation. Human blood plasma was taken from healthy donors at the Department 

of Transfusion Medicine Mainz after physical examination and after obtaining written informed consent 

in accordance with the Declaration of Helsinki. Plasma of 10 donors was pooled and stored at -20 °C. 

The study was approved by the local ethics committee “Landesärztekammer Rheinland-Pfalz”(Bear- 

beitungsnummer: 837.439.12 (8540-F)). The protein corona experiments were performed as previously 

described by our group102, 175. To ensure comparability between the different types of PS nanoparticles, 

a constant ratio between the particle surface and plasma concentration was chosen. Therefore, 0.0625 m² 

of nanoparticles were incubated in 1 mL of human plasma for 1 h to allow the formation of a stable 

protein corona. In order to study the concentration-dependency of the protein corona, the incubation was 

performed at 37 °C in human plasma diluted with Dulbecco’s Modified Eagle Medium to a final 

concentration of 10%, 25%, 40%, 60%, and 100%. The temperature-dependent protein corona formation 

was performed with undiluted plasma at the incubation temperatures of 4 °C, 25 °C, and 37 °C. 

Following the incubation, nanoparticles were isolated by centrifugation (20,000 g, 1 h, 4 °C) and washed 

three times with 1 mL PBS. Proteins from the hard protein corona were desorbed from the NP surface 

by adding 100 μL of 2% SDS in 62.5 mM Tris-HCl solution followed by incubation at 95 °C for 5 min. 

Proteins and nanoparticles were separated by centrifugation and the supernatant containing the protein 

was labeled as “hard protein corona” and used for protein quantification, SDS PAGE, and LC-MS 

analysis. As negative controls we incubated plasma in the same tubes as for the experiment but without 

adding nanoparticles. Washing and centrifugation was performed as described for the protein corona 

preparation and the proteins desorbed from the tubes were further processed the same way as the protein 

corona samples. 

 

Protein quantification and SDS PAGE. The protein quantification was performed using the Pierce 

660 nm Protein Assay (Thermo Fisher, Germany) according to the manufacturer’s manual. Adsorption 

was measured with a Tecan Infinite M1000 plate reader using bovine serum albumin (Merck, Germany) 

for a calibration curve. Following quantification, the proteins were separated with a SDS PAGE and the 

proteins were revealed by Silver Staining or SimplyBlue™ SafeStain (Thermo Fisher, Germany) 

according to the manufacturer’s recommendations. The hard corona proteins recovered from the 

nanocarriers were separated on a NuPAGE 10% Bis-Tris Bolt® polyacrylamide gel. A fix amount of 

hard corona proteins (2.5 µg for silver staining and 7.5 µg for Coomassie staining) was mixed with 

26 µL water, 4 µL NuPage Reducing Agent, and 10 µL NuPage LDS Sample Buffer. SeeBlue Plus2 Pre 

Stained Standard (Invitrogen, Germany) was used as a marker. After protein denaturation for 10 min at 

70 °C, the samples were loaded the gel and run in 1x NuPage MES SDS for 1.25 h at 100 V. The gel 

was either stained using Pierce Silver Staining Kit or SimplyBlue™ SafeStain according to the 

manufacturer’s protocol. If not otherwise mentioned, materials were obtained from Thermo Fisher 

Scientific. 
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Protein preparation for mass spectrometry. SDS was removed before digesting the proteins using 

Pierce Detergent Removal Spin Columns (Thermo Fisher Scientific, Germany). The proteins were 

precipitated using ProteoExtract protein precipitation kit (CalBioChem, USA). Afterwards, the proteins 

were isolated by centrifugation (14 000 g; 10 min) and re-solubilized with 50 mM RapiGest SF (Waters, 

Germany) in ammonium bicarbonate buffer. The proteins were reduced in 5 mM dithiothreitol (Sigma-

Aldrich, USA) for 45 min at 56°C and alkylated with 15 mM iodacetamide (Sigma-Aldrich, USA) for 

1 h at room temperature in the dark. The tryptic digestion was carried out at a protein:trypsin ratio of 

50:1 at 37 °C. After 18 h, digestion was stopped by lowering the pH with hydrochloric acid (Sigma-

Aldrich, USA) and the samples were centrifuged (14 000 g; 15 min; 4 °C) in order to remove degradation 

products. 

 

In solution digestion, sample preparation and liquid chromatography mass spectrometry 

(LC MS). The in-solution digestion and liquid chromatography-mass spectrometry was performed 

according to former protocols from our group67, 177. For the measurement, 0.1% formic acid was added 

to the sample and to allow absolute protein quantification, samples were spiked with 50 fmoL/μl Hi3 

E.coli. (Waters, Germany). LC-MS measurements were performed using a nanoACQUITY UPLC 

system coupled to a Synapt G2-Si mass spectrometers based on a previous protocol112. Shortly, the 

system was operated in a positive resolution mode performing data-independent acquisition for the 

electrospray ionization source. The samples were injected with a flow rate of 0.3 μL/min and 

Glu-Fibrinopeptide (150 fmol/μL) and Leu-Enkephalin (200 pg/μL) were used as reference. The data 

was acquired using MassLynx 4.1. Proteins were analyzed using Progenesis QI 2.0 (thresholds for noise 

reduction were set at 120, 25, and 750 counts for low energy, high energy, and peptide intensity) and 

identified based on a reviewed database downloaded from Uniprot. For protein identification, at least 

two assigned peptides and five assigned fragments are required. The peptide identification needs three 

assigned fragments. 

 

Nano DSF for protein stability. Nano differential scanning fluorimetry (nano DSF) was performed to 

confirm the stability of fibrinogen incubated at 4, 25, and 37 °C. Therefore, fibrinogen was solved in 

water to a concentration of 1.5 mg/mL. Measurements were performed 10 µL in standard capillaries 

(NanoTemper Technologies, Germany) and a NanoDSF Prometheus NT48 device. The data processing 

and analysis was performed with the PR.CONTROLL Data Analysis Software (v1.12.3, NanoTemper 

Technologies). The stability of fibrinogen was analyzed at the wavelength of 330 and 350 nm.  
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Cell culture. Human cervix carcinoma cells (HeLa) were cultured in Dulbecco’s modified eagle 

medium (DMEM), supplemented with 10% FBS and 2 mM glutamine. Human umbilical vein 

endothelial cells (HUVECs) were cultured with Medium 200, supplemented with 1X large vessel 

endothelial supplement (LVES). Both media were supplemented with 100 U/mL penicillin and 

100 mg/mL streptomycin. The cells were grown at 37 °C and 5% CO2 in a humidified incubator and 

0.25% Trypsin-EDTA was used for cell passaging and harvesting (all reagents from Gibco, Germany). 

The cell count and viability were determined using a 1:1 dilution with trypan blue. To ensure cell 

stability, the passage number was kept below 20 for HeLa and 8 for HUVEC. 

 

Flow cytometry. HeLa and HUVEC cells were seeded at a density of 80,000 cells per well in 24 well 

plates (Greiner, Germany) and incubated over night at 37 °C and 5% CO2. One hour before the uptake 

experiment, DMEM with FBS was removed, the cells washed with PBS, and DMEM without FBS was 

added. The plasma-coated nanoparticles were prepared as described above with two centrifugation steps 

to remove the excess proteins before dispersing them in DMEM without FBS. One mL nanoparticles 

solution (40 μg/mL) was incubated with the cells for 24 h at 37 °C in a cell incubator. Afterwards, cells 

were washed with PBS and collected using 0.25% Trypsin-EDTA. The cells were centrifuged (300 g, 

5 min) and the pellet was suspended in PBS for measurements. The BODIPY signal of the nanoparticles 

was recorded using the BL1 channel of the Attune™ Nxt (Thermo Fisher Scientific, Germany) Flow 

Cytometer with an excitation laser of 488 nm and a band-pass filter of 530/30 nm. Cell debris was 

excluded by selecting a cell population in an FSC/SSC scatter plot processing the data with Attune™ 

NxT Software. The uptake experiments were carried out twice as independent experiments and within 

an experiment, for each condition, the cells were seeded as a triplicate. 

 

Cell viability. Briefly, cells were seeded at a density of 5,000 cells per well in white bottom 96 well 

plates and incubated over-night at 37 °C and 5% CO2. On the next day, the cells were treated in the same 

way as for the flow cytometry experiments. Additionally, cells were treated with a solution of 20% 

DMSO as a positive control. After 24 h of incubation, a volume of CellTiter-Glo®Reagent (Promega, 

Germany) equal to the volume of cell culture media present was added to the cells as recommended by 

the manufacturer. The luminescent signal was recorded with a Tecan Infinite M100 plate reader. The 

viability was calculated based on the average luminescent signal intensity (n=3) for the non-treated cells. 
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Confocal laser scanning microscopy. Visualization of the intracellular localization of nanoparticles 

was performed using confocal laser scanning microscopy (cLSM) with a Leica Microscope (LSM SP5 

STED Leica, Germany). Bodipy signal of nanoparticles was measured using the Argon laser with an 

excitation at 514 nm and emission at 530–570 nm. The cell membrane was stained shortly before 

measurement using a 1000-fold diluted CellMask™ Deep Red solution (5 mg/mL, ThermoFisher 

Scientific, Germany). The signal was detected at 660-680 nm after excitation using the He-Ne Laser at 

633 nm. Images were taken using LAS AF 3000 software and processed using Image J. For the confocal 

analysis, cells were seeded at a density of 50,000 cells per well in 8-well IbiTreat dishes and incubated 

overnight. Afterwards, cells were treated in the same manner as for the flow cytometry uptake and 

viability experiments. 

 

Statistical analysis. GraphPad Prism v9.02 was used for the statistical analysis of the cellular uptake 

extent. The p-values generated after an unpaired t-test (n=3) were used to determine the significance of 

the difference between samples. Values p > 0.12 were considered non-significant, p-values < 0.033 were 

reported with ∗, p-values < 0.002 were reported with ∗∗, and p-values < 0.001 were reported with ∗∗∗on 

the graph for each condition in ESI. 
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2.4 Results and discussion 

To establish the stability of the nanoparticles in the plasma solution, we measured the change in 

hydrodynamic diameter after coating at different temperatures or with different concentrations of 

plasma. To ensure that free proteins did not interfere with the measurements, the particles were 

centrifuged after the formation of the protein corona and washed with PBS. We observed that upon 

exposure to a concentration of 25% plasma or higher, the size of the nanoparticle increases from 130 nm 

on average to 160-170 nm indicating the formation of a protein corona around them (Table 2.6.1). For 

low plasma concentrations (10%) the size of CTMA-NH2, Lut, and SDS-COOH nanoparticles increased 

to 470, 221, and 226 nm respectively. The larger size at 10% hP indicates the presence of aggregates, 

possibly due to the lower protein concentration surrounding the NPs at any given time. For highly 

charged NPs this means that the stabilization provided by the proteins is overcome by the destabilization 

brought on by the salts present in the buffer. Nevertheless, the size of the nanoparticles stabilized with 

25% plasma. This could be a first hint that the protein corona around the nanoparticle changes with 

different plasma concentrations. In addition to the increased mean diameter of the NPs with protein 

corona, the presence of plasma, even at low concentration or low temperature, resulted in a negative ζ-

potential around -18 mV, independently of the original ζ-potential of the pristine nanoparticles (Table 

2.6.2). All these parameters confirmed that the coated nanoparticles are stable in solution (except for 

10% hP) for future cellular uptake experiments. All NPs were synthesized with Bodipy 523 as 

fluorophore for cellular uptake tracking. The fluorescence intensity of the pristine NPs was determined 

to enable normalization of the uptake across NPs (Table 2.6.3). Additionally, the number of functional 

groups (NH2 or COOH) on the nanoparticles was determined with a particle charge detector (Table 

2.6.4). For both functional groups, the amount of amine or carboxyl groups per nm2 was in the same 

order of magnitude within a particle type. The amount differed between amine and carboxyl group with 

SDS-COOH nanoparticle having the most groups on their surface and CTMA-NH2 the lowest.  

 

 

Figure 2.4.1. Schematic representation of the coating procedure leading to the cellular uptake displayed. HUVEC and 

HeLa cells were incubated for 24 h in media without protein with 40 μg/mL pre-coated polystyrene nanoparticles. The pre-

coating of the NPs was done at 37°C here. The „no_hP” corresponds to pristine NPs incubated with the cells. The error bars 

represent the standard deviation between the means of a triplicate.  
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After we have ensured the quality of the coated NPs, we tested the uptake of the five polystyrene 

nanoparticles by HeLa and HUVEC cells after 24 h incubation in media without proteins. First, we 

focused on the impact of citrate plasma dilution on the cellular uptake. The pre-coating of the NPs was 

always done at 37°C for this series of experiments. We observed that the coating of the NPs induced a 

reduction of the uptake across cell types and was dependent on the plasma concentration of the coating 

solution (Figure 2.4.1). For the Lutensol stabilized NPs, the uptake is similar across surface 

functionalization for the cervix adenocarcinoma when the NPs are coated with 40% up to 100% plasma. 

Indeed, the broad range of uptake extent seen for the pristine NPs based on their surface modification 

subsides in the presence of increasing protein in the coating solution (Figure 2.6.1 and Figure 2.6.2). 

Additionally, the trend observed for Lutensol-stabilized NPs is also observed for CTMA- and SDS-

stabilized NPs. For all NPs tested, the increase of the protein concentration in the coating solution led 

to a significant decrease of the uptake in the HeLa cells. It is worth noting that the uptake is strongly 

decreased between 10%_hP, 25%_hP, and 40% and tends to level out afterwards with more minute 

changes in the uptake level (Figure 2.6.3). Meanwhile, HUVEC are more sensitive and the increased 

plasma concentration in the coating solution leads to a more constant decrease of the uptake. We also 

verified the absence of toxicity induced by the NPs and confirmed good cell viability after incubation 

for all conditions, even though the pristine NPs tend to be more toxic to the cells (Figure 2.6.4). Finally, 

we confirmed by confocal laser microscopy the internalization of the NPs by the cells and not just their 

adsorption on the cell membrane, as shown by the red dots inside the membrane-stained cells (Figure 

2.6.5). 

Next, we investigated the protein corona composition to explain the uptake pattern observed. The change 

in uptake between pristine NPs (no_hP) and coated NPs was expected 67, 75, 102; however the change for 

plasma concentration of 25% and above was interesting. Since the size and apparent surface charge did 

not change much within this plasma concentration range (25%-100%), we looked into the protein corona 

composition. First, we checked if the amount of protein adsorbed on the NPs varied with the coating 

concentration. We found no correlation between the original protein concentration and the amount 

adsorbed on each NPs. The amount varied based on the surfactant and surface functionalization as 

expected (Figure 2.6.6). The amount of protein desorbed from the tube in the negative control was for 

all conditions minimal indicating that this should have no effect on the proteins determined in the protein 

corona (Figure 2.6.7). We also checked the protein corona composition by SDS-PAGE analysis. We 

observed a clear difference in the composition of the protein corona for the carboxy-functionalized NPs 

compared to the amino- or un-functionalized ones. The differences between the concentrations were not 

as obvious. For example, for the CTMA-NH2 NPs we could see a decrease in the band intensity for the 

serum albumin at 62 kDa. However, since the staining method used here is a non-quantitative method, 

it is not possible to draw a direct conclusion from the band intensities to the protein concentration in the 

protein corona. Overall, no new band appeared at different concentrations for any NPs (Figure 2.6.8) 

which suggests that no new proteins are appearing but rather that the relative concentration of each 
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proteins in the protein corona may be changing. This also counts for the negative controls (Figure 2.6.9 

and Figure 2.6.10). Only for the 10% plasma condition the protein concentration desorbed from the tube 

was too low in order to load enough protein on the SDS PAGE. Therefore, the band intensities are 

weaker for this condition.   

 

 

Figure 2.4.2. Combined top10 proteins identified in the corona of the NPs and category affiliation of the proteins for the 

Lut_COOH NP. The top10 proteins for each condition within a NP were combined to the final heatmap shown here. 

Therefore, we moved on to proteomic analysis of the whole protein corona recovered from the NPs or 

the tube. The results of the negative controls and the composition of the human plasma are shown in 

Figure 2.6.11 and Figure 2.6.12. For the Lutensol-stabilized NPs, we observed that the fraction of 

clusterin in the corona increases with increased plasma concentration (Figure 2.4.2). However, it does 

not account for the same fraction of the corona for each NPs. Here, the surface modification has a higher 

impact compared to the cellular uptake. Apolipoproteins constitute a large part of the proteins identified, 

with clusterin and ApoE found in the top10 identified proteins across all five NPs. The Lut_COOH NP 

has the most complex corona out of the three Lutensol-stabilized NPs in terms of the category to which 
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the most abundant proteins belong. Indeed, for the other two, about 60% to 80% of the corona was made 

of apolipoproteins leaving little space for other types of proteins. In contrast, the corona evolved quite 

interestingly for the Lut_COOH NPs with a change from coagulation proteins (fibrinogen) at low plasma 

concentrations to a tripartite composition involving coagulation proteins, apolipoproteins, and 

vitronectin at higher concentrations (Figure 2.4.2). A similar trend is observed with SDS_COOH NPs 

for which when the proportion of coagulation proteins decreases, the proportion of vitronectin increases 

with the plasma concentration. For these NPs as well as the CTMA_NH2, apolipoproteins account for a 

very small portion of the corona (Figure 2.6.13). Taking into account that for the SDS_COOH 

nanoparticles the cellular uptake decreases with increasing plasma concentration, we would expect to 

see an increasing concentration of apolipoproteins and especially of clusterin which is known to reduce 

the cellular uptake of nanoparticles75, 174. However, for this type of nanoparticle apolipoproteins and 

clusterin play only a minor role in the protein corona.  

We can conclude that for all the NPs tested, the composition of the protein corona evolves with the 

amount of plasma in the coating solution (Figure 2.6.14). It is worth noting that the use of Lutensol, a 

non-ionic PEGylated surfactant, led to a protein corona enriched with apolipoproteins for all the NPs. 

The corona composition seems to be dictated as much by the surfactant as by the surface 

functionalization. Indeed, the carboxy-functionalized NPs showed enrichment with coagulation proteins 

compared to the amino ones. Based on these observations, we propose that the presence of carboxy-

groups on the NPs are more important than the surfactant, while the surfactant is more important than 

the presence of amino-groups on the NPs.  

 

 

Figure 2.4.3. Schematic representation of the formation of the protein corona and the uptake into HUVEC and HeLa 

cells. HUVEC and HeLa cells were incubated for 24 h in media without protein with 40 μg/mL pre-coated polystyrene 

nanoparticles. Pre-coating was done in 100% plasma. The „no_hP” corresponds to pristine NPs incubated with the cells. The 

error bars represent the standard deviation between the mean of a triplicate. 

Besides the influence of different plasma concentrations on the protein corona, we also focused on 

different incubation temperatures. Here we kept the concentration of plasma for the pre-coating stable 

at 100%. The coating of the nanoparticles with human plasma induces a reduction of the uptake in 



Chapter A – The influence of temperature on the protein corona 

33 
 

HUVEC and HeLa cells. For Lutensol stabilized NPs, it can be seen that the uptake is reduced with 

increasing temperature (Figure 2.4.3). Additionally, this trend is observed for CTMA-stabilized NPs 

(Figure 2.6.15 and Figure 2.6.16). For these NPs the decrease of the uptake from 4 °C to 37 °C is mainly 

significant while the difference between 4 °C to 25 °C and 25 °C to 37 °C is only minor. These trends 

can be seen in both cell lines tested. However, the HUVEC cells seemed to be more sensitive to the 

presence of protein coating which leads to a higher decrease between coated and uncoated NPs. For the 

SDS-stabilized carboxylic NPs a different trend can be observed. As for the other particles, a reduced 

uptake from pristine to coated particles can be seen. However, with increasing temperature an increase 

in cellular uptake for HUVEC and HeLa cells was observed (Figure 2.6.15 and Figure 2.6.16). These 

trends can also be seen in confocal laser scanning microscopy images (Figure 2.6.17). Besides verifying 

the uptake of the particles into the cells, it can also be observed that for the CTMA-stabilized amine 

particles the uptake was reduced with increasing temperature and for the SDS-stabilized carboxylic 

particle the uptake increased with increasing temperature. We tested the toxicity induced by the NPs as 

well for these conditions. For most conditions, we additionally confirmed here the absence of toxicity 

to both cell types (Figure 2.6.18). For the pristine CTMA-stabilized amine particle we saw a toxic effect 

mostly on HeLa cells but also slightly on HUVEC cells. The toxic effect is no longer present when a 

protein coating was applied.  

To investigate the reason for the uptake change, we analyzed the protein corona composition. Since the 

size and surface charge do not change significantly between the different temperatures, we focused on 

the protein analysis of the protein corona on the particles. Protein quantification with Pierce assay 

resulted in no obvious correlation between temperature and amount of protein adsorbed except for the 

CTMA stabilized amine NP (Figure 2.6.19). For the CTMA_NH2 NPs the highest protein amount 

desorbed can be observed at 4 °C and it decreases at 37 °C. However, SDS-PAGE analysis showed a 

temperature-dependent difference in protein composition on the particles (Figure 2.6.20). Especially for 

the SDS-stabilized carboxylic and the CTMA-stabilized amine particles, an increase of the band 

intensity at 38 kDa was observed. But also for the Lutensol-stabilized NPs a slight increase of the band 

intensity between 38 kDa and 49 kDa was observed. However, a clear appearance or disappearance of 

the bands cannot be observed. Comparing the different particles, as expected, a difference in protein 

corona composition can be seen between the different surface functionalizations but also between 

different surfactants. 
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Figure 2.4.4. Combined top10 proteins identified in the corona of the NPs and category affiliation of the proteins for the 

Lut_COOH NP. The top10 proteins for each condition within a NP were combined to the final heatmap shown here. 

Afterwards, we had a deeper look at the composition of the protein corona via LC-MS analysis. As 

already shown previously, the surface modification had a huge influence on the composition of the 

protein corona (Figure 2.4.4). However, it can be seen that for the Lutensol-stabilized nanoparticles the 

amount of clusterin in the protein corona increased with increasing temperature while the amount of 

ApoA1, ApoE, and fibrinogen decreased with increasing temperature. Interestingly, for the Lutensol-

stabilized carboxylic nanoparticles we saw an additional increase in the amount of vitronectin in the 

protein corona. While the coagulation proteins were the dominant protein group in the protein corona at 

4 °C, the lipoproteins and the vitronectin were the dominant proteins in the protein corona at 37 °C 

(Figure 2.6.21). This trend can also be observed for the SDS-stabilized carboxylic nanoparticle. The 

CTMA-stabilized amine nanoparticles showed additionally a temperature-dependent increase of serum 

albumin in the protein corona with increasing temperature (Figure 2.6.22). From that, we can conclude 

that the protein corona composition is temperature dependent.  
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One concern when measuring the temperature-dependent protein corona could be that the stability of 

proteins changes at the different temperatures. Therefore, we decided to use temperatures between 4 °C 

and 37 °C where we do not expect to have protein denaturation. In order to evaluate if in this temperature 

range protein stability changes, we performed nano differential scanning fluorimetry (nano DSF) 

measurements. Since the determination of protein stability in full plasma is complex, we performed nano 

DSF with fibrinogen as a model protein. Fibrinogen showed a temperature-dependent behavior with a 

higher amount adsorbed at lower temperatures. It can be seen, that the stability of the fibrinogen does 

not change by incubation at 4, 25, and 37°C (Figure 2.6.23). Also, after an additional 24 h after the 

incubation time the fibrinogen is still stable in solution. We therefore confirmed that the protein stability, 

at least for fibrinogen, is not the major effect which influences the temperature-dependent adsorption of 

the proteins.  

We demonstrated that the cellular uptake of pre-coated polystyrene NPs by cancer and endothelial cells 

steadily decreases with increasing plasma concentration in the coating solution. This stealth effect 

appears to be more pronounced at low protein concentrations, with the extent of uptake flattening above 

40% of plasma. Given our results here, it would be a good practice to not go below 40% plasma in a 

medium when pre-coating or actively incubating NPs with cells. This highlights the need to choose a 

sufficiently high plasma concentration when performing in vitro studies aiming to mimic in vivo 

conditions. In the human body, blood is composed of about 55% plasma with cells accounting for the 

other 45% 178. We would like to point out that this 45% of non-plasma volume is not readily accessible 

for NPs and therefore we would argue that the NPs “see” only the pure plasma (100%). Nevertheless, 

other groups prefer to dilute their plasma, however diluting plasma often begs the questions: which 

diluent should be used? Should water, PBS, or cell culture media be used? Which one would bring the 

least amount of artifacts into the system? Although we still observe a statistically significant difference 

in uptake at a high plasma concentration, the difference between 40% and 100% does not appear to be 

clinically relevant, meaning that the uptake is more uniform at this point and using any plasma 

concentration above 40% should not drastically alter the outcome of the cellular uptake. If diluent is 

used this introduces an additional variability and hence, using 100% of plasma could solve the issue of 

the diluent without bias to the resulting cellular uptake.  

Still, the decrease of the uptake could not be explained by the change in size of surface charge and is 

therefore due to the evolution of the protein corona. The increase of plasma concentration leads to an 

increase of clusterin in the corona for most NPs, except for SDS_COOH. The proportion of clusterin in 

the corona varies from NP to NP, but the trend endures. Clusterin is a well-known dysopsonin protein 

and was shown to improve the stealth of nanoparticles in macrophages 75, 174. Yet, clusterin alone cannot 

explain the trend observed for the SDS_COOH NP. Indeed, the percentage of clusterin in the corona of 

this NP is very low (about 2%) and the same at all concentrations. However, the percentage of fibrinogen 

and vitronectin fluctuates greatly based on the concentration and could be somehow involved in the 

change of cellular uptake. We could also point out to the difference in coverage of the nanoparticles 
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with proteins at the different coating concentrations to explain the change in cellular uptake. The 

question of the protein density would in turn raise the question of the orientation of the absorbed 

proteins, which could change depending on the densely or sparsely populated protein regions. However, 

the analysis of single proteins on the surface of nanoparticles is challenging, even more so for a complex 

protein mixture and is beyond the scope of the present study. Other groups performed studies to evaluate 

the impact of low or high plasma concentrations on the protein corona as well20, 35, 172. Salvati’s group 

showed a higher uptake of silica nanoparticles with a lower plasma concentration and the group of 

Dawson demonstrated changes in the protein corona composition with different plasma concentrations20, 

35. However, in most cases these studies were only performed on one type of nanoparticles and the 

impact on the cellular uptake was not always shown.   

Besides the concentration-dependent uptake of PS nanoparticles in the cells, we also showed that the 

uptake of NPs in HeLa and HUVEC cells decreases with increasing temperature during protein corona 

formation. For a protein corona formed at 4 °C, the uptake of the Lutensol stabilized nanoparticles was 

significantly higher than for a protein corona formed at 37 °C. This also applies to the CTMA stabilized 

amine nanoparticles. However, for the SDS stabilized carboxylic nanoparticles a slightly increased 

uptake has been observed at the highest temperature of 37 °C. In most studies, protein corona formation 

and cellular uptake of nanoparticles are performed at 37 °C in order to be as close as possible to the in 

vivo conditions. Nevertheless, especially when working at low temperatures81, 82 or when working with 

temperature sensitive materials, this must be taken into account123, 171.  

Furthermore, we showed that the protein corona changes with the incubation temperature and that this 

is very likely the reason for the temperature-dependent uptake behavior. At 4 °C, we observed a low 

amount of lipoproteins but an increased amount of coagulation proteins in the protein corona. This 

changed when we increased the temperature to 37 °C. At this temperature, the lipoproteins, serum 

albumin, and vitronectin became more prominent in the protein corona. However, it can also be seen 

that the protein corona of the Lutensol and SDS stabilized carboxylic as well as the CTMA stabilized 

amine nanoparticles show a stronger dependence on temperature than the Lutensol stabilized 

unfunctionalized and amine nanoparticles. Since the amount of total proteins bound in the protein corona 

does not differ much between the different incubation temperatures, we assume that the difference in 

the protein corona is not due to a reduced interaction of the proteins with the nanoparticles. It is more 

likely that the affinity of specific proteins for the nanoparticles is temperature dependent. It is known 

that proteins can consist of multiple binding sites which can interact with surfaces and that 

conformational stability of proteins depends on temperature, among other factors179. However, the 

protein corona consists of different proteins, and for most of them the protein structure is not yet known. 

A prediction of binding affinities in dependence on temperature, therefore, remains challenging. Yet, 

this field is relatively unexplored and requires further research. Moreover, we analyzed here the proteins 

bound in the hard protein corona. When considering protein affinities, we could also suggest that with 

a change in the hard protein corona the protein affinities in the soft corona could change. However, the 
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analysis of the soft protein corona remains complicated. Previously it has been shown that for a short 

incubation time the uptake of pre-coated liposomes did not differ between hard and soft protein corona91. 

We therefore do not expect an impact of the soft protein corona and its difference with temperature or 

concentration on the uptake of the nanoparticles.  
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2.5 Conclusion 

We demonstrated that the protein corona composition varies with plasma concentration and temperature. 

Five NPs with different surface functionalization and surfactants were similarly impacted proving the 

universality of the effect. Additionally, the change in the protein corona composition directly affected 

the extent of cellular uptake of the pre-coated NPs. In cervix adenocarcinoma and in endothelial cells, a 

decrease of the uptake was observed with the increase of the plasma concentration of the coating 

solution. Hence, we recommend always performing experiments using a plasma content of at least 40% 

to ensure the full stealth effect induced by a mature protein corona. This recommendation is aimed at 

pre-clinical studies to provide consistent results when proceeding with animal-based studies. We have 

also shown a decrease in the cellular uptake of the nanoparticles with an increase in temperature during 

protein coating. This should be considered when using different incubation temperatures for pre-coating 

and in in vitro experiments.  
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2.6 Supporting Information 

Table 2.6.1. Mean hydrodynamic diameter (nm) of the pre-coated NPs treated as for cellular uptake experiment. The 

values reported correspond to the mean of a triplicate measurement. The value in parenthesis corresponds to the standard 

deviation between the mean diameters of the triplicate. The “no hP” condition corresponds to the pristine NCs dispersed in 

DPBS before coating with plasma. The nanoparticles with protein corona were centrifuged and washed with DPBS after 

formation of the protein corona in plasma. 

 
no hP 

(37 °C) 

10% 

(37 °C) 

25% 

(37 °C) 

40% 

(37 °C) 

60% 

(37 °C) 

100% 

(37 °C) 

100% 

(25 °C) 

100% 

(4 °C) 

CTMA-

NH2 

124 

(1.5) 

470  

(35) 

178  

(2.7) 

166  

(1.5) 

167  

(1.6) 

164  

(3.9) 

169  

(0.5) 

144 

(16.8) 

Lut-NH2 
125 

(3.5) 

197  

(2.5) 

161  

(1.4) 

159  

(1.1) 

154  

(3.1) 

151  

(3.8) 

150  

(2.4) 

162 

(18.8) 

Lut 
136 

(0.8) 

221  

(9.6) 

199  

(5.4) 

192  

(9.2) 

188  

(1.4) 

165  

(9.1) 

162  

(3.0) 

185  

(2.7) 

Lut-

COOH 

131 

(3.8) 

170  

(3.7) 

168  

(0.6) 

162  

(3.5) 

166  

(3.4) 

164  

(2.4) 

156  

(1.6) 

143 

(14.1) 

SDS-

COOH 

102 

(1.3) 

226  

(4.2) 

165  

(0.4) 

157  

(2.2) 

158  

(2.2) 

160  

(4.8) 

151  

(1.6) 

141 

(14.2) 

 

Table 2.6.2. Mean ζ-potential (mV) of the pre-coated NPs treated as for cellular uptake experiment. The values reported 

correspond to the mean of a triplicate measurement. The value in parenthesis corresponds to the standard deviation between 

the mean ζ-potential of the triplicate. The “no hP” condition corresponds to the pristine NCs dispersed in DPBS before coating 

with plasma. The nanoparticles with protein corona were centrifuged and washed with DPBS after formation of the protein 

corona in plasma. 

 
no hP 

(37 °C) 

10% 

(37 °C) 

25% 

(37 °C) 

40% 

(37 °C) 

60% 

(37 °C) 

100% 

(37 °C) 

100% 

(25 °C) 

100% 

(4 °C) 

CTMA-NH2 
33.3 

(0.5) 

-19.8 

(1.2) 

-21.3 

(1.1) 

-21.9 

(1.0) 

-21.1 

(0.7) 

-21.0 

(0.3) 

-13.8 

(0.6) 

-12.0 

(0.8) 

Lut-NH2 
-1.1  

(0.9) 

-14.1 

(1.3) 

-16.5 

(0.6) 

-14.9 

(0.9) 

-13.5 

(1.5) 

-13.2 

(1.7) 

-12.8 

(1.1) 

-13.2 

(0.9) 

Lut 
-1.3  

(0.4) 

-18.6 

(1.2) 

-23.0 

(1.3) 

-22.6 

(1.5) 

-21.5 

(0.9) 

-20.8 

(0.8) 

-20.0 

(1.3) 

-8.7  

(0.6) 

Lut-COOH 
-8.3  

(0.5) 

-11.3 

(1.3) 

-12.2 

(0.5) 

-11.3 

(0.7) 

-15.0 

(1.5) 

-16.2 

(1.0) 

-12.6 

(1.3) 

-20.5 

(0.4) 

SDS-COOH 
-42.4 

(1.5) 

-21.3 

(1.0) 

-21.4 

(0.6) 

-14.6 

(0.6) 

-20.8 

(1.2) 

-19.4 

(1.4) 

-15.8 

(0.6) 

-13.2 

(0.9) 

 

Table 2.6.3. Mean fluorescence intensity of the pristine polystyrene NPs as measured on a plate reader (excitation at 

488 nm and emission 530 nm with a bandpass of 10 nm). The values were measured as a triplicate at a concentration of 

40 µg/mL. The “Lut” NC was chosen as reference for the normalization of the flow cytometry data. The value in parenthesis 

corresponds to the standard deviation between the mean fluorescence intensity of the triplicate.  

 CMTA-NH2 Lut-NH2 Lut Lut-COOH SDS-COOH 

Fluorescence intensity - 

Pristine NC (no hP) 
17342 (100) 10335 (150) 12847 (230) 17029 (140) 13589 (280) 
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Table 2.6.4. Particle charge of charged polystyrene NPs measured with a particle charge detector. The charge of the 

nanoparticles was measured in order to determine the amount of groups per particle. For the nanoparticles with charged 

surfactant (CTMA and SDS) the measurements were carried out at two different pHs. 

Particle type pH Groups / gram of polymer Groups / particle Groups / nm2 

CTMA_NH2 2.5 and 10 1.41E+19 20.7 3.41E-04 

Lut_NH2 9 2.26E+19 33.15 5.46E-04 

Lut_COOH 2.5 5.51E+19 80.91 1.33E-03 

SDS_COOH 2.5 and 9 1.50E+20 220.11 3.63E-03 
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Figure 2.6.1. Cellular uptake extent of the pre-coated NPs with different concentrations by HUVEC cells after 24 h 

incubation at 37 °C. The cells were incubated with a solution containing 40 µg/mL NPs. The difference of intrinsic 

fluorescence intensity of the NPs tested was accounted for by normalizing the median fluorescence intensity recording by the 

flow cytometer based on the fluorescence intensity of the “Lut” NPs. The statistical significance of the difference between 

samples was determined by unpaired t-test. P-values > 0.12 were non-significant (n.s.), p-values < 0.033 correspond to *, 

p-values < 0.002 correspond to **, and p-values < 0 .001 correspond to *** 
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Figure 2.6.2. Cellular uptake extent of the pre-coated NPs with different concentrations by HeLa cells after 24 h 

incubation at 37 °C. The cells were incubated with a solution containing 40 µg/mL NPs. The difference of intrinsic 

fluorescence intensity of the NPs tested was accounted for by normalizing the median fluorescence intensity recording by the 

flow cytometer based on the fluorescence intensity of the “Lut” NPs. The statistical significance of the difference between 

samples was determined by unpaired t-test. P-values > 0.12 were non-significant (n.s.), p-values < 0.033 correspond to *, 

p-values < 0.002 correspond to **, and p-values < 0 .001 correspond to ***    
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Figure 2.6.3. Cellular uptake of pre-coated Lutensol stabilized NPs with different concentrations of plasma (hP) after 

24 h incubation in DMEM. The difference of intrinsic fluorescence intensity of the NPs tested was accounted for by 

normalizing the median fluorescence intensity recording by the flow cytometer based on the fluorescence intensity of the “Lut” 

NPs. The statistical significance of the difference between samples was determined by unpaired t-test. P-values > 0.12 were 

non-significant (n.s.), p-values < 0.033 correspond to *, p-values < 0.002 correspond to **, and p-values < 0 .001 correspond 

to ***     
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Figure 2.6.4. Cellular viability after incubation for 24 h in presence of 40 µg/mL NPs. The sample labeled “cells” 

corresponds to the untreated cells incubated in DMEM media without NPs, the sample labelled “20% DMSO” corresponds to 

cells treated for 24 h with a DMEM media containing 20% DMSO. These samples are used as controls to validate the assay. 

The error bars represent the standard deviation between the viability of three samples treated with the same nanoparticle 

solution. 
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Figure 2.6.5. Imaging of the interaction between Lutensol stabilized NPs and HeLa cells in the presence of different 

concentrations of plasma (hP) after 24 h incubation at 37 ˚C. The image represents the overlay of the nanoparticles (red) 

and the cell membrane (light blue). The first column corresponds to the amino functionalized NPs, the middle one corresponds 

to the un-functionalized NPs, and the last column to the carboxyl functionalized NPs. The scale bar represents 10 µm.  
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Figure 2.6.6.  Hard corona protein amount recovered from the nanoparticles after coating in different concentrations 

of plasma. For accurate comparison between conditions, the amount of proteins is normalized based on the surface area. The 

nanoparticles were incubated with 10% hP (dot), 25% hP (square), 40% hP (triangle), 60% hP (inverted triangle), and 100% hP 

(diamond). The error bars represent the standard deviation between the amounts of proteins in a triplicate measurement.   
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Figure 2.6.7. Protein amount in 1 mL human plasma used for the incubation of the nanoparticles (black) and protein 

amount in the negative control desorbed from the tube after plasma incubation and washing (grey). The error bar 

represents the standard deviation between the amounts of proteins in a duplicate measurement.     
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Figure 2.6.8. Separation of the hard corona proteins by SDS-PAGE revealed by silver staining for the different pre-

coated NPs using five plasma concentrations. The lanes labeled as “hP” correspond to loading of pure plasma. The samples 

were loaded from left to right based on an increased amount of plasma (10%, 25%, 40%, 60%, and 100%) used in the NPs 

coating step.  

 

 

Figure 2.6.9. Separation of the proteins by SDS-PAGE revealed by silver staining for the different diluted plasma 

samples and for the negative controls. The lanes are labelled with the different dilutions from left to right with an increasing 

plasma concentration.  
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Figure 2.6.10. Separation of the proteins by SDS-PAGE revealed by silver staining for the different temperatures of the 

plasma samples and for the negative controls. The lanes are labelled with the different temperatures from left to right with 

an increasing plasma temperature.  

 

 

Figure 2.6.11. Combined top20 proteins identified in human plasma after incubation at the given concentration or 

temperature. The top20 proteins for each condition were combined to the final heatmaps.  
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Figure 2.6.12. Combined top20 proteins identified in the negative controls after incubation of human plasma in the tube 

and washing as described. For the different concentrations, all 23 identified proteins are shown here and for the different 

temperatures the combined top20 proteins are shown in the heatmaps.   

 

 

Figure 2.6.13. LC-MS analysis of the hard protein corona of CTMA-NH2 and SDS-COOH NPs after coating with five 

different plasma concentrations. The values reported correspond to the %mol of the total protein identified in the corona and 

only the combined top10 proteins of each samples are plotted on the heatmap.  
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Figure 2.6.14. LC-MS analysis of the hard protein corona of NPs after coating with five different plasma concentrations. 

All the proteins identified were sorted based on their affiliation to one of the following categories: Acute Phase, Coagulation, 

Complement System, Immunoglobulins, Lipoproteins, Others, Tissue Leakage (staked from bottom to top on the graphics). 

Additionally, 2 single proteins (Serum Albumin and Vitronectin) with a high %mol present in the protein corona were also 

plotted.  
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Figure 2.6.15. Cellular uptake extent of the pre-coated NPs with different temperatures by HUVEC cells after 24 h 

incubation at 37 °C. The cells were incubated with a solution containing 40 µg/mL NPs. The difference of intrinsic 

fluorescence intensity of the NPs tested was accounted for by normalizing the median fluorescence intensity recording by the 

flow cytometer based on the fluorescence intensity of the “Lut” NPs. The statistical significance of the difference between 

samples was determined by unpaired t-test. P-values > 0.12 were non-significant (n.s.), p-values < 0.033 correspond to *, p-

values < 0.002 correspond to **, and p-values < 0 .001 correspond to ***    
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Figure 2.6.16. Cellular uptake extent of the pre-coated NPs with different temperatures by HeLa cells after 24 h 

incubation at 37 °C. The cells were incubated with a solution containing 40 µg/mL NPs. The difference of intrinsic 

fluorescence intensity of the NPs tested was accounted for by normalizing the median fluorescence intensity recording by the 

flow cytometer based on the fluorescence intensity of the “Lut” NPs. The statistical significance of the difference between 

samples was determined by unpaired t-test. P-values > 0.12 were non-significant (n.s.), p-values < 0.033 correspond to *, p-

values < 0.002 correspond to **, and p-values < 0 .001 correspond to ***.  
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Figure 2.6.17. Images of the interaction between plasma pre-coated CTMA- and SDS- stabilized NPs at different 

temperatures (4 ˚C, 25 ˚C, and 37 ˚C) and HeLa cells after 24 h incubation at 37 ˚C. The image represents the overlay of 

the nanoparticles (red) and the cell membrane (light blue). The first column corresponds to the amino functionalized NPs and 

the last column to the carboxyl functionalized NPs. The scale bar represents 25 µm.  
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Figure 2.6.18. Cellular viability after incubation for 24 h in presence of 40 µg/mL NPs. The sample labeled “cells” 

corresponds to the untreated cells incubated in DMEM media without NPs, the sample labelled “20% DMSO” corresponds to 

cells treated for 24 h with a DMEM media containing 20% DMSO. These samples are used as controls to validate the assay. 

The error bars represent the standard deviation between the viability of three samples treated with the same nanoparticle 

solution.   

 

 



Chapter A – The influence of temperature on the protein corona 

55 
 

 

Figure 2.6.19. Hard corona protein amount recovered from the nanoparticles after coating at different temperatures 

with plasma. For accurate comparison between conditions, the amount of proteins is normalized based on the surface area. 

The nanoparticles were incubated at 4 °C hP (blue dot), 25 °C hP (orange square), and 37 °C hP (red triangle). The error bars 

represent the standard deviation between the amounts of proteins in a triplicate measurement.   

 

 

Figure 2.6.20. Separation of the hard corona proteins by SDS-PAGE revealed by Coomassie Blue for the different pre-

coated NPs using three temperatures. The lane labeled as “hP” corresponds to loading of pure plasma. The samples were 

loaded from left to right based on an increased temperature (4 ˚C, 25 ˚C, and 37 ˚C) used in the NPs coating step.  
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Figure 2.6.21. LC-MS analysis of the hard protein corona of NPs after coating with plasma at three different 

temperatures. All the proteins identified were sorted based on their affiliation to one of the following categories: Acute Phase, 

Coagulation, Complement System, Immunoglobulins, Lipoproteins, Others, Tissue Leakage (staked from bottom to top on the 

graphics). Additionally, two single proteins (Serum Albumin and Vitronectin) with a high %mol present in the protein corona 

were also plotted. 
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Figure 2.6.22. LC-MS analysis of the hard protein corona of CTMA-NH2 and SDS-COOH NPs after coating with plasma 

at three different temperatures. The values reported correspond to the %mol of the total protein identified in the corona and 

only the combined top10 proteins of each samples are plotted on the heatmap.   

 

 

 

Figure 2.6.23. Stability of fibrinogen incubated at three different temperatures determined with nano DSF. Fibrinogen 

was incubated at a concentration of 1.5 mg/mL in water for 1 h at the given temperature. Afterwards the stability was 

either directly or after 24 h measured with nano DSF.  
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3. Temperature-Responsive Nanoparticles Enable Specific Binding of 

Apolipoproteins from Human Plasma 

 

Copyright:  

This subchapter was published in a peer-reviewed journal and is therefore a word-by-word reproduction 

of the published paper [3]. The results are reprinted with the permission of Wiley-VCH GmbH, Small. 

© Wiley-VCH GmbH 2021.  The order of the individual chapters as well as the numbering of the figures 

was adapted to this work.  

[3] XXX*, Jennifer Oberländer*, XXX, XXX, XXX, XXX, XXX, XXX, XXX. Temperature-

Responsive Nanoparticles Enable Specific Binding of Apolipoproteins from Human Plasma. Small, 

2021, 18 (3), 2103138. (*shared first) 

 

Aim:  

Understanding and controlling the protein corona formed around nanocarriers after injection into the 

human blood stream is of great importance for their successful application in drug delivery processes. 

Apolipoproteins have been previously shown to provide a so-called stealth effect on nanocarriers 

whereby the blood circulation time of nanocarriers is increased and their unspecific uptake in immune 

cells is decreased. This study aimed to control the apolipoprotein adsorption on a nanoparticle by using 

a temperature-dependent polymer. This will help to design future nanoparticle surfaces in such a way 

that a specific protein corona and thus improved targeting can be achieved. 

Contribution: 

I performed the complete protein corona analysis including Pierce Assay, SDS-PAGE, and LC-MS 

analysis as well as the analysis of the cellular uptake of the nanoparticles (flow cytometry and cLSM). 

XXX synthesized the nanoparticles and performed the characterization of the nanoparticles. The 

manuscript was prepared by XXX and me. The synthesis of the Bodipy-methacrylate was done by XXX 

and the solid state 13C NMR characterization by XXX. XXX performed the multi-angle DLS 

measurements under the supervision of XXX. XXX, XXX, XXX, and XXX supervised the project.  
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3.1 Abstract 

Apolipoproteins are an important class of proteins because they provide a so-called stealth effect to 

nanoparticles. The stealth effect on nanocarriers leads to a reduced unspecific uptake into immune cells 

and thereby to a prolonged blood circulation time. Herein, a novel strategy to bind apolipoproteins 

specifically on nanoparticles by adjusting the temperature during their incubation in human plasma is 

presented. This specific binding, in turn, allows a control of the stealth behavior of the nanoparticles. 

Nanoparticles with a well-defined poly(N-isopropylacrylamide) shell are prepared, displaying a 

reversible change of hydrophobicity at a temperature around 32 °C. It is shown by label-free quantitative 

liquid chromatography-mass spectrometry that the nanoparticles are largely enriched with 

apolipoprotein J (clusterin) at 25 °C while they are enriched with apolipoprotein A1 and 

apolipoprotein E at 37 °C. The temperature-dependent protein binding is found to significantly influence 

the uptake of the nanoparticles by RAW264.7 and HeLa cells. The findings imply that the 

functionalization of nanoparticles with temperature-responsive materials is a suitable method for 

imparting stealth properties to nanocarriers for drug-delivery. 
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3.2 Introduction 

Apolipoproteins are lipid binding proteins in human plasma and are mostly responsible for generating 

the so-called “stealth effect” around nanoparticles. The stealth effect enables a prolonged circulation 

time of nanoparticles in the blood after injecting nanoparticles into the body180. Currently, research on 

nanoparticles is of growing interest as they are used as drug delivery agents in nanomedicine181. 

However, the main problem when injecting nanoparticles into a bloodstream is the clearance of 

nanoparticles from the blood caused by an unspecific protein adsorption and fast uptake into immune 

cells like macrophages182. Therefore, controlling the protein adsorption around nanoparticles and in 

consequence controlling the stealth effect is of great importance167. Herein, we report a method for 

preparing a specific protein corona on nanoparticles, which significantly imparts them with a stealth 

effect. 

The most straightforward method to provide a stealth effect to nanoparticles is to coat them with 

apolipoproteins prior to injection75. However, isolated apolipoproteins are costly, and therefore, this 

approach cannot be easily scaled up. Another approach relies on the enrichment of protein corona on 

the surface of materials with apolipoprotein by incubating functionalized nanoparticles with plasma173. 

The coating of nanocarriers with poly(ethylene glycol) (PEG) or polyphosphoesters was found to favor 

the adsorption of apolipoproteins67, 75. 

The protein adsorption on nanoparticles is known to be temperature-dependent81, 82. However, no clear 

correlation between the composition of protein corona and the temperature could be derived81. Because 

the temperature varies in the human body, it is necessary to incubate the nanoparticles ex vivo prior to 

their use in vivo, in order to prepare a stable and reproducible protein corona. 

Some reports have investigated the temperature dependence of the relationship between the protein 

adsorption and polymers, which undergo a transition from hydrophilic to hydrophobic properties above 

a lower critical solution temperature (LCST). Around two times more bovine serum albumin was 

adsorbed on the poly(N-isopropylacrylamide) (PNIPAM) surface at T > LCST (37 °C) compared to 

T < LCST (23 °C)123. Because the LCST of PNIPAM is in the physiological range, it was used to prepare 

materials for biomedical applications. Thin films or beads containing PNIPAM were used for cell 

culture131. Cells spread and proliferate on the surfaces at 37 °C (T > LCST) and cell sheets could be 

detached and collected at T < LCST. Furthermore, beads containing PNIPAM were employed for protein 

separation131. Specific proteins in protein mixtures were adsorbed on the beads at T > LCST and eluted 

after lowering the temperature below LCST. PNIPAM was also used to impart a temperature-modulated 

release function to nanocarriers120. Moreover, cellular uptake of nanocarriers containing PNIPAM 

increased significantly at T > LCST due to favored interactions between collapsed PNIPAM chains and 

the cell membrane129. 
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Previously, PNIPAM-based nanoparticles with a LCST of ≈ 11 °C were used to isolate lysozyme, a 

natural antibacterial agent located in the white extract of chicken egg171. The nanoparticles were 

incubated in the extract at room temperature to catch lysozyme. Finally, apolipoproteins were found to 

be the major proteins detected on PNIPAM-based nanoparticles which were incubated in human 

plasma170. However, there are no reports investigating the type of preferentially adsorbed proteins on 

temperature-responsive nanoparticles at different temperatures and its relationship with the cell uptake. 

We synthesized well-defined temperature-responsive polystyrene (PS)-PNIPAM core-shell 

nanoparticles with a controllable shell thickness and studied the adsorption of proteins from human 

plasma at various temperatures. Our hypothesis was that the incubation above or below the volume 

phase transition temperature (VPTT) of PNIPAM would favor a specific adsorption of certain types of 

apolipoproteins, which play a crucial role in imparting a stealth effect to nanocarriers. Our hypothesis 

was tested and verified by studying the uptake of temperature-responsive nanocarriers by RAW264.7 

and HeLa cells. 
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3.3 Materials and methods 

Materials. 4-Hydroxybenzaldehyde (98%, Aldrich), trifluoroacetic acid (TFA, 99%, Aldrich), 

methacryloyl chloride (97%, Aldrich), 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ, 98%, Aldrich), 

anhydrous dichloromethane (DCM, 99.8%, Aldrich), methanol (99.9%, Aldrich), cyclohexane (99.5%, 

Aldrich), petroleum ether (puriss, Aldrich), (99.8%, Aldrich), toluene (99.8%, Aldrich), 3-ethyl-2,4-

dimethylpyrrole (97%, TCI Chemicals), triethylamine (99.5%, Carl Roth), N,N-diisopropylethylamine 

(DIPEA, 99.5%, Carl Roth), sodium sulfite (98%, Carl Roth), sodium sulfate (98.5%, Carl Roth), 1,8-

diazabicyclo[5.4.0]undec-7-en (DBU, for synthesis, Merck), boron trifluoride etherate (for synthesis, 

Merck), SDS (≥ 90%, Fluka), aluminum oxide (Al2O3, for chromatography, Acros Organics), 

potassium peroxydisulfate (KPS, ≥ 99%, Merck), N-isopropylacrylamide (NIPAM, 98%, Acros 

Organics), N,N′-methylenebisacrylamide (BIS, 99%, Alfa Aesar), Stains-All (95%, Sigma Aldrich), 

isopropanol (99.96%, Fisher Scientific), and formamide (extra pure, Applichem) were used as received. 

Styrene (99%, Acros Organics) was purified through an aluminum oxide column prior to reaction. 

Unless otherwise noted, Milli-Q water was used throughout experiments. 

Human blood was taken from healthy donors at the Department of Transfusion Medicine Mainz after 

physical examination and after obtaining written informed consent in accordance with the Declaration 

of Helsinki. The study was approved by the local ethics committee “Landesärztekammer Rheinland-

Pfalz” (Bearbeitungsnummer: 837.439.12 (8540-F)). 

 

Synthesis of Phenol-BODIPY (2,6-diethyl-1,3,5,7-tetramethyl-8-(4-hydroxyphenyl)-BODIPY. 

4-Hydroxybenzaldehyde (244 mg, 2 mmol) and 3-ethyl-2,4-dimethylpyrrole (492 mg, 4 mmol) were 

dissolved in 100 mL of absolute DCM under Ar atmosphere. Three drops of TFA were added, and the 

solution was stirred at room temperature overnight in the dark. Dry 2,3-dichloro-5,6-dicyano-p-

benzoquinone (DDQ) (400 mg) was added, and stirring was continued for 2 h. Triethylamine (2 mL) 

was added and the organic phase was washed with aqueous sodium sulfite (3%, 2 × 100 mL). Organic 

layers were separated, dried over anhydrous sodium sulfate, and evaporated. N,N-diisopropylethylamine 

(DIPEA) (3 mL) and 100 mL of absolute DCM were added under an Ar atmosphere, and the solution 

was stirred at room temperature for 10 min. BF3·OEt2 (3 mL) was added, and stirring was continued 

for 2 h. The reaction mixture was washed with an aqueous solution of NaHCO3 (5%, 2 × 100 mL) and 

deionized water (100 mL). The combined organic extracts were dried over Na2SO4, filtered, and 

evaporated. Column chromatography with silica gel and dichloromethane as eluent afforded phenol-

BODIPY which was evaporated and recrystallized from DCM/methanol to give red crystals after drying 

under vacuum. Yield: 642 mg (81%). 1H NMR (250 MHz, CD2Cl2, δ): 7.15 (d, J = 8.7 Hz, 2H), 6.97 

(d, J = 11.3 Hz, 2H), 5.08 (s, 1H), 2.48 (s, 6H), 2.32 (q, J = 7.5 Hz, 4H), 1.37 (s, 6H), 1.01 (t, J = 7.6 

Hz, 6H); λmax (toluene, ε) = 526 nm (63 000); fluorescence (toluene): λmax = 542 nm (ϕ = 72%); MS 

(ESI) m/z [M+Na]: calcd for C23H27BF2N2NaO2 419.27; found 419.24. 
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Synthesis of the Polymerizable BODIPY (2,6-diethyl-1,3,5,7-tetramethyl-8-(4-

methacryloyloxyphenyl)-BODIPY. Phenol-BODIPY (397 mg, 1 mmol) was dissolved in 50 mL of 

anhydrous dichloromethane and flushed with argon. Then DBU (305 mg, 2 mmol) was slowly added. 

The resulting mixture was cooled with ice-water and methacryloyl chloride (156 mg, 1.5 mmol) in dry 

dichloromethane (10 mL) was added dropwise. The mixture was stirred at room temperature during 24 

h, and then concentrated under vacuum at room temperature. The residue purified by chromatography 

on silica gel (dichloromethane/petroleum ether: 70/30 vol/vol), afforded 352 mg of product (76% 

yield).The monomer was dissolved in cyclohexane and freeze-dried, the resulting powder was stored in 

the freezer at −20 °C. 1H NMR (250 MHz, CD2Cl2, δ):7.31 (d, J = 6.2 Hz, 1H), 6.37 (s, 1H), 5.81 (s, 

1H), 2.49 (s, 3H), 2.33 (q, J = 7.5 Hz, 2H), 2.08 (s, 1H), 1.36 (s, 3H), 0.99 (t, J = 7.5 Hz, 3H); λmax 

(toluene, ε) = 528 nm (64 000); fluorescence (toluene): λmax = 545 nm (ϕ = 81%); MS (ESI) m/z [M+Na]: 

calcd for C27H31BF2N2NaO2 487.23; found 487.21. 

 

Synthesis of Polystyrene-Poly(N-isopropylacrylamide) (PS-P0.05) Core Nanoparticles. Styrene 

(30 g, 288.05 mmol), NIPAM (1.63 g, 14.40 mmol), SDS (0.3 g, 1.04 mmol), polymerizable BODIPY 

(0.05 g, 0.105 mmol), and 200 mL water were charged into a 500 mL round-bottom flask. Nitrogen was 

bubbled through the mixture to remove oxygen for 10 min. KPS (0.3 g, 1.11 mmol) dissolved in 20 mL 

water was then fed into the mixture. The polymerization was performed at 80 °C for 8 h with the stirring 

speed of 1000 rpm. The nanoparticles were purified by dialysis to remove excessive SDS. 100 mL of 

the nanoparticle dispersion was placed into a dialysis tube (MWCO ≈ 14 kDa). The dialysis was 

performed against 10 L deionized water for 24 h while water was changed 5 times. The feed molar ratio 

of styrene to NIPAM was 1:0.05 and the obtained nanoparticles are denoted as PS-P0.05. 

 

Synthesis of Core-Shell Polystyrene-Poly(N-isopropylacrylamide) Nanoparticles. To prepare 

PS-PNIPAM nanoparticles with varied PNIPAM shell thickness, 12.3 mL of PS-P0.05 dispersion (solid 

content = 10.4 wt%) was fed into a 100 mL round-bottom flask. The dispersion was diluted with 40 mL 

water to obtain a dispersion with a solid of 2.45 wt%. Known amounts of NIPAM and crosslinker BIS 

were added into the dispersions (Table 3.6.1). The mixture was deoxygenized by N2 bubbling for 10 

min. Certain amounts of KPS were dissolved in 2 mL water, and the solution was then added to the 

dispersions to initiate polymerization. The polymerization was performed at 80 °C for 4.5 h with a 

stirring speed of 1000 rpm. Thereafter, the dispersions were dialyzed against 5 L deionized water for 

24 h while changing water 5 times (MWCO ≈ 14 kDa) to remove SDS. Samples with styrene to NIPAM 

molar ratios of 1:0.10, 1:0.15, and 1:0.20 are denoted as PS-P0.10, PS-P0.15, and PS-P0.20, 

respectively. The measured residual surface concentrations of SDS in the dialyzed dispersions are shown 

in Table 3.6.1.  
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Quantification of Poly(N-isopropylacrylamide) in the Core-Shell Particles by Using Solid State 

Nuclear Magnetic Resonance Spectroscopy. The quantitative cross polarization magic-angle spinning 

nuclear magnetic resonance (NMR) spectra of the nanoparticles were recorded on a 300 MHz Bruker 

AVANCE II spectrometer at 10 KHz MAS spinning frequency183. The molar ratio between NIPAM to 

styrene units of the particles was obtained from the NMR spectra by signal integration of the NIPAM-

CH3 units at 22 ppm and the quaternary aromatic site at 146 ppm, connecting the phenyl ring of PS to 

its aliphatic main chain. The PNIPAM shell thickness was calculated by assuming the PS and the 

PNIPAM formed a core and a shell in a concentric spherical structure with an external diameter equal 

to the hydrodynamic diameter in water determined by dynamic light scattering (DLS). The thickness of 

PNIPAM shell was then calculated by considering the amounts of NIPAM units determined by NMR 

spectroscopy for the PS-P0.10, PS-P0.15, and PS-P0.20 subtracted with the amounts of NIPAM units 

found in PS-P0.05, the weighted amount of styrene, the molar mass of NIPAM and styrene, and the 

density of both polymers which were assumed to be the density in bulk (ρPS = 1.04 g/mL and 

ρPNIPAM = 1.10 g/mL). 

 

Stability of the Core-Shell Nanoparticles in Human Plasma. The multi-angle DLS measurements 

were performed on an ALV spectrometer consisting of a goniometer and an ALV-5004 multiple-tau 

full-digital correlator (320 channels). A He-Ne laser (wavelength of 632.8 nm) was used as a light 

source. For temperature-controlled measurements, the light scattering instrument was equipped with a 

thermostat (Julabo). Before the measurement, water, PBS, or undiluted human plasma were filtered 

through Millex-GS filters (Merck Millipore, Billerica, USA) with a 200 nm pore size into quartz cuvettes 

with an inner radius of 9 mm (Hellma, Müllheim, Germany). Prior to use, the quartz cuvettes were 

cleaned with acetone using a Thurmond apparatus184. The nanoparticles and the plasma, water, or PBS 

were separately incubated at 25 °C or at 37 °C before mixing (1 µL of 2 wt% NPs in 1 mL solution of 

plasma, water, or PBS). Then, the mixture was incubated at 25 or 37 °C for 1 h. For data analysis, a 

robust multicomponent fit method reported by Rausch et al. was used185. 

The correlation functions of nanoparticles in water and PBS at 25 and 37 °C, g1, np(t), could be fitted by 

a sum of two exponentials: 

g
1,np(t) =  a1,np x exp (-

t

τ1,np
) + a2,np x exp (-

t

τ2,np
)       (1) 

where ai is amplitude and τi = 1/(q2Di) is decay time, q is the absolute value of the scattering vector 

(q = 4πn sin(θ/2)/λ0) and Di is the diffusion coefficient of particle. 

Because human plasma contains many proteins and lipids with various sizes, the fit of correlation 

functions of pure plasma, g1,p(t), was more complex and hence required a sum of three exponentials: 

g
1,p(t) = a1,p x exp (-

t

τ1,p
) + a2,p x exp (-

t

τ2,p
)  + a3,p x exp (-

t

τ3,p
)      (2) 
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When no aggregation occurred, the ACFs of nanoparticles in human plasma could be fitted by a force 

fit of the sum of the individual correlation functions: 

g1,m(t) = fp g1,p(t) + fnp g1,np(t)         (3) 

The variable factors in the experiments are amplitude (fp and fnp). When the nanoparticles were 

aggregated in human plasma, the Equation (4) was extended by adding an additional aggregate term: 

g1,m(t) = fp g1,p(t) + fnp g1,np(t) + fagg g1,agg(t)        (4) 

where fagg is the amplitude weighted by intensity of the aggregates, and the unknown correlation function 

of the aggregates (g1,agg (t)) was described as: 

g
1,np(t) = a1,agg x exp (-

t

τ1,agg
)          (5) 

Accordingly, the diffusion coefficient of the aggregates is obtained for each scattering angle (all 

different scattering vectors q). After extrapolation to q = 0, the average hydrodynamic radius of the 

aggregates (Rh, agg) was then be calculated from the Stokes-Einstein equation. 

𝑅h = 
kT

6π0Dq=0
            (6) 

where k is the Boltzmann's constant (k = 1.38 × 10−23 JK−1), T is temperature, and η0 is the kinematic 

viscosity of the medium. 

 

Protein Corona Preparation. Protein corona experiments were performed as previously described 

from our group67, 102, 175. A constant amount of nanoparticles was chosen in order to ensure 

reproducibility. Therefore, 1 mg of each nanoparticle was incubated in 1 mL of human citrate plasma 

for 1 h either at 25 or 37 °C under constant agitation (300 rpm). Afterward, nanoparticles were 

centrifuged (20 000 g; 1 h; 25/37 °C) and resuspended in 1 mL PBS. For the removal of unbound and 

loosely bound proteins, the nanoparticles were washed 3 times with PBS. Hard corona proteins were 

detached from the particles using 2% (w/v) SDS and 62.5 mm Tris*HCl at 95 °C for 5 min. The protein 

containing supernatant was collected after centrifugation (20 000 g; 1 h; 25/37 °C) and used for protein 

quantification, SDS-PAGE and LC-MS analysis. 

Protein Quantification. The protein concentration was determined by the Pierce 660 nm protein Assay 

(Thermo Scientific) according to the manufacturer's instructions. The adsorption was measured at 660 

nm with a Tecan Infinite M1000 plate reader using bovine serum albumin as standard. 
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Sodium Dodecyl Sulfate-PAGE. The protein separation with SDS PAGE was performed using a 

NuPAGE 10% BisTris Gel, SeeBlue Plus2 Pre-Stained Standard (Invitrogen) as a marker, and NuPAGE 

MES SDS as running buffer. An absolute amount of 2 µg in 26 µL hard corona proteins were mixed 

with 4 µL NuPage Reducing Agent and 10 µL NuPage LDS Sample Buffer. The samples were loaded 

onto the gel and ran for 1.25 h at 100 V. Gels were stained with the Pierce Silver Stain Kit according to 

the manufacturer's manual (all materials from Thermo Fisher Scientific) 

 

In Solution Digestion. The proteomic analysis was performed as previously described from our group67, 

102. Prior to digestion, SDS was removed from the protein solution using the Pierce Detergent Removal 

Spin Columns (Thermo Fisher Scientific). Afterward, the protein precipitation was performed via the 

ProteoExtract protein precipitation kit (CalBioChem) according to the manufacturer's manual. Proteins 

were isolated by centrifugation (14 000 g; 10 min) and resuspended with RapiGest SF (Waters) in 

ammonium bicarbonate (50 mm) buffer. The reduction of the proteins was performed using 

dithiothreitol (Sigma-Aldrich) (5 mm) for 45 min at 56 °C followed by alkylation with iodacetoamide 

(Sigma-Aldrich) (15 mm) for 1 h at rt in the dark. A protein: trypsin ratio of 50: 1 was used for tryptic 

digestion (18 h; 37 °C) and stopped by lowering the pH with 2 µL hydrochloric acid (Sigma-Aldrich). 

Degradation products of RapiGest SF were removed by centrifugation (14 000 g; 15 min; 4 °C). 

 

Liquid Chromatography Mass Spectrometry Analysis. For absolute protein quantification, samples 

were diluted with 0.1% formic acid and spiked with 50 fmol/µL Hi3 E. coli (Waters). The peptide 

solution was applied to a nanoACQUITY UPLC system coupled to a Synapt G2-Si mass spectrometer. 

The electrospray ionization (ESI) was operated in positive mode with a NanoLockSpray source. A 

sample flow rate of 0.3 µL/min was used and the reference Glu-Fibrinopeptide (150 fmol/µL) at a flow 

rate of 0.5 µL/min was injected into the system. Synapt G2-Si was operated in resolution mode 

performing data-independent acquisition (MSE) experiments. Data analysis was performed with 

MassLynx 4.1. Proteins were identified using Progenesis QI (2.0) and a reviewed human database 

downloaded from Uniprot. Noise reduction thresholds were set for low energy, high energy, and peptide 

intensity to 120, 25, and 750 counts. For the protein and peptide identification, the following parameters 

were used: Maximum protein mass 600 kDa, one missed cleavage, fixed carbamidomethyl modification 

for cystein, variable oxidation for methionine and false discovery rate of 4% for proteins. For the protein 

identification, at least two assigned peptides and five assigned fragments are required. The peptide 

identification needs three assigned fragments. The TOP3/Hi3 approach provided the amount of each 

protein in fmol112. 
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Cell Culture. RAW 264.7 cells and Human cervix carcinoma cells (HeLa) were cultured in Dulbecco's 

modified eagle medium (DMEM) supplemented with 10% FBS, 100 U/mL penicillin, 100 mg/mL 

streptomycin, and 2 mm glutamine. Cells were grown in a humidified incubator at 37 °C and 5% CO2. 

The cell passaging and harvesting was performed using 0.25% Trypsin-EDTA for 5 min at 37 °C, 

5% CO2 (all reagents from Thermo Fisher Scientific). The cell viability and count were determined by 

using trypan blue and measuring by an automated cell counter (TC10, Bio-Rad, Germany). 

 

Flow Cytometry. The nanoparticle uptake and cytotoxicity experiments were performed by flow 

cytometry. Therefore, HeLa and RAW 264.7 cells were seeded at a density of 150 000 cells per well in 

24 well plates (Greiner) and incubated over night at 37 °C and 5% CO2. Prior to the uptake experiment, 

DMEM was removed and cells were incubated for 1 h in DMEM without FBS. Nanoparticles were 

incubated for 1 h for the protein corona formation. The cell incubation with the nanoparticles (75 µg/mL) 

was performed for 4 h at 37 °C and 5% CO2 in DMEM without FBS. Afterward, cells were washed 

with PBS and detached from the cell culture plate using 0.25% Trypsin-EDTA. The viability staining 

was performed using Zombie Aqua (Biolegend) according to the manufacturer's manual. For the flow 

cytometry measurement cells were suspended in 1 mL PBS and 10 000 events recorded on Attune NxT 

Flow Cytometer. The BODIPY signal of nanoparticles was detected using the BL1 channel with an 

excitation laser of 488 nm and a 530/30 nm band pass filter and Zombie Aqua signal using VL2 channel 

with an excitation laser of 405 nm and a 512/25 nm band pass filter for emission. Data analysis was 

performed with Attune NxT Software selecting a cell population using a FSC/SSC scatter plot and 

excluding cell debris. Events were analyzed as percentage of gated events/cells and as median 

fluorescent intensity. 

 

Confocal Laser Scanning Microscopy. In order to verify the intracellular localization of nanoparticles, 

the cLSM experiment was conducted using a Leica Laser Scanning Confocal Microscope (LSM SP5 

STED Leica, Germany) equipped with a multi-laser combination and five detectors (range of 400–

800 nm). Nanoparticles were detected using the 514 nm laser detecting at 530–600 nm. The cell 

membrane was stained shortly before measurement using 1:1000 dilution CellMask DeepRed (5 mg/mL 

ThermoFisher Scientific), excited with the 633 nm laser and detected at 655–755 nm. Images were taken 

using LAS AF 3000 software and processed using Image J. For the confocal analysis, cells were seeded 

at a density of 50 000 cells per well in 8-well ibidi dishes and incubated overnight. The cell incubation 

with nanoparticles was performed in the same manner as in the flow cytometry experiment. 
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Analytical Tools. 1H-NMR spectra were recorded on a Bruker Avance 250 spectrometer. Chemical 

shifts are denoted in ppm. Mass spectra were recorded with an Advion Expression L spectrometer. 

UV-vis and fluorescence spectra were recorded at room temperature on a Duetta absorbance and 

fluorescence spectrometer (Horiba). Fluorescence quantum yields were determined by the relative 

method using Lumogen Red (BASF) as reference186. The average size and the size distribution of the 

nanoparticles were measured by DLS at 25 and 37 °C using a Malvern Zetasizer Nano S90 (Malvern 

Instruments, UK) with a scattering angle of 90°. The samples were diluted with water to a concentration 

of ≈0.3 mg/mL. The zeta potential of the nanoparticles was measured with a Zeta Sizer Nano Series 

(Malvern Instruments, UK) at 25 °C. The nanoparticles were diluted with a 1 mm potassium chloride 

aqueous solution to a concentration of ≈ 0.5 mg/mL. The residual concentration of SDS in the 

dispersions was determined by using Stains-All assay187. The Stains-All was dissolved in 

isopropanol:water (1:1 v:v) at a concentration of 1 mg/mL. Thereafter, the Stains-All solution was mixed 

with 1 mL formamide and 18 mL water to prepare a working solution. A working solution without 

Stains-All was also prepared as a control. 1 µL of NPs dispersion was added to 200 µL working solution 

(or control solution). The absorbance was recorded at 438 nm by a Tecan INFINITE M1000 (Tecan 

Group Ltd., Switzerland). The measurements were performed in triplicate. The concentration of SDS 

(mg/L) was determined using a calibration curve for SDS prepared in the range of 0–721 mg/L water. 
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3.4 Results and discussion 

PS-PNIPAM core-shell nanoparticles displaying a controlled PNIPAM shell thickness were prepared in 

order to impart the nanoparticles surface with a variable degree of hydrophilicity. Indeed, hydrophilicity 

has been shown to strongly affect the protein adsorption and hence, the composition and amount of 

protein corona63, 67, 76, 188. The PS-PNIPAM nanoparticles were synthesized in two steps. First, core 

nanoparticles were synthesized by copolymerizing styrene with 5 mol% NIPAM to provide a chemical 

compatibility and lower the interfacial energy between the core's polymer and the outer PNIPAM 

shell189. The anionic surfactant sodium dodecyl sulfate (SDS) was used in the first step to stabilize the 

droplets of styrene in water by reducing the interfacial tension between styrene and the continuous phase 

of the emulsion. In a second step, the PNIPAM shell was formed around the core particle by free-radical 

polymerization of NIPAM with 2.6 mol% of the crosslinker N,N'-methylenebis(acrylamide). The 

amount of NIPAM in the second step was varied (Table 3.6.1) to obtain core-shell nanoparticles with 

different PNIPAM-shell thickness. 

The content of PNIPAM in the nanoparticles was quantified by solid-state 13C NMR spectroscopy. The 

resonance of -CH3 of NIPAM unit (δ = 22 ppm) was compared with the signal of the aromatic carbon 

atom (of styrene unit) next to the methanetriyl unit at δ = 146 ppm (Figure 3.4.1,Figure 3.6.1). The 

measured ratio between NIPAM and styrene units in the nanoparticles increased from 0.04 to 0.15 as 

their feed ratio increased from 0.05 to 0.20 (Table 3.4.1). The corresponding thickness of the PNIPAM 

shell, calculated from the amount of NIPAM units determined by 13C NMR spectroscopy and the 

density of PNIPAM (ρ = 1.10 g/mL), increased from ≈ 1.2 to 2.0 nm (Figure 3.4.1b)189. 
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Figure 3.4.1. Characterization of the core-shell PS-PNIPAM nanoparticles with different PNIPAM shell thickness. a) 

Solid-state 13C CP-MAS NMR spectra for determining the molar ratio of NIPAM to styrene in the nanoparticles by comparing 

the resonance of -CH3 of NIPAM unit (δ = 22 ppm) with the signals attributed to the aromatic carbon atom next to the 

methanetriyl unit (δ = 146 ppm); PS-P0.05 (black), PS-P0.10 (red), PS-P0.15 (green), and PS-P0.20 (purple). b) Evolution of 

PNIPAM shell thickness against feed molar ratios of NIPAM to styrene. Intensity autocorrelation functions (ACFs) of sample 

PS-P0.10 in human plasma at c) 25 °C and d) 37 °C measured by multi-angle light scattering with a scattering angle of 30°. 

Upper graphs: ACFs of PS-P0.10 in human plasma, including data points (•), forced fit of ACFs of PS-P0.10 and proteins (red 

curve), and fit with additional aggregate function (blue curve). Lower graphs: Corresponding residuals resulting from the 

difference between data and the two fits. 

 

Table 3.4.1. Feed molar ratios of NIPAM to styrene (nNIPAM/nstyrene), molar ratios of NIPAM units to styrene units 

in the nanoparticles measured by solid-state 13C-NMR spectroscopy (nNIPAM units/nstyrene units), hydrodynamic 

diameter (Dh) and polydispersity index (PDI) of nanoparticles at 25 and 37 °C in water, and ζ-potential of nanoparticles 

at 25 °C in 1 mM KCl. 

Entry 

nNIPAM/nstyrene 

(mol) 

nNIPAM units/nstyrene units 

(mol) 

Dh (PDI) (nm) ζ-potential 

(mV) 25 °C 37 °C 

PS-P0.05 0.05 0.04 97 (0.10) 100 (0.09) -46 ±1 

PS-P0.10 0.10 0.10 102 (0.02) 102 (0.01) -41 ± 1 

PS-P0.15 0.15 0.14 98 (0.08) 99 (0.01) -40 ± 1 

PS-P0.20 0.20 0.15 104 (0.05) 103 (0.02) -30 ± 2 
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Because the PNIPAM shell thickness was small, the nanoparticles did not show any significant change 

of average hydrodynamic diameter (Dh) upon temperature change (Table 3.4.1). Hence, the shell 

thickness was limited so that the average diameter of nanoparticles at various temperatures remains 

approximately the same, and therefore, the available surface area for protein adsorption stays constant. 

Because the presence of surfactant strongly affects the protein binding on nanoparticles190, the 

nanoparticles were extensively purified. The concentration of the remaining surfactant measured by the 

Stains-All assay was very low (≈ 0.1–0.2 molecules per nm2, Table 3.6.1), so that the influence of 

surfactant on the protein corona is minimized. 

The stability of nanoparticles in protein solutions is a prerequisite for investigating the protein 

adsorption. Indeed, the aggregation of nanoparticles can influence the protein adsorption profiles (e.g. 

amount and composition)191. We measured the stability of PS-PNIPAM nanoparticles in human plasma 

by multi-angle light scattering. The VPTT of PNIPAM in solution was found to be unaffected by the 

presence of human serum albumin192, the most abundant protein in human plasma. Therefore, we 

assumed that the transition temperature of the PNIPAM shell would also not be altered during incubation 

in human plasma. The stability of nanoparticles in human plasma was evaluated based on a differential 

analysis of the autocorrelation functions (ACFs) obtained from multiangle light scattering experiments 

performed at 25 and 37 °C (Figure 3.4.1 c,d) according to the procedure described by Rausch et al185. 

First, the ACFs for pure human plasma and nanoparticles dispersion in water were determined 

separately. Thereafter, mixtures of nanoparticles dispersion and human plasma were evaluated with a 

forced fit (red line) - a sum of the individual ACFs of nanoparticles and proteins. In case that the forced 

fit was not sufficient to describe the measured data of the NP-protein mixture, a third aggregate term 

was added to the fit, shown by the blue curve. An overlapping of these two fits (blue and red curves) 

indicated that no aggregation occurred in the dispersion. PS-PNIPAM nanoparticles were stable in 

human plasma at 25 and 37 °C (Figure 3.4.1 c,d, Figure 3.6.2). Only for PS-P0.20, significant 

aggregation with aggregate sizes between 500 and 1000 nm was observed when incubated with human 

plasma at 37 °C. However, the size of aggregates should have no influence on cellular uptake. 

In order to investigate the temperature-dependent formation of the protein corona, PS-PNIPAM 

nanoparticles were incubated in human plasma at either 25 or 37 °C for 1 h to allow the formation of a 

protein corona (Figure 3.4.2). To allow for comparable protein corona determination, the amounts of 

nanoparticles were fixed to 1 mg/mL plasma. Temperatures of 25 and 37 °C, the first below and the 

latter above VPTT, were selected to investigate the influence of hydrophobicity of PS-PNIPAM 

nanoparticles on protein adsorption. Moreover, protein denaturation does not occur at these 

temperatures. Proteins were quantified by the Pierce assay before being analyzed by liquid 

chromatography mass spectrometry (LC-MS). The incubation of nanoparticles at 37 °C resulted in an 

increased amount of total adsorbed protein in comparison to the incubation at 25 °C (Figure 3.6.3). 

Protein adsorption is known to increase with increasing surface hydrophobicity63, 188. The reduction of 
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the protein adsorption below the VPTT is the first indication that the temperature change and the surface 

hydrophilicity change provided a stealth behavior to the nanoparticles. 

 

 

Figure 3.4.2. The catching of apolipoproteins (apolipoprotein J/clusterin, or apolipoprotein A1 and apolipoprotein E) 

from human plasma by temperature-responsive PS-PNIPAM nanoparticles. Apolipoprotein J is obtained in large amounts 

after incubating the nanoparticles in human plasma at 25 °C (T < VPTT) while apolipoprotein A1 and apolipoprotein E are 

adsorbed when incubating the nanoparticles in human plasma at 37 °C. 

The most abundant hard corona proteins and the protein composition at 25 and 37 °C were determined 

by LC-MS (Figure 3.4.3). A list of identified proteins and their relative amounts is available in the 

corresponding publication. At 25 °C, below the VPTT, the PS-PNIPAM nanoparticles were enriched 

with Apo J (≈ 40% of the hard protein corona). On the contrary, the surface of PS-PNIPAM 

nanoparticles were enriched with apolipoprotein E and apolipoprotein A1 at 37 °C (above the VPTT). 

In line with previous reports63, 188, it can be shown that changing the surface hydrophilicity influences 

the composition of protein corona on nanocarriers. The protein corona of nanocarriers coated with a 

hydrophilic polymers such as PEG were enriched with Apo J and other apolipoproteins177. However, 

coating with a hydrophobic polymer led to an enrichment with fibrinogen and immunoglobulins67. 
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Herein, PNIPAM has the advantage to provide different hydrophobicity while keeping the same 

chemical structure. The protein corona on the surface of the nanoparticles was dependent on the 

PNIPAM shell thickness. No temperature dependence of Apo J binding was observed for the PS-P0.05 

(very low concentration of PNIPAM) whereas the difference in enrichment of Apo J on PS-P0.20 

(highest concentration of PNIPAM) was more than 40% (Figure 3.4.3b). The same trend was observed 

for Apo E. Indeed, with an increasing PNIPAM shell thickness the difference in Apo E enrichment at 

the hydrophobic state also increased, with the highest difference of ≈ 26% for PS-P0.20 (Figure 3.4.3c). 

However, a different effect in Apo A1 binding was observed (Figure 3.4.3d). Indeed, the amount of 

Apo A1 was the largest on the PS-P0.05 nanoparticles. With increasing PNIPAM concentration, the 

amount of Apo A1 in the protein corona decreased. 

 

 

Figure 3.4.3. Proteomic analysis of protein corona on the surface of PS-PNIPAM nanoparticles. a) Heatmap displaying 

the most abundant hard corona proteins on nanoparticles either at 25 °C or at 37 °C identified by LC-MS. b) Relative amount 

of Apo J (clusterin) on the surface, which is enriched on the hydrophilic surface at 25 °C. c,d) Apolipoprotein E and A1 are 

enriched at the hydrophobic state of nanoparticles at 37 °C. A detailed list of all identified proteins is supplemented in an excel 

sheet. All values are displayed as mean ± SD (n = 3). 

The reason why some proteins preferentially attach at certain temperatures remains unclear. A possible 

explanation is the stability of the 3D structure at different temperatures. Serum/plasma proteins tend to 

have hydrophilic amino acids on the outside of their structure and hydrophobic amino acids on the 

inside. Therefore, the probability to unfold depending on temperature should play a major role on 

adsorption at different temperatures. As for the proteins of interest here (ApoA1, ApoE and 
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ApoJ/Clusterin), no experimentally determined 3D structures were available so that it is difficult to 

predict in which location of the protein structure such an unfolding would occur. This is clearly a 

challenging but crucial task to be investigated in further research. 

Furthermore, we determined whether a protein corona formed at a given temperature can be altered by 

a second incubation at another temperature (below and above the VPTT of PNIPAM), as it may occur 

during cell culture incubation. The dispersions that were previously incubated at 25 °C were centrifuged 

at 25 °C, re-dispersed in PBS at room temperature, and incubated in PBS at 37 °C for 24 h. Similarly, 

the dispersions that were previously incubated at 37 °C were centrifuged at 37 °C, re-dispersed in PBS 

at room temperature, and incubated in PBS at 25 °C for 24 h. The Pierce assay revealed that the trend 

about the difference between total concentration of adsorbed proteins at the two different temperatures 

was conserved even after the second incubation at another temperature. Indeed, the total protein amount 

bound on the nanoparticles subjected to a second incubation was larger when the nanoparticles were 

first incubated at 37 °C in comparison to when the nanoparticles were first incubated at 25 °C (Figure 

3.6.3). After the second incubation, the amount of protein was slightly reduced compared with the 

amount detected after the first incubation. We attributed this slight loss to the additional purification 

step. After the desorption and digestion of the proteins in the protein corona, the protein composition 

was analyzed by liquid chromatography and mass spectrometry. As shown in Figure 3.6.4, the 

composition of the protein corona before and after the second incubation was not significantly different. 

Therefore, preferential desorption of Apo A1, Apo E, and Apo J was not observed, confirming that they 

are tightly bound to the nanoparticles, hence conferring stealth properties even after a change of 

temperature of the external media. 

The adsorption of apolipoproteins, especially the adsorption of Apo J, is known to induce a prolongation 

of blood circulation time of nanoparticles and to reduce their unspecific uptake by immune cells such as 

macrophages75. Therefore, we investigated the cellular uptake of the PS-PNIPAM nanoparticles into 

RAW264.7 macrophages by flow cytometry and confocal laser scanning microscopy (cLSM). In order 

to analyze the effect of the temperature dependence on the protein corona composition, the nanoparticles 

were incubated at 25 or 37 °C in human plasma prior to cell uptake. Flow cytometry measurements 

showed a reduced uptake of nanoparticles incubated in human plasma compared with non-incubated 

nanoparticles, independently from the incubation temperature (Figure 3.4.4, Figure 3.6.5). This is 

consistent with previous literature showing a reduced uptake of nanoparticles after their incubation with 

plasma or serum67, 168. PS-P0.10 and PS-P0.20 nanoparticles incubated at 25 °C, which adsorbed the 

largest amount of Apo J, showed the lowest uptake into both RAW264.7 macrophages as well as into 

HeLa cells. For PS-P0.05 the Apo J amount in the protein corona at 25 and 37 °C was nearly the same, 

leading into no difference of uptake into cells. Interestingly, PS-P0.20 incubated at 37 °C showed a 

relatively low amount of Apo A1 and a high amount of Apo E in the protein corona. For these 

nanoparticles incubated at 37 °C, the difference of uptake between incubated and non-incubated 

nanoparticles was not as large as for the PS-P0.10 nanoparticles. This nanoparticle displayed the thickest 
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PNIPAM shell and showed the lowest total protein amount on the surface. This shows hence that the 

reduced amounts of total proteins were not responsible for the stealth behavior. The stealth effect was 

mainly induced by specific apolipoproteins, namely Apo J (clusterin) and Apo A1. Conversely, the 

enrichment of the protein corona with Apo E led to an increased uptake (Figure 3.6.5a). 

 

 

Figure 3.4.4. Cellular uptake of PS-PNIPAM nanoparticles without and after the incubation in plasma at 25 and 37 °C. 

a) Flow cytometry analysis of cells labelled with PS-PNIPAM nanoparticles after 4 h. Values are expressed as mean ± SD. b) 

Confocal laser scanning microscopy images of RAW264.7 cells incubated with PS-P0.10 nanoparticles. Left picture without 

plasma incubation, middle with plasma incubation at 25 °C, and right with incubation in plasma at 37 °C. The cell membrane 

was stained with Cellmask Deep Red and is pseudocolored in red. Nanoparticles are pseudocolored in green. Scale bars: 25 µm. 

The cLSM confirmed the internalization of the nanoparticles into the cells (Figure 3.4.4b, Figure 3.6.5c). 

Without plasma incubation, the nanoparticles were strongly internalized. However, with Apo J and 

Apo A1 on their surface, the uptake was reduced. Cell viability was measured by flow cytometry using 

Zombie Aqua staining (Figure 3.6.5b). Independently from the incubation temperature, all nanoparticles 

showed no toxicity on both cell lines. In addition, the high uptake of nanoparticles without plasma 

incubation did not show any influence on the viability of the cells. 
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3.5 Conclusion 

We demonstrated that the stealth behavior of temperature-responsive nanoparticles can be controlled by 

adjusting the incubation temperature in human plasma, resulting in a change of composition of the 

protein corona. The protein corona was enriched with the stealth protein apolipoprotein J (clusterin) 

when incubating the nanoparticles in human plasma at 25 °C, that is, at a temperature below the VPTT 

of the nanoparticles. Besides, the protein corona was enriched with apolipoproteins A1 and E after 

incubation at 37 °C (T > VPTT). Among the prepared nanoparticles, a thickness of 1.2 nm PNIPAM 

was optimal for adsorbing the largest amount of Apo J at 25 °C. Furthermore, the uptake of nanoparticles 

after incubating in human plasma at 25 °C by RAW264.7 and HeLa cells was significantly lower than 

with native nanoparticles. Ultimately, we presented a novel method to prepare stealth nanoparticles by 

simply incubating temperature-responsive nanoparticles in human plasma at 25 °C. It is hence a suitable 

method for imparting stealth properties to nanocarriers for drug delivery applications. 
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3.6 Supporting information 

Table 3.6.1. Feed molar ratio and weighted amounts of styrene, NIPAM, KPS, and BIS, and residual SDS concentration 

of the dialyzed samples. 

Entry 

Feed molar ratio Mass (g) SDS 

styrene NIPAM KPS BIS styrene NIPAM KPS BIS 
Molecules 

/nm2 

Molecules 

/NP 

PS-P0.05 1 0.05 0.004 0 30 1.63 0.3 0 0.12 ± 0.04 3,635 ± 1,221 

PS-P0.10 1 0.10 0.0026 0.0015 1.28 0.14 0.005 0.005 0.16 ± 0.02 5,069 ± 519 

PS-P0.15 1 0.15 0.0039 0.0023 1.28 0.21 0.007 0.008 0.18 ± 0.05 5,506 ± 1,650 

PS-P0.20 1 0.20 0.0052 0.0030 1.28 0.28 0.010 0.010 0.18 ± 0.03 5,950 ± 946 

 

 

 

Figure 3.6.1. Solid state 13C NMR spectra of the core-shell PS-PNIPAM nanoparticles with different PNIPAM shell 

thickness. The molar ratio of NIPAM to styrene unit in the nanoparticles were determined by comparing the resonance of -CH3 

of NIPAM unit ( = 22 ppm) with the signals assigned to the quaternary aromatic carbon atom ( = 146 ppm) next to the 

methanetriyl unit; PS-P0.05 (black), PS-P0.10 (red), PS-P0.15 (green), and PS-P0.20 (purple). 
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Figure 3.6.2. Intensity autocorrelation functions (ACFs) of PS-P0.05, PS-P0.15, and PS-P0.20 in human plasma at the 

scattering angle of 30° at 25 and 37 °C. Upper graphs: ACFs of PS-P0.05, PS-P0.15, and PS-P0.20 in human plasma including 

data points (), forced fit of ACFs of nanoparticles and proteins (red curve), and fit with additional aggregate function (blue 

curve). Lower graphs: corresponding residuals resulting from the difference between data and the two fits. 

 

 

Figure 3.6.3. Absolute amount of corona proteins on PS-PNIPAM nanoparticles determined by Pierce Assay. All values 

are displayed as mean ± SD (n=2). b) Absolute amount of corona proteins after first incubation in human plasma and a second 

incubation in PBS where the temperature has either been increased from 25 °C to 37 °C or decreased from 37 °C to 25 °C. All 

values are displayed as mean ± SD (n = 2). 
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Figure 3.6.4. Proteomic analysis of protein corona on the surface of PS-PNIPAM nanoparticles after a first 

incubation in human plasma and a second incubation in PBS where the temperature has either been increased 

from 25 °C to 37 °C or decreased from 37 °C to 25 °C (a) Heatmap displaying the most abundant hard corona proteins 

on nanoparticles at 25 °C or at 37 °C identified by LC-MS. (b) Relative amount of apolipoprotein J (clusterin) on the 

surface, which is not desorbed by changing the temperature from 25 to 37 °C. (c)-(d) The protein corona is enriched with 

apolipoprotein E and A1 after incubation of nanoparticles at 37 °C and cooling to 25 °C. A detailed list of all identified 

proteins is given as a supplementary excel sheet. All values are displayed as mean ± SD (n = 3).  
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Figure 3.6.5. Cellular uptake of PS-PNIPAM nanoparticles without and with plasma incubation at 25 °C and 37 °C. 

a) Cell uptake of PS-PNIPAM nanoparticles displayed as median fluorescence intensity (MFI) of Cy5 positive cells 

analyzed by flow cytometry. Values are expressed as mean ± SD (n=3). b) The cell viability shown as % dead cells 

measured by flow cytometry using a Zombie Aqua™ staining. Values are expressed as mean ± SD (n=2). c) Confocal 

laser scanning microscopy images of HeLa cells incubated with PS-P0.10 nanoparticles. Left picture without plasma 

incubation, middle with plasma incubation at 25 °C and right with plasma incubation at 37 °C. Cell membrane was stained 

with Cellmask Deep Red and is pseudocolored in red. Nanoparticles are pseudocolored in green. Scale bars: 25 µm.  
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Chapter B – The exocytosis of nanoparticles from cells 

 

The second chapter of this dissertation is divided into three subchapters. The fourth subchapter offers 

an introduction to the theoretical background of the topic and the methods used. The fifth subchapter 

presents the fourth publication [4] where the exocytosis rate of gold nanoparticles is investigated. The 

results and the text were published in a peer-reviewed journal (Cells) and the subchapter represents an 

almost identical word-to-word reproduction of the published paper. The sixth subchapter provides an 

insight into the determination of exocytosis pathways of magnetic dextran nanoparticles by LC-MS 

proteomics. The data shown in this subchapter represent unpublished results that can possibly be used 

for publication in the future.  

 

[4] Jennifer Oberländer, XXX, XXX, XXX, XXX, XXX, XXX, XXX, XXX, XXX. Higher Loading 

of Gold Nanoparticles in PAD Mesenchymal-like Stromal Cells Leads to a Decreased Exocytosis. Cells, 

2022, 11 (15), 2323. 
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4. Theoretical Background 

Nanotechnology offers a wide range of new possibilities for the diagnosis and treatment of different 

diseases11. With the use of different approaches, nanomedicine makes it even possible to combine 

diagnosis and therapy within the same NPs193. Through these so-called “theranostics” it is possible to 

follow the in vivo biodistribution and drug delivery of the NPs with a non-invasive approach17, 193. 

However, clinical useful imaging applications are limited and research to develop new nanomedicines 

for imaging is ongoing193.  

4.1 Nanotechnology for imaging 

The imaging of NPs administered in vivo is highly useful to better understand the biodistribution and 

properties of the NPs193. However, NPs have to be developed which can be imaged by clinically used 

imaging methods. Thereby commonly targeted imaging systems for NPs are magnetic resonance 

imaging (MRI), computed tomography (CT), positron emission tomography (PET), and single photon 

emission tomography (SPECT)194. For example, MRI makes use of the proton spin of different elements 

when an external magnetic field is applied194. To enhance the contrast for MRI, superparamagnetic iron 

oxide nanoparticles (SPIONs) have shown promising results195. Thereby, a magnetic iron oxide core 

serves for the imaging contrast and a surface decoration with different targeting molecules for the 

addressing to the specific sites of interest196-198. On the other hand, CT imaging makes use of the X-ray 

attenuation of the tissue and gold NPs have shown to be promising imaging tools for it199. Gold NPs 

have been used for the labelling of tumor cells or red blood cells200, 201. Moreover, gold nanoclusters 

encapsulated in liposomes have been functionalized with Her2 antibody for the detection of breast 

cancer202. NPs thereby help to overcome non-specific distribution and fast metabolism of traditional 

contrast agents due to their targeting possibilities194. Besides the imaging of specific tissues, it is also 

possible to apply a functional targeting and a functional imaging e.g. by targeting specific integrins as 

biomarkers for angiogenesis203.  

So that NPs can serve as imaging reagents, they need to reach and accumulate at the site of interest. 

Therefore, two ways of targeting can be used, the passive and the active targeting204. Passive targeting 

makes use of the enhanced permeability and retention effect (EPR effect)205. NPs tend to specifically 

accumulate in tumor tissues due to the higher permeability of their blood vessels and their lack of a 

lymphatic drainage205, 206. However, to make use of this effect, NPs need to have a long circulation time 

in the human blood plasma since no active transport to the site of interest is involved194. On the opposite, 

for active targeting, the surface of the NPs is loaded with ligands that specifically can bind to receptors 

at the targeted tissue207. As ligands e.g. antibodies, peptides, saccharides, nucleic acids, or aptamers can 

be used205. This targeting strategy allows besides the imaging of a tumor also the imaging of other 

tissues. However, after the achievement of a targeting, in the next step, the NPs must also be taken up 

and remain in the corresponding cells.  
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4.2 Uptake and Exocytosis of nanoparticles 

The uptake of NPs into the cells is an important step to achieve their diagnostic or therapeutic goals158. 

The uptake mechanisms of NPs into cells are well investigated158, 208, 209. The uptake of NPs is mainly 

driven through endocytosis pathways since the NPs are not able to diffuse through the cell membrane210, 

211. Endocytosis is an energy-dependent process by which usually biomolecules enter the cells212. 

Thereby the NPs are engulfed into membrane invaginations forming an endocytic vesicle which is then 

transported intracellular158, 213. The main endocytosis mechanisms are phagocytosis, clathrin-mediated 

endocytosis, caveolin-mediated endocytosis, clathrin/caveolin-independent endocytosis, and 

macropinocytosis158, 208, 209. While phagocytosis is mainly limited to phagocytic cells, the other 

mechanisms, which are also grouped to the term pinocytosis, can take place in almost all other cell 

types214.  

 

 

Figure 4.2.1. Scheme of the main endocytosis and exocytosis pathways of nanoparticles (NPs) from cells. NPs are taken 

up into the cells via five different pathways: caveolin-mediated endocytosis, clathrin/caveolin-independent endocytosis, 

clathrin-mediated endocytosis, phagocytosis, and macropinocytosis. After the uptake the NPs are transported through vesicles 

to the early endosome. From the early endosome the NPs can either be directly or indirectly recycled back to the plasma 

membrane or can get further internalized to the late endosome. From the late endosomes they can be directly secreted via the 

vesicle-related secretion or the late endosomes fuses with lysosomes whose contents are then released during lysosomal 

secretion. An alternative exocytosis pathway is the transcytosis after uptake into a caveosome by caveolin-mediated 

endocytosis. Figure created with BioRender.com.  

The phagocytosis uptake mechanism is mainly used by phagocytes e.g. macrophages, dendritic cells, 

and monocytes and is used to take up larger NPs with sizes above 250 nm215. Since these phagocytes 

are cells belonging to the immune system and immune response, the phagocytosis of NPs can be 

increased by opsonins in the protein corona such as immunoglobulins or complement proteins due to 
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receptor recognition216-218. During clathrin-mediated endocytosis, specific molecules like nutrients and 

plasma membrane components can be taken up into the cells219, 220. The mechanism can either occur as 

a receptor specific uptake due to receptor binding or as a receptor-independent uptake due to 

hydrophobic or electrostatic interactions158, 221. After receptor binding, the complex out of receptor and 

NPs moves to a clathrin-rich region of the plasma membrane where the NPs get engulfed by clathrin-

coated vesicles. These vesicles fuse intracellular with early endosomes and get further internalized222, 

223. The caveolin-dependent endocytosis is mainly involved in cell signaling, transcytosis, and the 

regulation of membrane proteins and lipids214, 224, 225. Caveolin-dependent endocytosis includes flask-

shaped invaginations of the plasma membrane driven by the membrane protein caveolin-1225, 226. 

Thereby caveosomes are formed which can avoid lysosomes and trigger transcytosis. Therefore, this 

pathway is often targeted for nanomedicines208, 221, 227. For cells without clathrin or caveolin in the cell 

membrane, uptake takes place via clathrin/caveolin-independent endocytosis. Thereby, growth 

hormones, extracellular fluids or folic acid are taken up into the cells and this pathway can be specifically 

addressed by conjugating these molecules onto NPs158, 208. The last common pathway for the uptake of 

NPs is the macropinocytosis. Thereby usually large vesicles in micron scale are formed to take up high 

volumes of extracellular fluids. Through these pathways, bigger NPs can be taken up independently 

from specific receptor binding158.  

After the uptake, the NPs are further transported in the cells by endosomes which determine the 

diagnostic or therapeutic efficiency of the NPs. Endosomes can be classified into early endosomes, late 

endosomes, and recycling endosomes228. After the detachment of the endocytic vesicles from the plasma 

membrane, the vesicles fuse with early endosomes which are dictating the intracellular pathways of the 

cargo228, 229. These early endosomes mature then into late endosomes. However, parts of their cargo can 

be recycled to the plasma membrane by fusing with recycling endosomes230. The late endosomes can 

either fuse with the cell membrane and release their cargo or they can fuse with lysosomes forming 

endolysosomes. When late endosomes fuse with lysosomes, the cargo and the NPs get exposed to 

hydrolytic enzymes and the NPs can get degraded211. Furthermore, late endosomes can continue to 

mature to become multi-vesicular bodies (MVB). Fusion of MVBs with the cell membrane lead to the 

exosome-associated NP release211, 228, 229, 231. 

Besides the pathway through endosomal stages, NPs can also escape from the endosomes at any stage 

which leads to their release into the cytoplasm. Thus, lysosomal degradation can be bypassed and the 

NPs can end up in the cytoplasm or other intracellular compartments232, 233. However, during autophagy 

cytoplasmic content is delivered to lysosomes for degradation and thus NPs can also end up in lysosomes 

despite their escape from the endosomal process234, 235. Besides the uptake pathway, also 

physicochemical properties, cell type, and the protein corona can influence the intracellular trafficking 

of the NPs236, 237. The presence of a protein corona and its influence as well as the influence of the protein 

source of the protein corona may affect the intracellular pathway of NPs and therefore need to be better 

addressed in the future158. 
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At several stages of the intracellular processing, the NPs can get released from the cells. NPs can be 

recycled back to the cell membrane directly after entering the early endosomes. NPs that remain in the 

endosomes will be transported to late endosomes and lysosomes238. Lysosomal secretion has been 

reported to be the main exocytosis pathway for mesoporous silica NPs239. However, for gold NPs it has 

been shown that they can be secreted by unconventional secretion with exosomes240. Depending on the 

uptake mechanism different endocytosis pathways can be involved. In general, entering a fast exocytosis 

pathway as reported for recycling endosomes, means a fast secretion of the NPs while entering a long 

pathway as escape from endosomes or transport to lysosomes, means a slow exocytosis or persistence 

in the cells238. However, in most reports, only the exocytosis rate has been investigated and only a small 

share has investigated the exocytosis pathways238.  
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4.3 Protein corona in determination of intracellular fate 

Currently, the most used way to detect the intracellular localization and the intracellular pathway of NPs 

are microscopic methods. With increasingly sophisticated microscopes with very high resolutions, many 

intracellular interactions can be visualized158. However, protein adsorption on NPs can trigger specific 

uptake and intracellular mechanisms determining the fate and exocytosis rate of NPs. These proteins 

cannot easily be imaged by microscopic methods and therefore proteomic approaches have been 

developed in order to analyze the proteomic fingerprint and the intracellular fate of NPs241. This method 

takes advantage of the fact that the protein corona is a dynamic process and due to a constant change of 

the protein environment intracellular, the protein corona composition changes as well, depending on the 

intracellular fate of the NPs242. Indeed with a proteomic approach it could be shown that iron oxide NPs 

entered the cells via a macropinocytotic-like pathway and were guided through an endolysosomal 

pathway to lysosomes243. In another study, it was reported that gold NPs were taken up mainly through 

a clathrin-mediated endocytotic mechanism leading as well to the endolysosomal pathway242. In both 

publications, a final retention of NPs in lysosomes was suspected and in case of the gold NPs only 

negligible exocytosis could be observed. However, that NPs get released from cells is known for various 

NPs238 but only minor attention was put onto that in this publication. In general, the uptake mechanisms 

have been very well analyzed. There is more and more awareness for the intracellular pathways, but the 

exocytosis and release of nanoparticles have been rather neglected until now. 
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4.4 ICP-OES for cell uptake and exocytosis analysis 

Inductively coupled plasma optical emission spectrometry (ICP-OES) has become an important method 

for elemental analysis and is used for a wide range of applications244, 245. During ICP-OES a nobel gas, 

mostly argon, is ionized which leads to the formation of a plasma. In this so-called fourth state of matter, 

positively charged argon ions can move independently from the negatively charged electrons246, 247. In 

the plasma, the analyte is atomized, ionized, and excited due to the high energy of the plasma and the 

collision of the atoms with free electrons. After the excitation of the analyte, the excited electrons fall 

back to an energetically lower orbital and thereby emit electromagnetic radiation with specific 

wavelengths that can be used for the quantification of the analyte244. Due to its high capability to analyze 

a broad range of analytes in a short time, it became an important elemental analysis method and was 

thus also used for the analysis of cells and nanoparticles. 

Calcium was one of the first elements determined in different cell samples by the use of elemental 

analysis and ICP-OES248. However, at this time sensitivity of the ICP-OES systems was too low to 

quantify other elements like Na, K, or Mg249. Then, in 2000, Prohaska et al. reported the use of ICP-OES 

for the analysis of multi trace elements (Ca, Mg, Fe, Cu, and Zn) in blood plasma, erythrocytes, and 

lymphocytes250. Haraguchi introduced the use of the term metallomics, in accordance with the terms 

proteomics and genomics, for the elemental analysis of biological systems251. Afterwards, several 

studies focused on the use of ICP-OES for the determination of the uptake of metals into cells or the 

intracellular metal concentration252-254. Liu et al. quantified the uptake of gold NPs in cells by ICP-OES 

in 2007255. Since then, ICP-OES became one of the main analytical tools for the analysis of NPs cell 

uptake and release238, 256, 257. For example, in 2012 Yanes et al. analyzed the intracellular and extracellular 

silicon amount with ICP-OES to determine the exocytosis of silica nanoparticles from human 

adenocarcinomic cells239. Compared to fluorescent microscopy and flow cytometry, ICP OES offers the 

advantage of being independent from fluorescent dyes. Fluorescent labeling of NPs can change their 

surface properties or the fluorescent labels can be detached from the NPs due to the enzymatic activity 

in the cells238. However, ICP-OES cannot differentiate between different cell types or intracellular 

compartments. In addition, only inorganic NPs can be determined and not NPs which consist of 

materials that occur naturally in cells238. Therefore, often combinations of elemental analysis by 

ICP-OES and imaging methods such as transmission electron microscopy or combinations with 

fluorescence based methods are used239, 240, 258-260.  

Overall exocytosis of NPs from cells is poorly understood but an important factor influencing the 

effectiveness of NPs. With the elemental analysis by ICP-OES and proteomic analysis by LC-MS it is 

possible to quantify and analyze uptake and exocytosis pathways of NPs from cells. To increase the 

efficacy of NPs in the future and to enable a better transition from synthetically engineered NPs to 

nanomedicines and theranostics, the exocytosis of NPs needs to be better investigated. 
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5. Higher Loading of Gold Nanoparticles in PAD Mesenchymal-like Stromal 

Cells Leads to a Decreased Exocytosis 

 

Copyright:  

This subchapter was published in a peer-reviewed journal and is therefore a word-by-word reproduction 

of the published paper [4]. The results are reprinted with the permission of MDPI, Cells. © MDPI 2022. 

The order of the individual chapters as well as the numbering of the figures was adapted for this work.  

[4] Jennifer Oberländer, XXX, XXX, XXX, XXX, XXX, XXX, XXX, XXX, XXX. Higher Loading 

of Gold Nanoparticles in PAD Mesenchymal-like Stromal Cells Leads to a Decreased Exocytosis. Cells, 

2022, 11 (15), 2323. 

 

Aim:  

Labelling of cells for different applications e.g. for the imaging of cells after transplantation, has 

received increasing attention in the last years. Hereby, nanoparticles have emerged as one possibility for 

the loading of the cells. Nevertheless, in order to serve as a contrast reagent for imaging applications, 

the particles must remain stable in the cells and must not be secreted after a short time. In here, we 

analyzed the exocytosis behavior of glucose-PEG-coated gold nanoparticles from human mesenchymal-

like stromal cells in order to achieve a high and stable labelling of the cells. This will help to better 

visualize the remaining cells and their function after they have been injected into a body. 

Contribution: 

I performed the ICP-OES measurements for uptake and exocytosis, Zeta-potential measurements, 

nanoparticle uptake preparation for TEM with the low loading protocol, protein quantification, SDS 

PAGE, and protein digestion. XXX and XXX performed the viability measurements, cell loading 

efficiency experiments, and the TEM experiments for the high loading protocol. XXX prepared the 

protein corona for intracellular trafficking and analyzed the protein corona dataXXX, XXX, and XXX 

prepared the nanoparticles. XXX and XXX manufactured the cells. DLS measurements have been 

performed by XXX and TEM imaging for low loading protocol by XXX. XXX performed the graphical 

design. The manuscript was written by me and proofread by XXX, XXX, XXX, XXX, and XXX. The 

project was supervised by XXX, XXX, XXX, and XXX.  
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5.1 Abstract 

Cell therapy is an important new method in medicine and is being used for the treatment of an increasing 

number of diseases. The challenge here is the precise tracking of cells in the body and their visualization. 

One method to visualize cells more easily with current methods is their labeling with nanoparticles 

before injection. However, for a safe and sufficient cell labeling, the nanoparticles need to remain in the 

cell and not be exocytosed. Here, we test a glucose-PEG-coated gold nanoparticle for the use of such a 

cell labeling. To this end, we investigated the nanoparticle exocytosis behavior from PLX-PAD cells, a 

cell type currently in clinical trials as a potential therapeutic agent. We showed that the amount of 

exocytosed gold from the cells was influenced by the uptake time and loading amount. This observation 

will facilitate the safe labeling of cells with nanoparticles in the future and contribute to stem cell therapy 

research. 
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5.2 Introduction 

The idea of using cells as a therapeutic agent for various diseases has widely expanded over the past 

years261. However, the therapeutic mechanisms and the distribution of the cells in the organism often 

remain unclear. As methods for tracking cells in the human body are very limited, imaging and contrast 

agents like nanoparticles have been developed to increase the visibility of the cells in vivo3, 262, 263. To 

date, cell tracking is often performed using either radionuclides for scintigraphy, PET (positron emission 

tomography), and SPECT (single photon emission computer tomography), or using superparamagnetic 

iron oxide nanoparticles for MRI (magnetic resonance imaging)199, 264, 265. Radionuclide imaging has the 

main advantage of high sensitivity and very small amounts of label can be detected. However, 

radionuclides with short half-lives make this method very expensive and make long-term tracking 

impossible265. On the other hand, MRI does not use ionizing radiation and tissue can be well visualized. 

Nevertheless, this method is also relatively cost-intensive and the acquisition time is slow199, 265. 

Therefore, there is increasing effort to develop cell tracking markers for CT (computed tomography). 

These have the benefit that the technology is cost-effective with a fast temporal resolution199. Thereby, 

gold nanoparticles or gold-iron nanoparticles have proven to be very promising tracking tools. Gold 

features strong contrast properties for CT imaging and, in combination with iron for MRI, a wide range 

of analysis methods can be covered when combining both materials263. Furthermore, gold nanoparticles 

are already very well studied materials of low toxicity to cells, making them even more promising as a 

contrast agent for cell therapy labeling266-268. However, for good CT tracking, a high amount of gold 

nanoparticles need to be taken up by the cells and, for long-term tracking, the nanoparticles need to remain 

stable in the cells269. While high loading of cells could previously be achieved, the reduction of the 

exocytosis of gold nanoparticles from cells still remains a challenge269-271. 

One type of cell that is currently considered as a potential therapeutic agent against different diseases is 

the PLX-PAD cell272-282. PLX-PAD cells are a cell therapy product under development containing 

placental expanded (PLX) placenta-derived mesenchymal-like adherent stromal cells274, 279, 283. It has 

previously been shown that these cells secrete relevant factors as a response to muscle trauma or 

inflammation to trigger the natural repair mechanisms of the body274. Therefore, these cells are currently 

used in different clinical studies for the treatment of injured muscle. 

For a combination of particles and cells to be effective as a therapeutic and imaging reagent, the particles 

must remain stable in the cells. One factor that can influence the uptake in cells is the so-called protein 

corona. Furthermore, surface modifications and the size and shape of the particles, among other things, 

can affect the uptake and exocytosis rate of particles238, 260, 284. When nanoparticles come into contact 

with biological fluids, proteins directly attach to the surface of the particles and form a protein corona. 

Previously, it has been shown that the protein corona can alter the uptake of particles into cells, but it 

can also influence the exocytosis rate of particles from cells75, 238. To use the nanoparticles as a reliable 

imaging reagent, it is crucial to keep the exocytosis rate as low as possible to allow long-term tracking 
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of the cells. Besides influencing the uptake into cells, changes in the protein corona composition can 

also be used to learn about the intracellular pathway followed by the nanoparticles. The type of proteins 

bound in the corona, therefore, reflects a fingerprint of the intracellular pathway taken by the 

nanoparticles242, 243. This intracellular protein corona can be used to predict whether particles are more 

likely to be exocytosed or to remain inside the cell. 

In this study, we analyzed the exocytosis rate of glucose-coated and PEGylated gold nanoparticles from 

loaded PLX-PAD cells. As the combination of cells and particles should be used in the future for long-

term tracking of cells in the human body, it is important to reach a high loading efficiency together with 

a low exocytosis rate of the GNPs from the cells. Here, we tested two different in vitro loading protocols, 

one with a lower loading efficiency and another with a higher loading efficiency of GNPs. Afterwards, 

we analyzed the amount of exocytosed gold and characterized the intracellular protein corona to predict 

which protocol reached a more stable loading of nanoparticles in the cells. 
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5.3 Materials and Methods 

Synthesis of GNPs. PEGylated and glucose coated gold nanoparticles (GNPs) were synthesized 

according to previously described methods in a three-step process263. The nanoparticles were 

synthesized by heating HAuCl4 solution (50%; 82.345 mL) in ultrapure water (39.78 L) until boiling. 

Then sodium citrate solution (10%; 803.556 mL) was introduced and the solution was stirred for 10 min 

at 1200 rpm. Particles were purified and concentrated via cross-flow filtrations with a 10 kDa PES 

membrane to a final volume of 1193.4 mL. In a second step PEG (PEG7, 50 mg/mL, 198.9 mL) was 

added and together with the particles stirred for 30 min at 1200 rpm followed by an incubation at 4 °C 

for 24 h. Purification was again performed via cross-flow filtration reaching a final volume of 688.5 mL. 

In the third step, the glucose was attached to the nanoparticles. Therefore, the PEGylated particles were 

stirred together with 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimid (EDC; 0.2M; 68.85 mL) and N-

hydroxysuccinimide (NHS; 0.2M; 344.25 mL) for 30 min at 1200 rpm. Then, the active ester from PEG 

can react in an amidation reaction with the NH2 groups of the glucosamine (24 mg/mL; 688.5 mL). After 

the addition of the glucosamine, the solution was stirred again for 30 min at 1200 rpm and then incubated 

at 4 °C for 24 h. Final purification was again performed by cross flow filtration and particles were 

filtrated through a 0.22 µm filter. 

 

Characterization of GNPs. After the synthesis, the gold concentration of the nanoparticles was 

determined by ICP-OES or ICP-MS. The size of the particles was determined via multi-angle DLS and 

TEM285. For multi-angle DLS an ALV spectrometer consisting of a goniometer and an ALV-5004 

multiple-tau full digital correlator (320 channels) was used. This allows measurements over an angular 

range from 30° to 150°. A He-Ne laser (wavelength of 632.8 nm) was used as the light source. 

Temperature was adjusted through a thermostat from Julabo. Before the measurement, the GNPs were 

filtrated through a 0.2 µm filter so that no larger particles or dust interfered with the measurement. TEM 

images were taken with a Jeol JEM 1400 at 120 kV to determine the primary size. For the drop casting, 

undiluted GNPs were added on a 300 mash copper grid coated with a 20-30 nm carbon layer. Excess 

sample dispersion was blotted with a filter paper285. The size was determined using Image J software 

and counting 100 particles. The gold concentration was determined via ICP-OES (SpectroGreen, 

Spectro/Ametek). 10 µL GNPs were diluted in 1 mL aqua regia (3:1 hydrochloric acid: nitric acid) for 

digestion of nanoparticles. Afterwards, the samples were diluted up to 10 mL with MilliQ water, and 

the gold concentration was determined with ICP-OES. The calibration curve was prepared by using 0.1, 

0.5, 1, 5, and 20 ppm gold standard solution (stock 1000 mg/L Au TraceCERT®, Sigma Aldrich). 

 

Production and Cell Culture of PLX-PAD Cells. PLX-PAD cells were produced by Pluristem 

Therapeutics, Ltd. (Haifa, Israel) as previously described 272, 283. Production of PLX PAD cells was 

performed in a state-of-the-art clean room facility according to GMP regulations. Human placentas were 
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collected from healthy donors and cut into pieces. After enzymatic digestion of the tissue, cells were 

seeded as 2D cultures in a culture flask followed by 3D cultivation in a bioreactor. Before 

characterization of the cells, 3D cultures were harvested and cryopreserved in liquid nitrogen. 

Characterization was performed by staining the cells with MSC-positive and MSC-negative markers 

and analyzed by flow cytometry279.  

 

Cell culture. PLX-PAD cells were cultured in Dulbecco’s modified eagle medium (DMEM) 

supplemented with 10% FBS, 100 U/mL penicillin, 100 mg/ml streptomycin, and 2 mM glutamine. 

Viability and count were measured with trypan blue by an automated cell counter (TC10, Bio-Rad). 

Cells were grown in a humidified incubator at 37 °C and 5% CO2. Cells were either thawed one day 

before the experiment and seeded at the recommended density for the experiments or cultured in flasks 

and sub-cultured once a week when they reached around 80% confluence. 

 

Uptake and Exocytosis. Two different protocols for the uptake of GNPs were tested. For both protocols, 

the PLX-PAD cells were seeded at a density of 500,000 cells per well in a six-well plate (Greiner, 

Pleidelsheim, Germany) and incubated overnight. All incubation steps were performed in a humidified 

incubator (37 °C, 5% CO2). Afterwards, the cells were incubated with a nanoparticle solution of 

300 µg/mL in isotone NaCl (B.Braun, Melsungen, Germany) for 30 min (low loading protocol) or with 

300 µg/mL nanoparticles in DMEM (Thermo Fisher Scientific, Waltham, MA, USA) with 10% FBS for 

24 h (high loading protocol). After the incubation time, the cells were washed twice with PBS (Thermo 

Fisher Scientific, Waltham, MA, USA) and then either incubated again in DMEM with 10% FBS for 

exocytosis measurements or harvested with Trypsin-EDTA (Thermo Fisher Scientific, Waltham, MA, 

USA) for uptake measurements. 

The exocytosis of the GNPs was also determined using two different protocols. Either the collected 

DMEM was not replaced or the DMEM volume collected was replaced. When keeping the same 

supernatant during the entire time, the DMEM and the corresponding cells were collected after 2, 6, 24, 

or 48 h (without supernatant replacement). For the second protocol with supernatant replacement, the 

supernatant was exchanged with fresh supernatant after collecting it from the cells at the same time point 

as for the protocol without supernatant replacement. Here, the cells and the supernatant were harvested 

for analysis as well. 

 

ICP-OES Analysis. Before the analysis of the gold content in the cells and in the supernatant, the cells 

were digested. Therefore, after trypsinization, cells were centrifuged (300× g, 5 min) and the supernatant 

was discarded. Afterwards, cells were diluted with 1 mL of aqua regia (3:1 hydrochloric acid/nitric acid) 

and incubated at room temperature overnight on an orbital shaker (300 rpm) followed by dilution with 
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MilliQ water to 10 mL before measurement. The cell culture supernatants for the determination of 

exocytosed gold content were collected from the cells and treated with aqua regia followed by incubation 

and dilution to 10 mL with water. The gold concentration was determined by ICP-OES (SpectroGreen, 

Spectro/Ametek, Kleve, Germany). The calibration curve was prepared using 0.1, 0.5, 1, 5, and 20 ppm 

gold standard solution (stock 1000 mg/L Au TraceCERT®, Sigma Aldrich, St. Louis, MO, USA). 

Untreated cells and cell culture media were used to deduct background signals. The amount of gold was 

calculated using the concentration resulting from the ICP OES and the volume of the sample. 

 

ICP-MS Analysis. ICP-MS analysis was used to determine the cell loading efficiency. After incubation 

of PLX-PAD cells with GNPs, incubation cell culture media, washing media, and GNP exposed cells 

were digested in 1 mL aqua regia (3:1 hydrochloric acid/nitric acid). The obtained digestion solutions 

were properly diluted to be analyzed by ICP-MS (7500, Agilent, Santa Clara, CA, USA) in duplicates. 

The quantification was carried out by interpolation in a standard curve obtained from a commercial 

1000 ppm gold standard (Inorganic Ventures, INYCOM, Zaragoza, Spain). 

 

Cell Viability Evaluation. The viability of PLX-PAD cells exposed to GNPs was measured with the 

Alamar Blue™ (Thermo Fisher Scientific, Waltham, MA, USA) assay. PLX-PAD cells were seeded at 

a density of 10,000 cells per well in 96-well plates and grown in a humidified incubator (37 °C, 5% 

CO2) for 24 h. GNPs were diluted in DMEM with FBS at different concentrations (25, 50, 100, 200, 

400, 800, and 1200 µg/mL) and incubated in the incubator with the cells for 24 h. After cell exposure, 

the cell media was removed and wells were washed twice with PBS. Then, cells were exposed to Alamar 

Blue™ reagent for 1 to 3 h. After the incubation time, an aliquot of the supernatant was transferred into 

a new plate and the fluorescence (530/590 nm) was measured with a microplate fluorometer. The 

fluorescence signal of untreated cells was set as 100% and the viability was calculated as a function of 

this. 

 

Nanoparticle cell uptake analysis by TEM. For the imaging of the cell uptake with the high loading 

protocol, PLX-PAD cells were washed with PBS after the incubation period and fixed with 

glutaraldehyde (2.5%) for 1 h. The cells were detached from the Petri dish by scraping and afterwards 

centrifuged (4 °C, 1000× g, 5 min) to obtain a compact pellet. Cells were harvested after the incubation 

time by scrapping and centrifugation. After washing the cell pellet with phosphate buffer (PB, 0.1M), 

the cells were stained with OsO4 (1%) for 2 h and washed again with PBS. The cells were dehydrated 

at 4 °C through a series of acetone concentrations (50%, 70%, 90%, 96%, and 100%), prior to being 

progressively (25%, 50%, 75%, and 100%) embedded in Epon resin. After resin curing (60 °C, 48 h), 

sections with a thickness of 50 nm were cut with an ultramicrotome and placed on Formvar carbon-
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coated Cu grids. Finally, these grids were further contrasted with uranyl acetate and lead citrate. All 

electron micrographs were obtained with a TEM (Jeol JEM 1010 MT), operating at 80KV. Images were 

obtained with AnalySIS (SIS, Munster) on a Megaview III CCD camera. 

To observe the internalization and exocytosis of the GNPs for the low loading protocol, the cells were 

seeded at a density of 50,000 cells per well in 24-well plates and incubated overnight. Before seeding, 

the plates were equipped with 3 mm plasma-sterilized sapphire discs (M. Wohlwend GmbH, Sennwald, 

Switzerland) covered with a 20 nm carbon layer. Incubation of the cells with the GNPs was performed 

for the exocytosis protocol without supernatant replacement to image intracellular localization of the 

GNPs over time. After the incubation period, the GNPs were removed, the cells were washed with PBS, 

and the cells were further processed for TEM imaging. After incubation with the low loading protocol, 

the GNPs were removed and the sapphire discs with cells were frozen under high pressure (2100 bars) 

with a high-pressure freezing machine (Engineering Office M. Wohlwend GmbH) for a good 

preservation of the cellular structures. The sapphire discs were locked in a small volume between two 

specimen carriers and introduced into the specimen pressure chamber with liquid nitrogen as the cooling 

medium. Additionally, a freeze substitution and resin embedding were added. Therefore, the cryo-fixed 

samples were dehydrated at -90 °C in a freeze substitution machine (EM, AFS 2, Leica Microsystems) 

by water substitution with an organic solvent (0.2% osmium tetroxide, 0.1% uranyl acetate, and 5% 

water in acetone). Afterwards, samples were rinsed in acetone at room temperature and with EPON 812 

infiltrated. On the next day, polymerization was performed at 60 °C and then ultrathin sections using a 

Leica ultramicrotome were produced. All electron micrographs were either obtained with a Jeol JEM 

1400 or with a FEI Tecnai F20 TEM at 120 kV and 200 kV respectively.  

 

Intracellular Trafficking. For the intracellular trafficking of the GNPs, PLX-PAD cells were seeded 

at a density of 400,000 cells per well in six-well plates. On the next day, incubation with GNPs was 

carried out at a GNP concentration of 300 µg/mL for 4 and 24 h. Additionally, a pulse-chase experiment 

was performed where the PLX-PAD cells were incubated with the GNPs for 4 h followed by an 

exchange to fresh cell culture medium and a subsequent 20 h incubation. After the incubation time, cells 

were harvested with Trypsin-EDTA (Thermo Fisher Scientific, Waltham, MA, USA). For each 

condition, three wells were pooled after harvesting to reach enough intracellular GNPs. PLX-PAD cells 

were centrifuged (300× g, 5 min) and the supernatant was discarded. For cell lysis, cells were suspended 

in PBS with protease inhibitor (Thermo Fisher Scientific) and EDTA at 4 °C. Cell lysis was carried out 

through sonication (QSonica Q800R3, QSonica, Newton, CT, USA) at an amplitude of 70% and 

pulsation frequency of 30 s. Sonication was performed in total for 7 min at 4 °C. Cell debris and nuclei 

were removed by centrifugation (1000× g, 4 °C, 10 min) and, afterwards, the GNPs were collected by 

centrifugation (5000× g, 4 °C, 30 min). To remove unbound and loosely bound proteins, the 

nanoparticles were washed three times with PBS containing protease inhibitor and EDTA. Afterwards, 
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the hard corona proteins were detached from the nanoparticles using 2% (w/v) SDS and 62.5 mm Tris-

HCl, as previously described by our group 67, 102. Proteins and nanoparticles were separated via 

centrifugation (5000× g, 4 °C, 30 min) and protein-containing supernatant was used for protein 

quantification, SDS PAGE, and LC-MS analysis. 

 

Protein Quantification and SDS-PAGE. Proteins were quantified by the Pierce 660 nm Protein Assay 

(Thermo Fisher Scientific) according to the manufacturer’s manual. The adsorption was measured with 

a Tecan Infinite M1000 plate reader using bovine serum albumin (Merck, Kenilworth, NJ, USA) for a 

calibration curve. 

After quantification, the proteins were separated with SDS-PAGE and stained by Silver Staining 

according to the manufacturer’s recommendations. A total of 2 µg protein in 26 µL total volume was 

mixed with 4 µL NuPage Reducing Agent and 10 µL of NuPage LDS Sample Buffer (Thermo Fisher 

Scientific). The sample was loaded on a 10% Bis-Tris-Protein Gel using SeeBlue Plus2 Pre-Stained 

(Invitrogen, Waltham, MA, USA) as a molecular marker and NuPage MES SDS Running Buffer. Gels 

were stained with Pierce Silver Stain Kit (Thermo Fisher Scientific) according to the manufacturer’s 

protocol. 

 

In-Solution Digestion, Liquid Chromatography-Mass Spectrometry (LC-MS), and Protein 

Identification. The in-solution digestion, liquid chromatography-mass spectrometry, and protein 

identification were performed as previously described by our group with slight modifications 67, 102, 175. 

Prior to digestion, SDS was removed from the protein mix using Pierce Detergent Removal Spin 

Columns (Thermo Fisher Scientific). Afterwards, the proteins were precipitated via the ProteoExtract 

protein precipitation kit (Merck) and solubilized in RapiGest SF (Waters) in ammonium bicarbonate 

butter (50 mM). The Proteins were reduced with dithiothreitol (5 mM, Sigma-Aldrich) and alkylated 

with iodoacetamide (15 mM, Sigma-Aldrich) followed by an overnight tryptic digestion at a 

protein:trypsin ratio of 50:1. To allow absolute protein quantification, samples were diluted with 0.1 % 

formic acid and spiked with 50 fmol/µL Hi3 E.coli. (Waters), following a published protocol286.  

Peptides were measured using a nanoACQUITY UPLC system coupled to a Synapt G2-Si mass 

spectrometer. The system was operated in a positive resolution mode, performing data-independent 

acquisition with additional ion mobility separation (IMS-MSE) with a mass to charge range of 

50-2000 Da, scan time of 1 s, ramped trap collision energy from 20 to 40 V, and data acquisition of 

120 min. The samples were injected with a flow rate of 0.3 µL/min and as a reference Glu-

Fibrinopeptide (150 fmol/µL) and Leu-Enkephalin (200 pg/µL) were used and injected with a flow rate 

of 0.5 µL/min.  
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Data processing was performed using MassLynx 4.1 and Progenesis QI 2.0 with a reviewed database 

downloaded from Uniprot. Thresholds for noise reduction were set at 120, 25, and 750 counts for low 

energy, high energy, and peptide intensity. For protein identification, at least one assigned fragment per 

peptide, three assigned fragments per protein, and one assigned peptides per protein were required. The 

TOP3/HI3 approach provided the amount of each protein in fmol112. 

 

Protein Annotation. After protein identification, we identified all corona proteins with an enrichment 

of 1.5-fold compared with the lysate proteins. The enriched corona proteins were forwarded to an 

analysis with the functional annotation tool DAVID (Version 6.8, https://david.ncifcrf.gov/home.jsp 

accessed on 15th November 2021) 287, 288. The enriched proteins were analyzed by functional annotation 

clustering, implementing the database for GOTERM_CC_FAT with medium classification stringency 

to consider the cellular compartments. The following GOTERMS were considered for the study: 

extracellular vesicle, cell surface, secretory vesicle, endoplasmatic reticulum, early endosome, 

cytoplasmic region, endocytic vesicle, and nucleosome. 
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5.4 Results and Discussion 

For the purpose of evaluating the influence of the loading amount on nanoparticles on their exocytosis, 

glucose-PEG-coated gold nanoparticles (GNPs) were synthesized. In this study, we focused on one type 

of nanoparticle to demonstrate changes in the nanoparticle exocytosis behavior independently from 

particle size or surface functionalization. Gold nanoparticles were chosen as a widely used type of 

nanoparticle and as a particle type that could be used in the future as an imaging reagent for stem cells. 

To achieve a higher stability of the nanoparticles under physiological conditions, the GNPs were 

surrounded with HS-PEG-COOH via gold–thiol interactions. Carboxylic functionalization of PEG was 

then used for coupling of glucose on the nanoparticles to achieve an increased uptake of the GNPs into 

cells 262. In Figure 5.4.1, an illustration of the surface functionalization of the nanoparticles can be seen, 

as well as a representative transmission electron microscopy (TEM) picture. TEM showed an average 

size of the gold nanoparticles of 12.0 ± 2.8 nm. Dynamic light scattering (DLS) revealed a significantly 

larger size of the GNPs of 75 nm (Figure 5.6.1). However, using TEM, only the size of the gold 

nanoparticle core is measured (e.g. without the PEG and glucose coating contributing to the size 

measurement). In contrast in DLS, where the whole hydrodynamic diameter of the particles is measured. 

As the PEGylated and glucose-coated nanoparticles show a negative ζ-potential, the particles can, in 

addition, build up more electrostatic interactions in liquid dispersion, and thus show a larger diameter 

size than that measured by TEM images. 

 

 

Figure 5.4.1. (A) Schematic representation of PEGylated and glucose-coated gold nanoparticles. (B) Representative TEM 

images of GNPs. The size of the nanoparticles is given in nm ± SD. Scale bar = 50 nm. (C) Physicochemical properties of the 

GNPs. 

To evaluate the exocytosis of the GNPs from PLX-PAD cells, we used two different uptake and 

exocytosis protocols. For a lower loading of nanoparticles in the cells, we used a protocol with a short 

incubation time (30 min). However, to still have a sufficient uptake of nanoparticles in cells for this 

protocol, we incubated the cells without any proteins in isotone NaCl solution, as it was previously 

shown that the protein corona that formed in cell culture media with FBS reduces the uptake of 

nanoparticles into cells 168. This phenomenon, known as the stealth effect, was intended to be avoided 
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in this protocol by incubating the cells without the presence of proteins in the exposure media 75. In the 

second protocol, we incubated the GNPs with the PLX-PAD cells for 24 h in DMEM with FBS. There, 

we expected to have a higher uptake and intracellular internalization of the nanoparticles because of the 

longer incubation time, despite the presence of proteins. The FBS was added to the cell culture media 

to avoid potential damage or change in cell functions due to the long incubation time without proteins. 

Determination of the gold concentration in the cells was carried out using ICP-OES and ICP-MS. 

ICP-OES is mainly used to determine the concentration of metals in complex solutions. For the analysis, 

the samples are first atomized and ionized in an argon plasma. Then, the ions and atoms are excited and 

emit electromagnetic radiation, which can be assigned to the different elements as discrete lines and by 

that quantified 244. In ICP-MS, ions are extracted from the plasma and separated based on their mass-to-

charge ratio in order to quantify the concentration. For the injection of the samples into the plasma, the 

samples are sprayed into a nebulizer in order to form small droplets. As cells and cell clumps in the 

sample could result in an inhomogeneous solution and lead to poor aerosol formation, the cells were 

previously dissolved overnight in aqua regia. Afterwards, the gold concentration in the cell solutions 

was determined for both uptake protocols and exocytosis protocols. 

In Figure 5.4.2A, a schematic representation of the different protocols used for the incubation can be 

seen. Figure 5.4.2B shows that the different incubation protocols indeed resulted in different amounts 

of gold in the cell suspension, suggesting that the uptake of GNPs was higher for the high loading 

protocol than for the low loading protocol. It can be seen at time point 0, which displays the measurement 

directly after uptake of the nanoparticles, that the amount of gold in the high loading protocol was 165 pg 

per cell, while for the low loading protocol, it was 15 pg per cell. Therefore, the high loading protocol 

led to a particle amount 10 times higher in the cell than the low loading protocol. Additionally, the 

recovery rate of the gold in comparison with the incubation solution was determined. Therefore, the 

amount of gold was analyzed in the supernatant of the washing steps and in the cells via ICP-MS. Here, 

we showed that, for the low loading protocol, only 6.4% of the available gold from the incubation 

solution was taken up in the cells (Table 5.6.1). On the other hand, with the high loading protocol, 27.9% 

of the gold was taken up by the cells. As longer incubation protocols and longer exposures to 

nanoparticles could cause damage or toxicity to cells 289, we determined the viability of the PLX-PAD 

cells with different concentrations of the GNPs (Figure 5.6.2). Thereby we demonstrated that the 

particles do not have toxic effects on the cells and nearly 100% of the cells were viable after a long 

incubation. 
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Figure 5.4.2. (A) Schematic representation of the different incubation protocols used for incubation. PLX-PAD cells 

were incubated either for 30 min with 300 µg/mL GNPs in isotone NaCl solution (blue) or for 24 h with 300 µg/mL GNPs in 

DMEM with FBS (red). After uptake of GNPs, the cells were further incubated in DMEM with FBS for up to 48 h either with 

regular exchange of the medium (grey box right) or kept in the same medium (grey box left). (B) Calculated gold concentration 

per cell. Cells were harvested after incubation with GNPs and after incubation with DMEM, respectively. Afterwards, cells 

were analyzed with ICP-OES and the amount of gold per cell was calculated. Mean values ± SD. n = 3 (C) Representative 

TEM images of PLX-PAD cells after uptake of 300 µg/mL GNPs in DMEM + FBS. Images show the internalization of the 

GNPs in the PLX-PAD cells. Left scale bar represents 2 µm, right scale bar 500 nm. 

After uptake of the nanoparticles, the cells were incubated again with DMEM for analysis of the 

exocytosis of the nanoparticles. First, we determined the amount of gold in the cells when the cell culture 

media was kept the same the whole time (Figure 5.4.2A, grey box left). However, what the behavior 

might be in vivo should always be considered. There, exocytosed particles would be removed relatively 

quickly by other cells or body fluids. Thus, it is unlikely that exocytosed particles reabsorb on the cells 

and are taken up again. The amount of gold in the cells was also analyzed after replacing the supernatant 

regularly (Figure 5.4.2A grey box right). In Figure 5.4.2B, it can be seen that the intracellular gold 

concentration does not increase or decrease drastically for both protocols. However, looking deeper into 

the results, it can be seen that the amount of gold increases slightly with time for the low loading protocol 

both without and with supernatant replacement. This indicates that, after the uptake time, particles could 

be still attached to the surface of the cells and were available to be taken up with further incubation time. 

By washing and harvesting for ICP-OES analysis, particles that are attached to the surface might be lost. 

With supernatant replacement, this increase stopped after 24 h and the intracellular gold concentration 

leveled off at a gold amount of 17 pg per cell. Without supernatant replacement, the gold amount 

increases up to 26 pg per cell, which may indicate a further uptake either of exocytosed GNPs or GNPs 
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from the cell surface. For the high loading protocol, no difference could be observed with or without 

supernatant replacement. Here, a small decrease in the gold amount can be seen after 2 and 6 h. This 

could be due to a release or exocytosis of nanoparticles from the cells. However, after 24 h, the gold 

amount increases to the same level as before and decreases afterwards again slightly to 130 pg per cell. 

The increase in the gold amount could also be due to an uptake of GNPs that were still attached to the 

surface and reuptake of exocytosed GNPs occurred. Because, in TEM pictures (Figure 5.4.2C), no GNPs 

could be observed on the cell surface with the high loading protocol, uptake of attached particles on the 

surface seems to be improbable and reuptake of exocytosed GNPs seems to be more likely. Therefore, 

the amount of exocytosed gold in the supernatant of the cell was further analyzed. 

To further determine the exocytosis of the GNPs from PLX-PAD cells, we analyzed the amount of gold 

in cell culture media after allowing exocytosis from the cells. In Figure 5.4.3A, the calculated 

exocytosed gold concentration per cell can be seen. To facilitate a comparison between intracellular 

gold concentration and that in the supernatant, the amount of gold was also given per cell here. 

Considering the samples without supernatant replacement, it is noticeable that the amount of gold in the 

supernatant increased for both protocols (low and high loading) until 6 h, then decreased up to 24 h 

before it increased again up to 48 h. As the supernatant was kept and harvested at the recommended 

time point, it is very probable that the particles, which were previously released from the cell, were taken 

up again. Looking at the intracellular gold concentration, an increase in the concentration for the high 

loading protocol could be observed, which supports the re-uptake theory when the particles are not 

removed from the cell culture media. This has also been observed previously for gold particles 284. There, 

after a short time, a plateau was reached where exocytosis and re-uptake were in equilibrium 284. 

However, under in vivo conditions, it is more probable that the exocytosed particles are removed from 

the surrounding area of cells by other cells (e.g. phagocytic cells). It is also important to pay attention 

to additional physiological dynamic removal processes that can occur. Considering this for the protocol, 

we observed that, with regular supernatant replacement, the amount of exocytosed gold decreased over 

time. Most of the gold was measured in cell culture media after 2 h and decreased rapidly to 6 h. After 

24 h and 48 h, only a small amount of gold was measured in the supernatant. Therefore, in accordance 

with previous studies on different cell types, the exocytosis of nanoparticles seems to be fast, but 

decreases with time 284. 
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Figure 5.4.3. (A) Calculated amount of gold in supernatant determined by ICP-OES after incubation of PLX-PAD cells 

with GNPs and further incubation with cell culture media. The low loading protocol is shown in blue and the high loading 

protocol in red. The amount of gold is given in pg exocytosed per cell as mean ± SD. n = 3 (B) Calculated gold amount 

remaining in PLX-PAD cells after allowing for exocytosis given in percent. Values are displayed as mean ± SD. n = 3. (C) 

Representative TEM images of PLX-PAD cells after a first incubation with low loading protocol followed by a second 

incubation (2 h, 6 h, or 24 h) in cell culture media allowing for internalization and exocytosis. Scale bars are 1 µm. 

To allow a better comparison of the exocytosis rate between the different loading protocols, the percent 

of gold remaining in the cells was calculated (Figure 5.4.3B). Therefore, the amount of gold quantified 

after the uptake of the particles and the amount quantified in the supernatant was used for calculation. 

While 98% of the gold remained in the cells for the high loading protocol, only 80% remained after 2 h 

and 66% remained after 48 h for the low loading protocol. Particles could either be released from the 

cell surface or excreted from the cells. A higher loading of the GNPs in the PLX-PAD cells (by means 

of a more prolonged incubation protocol) also seems to reduce the exocytosis of the loaded particles 

from the cells. This can be seen by consideration of the total amount of gold exocytosed and by looking 

at the amount of exocytosed gold given in percent. These observations could also be confirmed in the 

TEM images (Figure 5.4.3C, Figure 5.6.4, Figure 5.6.5, and Figure 5.6.6). To visualize internalization, 

TEM images were made for the low loading protocol after uptake and additional incubation in cell 

culture media for 2, 6, and 24 h. While, after 2 h, a high number of particles could be still seen on the 

cell surface (Figure 5.6.4), after 24 h, nearly no more particles attached to the cell surface were observed. 

In addition, after 6 and 24 h, increasingly more particles seemed to be located in lysosomes, which 
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suggests that the particles were internalized into the cells. Previously, Yu et al. synthesized temperature-

responsive GNPs for long-term tracking of stem cells. Here, by adjusting the temperature, an increased 

uptake and a reduced exocytosis could be observed. However, still, a non-negligible amount of GNPs 

was secreted within 24 h, which could lead in vivo to a loss of signal or unspecific signal from other 

cells 269. During other studies, GNPs were coated using poly-l-lysin or PEG coupled to a trans-activator 

of transcription peptide to increase the uptake of GNPs in stem cells, and thereby increase the CT signal. 

However, increased uptake did not lead to a decreased exocytosis of GNPs, which makes long-term 

tracking still problematic 270, 271. Using our glucose-PEG-coated GNPs and adapting the incubation 

protocol, the exocytosis rate was significantly reduced, and a high loading of the stem cells could still 

be achieved. This could be used in the future for better long-term tracking of stem cells. 

The next step was to analyze whether proteins attached to the surface of the GNPs indicate if particles 

stay intracellular or if they are exocytosed. Therefore, we incubated the particles with the PLX-PAD 

cells, harvested and lysed them, and collected the proteins in the protein corona around the GNPs. The 

protein corona develops dependently on proteomic milieu around the particle. Therefore, with this 

method, it is possible to determine the pathway to which the GNPs belong 242, 243. As it is necessary for 

this analysis that the nanoparticles were internalized into the cell and were no longer on the surface, the 

protocol was adapted. Instead of an incubation of 30 min in isotone NaCl solution, the GNPs were 

incubated for the low loading protocol for 4 h in DMEM with FBS at the same concentration. Therefore, 

we ensured that we still have a lower and shorter loading of GNPs in the cells but reach a sufficient 

amount of particles in the cells to isolate them in the protein corona analysis. Additionally, a 4 + 20 h 

condition was analyzed to ensure internalization and processing for a possible exocytosis of the GNPs. 

The proteins were visualized via SDS-PAGE (Figure 5.6.3) and analyzed via LC-MS (Figure 5.4.4 and 

Figure 5.6.7). A detailed list of all identified proteins is provided in the respective publication. No clear 

differences between the conditions via SDS PAGE were observed. However, a clear distinction between 

the protein corona composition of the GNPs and the lysate of the PLX-PAD was noticed. This difference 

confirms that the protein corona of the GNPs was efficiently isolated from the cell lysate. 
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Figure 5.4.4. (A) Annotation of the proteins bound on the particles to intracellular compartments. Proteins were desorbed 

from GNPs after incubation and lysis of the PLX-PAD cells. The protein corona was analyzed by LC-MS and proteins assigned 

to selected intracellular compartments using DAVID-based functional annotation clustering by GOTERM_CC_FAT. (B) 

Heatmap of all proteins assigned to the extracellular vesicle GOTERM. Different incubation time points are displayed in 

comparison with cell lysate of PLX PAD cells. A detailed list of all proteins found in the protein corona and annotation to the 

intracellular GOTERMs can be found in the respective publication. 

After the analysis of the SDS-PAGE, the protein corona was additionally analyzed via LC-MS. A 

bottom-up proteomic approach was used for this protein analysis 103. Therefore, proteins were desorbed 

from nanoparticles followed by digestion into peptides with trypsin. Peptides were separated by liquid 

chromatography and ionized by electrospray ionization. In the mass spectrometer, the mass-to-charge 

ratio of the ionized peptides was recorded. With the use of a deconvolution software and protein 

databases, these signals can be assigned to specific proteins, and through this, the composition of protein 

mixtures can be determined 103. Here, we used this proteomic approach to analyze the intracellular fate 

of the GNPs. First, we considered the TOP 10 proteins in the protein corona for all conditions. Thereby, 

it can be seen that the TOP proteins binding on the GNPs after 4 h differ from the proteins binding after 

24 h and 4 + 20 h. After 4 h incubation, serum proteins, namely fibrinogen and serum albumin, were 

predominantly measured. After more prolonged incubation, this protein adsorption pattern changed 

towards intracellular proteins e.g. histones and actin. 

Next, we analyzed to which intracellular compartments the proteins in the protein corona belong. 

Therefore, the enrichment factor of the proteins in the protein corona compared with cell lysate was 

calculated. Only proteins with a 1.5-fold enrichment were considered for annotation to an intracellular 

compartment. First, we used DAVID to assign the number of the enriched proteins of each condition to 

the different cellular compartments (Figure 5.4.4A). We observed that most of the enriched proteins of 

all conditions are associated with extracellular vesicles. The highest protein count for extracellular 
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vesicle proteins can be seen in the 4 + 20 h condition and the least protein count in the 4 h condition. 

For the categories cell surface, secretory vesicles, early endosomes, cytoplasmic region, and endocytic 

vesicles, no difference between the different conditions was observed. The higher protein count for the 

4 + 20 h condition comes from the fact that, in total, more proteins were enriched in the corona for this 

condition, indicating that these particles traversed longer through the cells and encountered a more 

complex protein milieu. 

In order to determine whether the protein corona indicates if a particle is exocytosed or not, we analyzed 

the proteins annotated to the extracellular pathway (Figure 5.4.4B). Here, again, the proteins found in 

the protein corona after 4 h of incubation clearly differ from the proteins in the corona after 24 h and 

4 + 20 h. Many proteins that were already found under the TOP 20 list were observed here again, but 

some proteins that are not that highly represented could also be annotated to this group. After 4 h of 

incubation time, more apolipoproteins and vitronectin could be seen in the protein corona. However, 

after further incubation (e.g. 24 h and 20 + 4 h), the protein composition changed, and the amount of 

intracellular proteins increased. Moreover, only one representative of the proteins involved in the 

exocytosis, namely Rab-13, could be detected in a small amount in the protein corona after 24 h. 

However, Rab-13 is involved in the formation of intracellular vesicles and involved in both endocytotic 

and exocytotic processes, and cannot be unequivocally assigned as an exocytosis marker 290, 291. The fast 

exocytosis of the GNPs observed for the low loading protocols is probably due to the protein corona, 

which was mainly formed by extracellular proteins. The obtained results suggest that prolonged 

nanoparticle incubation protocols allow intracellular protein corona changes and lead to a deeper and 

longer internalization in the cells. 
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5.5 Conclusion 

Here, we demonstrated that a longer incubation protocol allows for higher loading of gold nanoparticles 

in PLX-PAD cells and leads to reduced exocytosis of these nanoparticles from the cells. Moreover, with 

the analysis of the protein corona, we showed that, with a prolonged incubation time, the serum proteins 

in the protein corona are exchanged to intracellular proteins, which probably leads to the reduced 

exocytosis. A low exocytosis rate of gold nanoparticles is absolutely necessary for long-term tracking 

of stem cells in vivo as background signals from other cells are reduced and the signal intensity of the 

stem cells remains stable over time. These findings could help to better understand the in vivo fate of 

stem cells and intracellular biokinetics of glucose-PEG-coated gold nanoparticles. It can also support on 

the design of nanoparticles’ uptake protocols for the labelling and tracking of cells used as therapeutic 

agents. 
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5.6 Supporting Information 

 

Figure 5.6.1. Dynamic light scattering of GNPs. Multi-angle dynamic light scattering of GNPs after filtration with a 0.2 µm 

filter, showing the size of the GNPs of 74 nm in diameter.  
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Table 5.6.1. Cell loading efficiency determined by ICP-MS. PLX-PAD cells were either incubated with 1 h or 24 h with 

400 µg/mL GNPs for the low loading and high loading protocol respectively. Afterwards, gold amount in GNP exposed 

cells was quantified via ICP-MS analysis and the percentage of recovered gold as a function of total exposed gold was 

calculated. 

 Low Loading High Loading 

 
Recovery of Au 

vs Total Au (%) 
SD 

Recovery of 

Au vs Total Au 

(%) 

SD 

Supernatant 1 86.5 3.1 66.6 9.2 

Supernatant 2 (1st wash) 7.2 1.7 4.3 0.8 

Supernatant 3 (2nd  wash) n.a n.a 1.0 0.2 

Cells 6.4 0.3 27.9 7.7 

Total Au recovered (%) 104.9 5.4 105.0 3.8 

 

 

Figure 5.6.2. Cellular viability of PLX PAD cells after incubation with different concentrations of GNPs. PLX PAD cells 

were incubated with 25-1200 µg/mL GNPs for 24 h in full DMEM and the percentage of viable cells was determined 

with an Alamar Blue Assay. Results are shown as mean ± SEM of three independent assays. 
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Figure 5.6.3. Hard corona proteins separated by SDS-PAGE and stained by a silver staining. The lanes are labelled 

according to the incubation time and Lysate corresponds to the cell lysate of PLX PAD cells. Lanes labelled with * are not 

relevant here.  

 

 

Figure 5.6.4. Representative TEM images of PLX PAD cells after first incubation with the low loading protocol followed 

by a second incubation for 2 h. The scale bars represent 1 µm.  
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Figure 5.6.5. Representative TEM images of PLX PAD cells after first incubation with the low loading protocol followed 

by a second incubation for 6 h. The scale bars represent 1 µm.  

 

 

Figure 5.6.6. Representative TEM images of PLX PAD cells after first incubation with the low loading protocol followed 

by a second incubation for 24 h. The scale bars represent 1 µm.  
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Figure 5.6.7. Proteomic analysis of the protein corona on the surface of GNPs after uptake in PLX PAD cells. The 

heatmap is displaying the combined TOP 10 proteins of each condition (25 proteins in total) identified by LC-MS. The values 

are reported as the mol% based on all identified proteins in the protein corona.  
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Table 5.6.2. List of enriched proteins in the protein corona identified by LC-MS. Displayed are the 1.5-fold enriched 

proteins compared to the proteins of the lysate 

Uniprot Accession Protein Name 
P62249 40S ribosomal protein S16 
P62851 40S ribosomal protein S25 
P60709 Actin_ cytoplasmic 1 
P12235 ADP/ATP translocase 1 
P05141 ADP/ATP translocase 2 
P01009 Alpha-1-antitrypsin 
P01023 Alpha-2-macroglobulin 
P02647 Apolipoprotein A-I 
P06727 Apolipoprotein A-IV 
P02655 Apolipoprotein C-II 
P02656 Apolipoprotein C-III 
P02649 Apolipoprotein E 
O43150 Arf-GAP with SH3 domain_ ANK repeat and PH domain-containing protein 2 
P25705 ATP synthase subunit alpha_ mitochondrial 
P25098 Beta-adrenergic receptor kinase 1 
P10909 Clusterin 
P01024 Complement C3 

Q9NYV4 Cyclin-dependent kinase 12 
Q07065 Cytoskeleton-associated protein 4 
P04843 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1 
P02671 Fibrinogen alpha chain 
P02675 Fibrinogen beta chain 
P02679 Fibrinogen gamma chain 
P00738 Haptoglobin 

Q8WYB5 Histone acetyltransferase KAT6B 
P10412 Histone H1.4 
P16401 Histone H1.5 
P04908 Histone H2A type 1-B/E 
Q93079 Histone H2B type 1-H 
P68431 Histone H3.1 
P62805 Histone H4 
Q14520 Hyaluronan-binding protein 2 
P01876 Immunoglobulin heavy constant alpha 1 
P01857 Immunoglobulin heavy constant gamma 1 
P01861 Immunoglobulin heavy constant gamma 4 
P01871 Immunoglobulin heavy constant mu 
P01834 Immunoglobulin kappa constant 

P0DOY2 Immunoglobulin lambda constant 2 
Q5T7N2 LINE-1 type transposase domain-containing protein 1 
P49023 Paxillin 
P0CG47 Polyubiquitin-B 
Q13045 Protein flightless-1 homolog 
P61619 Protein transport protein Sec61 subunit alpha isoform 1 
Q7Z7L7 Protein zer-1 homolog 
P51153 Ras-related protein Rab-13 
P02787 Serotransferrin 
P02768 Serum albumin 

P0DPH7 Tubulin alpha-3C chain 
P04004 Vitronectin 

Q9UHR6 Zinc finger HIT domain-containing protein 2 
P21506 Zinc finger protein 10 
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Table 5.6.3. List of proteins annotated to the GOTERM “extracellular vesicle” by DAVID. Proteins were identified via 

LC-MS proteomics workflow and annotated to the corresponding intracellular compartment with DAVID. Displayed are the 

Uniprot Accession number and the protein name of each protein.  

Extracellular Vesicle 
Uniprot Accession Protein Name 

P62249 40S ribosomal protein S16 
P62851 40S ribosomal protein S25 
P60709 Actin_ cytoplasmic 1 
P05141 ADP/ATP translocase 2 
P01009 Alpha-1-antitrypsin 
P01023 Alpha-2-macroglobulin 
P02647 Apolipoprotein A-I 
P06727 Apolipoprotein A-IV 
P02655 Apolipoprotein C-II 
P02656 Apolipoprotein C-III 
P02649 Apolipoprotein E 
P25705 ATP synthase subunit alpha_ mitochondrial 
P10909 Clusterin 
P01024 Complement C3 
Q07065 Cytoskeleton-associated protein 4 
P02671 Fibrinogen alpha chain 
P02675 Fibrinogen beta chain 
P02679 Fibrinogen gamma chain 
P00738 Haptoglobin 
P10412 Histone H1.4 
P16401 Histone H1.5 
P04908 Histone H2A type 1-B/E 
Q93079 Histone H2B type 1-H 
P68431 Histone H3.1 
P62805 Histone H4 
P01876 Immunoglobulin heavy constant alpha 1 
P01857 Immunoglobulin heavy constant gamma 1 
P01861 Immunoglobulin heavy constant gamma 4 
P01871 Immunoglobulin heavy constant mu 
P01834 Immunoglobulin kappa constant 

P0DOY2 Immunoglobulin lambda constant 2 
P0CG47 Polyubiquitin-B 
P51153 Ras-related protein Rab-13 
P02787 Serotransferrin 
P02768 Serum albumin 
P04004 Vitronectin 
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Table 5.6.4. List of proteins annotated to the GOTERM “cell surface” by DAVID. Proteins were identified via LC-MS 

and annotated to the corresponding intracellular compartment with DAVID. Displayed are the Uniprot Accession number and 

the protein name of each protein. 

Cell Surface 
Uniprot Accession Protein Name 

P02647 Apolipoprotein A-I 
P06727 Apolipoprotein A-IV 
P10909 Clusterin 
P02671 Fibrinogen alpha chain 
P02675 Fibrinogen beta chain 
P02679 Fibrinogen gamma chain 
P01876 Immunoglobulin heavy constant alpha 1 
P01857 Immunoglobulin heavy constant gamma 1 
P01861 Immunoglobulin heavy constant gamma 4 
P01871 Immunoglobulin heavy constant mu 
P01834 Immunoglobulin kappa constant 

P0DOY2 Immunoglobulin lambda constant 2 
P02787 Serotransferrin 

 

Table 5.6.5. List of proteins annotated to the secretory vesicle pathway by DAVID. Proteins were identified via LC-MS 

and annotated to the corresponding intracellular compartment with DAVID. Displayed are the Uniprot Accession number and 

the protein name of each protein. 

Secretory Vesicle 
Uniprot Accession Protein Name 

P01009 Alpha-1-antitrypsin 
P01023 Alpha-2-macroglobulin 
P02647 Apolipoprotein A-I 
P10909 Clusterin 
Q07065 Cytoskeleton-associated protein 4 
P02671 Fibrinogen alpha chain 
P02675 Fibrinogen beta chain 
P02679 Fibrinogen gamma chain 
P51153 Ras-related protein Rab-13 
P02787 Serotransferrin 
P02768 Serum albumin 
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Table 5.6.6. List of proteins annotated to the endoplasmatic reticulum by DAVID. Proteins were identified via LC-MS 

and annotated to the corresponding intracellular compartment with DAVID. Displayed are the Uniprot Accession number and 

the protein name of each protein. 

Endoplasmatic Reticulum 
Uniprot Accession Protein Name 

P01009 Alpha-1-antitrypsin 
P02647 Apolipoprotein A-I 
P06727 Apolipoprotein A-IV 
P02649 Apolipoprotein E 
P10909 Clusterin 
Q07065 Cytoskeleton-associated protein 4 
P04843 Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1 
P61619 Protein transport protein Sec61 subunit alpha isoform 1 
P02768 Serum albumin 
P04004 Vitronectin 

 

Table 5.6.7. List of proteins annotated to the early endosome pathway by DAVID. Proteins were identified via LC-MS 

and annotated to the corresponding intracellular compartment with DAVID. Displayed are the Uniprot Accession number and 

the protein name of each protein. 

Early Endosome 
Uniprot Accession Protein Name 

P02647 Apolipoprotein A-I 
P06727 Apolipoprotein A-IV 
P02655 Apolipoprotein C-II 
P02656 Apolipoprotein C-III 
P02649 Apolipoprotein E 
P02787 Serotransferrin 

 

Table 5.6.8. List of proteins annotated to the cytoplasmic region by DAVID. Proteins were identified via LC-MS and 

annotated to the corresponding intracellular compartment with DAVID. Displayed are the Uniprot Accession number and the 

protein name of each protein. 

Cytoplasmatic Region 
Uniprot Accession Protein Name 

P60709 Actin_ cytoplasmic 1 
P02671 Fibrinogen alpha chain 
P02675 Fibrinogen beta chain 
P02679 Fibrinogen gamma chain 
P49023 Paxillin 
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Table 5.6.9 List of proteins annotated to the endocytotic vesicle pathway by DAVID. Proteins were identified via LC-MS 

and annotated to the corresponding intracellular compartment with DAVID. Displayed are the Uniprot Accession number and 

the protein name of each protein. 

Endocytotic Vesicle 
Uniprot Accession Protein Name 

P02647 Apolipoprotein A-I 
P02649 Apolipoprotein E 
P00738 Haptoglobin 
P0CG47 Polyubiquitin-B 
P51153 Ras-related protein Rab-13 
P02787 Serotransferrin 

 

 

Table 5.6.10. List of proteins annotated to the nucleosome by DAVID. Proteins were identified via LC-MS and annotated 

to the corresponding intracellular compartment with DAVID. Displayed are the Uniprot Accession number and the protein 

name of each protein. 

Nucleosome 
Uniprot Accession Protein Name 

Q8WYB5 Histone acetyltransferase KAT6B 
P10412 Histone H1.4 
P16401 Histone H1.5 
P04908 Histone H2A type 1-B/E 
Q93079 Histone H2B type 1-H 
P68431 Histone H3.1 
P62805 Histone H4 
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Table 5.6.11. List of proteins in negative control identified by LC-MS. The negative control cells and tubes were treated in 

the same way as the samples to ensure that only corona proteins are analyzed and to exclude cell contamination.  

Negative Control 
Uniprot Accession Protein Name Mol % 

P62736 Actin_ aortic smooth muscle 4,54 
P60709 Actin_ cytoplasmic 1 6,94 
P05141 ADP/ATP translocase 2 0,36 
P12236 ADP/ATP translocase 3 0,41 
P25705 ATP synthase subunit alpha_ mitochondrial 0,48 
P06576 ATP synthase subunit beta_ mitochondrial 0,29 
P00403 Cytochrome c oxidase subunit 2 0,30 
Q07065 Cytoskeleton-associated protein 4 0,16 
P10412 Histone H1.4 1,55 
P16401 Histone H1.5 0,92 
P04908 Histone H2A type 1-B/E 13,43 
P0C0S5 Histone H2A.Z 0,41 
O60814 Histone H2B type 1-K 10,10 
P68431 Histone H3.1 5,87 
P62805 Histone H4 14,02 
P60660 Myosin light polypeptide 6 0,31 
O14950 Myosin regulatory light chain 12B 0,22 
P35579 Myosin-9 1,35 
Q00325 Phosphate carrier protein_ mitochondrial 0,61 
Q96DU9 Polyadenylate-binding protein 5 1,45 
P0CG47 Polyubiquitin-B 1,76 
P02545 Prelamin-A/C 0,33 
P35232 Prohibitin 0,17 

Q6UXU0 Putative uncharacterized protein 0,26 
P06753 Tropomyosin alpha-3 chain 0,57 

Q8NEP4 Uncharacterized protein C17orf47 23,96 
O95399 Urotensin-2 0,06 
P08670 Vimentin 0,30 
Q5T200 Zinc finger CCCH domain-containing protein 13 1,35 

Q9UHR6 Zinc finger HIT domain-containing protein 2 7,54 
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6. Exocytosis of magnetic dextran iron oxide nanoparticles from HCT116 cells 

 

This subchapter describes the analysis of the exocytosis of nanoparticles from cells by ICP-OES and 

LC-MS. In this subchapter unpublished data is shown in the structure of a publication. This work could 

possibly form the basis of a future publication. 

 

Aim: 

The uptake and exocytosis pathways of nanoparticles from cells are important processes in the 

biodistribution and utilization of nanoparticles. While the uptake pathways are relatively well studied, 

little focus has been placed on the exocytosis pathways of nanoparticles. In this study, the exocytosis 

pathways of nanoparticles will be tracked. ICP-OES will be used to quantify the exocytosis and 

proteomics and LC-MS will be used to analyze the exocytosis pathways. This will help to understand 

the interactions of nanoparticles with cells in the future.  

  

Contribution: 

In this study, I performed the conceptualization, ICP-OES analysis, complete LC-MS analysis, cLSM 

imaging, and flow cytometry analysis of the iron oxide dextran nanoparticles. XXX performed the flow 

cytometry experiments with the silica nanocapsules. XXX and XXX supervised the project.  
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6.1 Introduction 

The use of nanoparticles (NPs) for different therapeutic and diagnostic approaches is a steadily growing 

field in research2. However, for their safe application, some barriers must be overcome, such as the 

nano-bio interface and the uptake into the targeted cells1. Nano-bio interactions are the interactions 

between NPs and tissues, cells, and biomolecules. These interactions determine the biological identity 

of NPs and influence the therapeutic efficiency of NPs292. Upon contact of NPs with biomolecules 

containing fluids, a so-called biomolecular corona forms around NPs by spontaneous adsorption of these 

biomolecules on the NPs. This biomolecular corona, or protein corona as it is also called, can influence 

the blood circulation time, cellular uptake, and exocytosis of NPs75, 238. The protein corona is a dynamic 

system with a constant exchange of proteins when the protein composition in the environment changes. 

Therefore, the protein corona can be seen as a fingerprint of the intracellular route of the NPs and thereby 

the intracellular and exocytosis pathways of NPs can be investigated242.  

After the administration of the NPs into an organism, most NPs need to be taken up in cells to achieve 

their therapeutic or diagnostic goal. The uptake mechanisms of NPs in different cells are well known as 

well as the influence of the protein corona on it158. The fact that NPs can be released from the cells and 

that this depends on the cell type and the physicochemical properties of the NPS has also been shown238. 

For example, it has been shown that the exocytosis rate of gold NPs from murine embryonic fibroblast 

was significantly higher than the exocytosis of the same NPs from HeLa and human glioblastoma cells. 

Moreover, it was previously shown that that the exocytosis of smaller transferrin-coated gold NPs was 

faster than for bigger gold NPs293. One explanation for this observation could be the possibility of NPs 

with different sizes to enter different exocytosis pathways294, 295. Depending on the intended application 

of the NPs, it is very important to know the intracellular pathways and the exocytosis pathways of the 

NPs. A NP that is used for diagnostics and imaging should remain in the target cell as long as possible, 

whereas a NP that is transported across the blood-brain barrier should be exocytosed as quickly as 

possible. However, very little is known about the exocytosis pathways and often microscopic methods 

were used for their analysis239, 240, 260. The protein corona of excreted NPs could give important insights 

into the intracellular pathways of NPs which lead to their release. Together with other methods, better 

and safer targeting of NPs could thus be achieved 

Here, we developed a protocol for the analysis of the protein corona of exocytosed magnetic core dextran 

shell NPs. We performed LC-MS proteomic analysis of the proteins in the protein corona. Moreover, 

we combined the data with an analysis of the exocytosis rate by inductively coupled plasma optical 

emission spectrometry (ICP-OES) and flow cytometry. Additionally, the influence of a human blood 

plasma protein corona was investigated to see if a precoating with extracellular proteins influences the 

exocytosis pathways of the NPs.   
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6.2 Materials and Methods 

Nanoparticles. Magnetic Dextran-coated iron oxide (mgDex) NPs were obtained from CD Bioparticles. 

The NPs consist of a magnetite core and a crosslinked dextran shell and have a size of 100 nm. They are 

equipped with a red fluorescence and an amine functional group on their surface.  

 

Protein Corona Preparation. Protein corona preparation was performed prior to incubation of 

nanoparticles with the cells as previously described from our group with slight adaptions67, 169, 296. 

Therefore, human blood plasma was taken from healthy donors at the Department of Transfusion 

Medicine Mainz after physical examination and after obtaining written informed consent in accordance 

with the Declaration of Helsinki. Plasma of ten donors was pooled and stored at -20 °C. The study was 

approved by the local ethics committee “Landesärztekammer Rheinland-Pfalz” 

(Bearbeitungsnummer: 837.439.12 (8540-F)). For the protein corona formation, a ratio of 1 mg of NPs 

per 1 mL of human blood plasma was chosen. The NPs were incubated for 1 h in the plasma at 37 °C to 

allow a stable protein corona formation. Afterwards, NPs were isolated by a magnet for 10 min. For 

cellular uptake studies the NPs were washed twice in PBS and then used for cell incubation. For the 

protein corona analysis, the NPs were washed three times with 1 mL of PBS to receive the hard protein 

corona and then the proteins in the protein corona were desorbed by adding 100 µL of desorption buffer 

(2% SDS in 62.5 mM Tris-HCl). After incubation for 5 min at 95 °C, the proteins were separated by 

centrifugation (5 000x g, 4°C, 10 min). Protein containing supernatant was collected afterwards and 

further analyzed by protein quantification, SDS PAGE, and LC-MS.  

 

Cell culture. HCT116 cells were obtained from the DSMZ (German Collection of Microorganisms and 

Cell Cultures GmbH, Germany) and cultured in Dulbecco’s modified eagle medium (DMEM) 

supplemented with 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin. Cells were grown in 

a humidified incubator at 37 °C and 5% CO2. The cell viability and count were determined with trypan 

blue by an automated cell counter (TC10, Bio-Rad). Cells were cultured in flasks and sub-cultured once 

a week when they reached around 80% of confluence. Cell passage number was kept below 15.  

 

Uptake and Exocytosis. The uptake and exocytosis of the NPs were analyzed by ICP-OES and flow 

cytometry. For the analysis by ICP-OES cells were seeded at a density of 1x106 cells per well in a six-

well plate (Greiner, Germany). Cells were incubated overnight in a humidified incubator (37 °C, 5% 

CO2). For the analysis by flow cytometry 150 000 cells were seeded in 24-well plates and incubated 

overnight. One hour before the treatment of the cells with NPs, the cell culture media was removed and 

replaced with media without FBS. Afterwards, cells were treated with 300 µg/mL of NPs in DMEM 

without FBS for either 2 h or 24 h. NPs were used either with a preformed protein corona or without a 



Chapter B – The exocytosis of nanoparticles from cells 

121 
 

protein corona. After the incubation time, the NP solution was removed and the cells were washed twice 

with PBS (Thermo Fisher Scientific, Germany). For uptake measurements, the cells were harvested 

afterwards using Trypsin-EDTA (Thermo Fisher Scientific, Germany) and for exocytosis 

measurements, cells were incubated again in DMEM without FBS for 2, 6, or 24 h and then washed and 

harvested. Cells were then prepared for flow cytometry or ICP-OES analysis.  

 

Flow Cytometry Analysis. After harvesting, the cells were centrifuged (300× g, 5 min) and the 

supernatant was removed. Before analysis, a viability staining using Zombie Aqua™ (Biolegend) was 

applied according to the manufacturer’s manual. Therefore, cells were resuspended in a 1:500 dilution 

of Zombie Aqua™ in PBS and incubated at 4 °C for 15 min. After centrifugation (300× g, 5 min) the 

supernatant was removed and the cells were resuspended in 1 mL PBS. Analysis was performed at an 

Attune Nxt Flow cytometer. Therefore, the cell population was selected in a FSC/SSC scatter plot and 

10 000 events for the cells were recorded. The NP signal was recorded using the YL 1 channel with an 

excitation laser of 561 nm and a band-pass filter of 585/16 nm. The viability signal was recorded using 

the VL2 channel with an excitation laser of 405 nm and a 512/25 nm band pass filter for emission. Data 

procession and analysis were performed with the Attune NxT Software. For cell viability the % gated 

cells were analyzed and for nanoparticle uptake the % gated cells and median fluorescence intensity 

were analyzed.  

 

ICP-OES Analysis. For the analysis of the uptake and exocytosis, cells were centrifuged (300 g, 5 min) 

and the supernatant was discarded. To get a homogenous solution, the cells were either directly treated 

with 1 mL of aqua regia or sonicated for 10 min in a sonication bath and afterwards the cell pellet was 

resuspended in 1 mL nitric acid. After incubation overnight on an orbital shaker (300 rpm), the samples 

were diluted up to 10 mL with MilliQ water. Iron concentration was determined by ICP-OES 

(SpectroGreen, Spectro/Ametek, Germany). Calibration was performed using 0.1, 0.5, 1, 5, and 20 ppm 

iron standard solutions (stock 1000 mg/L, Merck, Germany). To verify the same incubation 

concentration for the samples with and without protein corona the concentration of the nanoparticle 

solution was determined as well. Additionally, only cell controls were measured to deduct background 

signals.   

 

Confocal Laser Scanning Microscopy. cLSM experiment was conducted to verify the intracellular 

localization of the NPs. For the confocal analysis, cells were seeded at a density of 50 000 cells per well 

in 8-well ibidi dishes and incubated overnight. The cell incubation with nanoparticles was performed in 

the same manner as in the flow cytometry and ICP-OES experiment. A Leica Laser Scanning Confocal 

Microscope (LSM SP5 STED Leica, Germany) equipped with a multi-laser combination and five 
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detectors (range of 400–800 nm) was used. For the detection of the NPs the 514 nm laser was used, and 

the emission was detected at 565-600 nm. The cell membrane was stained shortly before measurement 

using 1:1000 dilution CellMask DeepRed (5 mg/mL ThermoFisher Scientific). The CellMask DeepRed 

was excited with the 633 nm laser and detected at 650–695 nm. Images were taken using LAS AF 3000 

software and processed using Image J. 

 

Exocytosis Pathway Analysis. For the exocytosis pathway analysis, the HCT116 cells were seeded in 

six-well plates at a density of 1x106 cells and incubated overnight. Cells were treated as described for 

the exocytosis measurements. Instead of harvesting the cells, the cell culture supernatant with the 

released nanoparticles was collected. The cells were rinsed one time with 500 µl PBS to collect all 

released NPs. Afterwards the NPs were collected from the cell culture media using a magnet for 10 min. 

NPs from three wells were combined and washed twice with PBS. The hard corona proteins were 

detached from the surface of the NPs using a desorption buffer containing 2% (w/v) SDS and 62.5 mm 

Tris-HCl. Then the proteins were collected via centrifugation (5000× g, 4 °C, 10 min) and used for 

protein quantification, SDS PAGE, and LC-MS analysis. 

 

Protein Quantification and SDS-PAGE. Protein quantification was performed with the Pierce 660 nm 

Protein Assay (Thermo Fisher Scientific) according to the manufacturer’s recommendations. Protein 

concentration was measured in a Tecan Infinite M1000 plate reader (Tecan, Switzerland) with a bovine 

serum albumin (Merck, Germany) calibration curve. After quantification, the proteins were separated 

by SDS PAGE. Therefore, 2 µg of protein in 26 µL total volume was mixed with 4 µL of NuPAGE 

Reducing Agent and 10 µL of NuPage LDS Sample Buffer (both Thermo Fisher Scientific, Germany). 

Afterwards, the samples were loaded on a 10% Bis-Tris-Protein Gel (Thermo Fisher Scientific, 

Germany) and as a marker SeeBlue Plus2 Pre-Stained (Invitrogen, USA) was added as well. Gel was 

run at 100 V for 1.25 h in NuPage MES SDS Running Buffer (Thermo Fisher Scientific, Germany). 

Afterwards, the gels were stained with Pierce Silver Staining Kit (Thermo Fisher Scientific, Germany) 

according to the manufacturer’s protocol.  

 

In-Solution Digestion, Liquid Chromatography-Mass Spectrometry (LC-MS), and Protein 

Identification. After collecting the protein corona from human plasma or after exocytosis, the protein 

corona samples were digested and analyzed by LC-MS. In-solution digestion, LC-MS, and protein 

identification were performed as previously described from our group67, 102, 175. In brief, before the 

digestion of the proteins, SDS was removed using Pierce Detergent Removal Spin Columns (Thermo 

Fisher Scientific, Germany) according to the manufacturer’s description. Then, the proteins were 

precipitated with the ProteoExtract protein precipitation kit (Merck, Germany) and then solubilized in 
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RapiGest SF (Waters, USA) in ammonium bicarbonate buffer (50 mM, Sigma-Aldrich, USA). Before 

digestion, the proteins were reduced with dithiothreitol (5 mM, Sigma-Aldrich, USA) and then alkylated 

with iodoacetamide (15 mM, Sigma-Aldrich, USA), both in 50 mM bicarbonate buffer. Tryptic 

digestion was performed overnight at a ratio of 50:1 for protein:trypsin. The digestion was stopped by 

lowering the pH with 2 µL hydrochloric acid (Sigma-Aldrich) and degradation products of RapiGest SF 

were removed by centrifugation (14 000× g; 15 min; 4 °C). For absolute protein quantification, the 

samples were spiked with 50 fmol/µL Hi3 E.coli. (Waters, USA) and diluted with 0.1% formic acid.  

LC-MS measurements were performed using a nanoACQUITY UPLY system coupled to a 

Synapt G2-Si mass spectrometer. The system was operated in a positive resolution mode and data-

independent acquisition with ion mobility separation was run. A mass-to-charge range of 50-2000 Da, 

scan time of 1 s, ramped collision energy from 20 to 40 V, and data acquisition of 120 min was set. As 

references, Glu-Fibriopeptide (150 fmol/µL) and Leu-Enkephalin (200 pg/µL) were used with a flow 

rate of 0.5 µL/min. Samples were injected at a flow rate of 0.3 mL/min.  

Afterwards, data were processed using MassLynx 4.1 and Progenesis QI 2.0 software. For protein 

identification, a reviewed database downloaded from Uniprot was used and the thresholds for noise 

reduction were set at 120, 25, and 750 counts for low energy, high energy, and peptide intensity. 

Requirements for protein identification were set as at least on assigned fragment per peptide, three 

assigned fragments per protein, and one assigned peptide per protein. TOP3/HI3 approach was used for 

absolute quantification of each protein in fmol as described112.  

 

Protein Annotation. For the analysis of the exocytosis pathways, all protein corona proteins with an 

enrichment of 1.5-fold compared to cell culture supernatant proteins were identified. Functional protein 

analysis of the enriched proteins was performed with the annotation tool DAVID (Version DAVID2021, 

https://david.ncifcrf.gov/home.jsp accessed on 26th September 2022)287, 288. Enriched proteins were 

analyzed by functional annotation clustering with the database for GOTERM-CC_FAT with medium 

classification stringency. As GOTERMS extracellular vesicles, cytoplasmic vesicle part, membrane 

region, lysosome, and endosome were considered. In these classes, the protein count and the % of these 

proteins compared to all identified proteins were analyzed. A detailed list of all identified proteins and 

the DAVID annotation can be accessed via the following link: 

https://keeper.mpdl.mpg.de/f/923f1bdb719b452fa59a/.  
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6.3 Results and Discussion 

The influence of the protein corona (PC) on the uptake of NPs has been investigated quite often. 

However, less is known about the secretion or exocytosis of NPs from the cells and even less is known 

about the influence of a blood plasma PC on it209. In this study, we focused on the influence of a PC on 

the exocytosis of magnetic core shell NPs with a size of 100 nm. The NPs were composed of a magnetite 

core with a crosslinked dextran shell. These NPs were used as a model nanocarrier due to their ease to 

handle and since similar nanocarriers have been used many times before for PC and exocytosis 

applications which allows easy comparability69, 169, 297, 298. Before the analysis of the influence of a PC 

on the exocytosis, the PC of these NPs in human plasma was investigated. Therefore, we incubated the 

NPs for 1 h at 37 °C in human plasma and analyzed the proteins in the protein corona by LC-MS. In the 

left part of Figure 6.3.1, it can be seen that mainly serum albumin, coagulation proteins, and 

immunoglobulins were bound in the PC. In the right part, it can be seen that two proteins, serum albumin 

and kininogen-1, make up more than 50% of the proteins in the PC. Kininogen-1 is assigned to the 

coagulation proteins and thus causes the large share of these proteins in the protein groups. Different 

immunoglobulins are found as well in the top20 of the proteins in the PC, but their concentration is quite 

low.  

 

 

Figure 6.3.1. Proteomic analysis of protein groups and top20 proteins found in the protein corona of mgDex NPs in 

human plasma. Nanoparticles were incubated in human blood plasma and the protein corona after desorption analyzed by 

LC-MS. All identified proteins were sorted based on their affiliation to one of the following categories: Serum Albumin, Acute 

Phase, Coagulation, Complement System, Immunoglobulins, Lipoproteins, Others, Tissue Leakage (staked from bottom to top 

on the left graphic). Additionally, the top20 proteins in the protein corona are shown in a heatmap (right graphic).  

Since the PC is known to influence the uptake and toxicity of NPs, we investigated this effect in the next 

step (Figure 6.3.2A). The uptake of NPs is usually determined by flow cytometry using the fluorescence 

properties of the NPs. Here, we tested two different concentrations of the NPs, both with and without 

PC, and tested two different uptake times as well. This showed that after 2 h of incubation the uptake of 

the mgDex NPs was higher for the 300 µg/mL incubation solution compared to the lower concentration 

of 75 µg/mL (Figure 6.3.2A left). However, after 24 h the concentration of the incubation solution 
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seemed to have no influence anymore and the uptake of the NPs was for both nearly the same. Moreover, 

the PC did not influence the uptake amount of the NPs and the uptake was the same for the NPs without 

and with PC. Indeed, it has already been shown that the uptake of dextran coated magnetic NPs is very 

low and there is no significant difference with a PC69. However, no exocytosis measurements have been 

performed in this study. Viability measurements were performed using ZombieAqua™ as a viability 

marker. Here, it can be seen that the NPs were not toxic to the cells at both concentrations and at both 

time points.  
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Figure 6.3.2. Uptake and exocytosis analysis of mgDex nanoparticles in HCT116 cells. (A) Uptake (left) and viability 

(right) analysis of HCT116 cells incubated with either 300 µg/mL or 75 µg/mL of mgDex NPs. Both conditions were analyzed 

with and without a protein corona from human plasma. Analysis was performed by flow cytometry. n=3 (B) Exocytosis analysis 

of mgDex NPs with ICP-OES. The exocytosis is shown after 2 h of uptake (left) and 24 h of uptake (right) (both incubated 

with 300µg/mL). In each graph the amount of iron is shown per 1x106 cells. n=3 (C) Confocal laser scanning microscopy 

images of HCT116 cells incubated with mgDex NPs without PC after different time points. The cell membrane was stained 

with Cellmask Deep Red and is pseudocolored in green. Nanoparticles are pseudocolored in red. PC=Protein corona. Scale 

bars: 25 µm.  

The uptake and exocytosis rate of the mgDex NPs in HCT116 cells should also be analyzed by ICP-

OES. This method benefits from its independency of a fluorophore and localization of the NPs 

intracellular299. During the intracellular internalization of the NPs in the cells, the NPs get exposed to 

different conditions e.g. different pHs300. These differences can cause a change in the fluorescence 

intensity of the fluorophore which could leave to false results. By ICP-OES the elemental composition 

of the samples is determined independently from the localization of the NPs in the cells and thereby the 
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amount of NPs in the cells can be quantified. Moreover, besides the cells, also the incubation and wash 

solutions can be analyzed which allows an analysis of the whole process. Here, the six different fractions 

(incubation solution, supernatant after uptake, both wash solutions, cells, supernatant after cell 

centrifugation) that can be generated from the uptake were digested with aqua regia and then the amount 

of iron in the samples was quantified with ICP-OES. In Figure 6.5.1A it can be seen that the incubation 

solution contained around 205 µg iron in 1 mL and 185 µg iron in 1 mL for the condition without and 

with PC respectively. For the preparation of the incubation solution, 300 µg/mL of mgDex NPs were 

used. However, the NPs consist of an iron oxide core and a dextran shell but here only the iron amount 

is quantified. This leads to the lower concentration determined here. It can also be seen that the amount 

of NPs was slightly reduced for the condition with PC. Due to the PC preparation and washing, NPs can 

get washed away leading to a reduced amount of NPs for incubation. With the ICP-OES we are able to 

measure the incubation solution which makes it possible to take differences in incubation concentrations 

into account, whereas with other methods such as flow cytometry, this is not possible.  

Next, it can be seen that about 150 µg of iron was not taken up into the cells and was still in the 

supernatant after 24 h of uptake time. In Figure 6.5.1B the percentage of each fraction compared to the 

incubation solution was calculated. It shows that 77 % and 79 % of the NPs were left in the cell culture 

media for the conditions without and with PC respectively. After harvesting the cells with trypsin, the 

cells were centrifuged again and both, the cell pellet and the supernatant after centrifugation, were 

analyzed. Around 16 to 17 µg of nanoparticles have been taken up into the cells which make up about 

8 to 9 % of the incubation solution. The uptake amount is independent from the PC and also from the 

slight differences in the NP amount in the incubation solution. This leads to the assumption that the cells 

are saturated and also with a higher concentration of NPs they would not take up more NPs. This was 

also shown by flow cytometry in Figure 6.3.2A, where also with a lower concentration of NPs the same 

amount of NPs were taken up after 24 h of incubation. About 10 % of the NPs were removed during the 

washing steps. The last fraction analyzed was the cell supernatant after centrifugation. Due to the 

trypsinization of the cells, loosely bound NPs on the surface of the cells can get released. These NPs are 

not taken up at this time point and would be with further incubation either taken up or released from the 

cell surface. However, this fraction makes up only between 3-4 % of NPs from the original solution and 

as it was shown that the cells are probably already saturated, these NPs will not change the intracellular 

NP concentration drastically. In total 99.3 % and 101.6 % of the amount of iron without and with PC 

respectively was quantified in the different fractions. This shows that this method works well to quantify 

the uptake of the particles into the cells.  

Besides the uptake of the NPs into the cells, the exocytosis of them from the cells should be quantified 

as well. Therefore, the cells were washed twice after the respective uptake time and then further 

incubated with cell culture media for 2 h, 6 h, or 24 h to allow exocytosis and release of the NPs. 

Afterwards, the cell culture supernatants and the cells were harvested and then the samples were digested 

with aqua regia to homogenize the samples. Table 6.5.1 shows the amount of iron determined in the 
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different fractions of the exocytosis samples. Additionally, the total percentage of the recovered NPs in 

comparison to the amount of NPs after uptake was calculated. Therefore, the amount of iron determined 

in the cells and in the supernatant after cell centrifugation was used since these NPs could be possibly 

taken up with further incubation of the cells. In Table 6.5.1 it can be seen that the amount of iron in the 

cells decreases significantly two hours after the end of the uptake time. However, with further 

incubation, the intracellular NP amount increased again and after 24 h of further incubation, the amount 

was even higher than directly after the end of uptake. This shows that the NPs get released from the cells 

very quickly but can be retaken up from the cells. Moreover, it indicates that with further incubation of 

the cells, the NPs seem to reaccumulate in the cells. This has also been shown by XXX for silica 

nanocapsules in HCT116 cells (Figure 6.5.2, unpublished data). Besides focusing on the intracellular 

amount of the NPs, the amount of NPs in the supernatant should also be determined. It seemed that the 

NP concentration in the supernatant after 2 h and 6 h of exocytosis is higher, indicating a high exocytosis 

rate and it decreases after 24 h indicating the reuptake of the NPs into the cells. However, in total, the 

amount of iron determined in the exocytosis samples was higher than the amount determined after 

uptake. This could be due to an inhomogeneity of the samples which results in the incorrect 

concentration. Therefore, the method for dissolving the samples has been adapted for further 

experiments. 

In the next step we investigated the exocytosis rate of the NPs from the HCT116 cells with an adapted 

protocol for the digestion of the cells (Figure 6.3.2B). We chose to incubate the cells with 300 µg/mL 

of NP solution since the uptake of the NPs at this concentration after 2 h was higher and the condition 

did not show any toxicity. With that, we assume that the higher loading could be better for analysis 

although when a significant amount of NPs is exocytosed. The dissolution of the cells has been adapted 

with a sonication of 10 min followed by digestion in nitric acid according to previously reported 

protocols239, 301. This should ensure better homogeneity of the samples. Moreover, the calibration 

procedure of the ICP-OES was adapted to trace analysis using a sample preparation correction to achieve 

a higher accuracy. Here, only the intracellular amount of the NPs was determined to investigate the 

exocytosis behavior of the NPs. In Figure 6.3.2B it can be seen that the intracellular iron amount directly 

decreases after the uptake. After two hours of exocytosis, the NPs get released from the cells. However, 

with further incubation, the amount of iron in the cells increases again and reaches after 24 h nearly the 

same amount as directly after the uptake. This shows that the NPs are released fast from the cells but 

with further incubation the NPs can get taken up again. Moreover, the absence of reaching a plateau or 

a second decrease of iron amount might indicate that the NPs then remain stable in the cell. Potentially, 

this could mean that intracellular pathways are more likely to be involved immediately after uptake, 

leading to the release of the particles, whereas additional prolonged incubation may favor other 

pathways that promote longer retention in the cell. The uptake of the NPs with and without PC was 

nearly the same and the trend of the decrease could be observed both with and without PC. There was a 

trend, however, that the intracellular particle concentration increased faster and the reuptake was faster 
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when no PC was present on the particles. The decrease in the intracellular NP amount could also be 

observed by cLSM (Figure 6.3.2C). After 2+2 h of incubation, the lowest amount of intracellular NPs 

could be observed but after 2+24 h of incubation again more NPs can be seen.   

To analyze which pathways are involved in the secretion of the NPs, we analyzed the PC around the 

NPs after their exocytosis in the next step. Therefore, we incubated the cells for 2 h or 24 h with the NPs 

as described and harvested the NPs from the supernatant after the additional incubation for 2 h, 6 h, and 

24 h. After desorption of the proteins from the NPs surface, we analyzed the protein composition in a 

first step by SDS-PAGE. Additionally, the cell culture supernatant without NPs in the solution was 

analyzed as a reference and a negative control was performed to control the suitability of the process. In 

Figure 6.3.3 the SDS-PAGEs of the extracellular protein corona (ePC) samples are shown. For the NPs 

without a PC from human plasma, many different protein bands were detected, and they are very similar 

at the different time points. Only in condition 24+2 and slightly in condition 2+6 a significantly lower 

diversity and lower protein concentration is observed. Between 2 h and 24 h of cellular uptake time, the 

differences are very small. The band pattern of the cell culture supernatant is even more complex than 

the protein corona samples. This indicates that only specific proteins were bound to the NPs surface. In 

the negative control, only a few proteins in a low concentration could be detected leading to the 

assumption that it is most likely that contamination due to sample production can be excluded. 

Comparing the protein band pattern with the one from the ePC with a PC from human plasma, it can be 

seen that after 2 h of uptake less bands and proteins were detected for the +PC condition. Only after 

2+24 h more bands were detected, and the protein pattern seems to be more complex then. In the +PC 

samples after 2+2 and 2+6 h, one prominent band can be observed at around 66 kDa. This could be 

serum albumin which was already shown to be a prominent protein in the PC from human plasma. After 

the longer uptake time of 24 h, the band pattern is equal to the one without a PC from human plasma. 

This could indicate that the ePC is initially very similar to the plasma PC, but with a longer incubation 

period, more and more proteins can be exchanged on the surface and intracellular proteins can 

accumulate. The fact that the PC is a dynamic process has already been shown as well as that the protein 

corona is constantly changing intracellularly and adapting to the pathway242, 243. 
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Figure 6.3.3. Protein corona analysis of exocytosed nanoparticles after incubation with HCT116 cells. SDS PAGE and 

DAVID annotation of proteins in protein corona after incubation of mgDex NPs without (A) or with (B) protein corona in 

HCT116 cells. For SDS PAGE proteins were desorbed from the released NPs and added onto the SDS PAGE. For DAVID 

analysis proteins were after desorption analyzed by LC-MS and 1.5-fold enriched proteins were assigned to selected 

intracellular compartments using DAVID-based functional annotation clustering by GOTERM_CC_FAT. PC=Protein corona.  

To analyze the protein composition more in detail, we performed quantitative LC-MS proteomics and 

determined the proteins that were 1.5-fold enriched in comparison to the cell culture supernatant. 

Afterwards, the enriched proteins were annotated to the five different GOTERMs extracellular vesicles, 

cytoplasmic vesicle part, membrane region, lysosome, and endosome using the annotation tool DAVID. 

We have chosen these GOTERMS since many proteins were assigned to them and because of their 

importance for the analysis of the exocytosis pathways. In Figure 6.3.3 the protein count for each 

GOTERM at each time point is shown. For the NPs without a plasma PC (Figure 6.3.3A) it can be seen 

that the groups with the highest protein count are the extracellular vesicles and cytoplasmic vesicle part. 

Moreover, it can be seen that the protein count of the enriched proteins varies between the different time 

points. For the extracellular vesicles, the highest protein count can be observed for the 24+24 condition 

followed by 24+6 and 2+24 conditions. The lowest protein count can be observed for the 2+6 and 24+2 
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conditions. The same counts for the other GOTERMS show that at specific time points the ePC is 

enriched with proteins determining the exocytosis pathway of the NPs. However, when a PC from 

human plasma has already been present before the uptake of the NPs, the GOTERM with the highest 

protein count is always extracellular vesicles (Figure 6.3.3B). Moreover, the differences between the 

time points are not that distinct anymore. The conditions 24+24 and 2+24 still have the highest protein 

count which suggests that the particles that were exocytosed at this late stage are specifically located in 

the extracellular vesicles.  

As the next step we identified the proteins that were specifically assigned to these GOTERMs and then 

identified the TOP10 proteins for each time point. In Figure 6.3.4 and Figure 6.5.3-Figure 6.5.6 the 

heatmaps of the combined TOP10 proteins for each GOTERM are shown. Moreover, the percentage 

based on all identified proteins for each GOTERM was calculated. As already seen for the protein count, 

the conditions 2+6 and 24+2 seem to have a different composition of protein concentrations for the 

GOTERM extracellular vesicles as at the other time points (Figure 6.3.4). Remarkable is that after 2+6 

and after 24+2 h for -PC the concentration of plectin, stress-70 protein_mitochondrial and syntaxin-7 is 

higher than at the other time points. On the opposite, the concentration of heat shock proteins, histones, 

and actin is decreased at these time points. However, also after 2+2 h, the ePC composition looks slightly 

different with a high concentration of histone H4 and a high concentration of syntaxin-7 as well. While 

syntaxin-7 is a protein involved in the exocytosis of lysosomes, heat shock proteins are known to be 

involved in the secretion of exosomes302, 303. Moreover, actin related proteins and histones are as well 

assigned to be involved in the biogenesis of extracellular vesicles304, 305. Depending on the time point of 

exocytosis different pathways seem to be more favored for the secretion of the NPs. With the human 

plasma PC on the NPs before, the differences in protein corona get weaker. However, after 2+6 and 

24+2 h now serum albumin was detected on the exocytosed NPs. This indicates that these NPs still carry 

parts of the plasma PC and may have been exocytosed for this reason.  
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Figure 6.3.4. Annotation of the proteins in the extracellular protein corona of mgDex NPs to the GOTERM extracellular 

vesicles. Heatmap of all proteins assigned to the extracellular vesicles GOTERM without (left) or with (right) protein corona 

from human plasma. Different incubation time points are displayed in both heatmaps. Additionally, the % of proteins annotated 

to extracellular vesicles based on all identified proteins is shown for all conditions. PC=Protein Corona. 

Considering the concentration of all the proteins that were assigned to the extracellular vesicles group, 

interestingly the conditions 2+6 and 24+2 h -PC and 2+6 +PC have the lowest percentage of all identified 

proteins. After 2 h of uptake and 6 h of exocytosis, the protein amount assigned to extracellular vesicles 

is low compared to the other exocytosis time points after 2 h of uptake. At this time point, an increasing 

intracellular NP amount and less exocytosis was measured by ICP-OES. Combining this data, we 

suggest that at this time point the NPs are more likely to be taken up and be internalized in the cells and 

not be exocytosed. Moreover, the NPs that get exocytosed at these time points are more likely to be 

excreted via lysosomal pathways or exocytosis from endosomes as high concentrations of these proteins 

based on all identified proteins could be found at these time points (Figure 6.5.5 and Figure 6.5.6). A 

non-specific release of NPs after 2+6 h is also supported by the fact that only very few membrane region 

proteins could be found at this time point (Figure 6.5.4). Interestingly, the presence of a plasma PC 

seems to influence the enrichment of specific proteins in the ePC (e.g. syntaxin-7 and V-type protein 

ATPase) but rather have a low influence on the exocytosis rate and involved exocytosis pathways. 

Lysosomal secretion of NPs has also been reported by Yanes et al239. In this study, the preferred 
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exocytosis pathway via lysosomal secretion was time independent. However, Ho et al. reported that 

alkylated gold NPs were mainly exocytosed via extracellular vesicles240 and Strobel et al. reported the 

exocytosis of cerium dioxide NPs through endosomes and Golgi transport301. However, all these studies 

were mainly performed by imaging or by the inhibition of specific intracellular pathways. The 

application of proteomics for tracking the exocytosis pathways could give new insights and can help to 

better understand the intracellular interactions of NPs and cells.  
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6.4 Conclusion 

Here we demonstrated that the proteomic approach can be used for the tracking of the exocytosis 

pathways of magnetic dextran nanoparticles. After 2 h of uptake and 6 h of exocytosis the NPs are more 

likely exocytosed via lysosomal exocytosis and non-vesicle related secretion through endosomal escape. 

However, after 2 h and 24 h of exocytosis, the nanoparticles are exocytosed in or with extracellular 

vesicles and the exocytosis rate is the highest after 2 h. The presence of a protein corona from blood 

plasma did not have a significant influence on the uptake rate or the exocytosis pathways for these NPs. 

With this study, a first step was made to use proteomics for the exocytosis analysis of NPs. In the future, 

this may help to better understand the interactions of NPs with cells and their pathways. 
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6.5 Supporting information 

 

 

Figure 6.5.1. Uptake analysis of mgDex NPs determined by ICP-OES. (A) Analysis of different fractions after incubation 

with 300 µg/mL of mgDex NPs with HCT116 cells for 24 h. Fractions were harvested and digested with aqua regia before 

analysis by ICP-OES. All fractions were analyzed without and with a preformed protein corona in human plasma. As fractions 

the remaining NPs in the supernatant after uptake, both wash solutions, the cells, and the supernatant after cell centrifugation 

were analyzed. (B) Additionally, the percentage of the fractions comparing to the NP incubation solution were calculated. 

PC=Protein Corona. n=3 
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Table 6.5.1. Exocytosis analysis of different fractions containing mgDex NPs determined by ICP-OES. HCT116 cells 

were incubated with 300 mg/mL of mgDex NPs for 24 h without (blue) and with (red) a preformed protein corona in human 

plasma. Afterwards. NPs were washed away and cells incubated with cell culture media to allow exocytosis. Samples were 

dissolved in aqua regia for digestion. The amount of iron was then determined in the cells, in the supernatant, and in the cell 

supernatant after centrifugation. Additionally, the percentage comparing to the uptake was calculated. PC=Protein corona. n=3 

 Sample 

Amount 

in cells 

[pg/cell] 

Amount in 

supernatant 

(exocytosed) 

[pg/cell] 

Amount in 

supernatant 

after cell 

centrifugation 

[pg/cell] 

Total (cells + 

supernatants) 

[pg/cell] 

% of 

uptake 

-PC 

Uptake in cells 17.26 - 7.77 25.02  

2 h Exocytosis 8.59 11.72 5.00 25.31 101.15 

6 h Exocytosis 10.43 16.66 3.90 30.99 123.84 

24 h Exocytosis 19.13 3.45 4.09 26.67 106.59 

+PC 

Uptake in cells 15.89 - 5.14 21.03 - 

2 h Exocytosis 5.87 12.92 3.13 21.92 104.24 

6 h Exocytosis 7.26 16.20 2.61 26.08 123.98 

24 h Exocytosis 17.49 3.29 2.86 23.65 112.42 
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Figure 6.5.2. Uptake and exocytosis of silica nanocapsules from HCT116 cells. Incubation of HCT116 cells with 200 µg/ml 

of different PEGylated silica nanocapsules (SiNC) for 2h. Afterwards, SiNCs were removed and cells further incubated to 

allow exocytosis. Intracellular median fluorescence intensity (MFI) was determined by flow cytometry and the MFI after uptake 

was set as 100%. Values of exocytosis samples were calculated depending on the MFI of the uptake. Results reprinted from 

XXX (unpublished data). n=3  

 

 

Figure 6.5.3. Annotation of the proteins in the extracellular protein corona to the GOTERM cytoplasmic vesicle part. 

Heatmap of all proteins assigned to the cytoplasmic vesicle part GOTERM without (left) or with (right) protein corona from 

human plasma before cell uptake. Different incubation time points are displayed in both heatmaps. Additionally, the % of 

proteins annotated to cytoplasmic vesicle part based on all identified proteins is shown for all conditions. PC=Protein corona. 
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Figure 6.5.4. Annotation of the proteins in the extracellular protein corona of mgDex NPs to the GOTERM membrane 

region. Heatmap of all proteins assigned to the membrane region GOTERM without (left) or with (right) protein corona from 

human plasma before cell uptake. Different incubation time points are displayed in both heatmaps. Additionally, the % of 

proteins annotated to membrane region based on all identified proteins is shown for all conditions. PC=Protein corona. 
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Figure 6.5.5. Annotation of the proteins in the extracellular protein corona of mgDex NPs to the GOTERM lysosome. 

Heatmap of all proteins assigned to the lysosome GOTERM without (left) or with (right) protein corona from human plasma 

before cell uptake. Different incubation time points are displayed in both heatmaps. Additionally, the % of proteins annotated 

to lysosome based on all identified proteins is shown for all conditions. PC=Protein corona.  
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Figure 6.5.6. Annotation of the proteins in the extracellular protein corona of mgDex NPs to the GOTERM endosome. 

Heatmap of all proteins assigned to the endosome GOTERM without (left) or with (right) protein corona from human plasma 

before cell uptake. Different incubation time points are displayed in both heatmaps. Additionally, the % of proteins annotated 

to endosome based on all identified proteins is shown for all conditions. PC=Protein corona.  
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Chapter C – Further applications of proteomics and ICP-OES 

 

In addition to the applications of ICP-OES and proteomics shown in detail so far, I contributed in 

different additional projects during my PhD. The results of these projects (Publications [5]-[10]) are 

either published, submitted, or should be submitted soon. The abstract of these publications and the 

contribution to the project of each author is indicated.  

 

[5] Amphiphilic dendrimers control protein binding and corona formation on liposome 

nanocarriers 

Copyright:  

The following part is based on the publication: XXX, XXX, XXX, Jennifer Oberländer, XXX, XXX, 

XXX, XXX, XXX. Amphiphilic dendrimers control protein binding and corona formation on liposome 

nanocarriers. Chemical Communications, 2020, 56 (61), 8663-8666.  

 

Abstract:  

Amphiphilic polyphenylene dendrimers (PPDs) with distinct lipophilic and positively or negatively 

charged surface groups were adsorbed onto liposomes and their impact on protein adsorption in blood 

plasma was studied. The PPD corona reduced binding of specific opsonins and increased the adsorption 

of proteins controlling cellular uptake based on their surface patches. 

 

Contribution:  

I performed the coating and protein corona analysis of the dendrimer coated liposomes with different 

concentrations. XXX and XXX synthesized the dendrimers. The protein corona analysis of the 

liposomes and polystyrene nanoparticles coated with the different dendrimers has been performed by 

XXX. The project was supervised by XXX, XXX, XXX, XXX, and XXX.  
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[6] Transparent polycarbonate coated with CeO2 nanozymes repel Pseudomonas aeruginosa PA14 

biofilms 

Copyright:  

The following part is based on the publication: XXX, XXX, XXX, Jennifer Oberländer, XXX, XXX, 

XXX, XXX, XXX, XXX, XXX, XXX. Transparent polycarbonate coated with CeO2 nanozymes repel 

Pseudomonas aeruginosa PA14 biofilms. Nanoscale, 2022, 14 (1), 86-98. 

 

Abstract:  

Highly transparent CeO2/polycarbonate surfaces were fabricated that prevent adhesion, proliferation, 

and the spread of bacteria. CeO2 nanoparticles with diameters of 10–15 nm and lengths of 100–200 nm 

for this application were prepared by oxidizing aqueous dispersions of Ce(OH)3 with H2O2 in the 

presence of nitrilotriacetic acid (NTA) as the capping agent. The surface-functionalized water-

dispersible CeO2 nanorods showed high catalytic activity in the halogenation reactions, which makes 

them highly efficient functional mimics of haloperoxidases. These enzymes are used in nature to prevent 

the formation of biofilms through the halogenation of signaling compounds that interfere with bacterial 

cell–cell communication (“quorum sensing”). Bacteria-repellent CeO2/polycarbonate plates were 

prepared by dip-coating plasma-treated polycarbonate plates in aqueous CeO2 particle dispersions. The 

quasi-enzymatic activity of the CeO2 coating was demonstrated using phenol red enzyme assays. The 

monolayer coating of CeO2 nanorods (1.6 μg/cm2) and the bacteria repellent properties were 

demonstrated by atomic force microscopy, biofilm assays, and fluorescence measurements. The 

engineered polymer surfaces have the ability to repel biofilms as green antimicrobials on plastics, where 

H2O2 is present in humid environments such as automotive parts, greenhouses, or plastic containers for 

rainwater. 

 

Contribution:  

I performed the cell viability measurement for the CeO2 nanoparticles under the supervision of XXX. 

XXX developed the concept, performed the plasma treatment, contact angle measurements, SEM 

images, and together with XXX TLCMS measurements. XXX synthesized the nanoparticles, performed 

the haloperoxidase assay, TEM, BET surface area and ζ-potential measurement. XXX performed the 

biological evaluation and XXX AFM measurements. XXX did the HRTEM measurements and the ICP-

MS analysis was performed by XXX and XXX. Manuscript correction and scientific supervision was 

done by XXX and XXX.  
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[7] A new methodology combining QCM-D and proteomic profiling enables characterization of 

protein adsorption on 2D surfaces 

Copyright:  

The following part is based on the publication: XXX, Jennifer Oberländer, XXX, XXX, XXX, XXX. 

A new methodology combining QCM-D and proteomic profiling enables characterization of protein 

adsorption on 2D surfaces. Journal of Colloid and Interface Science, 2023, 630, 965-972. 

 

Abstract:  

One of the critical features of biomedical material design is controlling the plasma protein adsorption to 

modulate the material behavior in biological media. Protein adsorption is highly influenced by the 

material surfaces and the proteins present in the biological medium. Thus, it is necessary to study 

protein-surface interactions that eventually take place on nanomaterials introduced into the body by the 

use of human plasma. However, very little information is available about human plasma interaction with 

planar surfaces under physiological conditions. Due to the limitation of the current characterization 

techniques to investigate the complicated interaction between the complex milieu of plasma proteins 

and planar materials, most efforts have focused on single proteins. To face this challenge, we have 

developed a new methodology based on the combination of quartz crystal microbalance with dissipation 

monitoring (QCM-D) and liquid chromatography coupled with mass spectrometry (LC-MS) to obtain 

information about protein-surface interactions on planar surfaces. First, QCM-D allowed us to determine 

the adsorbed protein mass and layer thickness. After detaching the proteins by a surfactant treatment, 

LC-MS analysis revealed the proteomic profile. Here, we have investigated three base materials, 

polystyrene (PS), gold (Au), and silica (SiO2) with or without precoating and compared the protein 

profiles. 

 

Contribution:  

I and XXX performed the protein corona analysis by LC-MS. XXX developed the concept, prepared the 

manuscript and protein corona samples, and performed QCM-D experiments. The project was 

supervised by XXX, XXX, and XXX.  
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[8] Proteomics-guided intracellular trafficking analysis reveals time-dependent protein corona 

changes and the intracellular pathway.  

Copyright:  

The following part is based on the publication: XXX, XXX, Jennifer Oberländer, XXX, XXX, XXX. 

Proteomics-guided intracellular trafficking analysis reveals time-dependent protein corona changes and 

the intracellular pathway. To be submitted to Small. 

 

Abstract:  

The intracellular protein corona remains poorly investigated within the field of nanotechnology-biology 

(nano-bio) interactions. To deeply understand the intracellular protein corona formation and dynamics, 

we established a workflow to isolate the intracellular protein corona of different nanoparticles - magnetic 

hydroxyethyl starch nanoparticles (HES NPs) and magnetic human serum albumin nanocapsules (HSA 

NCs) - and after different uptake time points. This intracellular protein corona defines the direct 

molecular contact partners of the nanocarrier and is, therefore, a prime target for further drug 

development We performed label-free quantitative LC MS proteomics to analyze the composition of 

this intracellular protein corona and correlated our findings to conventional methods for intracellular 

trafficking of nanocarriers, such as flow cytometry, transmission electron microscopy (TEM), and 

confocal microscopy (cLSM). In sum, we demonstrated the evolution of intracellular protein corona. 

The protein corona differed within the different timepoints for the HES NPs with a slow uptake but less 

for the HSA NCs with a rapid uptake. Furthermore, we selectively identified proteins of interest for 

intracellular trafficking. These proteins served as an effective “fingerprint” and allowed for a more 

detailed intracellular pathway reconstruction than the conventional methods. Thus, the analysis of the 

intracellular protein corona will provide a powerful resource in investigating the intracellular trafficking 

of nanocarriers for efficient drug delivery or intracellular applications. 

 

Contribution:  

In this project, I performed the ICP-OES analysis and the processing of the cLSM images. XXX 

developed the concept, prepared the manuscript, performed the cLSM imaging, protein corona analysis 

and uptake studies. XXX synthesized the HSA nanocapsules. XXX supervised the TEM imaging. The 

project was under supervision of XXX and XXX.  
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[9] Protein Corona Bio-Inspired Mesenchymal Stem Cells Derived Extracellular Vesicles for 

Specific Liver Cells Targeting.  

Copyright:  

The following part is based on the publication: XXX, XXX, XXX, XXX, XXX, Jennifer Oberländer, 

XXX, XXX. Protein Corona Bio-Inspired Mesenchymal Stem Cells Derived Extracellular Vesicles for 

Specific Liver Cells Targeting. Submitted to Nature Nanotechnology.  

 

Abstract:  

Therapeutic potentials of extracellular vesicles (EVs) derived from mesenchymal stem cells (MSCs) 

have been supported by several liver clinical trials and pre-clinical studies due to their regenerative and 

immunomodulatory properties. We have previously demonstrated liver accumulation of intravenously 

administered EVs but knowledge about their cell type-specific distribution in the liver is lacking in 

addition to concerns being raised regarding rapid clearance by phagocytic cells. Herein, we explore EVs 

derived using two culturing methods allowing pre-exposure of EVs to different protein environments.  

We hypothesise that this method can influence EVs’ pharmacokinetics by modulating its protein corona 

(PC). Herein, we report two types of MSC EVs cultured without and with serum, in two-dimensional 

and three-dimensional cultures, offering EV2D and EV3D, respectively. EVs exhibited matching 

physico/biochemical properties but different protein compositions. Incubation of EVs with fetal bovine 

serum (FBS), simulating protein corona (PC) formation upon systemic delivery, resulted in further 

resolved PC-EV complex patterns, determined by liquid chromatography-mass spectrometry. In healthy 

mouse models, EV3D and EV2D accumulated in the liver and kidney, respectively. Both EVs showed 

comparable uptake in Kupffer cells. EV3D, however, exhibited higher uptake in hepatocytes, liver 

sinusoidal endothelial cells, and stellate cells, compared to EV2D, shown by flow cytometry of digested 

livers from intravenously injected mice. Quantitative proteomics, gene ontology enrichment analysis, 

and principal component analysis suggested that the significant enrichment of “influencer” protein in 

the EVs was responsible for those differences. The finding from this work offers a solution to a critical 

challenge facing intravenously administered EVs and paves the way towards effortlessly tailoring the 

PC-EV complex for immune evasion and non-phagocytic cell targeting in the liver and other organs in 

the future. 
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Contribution:  

XXX developed the concept, performed the experiments, and wrote the manuscript. XXX, XXX, XXX, 

and XXX supervised the project and provided experimental support. I performed the LC-MS 

experiments and analysis under the supervision of XXX. XXX developed the concept, designed and 

supervised the experiments and wrote the manuscript.  
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[10] Formation of a protein corona on HCT116 extracellular vesicles leads to an increased uptake 

into human monocytes. 

Copyright:  

The following part is based on the publication: XXX*, Jennifer Oberländer*, XXX, XXX, XXX. 

Formation of a protein corona on HCT116 extracellular vesicles leads to an increased uptake into human 

monocytes (preliminary title, to be submitted) (*shared first). 

 

Abstract:  

The influence of a protein corona on the uptake of nanoparticles in cells has been demonstrated in 

various publications over the last years. Extracellular vesicles (EVs), which are natural nanoparticles, 

attract growing attention as therapeutically effective nanoparticles for different diseases. However, EVs 

are produced under different cell culture conditions and only less is known about the protein corona of 

EVs and its influence on the cell uptake. Here, we use a proteomic approach in order to analyze the 

protein composition of the EVs itself and the protein composition of a human blood plasma protein 

corona around EVs. Moreover, we analyze the influence of the protein corona on EV uptake into human 

monocytes and compare it with the influence on the uptake of engineered liposomes. We show that the 

presence of a protein corona increases the uptake of EVs in human monocytes. This can be attributed to 

the presence of complement system proteins and immunoglobulins in the protein corona. Our results 

demonstrate the importance of the protein corona for EV uptake, which helps to use them as a therapeutic 

reagent in future. 

 

Contribution:  

XXX and I performed the conceptualization. XXX isolated and stained the extracellular vesicles and 

performed protein corona preparation and flow cytometry analysis. I performed the LC-MS preparation 

and analysis. XXX prepared the liposomes. The project was supervised by XXX and XXX.  
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Conclusion and outlook 

 

In today’s research nanomedicine is attracting more and more attention due to its broad applicability 

and therefore new nanoparticle formulations are being developed constantly. However, there is still a 

gap between the development of new nanoparticle formulations and their applicability in vivo. One 

concern is the behavior of nanoparticles after their contact with biomolecule containing fluids and cells. 

This nano-bio-interface causes that many nanoparticle formulations do not reach their intended goal. 

Detailed analysis of the interactions of nanoparticles with biomolecules and cells is needed to bridge the 

gap between the synthesis and the application of new nanoparticles. Therefore, this work focuses on the 

protein corona around nanoparticles and its influence on the exocytosis of nanoparticles from cells.  

In this work, two major topics about the nano-bio interface have been addressed. The formation of a 

protein corona around nanoparticles is one of the obstacles nanoparticles have to face in their application 

in medicine. The understanding of this protein corona is essential to understand the behavior of 

nanoparticles under physiological conditions (Chapter A). Furthermore, controlled cellular interactions 

and controlled retention time in cells are needed for the safe applicability of nanoparticles. Besides their 

uptake into targeted cells also the release and exocytosis from these cells need to be fully investigated 

and understood (Chapter B). In the following, the main message of each chapter will be highlighted.  

In chapter A the temperature-dependent protein corona was investigated. We demonstrated in a first 

study that the incubation of nanoparticles at different concentrations or temperatures led to a change in 

the uptake amount in HeLa and HUVEC cells. We analyzed the concentration- and temperature-

dependent protein corona of five different polystyrene nanoparticles with different surface 

functionalization and surfactants. With an increasing plasma concentration and temperature, the uptake 

of the nanoparticles was reduced. This could be attributed to a change in the protein composition in the 

protein corona. This highlights how important it is to control the conditions of protein corona formation 

in vitro to mimic the in vivo situation as best as possible. This ensures a better transferability from pre-

clinical studies to in vivo studies. 

In the second study of chapter A, we showed that we were able to specifically catch apolipoproteins 

from human blood plasma with temperature-responsive nanoparticles. Therefore, we synthesized 

polystyrene core and poly(N-isopropylacrylamide) (PNIPAM) shell nanoparticles. PNIPAM possesses 

a lower critical solution temperature in the physiological range which enables its applicability for the 

catch of proteins. While at temperatures below the lower critical solution temperature the surface of the 

PNIPAM nanoparticles is hydrophilic, the surface of the nanoparticles is at temperatures above the lower 

critical solution temperature hydrophobic. This allowed the specific binding of apolipoprotein J 

(clusterin) from human blood plasma at 25 °C and the catch of apolipoprotein E and apolipoprotein A1 

at 37 °C in the protein corona. Moreover, the influence on the stealth effect of the enrichment of 

apolipoproteins in the protein corona could be shown by analysis of the uptake in HeLa and RAW264.7 
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cells. Using temperature-responsive materials which enable a specific protein binding on their surface 

could be used for providing a stealth effect on nanoparticles and for drug delivery applications in the 

future.  

Chapter B deals with the exocytosis of nanoparticles from cells. Depending on the application of 

nanoparticles, it is necessary that they either remain stable in the cell or are released from the cell. In the 

first study of this chapter, we investigated the exocytosis of gold nanoparticles from human 

mesenchymal-like stromal cells. Labeling cells with nanoparticles before the cells are injected into a 

human body would allow a better tracking of the in vivo fate and interactions of these cells. However, 

therefore the nanoparticles must remain in the cells for a longer time without being exocytosed. We 

showed that with a longer and higher loading of the nanoparticles in the cells the exocytosis of these 

particles was significantly reduced compared to a shorter and lower loading. Additionally, we showed 

through the analysis of the intracellular formed protein corona, that the proteins in the corona change 

from extracellular FBS proteins to intracellular proteins with time which could lead to the reduced 

exocytosis. By enabling a more stable and higher loading of cells with nanoparticles, the in vivo fate of 

cells can be better understood in the future. 

Ultimately, the last subchapter aims to analyze the influence of a blood plasma protein corona on the 

exocytosis pathway of nanoparticles from cells. Therefore, a protocol for the analysis of the protein 

corona of exocytosed nanoparticles was developed. Moreover, with inductively coupled plasma optical 

emission spectrometry the intracellular amount of nanoparticles could be determined. It could be shown 

that after a short uptake time and 6 h of exocytosis time the nanoparticles are more likely to be 

exocytosed via lysosomal secretion or non-vesicle related secretion. However, after 2 h, when the 

exocytosis rate is the highest, the nanoparticles are more likely to be exocytosed via a late endosomal 

and vesicle-related pathway. Moreover, for this nanoparticle and cell combination, it was shown that the 

protein corona did not influence the exocytosis pathways. This method to analyze the protein corona of 

exocytosed nanoparticles could help to better understand the intracellular and exocytosis pathways of 

nanoparticles in the future.  

In the future, more work is needed to fully understand the interactions of biomolecules with 

nanoparticles to reach an efficient translation from the synthesis of nanoparticles to their application. 

Additionally, new strategies to analyze the intracellular fate and exocytosis of nanoparticles in cells are 

needed. Nanomedicine offers such a wide range of possibilities and applications and a better 

understanding of the nano-bio-interface would help to exploit this potential 
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