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Abstract 

While it is well established that the surface of a nanoparticle plays a pivotal role for the protein 

corona, the vast number of proteins present in biological media render general conclusions about 

affinities between nanoparticle surfaces and proteins non-trivial. Recently published articles 
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increasingly reveal differences between systems and an ever increasing number of influencing 

factors for the protein corona. In contrast, the present study posits that the reported differences 

may, at least in part, be due to poor experimental design, which leads to biased results.  

The present study investigates protein adsorption onto silica nanoparticles with different 

chemical groups on the surface by the statistical analysis of triplicate measurements as well as 

control measurements. We demonstrate that 60 % of the identified protein types did not have any 

significant affinities for the nanoparticles. Of the remaining 40%, 60% were driven by surface 

charges and only 40% preferentially adsorbed onto specific surface groups. Furthermore, we 

found that of the 20 most abundant proteins in the serum, only five bound to the nanoparticles 

studied here. We illustrate the importance of control replicate experiments to avoid exaggerated 

differences between systems and to properly quantify the differences and similarities between 

comparable systems.  

Introduction 

The development of nanoparticles (NPs) for biomedical purposes has seen an exponential growth 

over the last two decades
1–4

. The novel and customizable specific physico-chemical properties 

brought about by their nanometric size enable innovations in numerous medical and biological 

fields such as diagnosis, specific targeting and therapy. However, even though their tiny sizes 

and promising properties bear the potential for huge changes to the future of medicine, many 

questions with regard to their behavior within living systems remain to be answered. Most 

recently, it has become clear that describing preferential biological affinities of nanoparticles 

solely by the properties of their surface coatings is too simplistic an approach in the light of 

newest findings showing that surfaces interacting with living systems will be screened by a 

corona of adsorbed proteins
5,6

. The view that nanoparticles, once in contact with biological 
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fluids, will interact with proteins and form a protein corona
7–11

, which directly influences their 

biological behavior is now widely accepted
9,12–15

. Nevertheless, understanding the interactions 

between nanoparticles and proteins remains a challenge and the investigation of influencing 

parameters of the protein corona
16

 has gained increasing attention within the scientific 

community. Based on current literature, the main factors influencing the protein corona include 

surface charges
17,18

, surface polarity
19–21

 as well as particle size
22,23

. Moreover, the chemical 

nature of the coatings themselves has also been shown to have an important influence
19,24,25

. 

Other recent studies focused on the influence of the environment on protein adsorption, such as 

physiological differences in biological fluids 
26,27

. However, apart from very few exceptions
21,28

, 

most studies generally conclude that coronas are different, without going into any details or 

further analyses of the results. This is, amongst other things, likely due to the vast number of 

proteins present in biological media which renders general conclusions about affinities between 

nanoparticle surfaces and proteins non-trivial. In fact given the huge size of the property space 

for nanoparticles in biological environments, a way forward might be data driven artificial 

intelligence methods, such as machine learning algorithms, generating models with good 

predictivity and some degree of interpretability
29

. However, this approach, while probably the 

fastest way to develop initial data that regulatory bodies may find useful, is dependent on high 

quality data (protein corona composition) and needs complementary methods for validation and 

true understanding. In this context there is a growing body of literature emphasizing the 

importance of the precise measurement of conditions and the transient nature of the protein 

corona itself
11,30–33

. Yet, few studies focus on experimental reproducibility and completely 

neglect the importance of control measurements required for proper analyses
34,35

, which is 
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crucial for the correct interpretation of results. To our knowledge, this is the first study to include 

both triplicates as well as control measurements, which is unprecedented so far. 

Silica nanoparticles have been extensively researched. Literature suggests that the main 

parameters that affect the protein corona in a given medium under given conditions include 

surface charges
19

, particle size
22,23

 the chemical nature of the coatings themselves and the types 

of chemical groups present at the surface. There is also evidence that the surface group affects 

the composition of the protein corona on silica nanoparticles
19

. However, the particles which 

were investigated in this specific study differed in various aspects (i.e. hydrodynamic diameter, 

zeta potential), which complicates final conclusions. To our knowledge, the only study in which 

NPs with identical charge and size and different surface groups have been investigated, has been 

authored by Lundqvist et al. for two types of polystyrene particles 
21

. 

In the present study, the effects of small changes in surface chemistry on the interactions 

between proteins and nanoparticle were scrutinized. Concurrently, the importance of 

reproducibility as well as of control experiments was also investigated. To this end, magnetic 

silica bead nanoparticles were selected with three types of strongly hydrophilic chemical surface 

groups representing the most abundant chemical groups providing negative charges: hydroxyl 

(OH), carboxyl (COOH) and a mixture of thiols and carboxyl (COOH and SH). The size and zeta 

potential of the different particles under investigation were identical, i.e. within the error of 

measurement. The selected nanoparticles were incubated in fetal bovine serum (FBS) at pH 7.4, 

washed on a magnetic reactor and analyzed by liquid chromatography/mass spectroscopy to 

identify the proteins present, according to similar procedures found in the literature
11,36–38

. All 

experiments were run in triplicates to assess the reproducibility of the method by statistical 

analysis. In addition, control experiments without NPs were included to test for the presence of 
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proteins in the absence of NPs, e.g. due to the specific adsorption onto the magnetic separator 

device during the washing steps.  

We show the importance of statistical analyses to separate the noise from results when 

identifying the proteins present in the protein corona. Furthermore, we also quantify the impact 

of a small change in the surface chemistry on the composition of the protein corona and discuss 

the effects of charges on proteins. Finally, we demonstrate how crucial control experiments are 

to draw unbiased conclusions on the protein corona. 

Results and discussion 

The following three types of magnetically labelled silica nanoparticles (NPs) were used in the 

experiments: naked and functionalized with citrates or dimercaptosuccinic acid (DMSA). The 

resulting surface chemistries of the three particles were -OH (hydroxyl groups on naked-NPs: 

NPs-OH), -COOH (carboxyl groups on citrate-NPs: NPs-COOH) and a mixture of -COOH and -

SH (carboxyl and thiols groups on DMSA-NPs: NPs-COOH/SH). The coatings were verified by 

X-Ray photoelectron spectrometry (XPS Table S1 in supporting information). The three types of 

NPs had the same hydrodynamic diameter (measured by Dynamic Light Scattering: DLS at 

pH 7.4), within the accuracy of the measurement (Figure 1). This was expected because the 

molecules used to coat the NPs are very small. Since the small organic molecules at the surface 

are not visible by transmission electron microscopy (TEM), the diameter measured by this 

method remains unchanged. The zeta potentials of the different NPs were also within the error of 

measurement (between -25 and -29±3 mV, Figure 1), indicating a surface charge that is 

independent of the coating under physiological conditions.  
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Figure 1. Nanoparticles (NPs) of functionalized silica beads with embedded iron oxide cores. These NPs are 

functionalized with either citrates, dimercaptosuccinic acid (DMSA) or not functionalized (naked). The diameter of 

the particles as measured by Transmission Electron Microscopy (ΦTEM) is unchanged for all particles as the small 

organic groups at the surface are not visible by TEM. The hydrodynamic diameter (ΦH) as well as the measured zeta 

potentials are similar for all NPs analyzed. The only difference is the chemical groups present at the surface. (PDI: 

polydispersity index) 

Statistical analysis was used to interpret the results. Out of the 269 proteins analyzed, only 143 

could be identified with sufficient probability and of those identified, only 102 unique proteins 

have known properties (38%) and were identified in a statistically relevant and reproducible 

manner within the triplicates. This highlights the importance of replicates in protein interaction 

experiments to remove those proteins (126 out of 269) that can only be found sporadically and 

not in a reproducible or statistically relevant manner. In fact, the mass spectroscopy results are 

quite noisy, especially for proteins present in small quantities. A lack of replicates will lead to an 

exaggeration of the differences between samples due to noise. However, scarcely any study 

accounts for this circumstance by running triplicates in the mass spectroscopy and protein 

identification experiments, probably due to the costly nature of these experiments. In fact, out of 

the last 20 publications on protein corona, only two identified proteins based on triplicates
39,40
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(according to Web of Knowledge, accessed on 12
th

 August 2018). Our results indicate that the 

omission of triplicates to account for analytical noise may lead to supposed and exaggerated 

differences between different systems. 

While the restriction to known proteins (102 out of 143) allows a discussion of the influence of 

factors such as the overall charge of the proteins, it does not influence the general trends 

discussed below, as can be found in the comparison between the statistics of the full and reduced 

set of proteins presented in the supporting information (Table S2, S3 and S4). 

The relative frequency of the most abundant, unique and identified proteins in the analyzed 

systems (>1%, corresponding to 35 types of proteins) are shown in Figure 2. It is interesting to 

note that 6 of these proteins (5.9 % of known, unique protein types) were also found in the 

control experiment without nanoparticles in the system (Figure 2). This indicates that these 

proteins at least partially adsorbed onto the tubing and the coil of the magnetic separator (see 

details in the materials and methods) used for the washing of the nanoparticles, rather than onto 

the NPs themselves. In fact, for four of these proteins (Apolipoprotein A-I excluded), the relative 

quantities found in the presence of nanoparticles were less than without NPs. Due to the semi-

quantitative nature of the applied analysis, in which only relative and not absolute quantities of 

proteins are measured, one could argue that the total quantity of the proteins in the control 

experiment might have been less and thus the observations for the NPs may still be valid. 

However, the fact that among these serum albumin was the most frequent protein, and that the 

ratio between the proteins remained roughly the same for all experiments (Alpha-1-

antiproteinase/serum albumin = 16-17%, KRT6A protein/serum albumin = 11-15%, 

Transthyretin/serum albumin = 2-4 %) indicates that the quantities of at least four of the proteins 

mainly stemmed from interactions with the device used during the washing step. It is also 
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interesting to see that two of these proteins are part of the most abundant proteins in the serum. 

As a matter of fact, the number of elution steps was carefully optimized so as to wash out the 

excess proteins, without also removing the proteins of the protein corona (see materials and 

methods and supporting information). However, if proteins adsorb equally strongly onto the 

separating device used during the elution step, they will also be found in the nanoparticle 

suspensions recuperated at the end of the washing for further experiments. Also, the washing was 

optimized to remove as little as possible of the hard protein corona while at the same time 

removing as many of the surrounding proteins as possible. However, a complete separation is not 

realistic and thus there still might have been some few surrounding proteins even at the optimal 

washing point. Thus, control experiments are extremely important to identify the proteins that 

are not part of the NP protein corona but form a “fake corona”. In spite of this fact, none of the 

last 20 publications on protein coronas report any control experiments and no other published 

work is known to the authors which includes control experiments (according to Web of 

Knowledge, accessed on 12
th

 August 2018). 

Thus, our results show that control experiments and reproducibility are crucial for unbiased and 

reliable results on the protein corona. Based on our findings, the nanoparticles studied here 

clearly interact with 96 out of the 102 unique and known identified proteins, since they were 

only detected in statistically relevant quantities in the presence of NPs.  
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Figure 2. Level of abundance of the proteins in the protein corona of NPs-COOH, NP-COOH/SH, NPs-OH and the 

device only determined by proteomic analyses. The most abundant proteins present in the analyzed systems (more 

than 1%) are represented. Most of these are found on all the nanoparticles, whatever their surface functionalization.  

To further understand the protein-NP interactions, the 96 remaining types of proteins were 

divided into 4 different groups (see materials and methods and supporting information Table S2 

for more details): 
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1) proteins found on all the nanoparticles in equal quantities whatever their 

functionalization (non-specific interactions);  

2) proteins only found in the presence of -COOH and/or -SH groups;  

3) proteins found in larger quantities in the presence of -COOH and/or -SH groups;  

4) proteins found in larger quantities on naked NPs, indicating a larger affinity for -OH 

groups.  

The results are detailed in Figure 3-a and -b.  

 

Figure 3. Reproducible protein corona analyses on the surface of functionalized nanoparticles. a) Number of 

proteins found per type of NP and in the control experiments; b) Pie chart showing the proportion of proteins in the 

control experiments, on all nanoparticles or with the different chemical groups of the coatings according to the 

statistical analysis; c) repartition of the charges of proteins found significantly on the nanoparticles with and without 

surface group specificity. 

The first group with 62 proteins (61%) is the largest and is composed of proteins found in 

equal amounts on all particles whatever the surface functionalization. All of the most abundant 
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proteins not found in the control experiment (see Figure 2) belong to this category. This indicates 

that a large part but not the entire protein corona is indeed controlled by general NP properties 

such as charge, hydrophilicity and size. Indeed, this percentage is higher compared to that 

reported by Lundqvist et al.
21

, even though we did not only look for the presence of a protein but 

also compared differences in relative frequencies. However, in that particular study, the particle 

size and zeta potential varied more than for the particles studied here. In addition, even though 

the measurements for the general pattern, and band intensities on the 1D gels were repeated at 

least twice, the identification of the proteins by mass spectroscopy was only performed once, 

which, as shown above, is likely to exaggerate differences between particle types to some extent. 

For the remaining 34 protein types, specific interactions with the different surface groups were 

observed: 21 of the proteins were significantly present only with either citrate and/or DMSA 

functionalization. The amount of these proteins in the corona was always higher in the presence 

of citrates compared to DMSA. 18 of the protein types in this group were even only found in 

significant amounts in the presence of citrates. A further 6 proteins, although also present in 

systems with naked NPs, were found in significantly higher amounts in the presence of citrates 

and DMSA coated particles, again with higher interactions in the presence of citrates than of 

DMSA. This finding suggests that these proteins possess specific affinities for the –COOH 

groups at the surface. 

For the last group comprising 7 proteins, higher amounts were found in the presence of naked 

compared to coated particles (both citrates and DMSA). Thus, it can be assumed that these 

proteins have a high affinity for the –OH groups at the surface. 

Based on these observed specific interactions, we can conclude that the carboxylic acid coating 

increases the number of protein types interacting with the surface (Figure 3-a). Surprisingly, no 
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proteins were found to have higher affinity for DMSA than for citrates. Since DMSA and citrates 

both have -COOH groups (2 and 3, respectively), we conclude that the -SH groups did not show 

any positive effects on the adsorption of these proteins and may have even had a negative effect 

since 18 proteins adsorbed only onto COOH-NPs but not onto COOH/SH-NPs. However, it may 

have well been possible that that the –SH groups of this type of DMSA coated NPs were not 

available at the surface for specific binding to proteins. Also, since all proteins which were found 

to interact more strongly with the surface of naked NPs were also found in the presence of 

coatings, we assume that the coatings did not completely screen the NP surface and that some –

OH surface groups were still available for adsorption of proteins. 

This demonstrates that the chemical groups play an important role for the adsorption of almost 

40% of the protein types found in the protein coronas during this study. Even though the 

influence of surface chemistry has already been shown by previous studies
17,41–43

, this is the first 

time, to our knowledge, its impact has been quantified for such similar particles.  

To further dissect the protein corona, we looked at the charges of the proteins discussed here. Of 

the 96 proteins in the protein corona, 34 were globally positively (35%) and 62 were negatively 

charged proteins (65%). The percentage was even more extreme if we consider the 29 most 

abundant proteins in the corona (excluding proteins adsorbed on the device, Figure 2). Of these, 

only 9 (i.e. 31 %) were positively charged. Thus, even though the nanoparticles were negatively 

charged, the majority of the proteins in the corona also seem to have been globally negatively 

charged. This is probably due to the large proportion of negatively charged proteins in the serum. 

However, 81% of the globally positively charged proteins in the corona (or 26 out of 34) were 

found to bind non-specifically to all types of NPs, representing 42% of all non-specifically 

bound protein types found in this study. Thus, it seems that for non-specific interactions the 
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charge is an important factor. In contrast, the proteins showing specific affinities were mainly 

negatively charged (82%), suggesting a weaker influence of charge in this case and an adsorption 

which is not governed by coulombic forces. The repartition of charges of the proteins found is 

shown in Figure 3-c. 

Based on our findings, the influence of surface properties and chemical groups on the diversity 

of proteins interacting with the nanoparticles (in terms of number) is as follows in order of 

importance: Charges > COOH > OH > SH.  

However, even though coating groups are of less importance than the charge, coating groups are 

essential to predict the protein corona. What is more, many factors are still unclear and further 

research is clearly needed. 
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Figure 4. Results for the 20 most abundant proteins in FBS demonstrating the importance of control experiments for 

protein corona (PC) analyses. a) Schematic view of the method used to characterize the protein corona of different 

nanoparticles (NPs). NPs incubated in fetal bovine serum (FBS) were trapped in a tube inside a magnetic reactor. 

After the elution step, the NPs with their protein corona were removed from the reactor and the proteins contained in 

the system were analyzed. The same procedure was performed with only FBS and in the absence of NPs as a control 

experiment. b) Distribution of the 20 most abundant serum proteins: 1) found in the protein corona of the NPs (light 

green), 2) found more frequently in control experiments than in the presence of NPs (red) and 3) not found in a 

reproducible manner at all (black). Only 8 proteins were detected in a reproducible manner that was statistically 

significant and of those, 5 had preferential affinities for NPs. c) List of the 20 most abundant proteins with their 

relative proportions in the serum (from 
19,44

) as well as the category under which they fall (see color code above). 

Finally, it is very interesting to note that out of the 6 proteins identified in the control 

experiment, 4 belong to the 20 most abundant proteins present in FBS based on previous 



15 

 

studies
19,44

 (Figure 4). The 20 most abundant proteins found in FBS, constituting close to 97% (in 

mass)
44

 of the proteins present in the serum can be divided into three groups based on their 

abundance, namely highly abundant (> 6%), moderately abundant (3 to 6%) and least abundant 

(< 3%). Out of these 20 proteins, only 8 were systematically present in a statistically significant 

manner (Figure 4-b and c). As mentioned above, half of these 8 proteins were also present in the 

control experiments without NPs. Indeed, except for the apolipoprotein A-I, the other 3 of the 4 

proteins observed in the control experiments (including the 2 most abundant proteins Albumin 

and Alpha-1-antiproteinase) were equally abundant both in the presence and absence of NPs, 

indicating that they do not interact with the NPs. Lastly, the 5 proteins which were found in the 

protein coronas, including apoliprotein A-I, did not show any specificity to the surface coatings 

of the NPs but were all amongst the most abundant in the protein corona (Figure 2). Based on 

these findings, it seems that preferential affinities of these proteins to chemical groups on 

nanoparticle surfaces can be excluded. However, while the abundance of the proteins in the 

serum did not govern the types of proteins detected in the corona, it was clearly and not 

surprisingly a main factor in the relative frequency of adsorbed proteins. This means that the 

composition of the serum will have an important effect on the composition of the corona. 

Therefore, the composition of the corona cannot be directly compared between studies using 

different types of serum. On the other hand, it can be supposed that the amount of specific / non-

specific protein adsorption is similar for different serums, since this is a property averaged over a 

large number of protein types, but this remains to be validated. 

Furthermore, the fact that three of the 20 most abundant proteins, including Albumin and 

Alpha-1-antiproteinase (representing more than 25% of the proteins from serum), were found in 

the control experiment stresses the importance of control replicates. As a matter of fact, Albumin 
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is usually always found on the surface of silica nanoparticles
17,42,43,45–47

, whatever their 

functionalization. The current findings indicate that there is no albumin adsorption on the 

nanoparticles studied here and thus seems irrelevant for understanding the behavior of these NPs. 

The fact that in studies without control experiment, albumin is present in an almost systematic 

manner and has often been found to adsorb on similar nanoparticles as the ones studied here, 

underlines the need for more frequent and systematic control experiments when characterizing 

the protein corona. The results reported here demonstrate the primordial importance of sufficient 

replicates and proper control replicates for the identification and quantification of individual 

proteins in protein coronas. We also emphasize that the type of tubing will considerably affect 

the outcome. The results of the control experiment reported here are only valid for the particular 

experimental set-up reported herein. Thus, in order to correct for any potential bias, proper 

control experiments need to be run for every testing set-up under the exact same testing 

conditions. 

Conclusion  

The protein corona is key to better understand interactions between nanomaterials and proteins in 

biological fluids but this promising, multidisciplinary research field still faces substantial 

challenges. It is still often difficult to directly compare results from different studies. Moreover, 

recent research efforts revealed a tremendous diversity and variation of the composition of 

protein coronas in different systems and fueled the discovery of an ever increasing number of 

determining factors. This study demonstrates the utmost importance of replicate measurements 

and statistical analyses in separating the noise from true differences between systems. In the 

experimental system described here, 60% of the proteins were only detected sporadically and not 

in a statistically reproducible manner.  
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What is more, the inclusion of a sufficient number of replicates and control experiments allows 

the quantification of differences in composition of protein coronas in different systems. Of the 

protein types identified in a reproducible manner, 60% interacted in a non-specific way with all 

three surface-treated NP types studied here. This interaction was likely charge driven. The 

remaining 40% of the detected protein types showed specific interactions with small chemical 

groups at the nanoparticle surfaces (-COOH, -OH and -SH). It is our hope that this study helps 

lead the way forward towards reducing the unwieldy number of possible determining factors to a 

practicable number of main factors.  

Finally, it is also crucial to consider the impact of the experimental set-up, as was demonstrated 

by the most abundant proteins (albumin included), which were more abundant in the control 

experiment without NPs than in their presence. Without proper control experiments, this class of 

highly abundant proteins could bias and confound the results and obstruct the proper 

understanding of the protein corona. Thus, the inclusion of control experiments is expected to 

significantly improve the comparability of results between different studies. Together with the 

reproducibility, this of high importance for producing the large, reliable and comparable set of 

high quality data that is required for data driven artificial intelligence methods. 

In conclusion, we believe that there is an urgent need for standardized procedures, comprising 

carefully and well-conceived experimental design with proper controls, which produce 

statistically robust and reproducible results within and between studies, to improve our 

understanding of the protein corona. 

Materials and methods 
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Nanoparticle synthesis 

Chemical references are given in the supporting information. Silica encapsulating iron oxide 

nanoparticles (SPIONs) were synthesized according to a previously described method48. The 

obtained silica magnetic beads are called nanoparticles (NPs) throughout the manuscript. They 

contain around 8 mg of nanoparticles / mL and 0.5 mgFe/mL. 

The NPs were then modified with citrates and DMSA. 10 mL of NPs were mixed with 10 mL of 

acidic solution at around 38 mmol L
-1

 (73.5mg of citric acid and 70mg of DMSA in 10 mL of 

H2O, respectively). The pH of the solution was verified and adjusted to above 3 with 0.1 M HCl 

and 0.1 M NaOH to avoid dissolution of the iron oxide nanoparticles. The nanoparticles were 

washed by centrifugation at 30’000 g in DI water until the pH reached the pH of DI water 

(around pH 5.5). Finally, the pH of the resulting NPs-naked (NPs-OH), NPs-citrate (NPs-COOH) 

and NPs-DMSA (NPs-COOH/SH) dispersions were adjusted to pH 7.4 with 0.1M HCl and 0.1M 

NaOH solutions before further use and characterization (detailed in the supporting information). 

Incubation of NPs with proteins 

To measure protein interactions with the three differently coated, negatively charged NPs, the 

NPs were put in contact with Fetal Bovine Solution (FBS). Based on previous experience from 

our research our group
12,19,38

, reproducible results are achieved by incubation of NPs with the 

serum during 1h at a ratio of 2.8 mL FBS per m² of nanoparticles
21

 at pH 7.4. The NP volumes 

were adjusted to 1 mL of serum in order to keep the ratio of 2.8 mL FBS/m
2
. Each incubation 

experiment was repeated three times. FBS without NPs was also used as a control for proteins 

found independent of the presence of NPs. 
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Protein corona elution 

After incubation, around 1.2 mL of serum with or without NPs were loaded into a 0.5 mL FEP 

tube (Fluorinated ethylene propylene from Saint Gobain Performance Plastics™ ref: 

C200320X08010) with an Iron/Nickel coil (Fe52%/Ni48% from Goodfellow, ref: 198-542-54) in its 

center, which was then placed into a magnetic reactor previously developed
38,49

 (Figure 5). This 

particular FEP was selected for its low affinity to proteins
50

. Three loadings of approximately 

0.4/0.5 mL were performed with 15 minutes breaks in between to allow magnetic attraction to 

occur between the NPs, protein mixture and the magnetized coil.  

 

Figure 5. Magnetic device used to load magnetic nanoparticles and separate their protein corona. (FEP: Fluorinated 

ethylene propylene; Fe-Ni: Iron (52%) / Nickel (48%) alloy; Di: Inner Diameter) 

Subsequently, the trapped NPs with serum proteins were washed at 0.5 mL/min with a peristaltic 

pump at 10 column volumes (10*0.5 mL) of PBS 1X (PBS 0) and 10 column volumes of PBS 

1X with NaCl solution at 2M. This procedure removed excess and unbound proteins (see 

supporting information). After removal of the magnetic field, the NPs with the tightly bound 

proteins were removed from the column for further analyses. This step was repeated for every 

treatment (NPs-OH, NPs-COOH and NPs-COOH/SH prepared in triplicates) and for FBS only 

as a control (12 samples in total). 

FEP tube
L: 11 cm / Di: 0.32 cm Fe-Ni coil

Magnets

9c
m

 

12 cm 
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Protein corona analyses 

First, the proteins from the 12 samples were separated by a one-dimension SDS-PAGE analysis 

(sodium dodecyl sulphate polyacrylamide gel electrophorese). Then, LC-MS
2
 (Liquid 

Chromatography Mass Spectroscopy) separations were performed on a Dionex Ultimate 3000 

RSLC nano UPLC system (Thermo Fischer Scientific) on-line connected with an Orbitrap Elite 

Mass Sectrometer (Thermo Fischer Scientific) to quantify the different proteins present. The full 

procedures of SDS-page and LC-MS
2
 are described in the supporting information. 

The signal to noise ratio of the protein analysis was quite high. The results varied strongly 

between the three replicates. Therefore, a multiple linear regression was used to determine 

statistically relevant results and differences between the different particles as well as the control 

measurements. The limit of statistical relevance was the t-test statistic of > 0.01. However, since 

a large number of parameters were analyzed independently, there is still some probability that a 

(small) number of the observed trends could be false positives. Therefore, we limited our 

discussion to different groups of proteins rather than focusing on single proteins. The full details 

of the statistical analyses are provided in the supporting information.  

ASSOCIATED CONTENT 
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