Concentration and composition of the protein corona as a function of incubation time
and serum concentration: An automated approach to the protein corona

Karsten M. Poulsen and Christine K. Payne*

Thomas Lord Department of Mechanical Engineering and Materials Science, Duke
University, Durham, North Carolina, USA 27705

christine.payne@duke.edu

Abstract

Nanoparticles in contact with proteins form a “corona” of proteins adsorbed on the
nanoparticle surface. Subsequent biological responses are then mediated by the
adsorbed proteins rather than the bare nanoparticles. The use of nanoparticles as
nanomedicines and biosensors would be greatly improved if researchers were able to
predict which specific proteins will adsorb on a nanoparticle surface. We use a recently
developed automated workflow with a liquid handling robot and low-cost proteomics to
determine the concentration and composition of the protein corona formed on
carboxylate-modified iron oxide nanoparticles (200 nm) as a function of incubation time
and serum concentration. We measure the concentration of the resulting protein corona
with a colorimetric assay and the composition of the corona with proteomics, reporting
both abundance and enrichment relative to the fetal bovine serum (FBS) proteins used to
form the corona. Incubation time was found to be an important parameter for corona
concentration and composition at high (100% FBS) incubation concentrations, with only
a slight effect at low (10%) FBS concentrations. In addition to these findings, we describe
two methodological advances to help reduce the cost associated with protein corona
experiments. We have automated the digest step necessary for proteomics and
measured the variability between ftriplicate samples at each stage of the proteomics
experiments. Overall, these results demonstrate the importance of understanding the
multiple parameters that influence corona formation, provide new tools for corona
characterization, and advance bioanalytical research in nanomaterials.



Introduction

Nanoparticles (NPs) present in any biological environment are exposed to proteins that
adsorb on the NP surface forming a protein corona. This protein corona determines the
biological identity of the NP, controlling cellular internalization, immune response,
biodistribution, and circulation time [1-12]. A better understanding of the protein corona is
essential for both effective development of nanomedicines and nanosensors and
determination of the toxicity associated with human exposure to NPs [13-16]. The varied
properties of NPs (diameter, composition, zeta potential, surface functionalization), the
complexity of biological systems (protein structure, hydrophobicity, and charge;
concentration of biomolecules), and the effect of the methods used to prepare and
analyze the corona makes it difficult to unravel the relevant parameters that control the
NP-protein interaction [2, 6, 17, 18]. For example, recent work has highlighted that even
the specific type of mixing process used to form the corona; rocking, vortexing, or flow,
will alter the protein corona [19]. Similarly, separation of the protein-NP complexes from
unbound protein by centrifugation or magnetic separation will result in a different protein
corona [20, 21].

To advance the field, we need to move to larger data sets and improved reproducibility,
while also considering cost and accessibility of experiments [22, 23]. For example, liquid
chromatography tandem mass spectrometry (LC-MS/MS) is necessary for corona
analysis, but it is an expensive technique that requires access to a proteomics core
facility. Gel electrophoresis is much less expensive, but often requires LC-MS/MS or
western blotting for verification. Obtaining the maximum amount of information from gel
electrophoresis experiments would help reduce the costs of protein corona experiments
[23]. Machine learning offers the exciting possibility of being able to predict the
composition of the protein corona on a given NP, thereby reducing the costs associated
with experiments. Existing efforts have focused on protein properties [24-26]. Future work
focusing on NP properties would further advance the field. The large data sets required
for these experiments will require automated formation, isolation, and analysis of the
protein corona. In addition to increasing the number of samples, automation will save time
and costs, and improve reproducibility [22, 27].

We describe the concentration and composition of the protein corona as a function of
incubation time (30 min and 1 day) and the concentration of fetal bovine serum (FBS)
used to form the corona (5%, 10%, and 100%) on 200 nm carboxylate-modified magnetic
NPs, using semi-automated processes. The isolated protein-NP complexes were
analyzed using dynamic light scattering (DLS), a bulk protein colorimetric assay, gel
electrophoresis, and LC-MS/MS. To understand the need, and costs, for replicates in LC-
MS/MS studies, sample replicates were compared at each step of the process. Our
experiments show that incubation time is an important parameter for corona
concentration, but only at high (100% FBS) incubation concentrations. Quantifying the
enrichment and depletion of corona proteins relative to the FBS used to form the corona
provides a compositional signature of the protein corona that points us toward protein
features that influence corona formation, identifying individual proteins for future studies.
Proteomics data shows a shifting composition of corona proteins as a function of
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incubation time and concentration, but mostly of low abundance proteins. In addition to
this corona characterization, we describe a protocol for the automation of the digest step
necessary for proteomics. We hope these results will clarify the importance of incubation
time and concentration as interdependent variables in corona formation and help to
advance corona experiments by reducing the costs.

Materials and Methods

Nanoparticles (NPs)
Magnetic nanoparticles (200 nm, carboxylate-modified, #5C0202, Ocean NanoTech, San
Diego, CA) were used for all experiments.

NP characterization

NP diameter was measured with transmission electron microscopy (TEM) and dynamic
light scattering (DLS). TEM was carried out using Tecnai G2 TWIN TEM (FEI, Hillsboro,
OR) at the Shared Materials Instrumentation Facility at Duke University. NP images were
obtained at 160 kV with 25 kX magnification. All samples were prepared by drop casting
on 400 mesh copper grids (#CF400-Cu, Electron Microscopy Sciences, Hatfield
Township, PA) and drying at room temperature (RT) for 12-18 hrs. Nanoparticle
diameters were measured using ImageJ [28]. Average and standard deviation are
reported for all measurements.

Hydrodynamic diameter, polydispersity index, and zeta potential of the NPs (100 pug/mL
in phosphate buffered saline (PBS) diluted 1:100 in ultrapure water) were measured using
DLS (Zetasizer, Malvern Instruments, Worcestershire, England). Measurements were
carried out in triplicate with three distinct samples. Each measurement was performed for
12 - 30 runs. The average and standard deviation are reported for all measurements.
Electrophoretic mobility was converted to zeta potential using the Smoluchowski
approximation.

Liquid handling robot

A liquid handling robot (OT-2, Opentrons, Brooklyn, NY) with a magnetic baseplate and
temperature-control module was used to automate protein corona formation and isolation,
as described previously [22]. Protocol scripts were written in python using Opentrons API
v2.11. Pipette tips (300 pl, single and multi) and tip racks were purchased from Opentrons
to verify compatibility and calibration. The locations of each reagent and sample were
designated in the script and appropriately positioned prior to running the robot. Most
experiments used a 96-well plate with three or six replicates, specified in the text. Within
a row of eight wells, two wells were used for background subtraction.

Protein corona formation and quantification

A protein corona was formed by incubating NPs (3.2 mg/mL) in 1-100% solutions of FBS
(#10437028, Thermo Fisher Scientific, Waltham, MA) diluted in PBS. The incubations
were performed at RT on a microplate shaker for times ranging from 30 minutes to 1 day,
as specified in the text. To remove unbound proteins, the NPs were “washed” by the
robot. Each wash step consisted of a magnetic pull down using the magnetic baseplate,
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removal of the supernatant, and then resuspension in an equal volume of PBS. The hard
corona is defined as the protein that remains bound to the NPs with no unbound protein
detected in the supernatant, as described below. Centrifugation is typically used for
removal of unbound proteins. The use of magnetic pulldown with the liquid handling robot
provides a faster workflow [22]. The number of washes required to remove unbound
protein was dependent on the concentration of FBS used for corona formation (Fig. S1).

Protein concentration was measured with the Pierce 660 nm Protein Assay Reagent
(referred to as a 660 nm assay; #2260, Thermo Fisher Scientific) with the addition of lonic
Detergent Compatibility Reagent (#22663, Thermo Fisher Scientific) according to the
manufacturer’s instructions. The concentration of protein present in the hard corona was
determined by removing the proteins from the NPs by incubating with sodium dodecyl
sulfate (SDS) buffer (5% w/v, #L3771, Sigma-Aldrich, Burlington, MA) for 30 minutes at
RT. Protein concentration was then determined by measuring absorbance at 660 nm
using a plate reader (Spectramax iD3, Molecular Devices, San Jose, CA). A residual
amount of protein is resistant to SDS removal independent of duration of SDS incubation
(Fig. S2). The NP concentration after the washing process was measured by absorption
at 440 nm and comparison with a calibration curve of known concentrations. Protein
concentration is reported as protein relative to NP concentration (ug protein/mg NPs).

Protein digestion for proteomics

Prior to proteomic analysis, samples were digested using a modified S-Trap mini column
(Protifi, Farmingdale, NY) protocol. Proteins were removed from the NP surface by
incubating with SDS buffer for 30 minutes. Protein concentration was determined using
the 660 nm assay. Samples were pooled to load a minimum of 25 ug of protein on each
S-Trap. Two modifications were made to the S-trap protocol: dithiothreitol (DTT; #R0861,
Thermo Fisher Scientific) and iodoacetamide (IAM; #1149, Sigma-Aldrich) were used as
the reducer (20 mM) and alkylator (40 mM), respectively. DTT and IAM are commonly
used for proteomics and are recommended substitutions. Following the completion of the
S-trap protocol the resulting digested proteins were lyophilized and stored at -20 °C until
proteomic analysis.

Proteomic analysis

Proteomic analysis was carried out in the Proteomics and Metabolomics Core Facility,
part of the Duke Center for Genomics and Computational Biology, as described
previously [22]. In brief, digested samples were analyzed using LC-MS/MS with < 25 ng
of digested protein injected. MicroFlow LC was performed with an ultra-performance liquid
chromatography (UPLC, 1 mm x 100 mm, M-Class, Waters Corporation; 80 pL/min)
column and a 17 minute total elution time. The column was run with an acetonitrile
gradient (5-40%) with 0.1% formic acid. Peptide fragments were analyzed using in-line
tandem mass spectrometry (Orbitrap Fusion Lumos, Thermo Fisher).

To further develop our low-cost workflow, we analyzed the LC-MS/MS data using

MaxQuant (v2.1.0, Max Plank Institute, Munich, Germany), an open source software
designed to qualitatively and quantitatively analyze mass spectrometry data [29, 30]. The
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raw LC-MS/MS spectra were searched, using their integrated Andromeda search engine,
against the Swiss-Prot Bos Taurus canonical protein database from UniProt, accessed
on April 27, 2022. A custom contaminants file was used while searching, which contained
a relevant subset of the Common Repository of Adventitious Proteins (CRAP) database
[31]. For protein and peptide quantification and identification, default MaxQuant
parameters were used including a 0.01 false discovery rate, a minimum peptide length of
7 amino acids, a maximum peptide length of 25 amino acids, oxidation and acetyl groups
as variable modifications, and carbamidomethyl as a fixed modification. The Top3 label-
free protein quantification method was used, as described previously for shotgun
proteomic studies of the protein corona [32-34]. This quantification method averages the
integrated intensity of the three most intense peptides for each protein.

Resulting proteomic data was analyzed and filtered in Perseus (v2.0.3.1, Max Plank
Institute). Proteins were excluded if they were considered contaminants, quality control
standards, or were not observed in at least 70% of the samples. This 70% requirement,
the default for Perseus, is appropriate for similar samples such as these. After filtering in
Perseus, 205 proteins were observed across 15 different samples. Data normalization,
heatmap and Venn diagram generation were performed in Python (v3.9, Python Software
Foundation, Beaverton, OR). A quantitative internal standard was not used for these
experiments. Low abundance proteins in serum, defined as less than 3 peptides
observed, had abundances set to 3% of the lowest observed abundance, which allowed
fold change to be calculated. To correct for any change in performance or differences in
protein loading, each sample was normalized to itself by dividing by the mean of the
interior 80% of the protein intensities [35]. Each sample was scaled to have the same
average. We report these values as percent normalized abundance. Fold change for each
protein was calculated by taking the log base 2 of the normalized abundance of samples
divided by serum.

Our discussion focuses on the 50 most abundant proteins present in the coronas. The
total number of observed proteins is larger: 205 proteins were observed in the protein
corona formed from a 30 min, 10% FBS incubation condition and 60 proteins were
identified in FBS. Based on the concentration of protein per NP in the 30 min, 10% FBS
sample, we estimate 1,200 proteins are present on each NP. This calculation uses the
molecular weight of albumin as a representative protein. Albumin is the most abundant
protein in the corona and its molecular weight is near the weighted average of the other
corona proteins, making it an appropriate representative protein. Proteins with a
normalized abundance of >0.3%, and therefore not one of the 50 most abundant proteins,
are calculated to be present at levels less than 4 proteins per NP. At this low level, we
assume these low abundance proteins are not drivers of biological responses. The
complete lists of proteins are included in the Electronic Supplementary Material (ESM,;
Table S1). In addition, the mass spectrometry proteomics data have been deposited to
the ProteomeXchange Consortium via the Proteomics Identification Database (PRIDE)
partner repository with the dataset identifier PXDxxxxx and DOl xxxxxx/PXDxxxxx [36].

Gel electrophoresis



Gel electrophoresis was used to visualize individual proteins present in the corona of the
NPs, as described previously [22]. In brief, protein coronas were removed from NPs using
SDS, as described above. The removed proteins were heated in loading buffer (Laemmli,
#BP-110R; Boston BioProducts, Ashland, MA), incubated for 5 min at 95°C, and loaded
onto a gel (tris-glycine sodium dodecyl sulfate (SDS) gel, #4561093, Bio-Rad, Hercules,
CA) for SDS-polyacrylamide gel electrophoresis (PAGE; 230 V, 35 min). A 10 to 250 kDa
molecular weight marker (Precision Plus Protein Dual Color Standards, #1610374, Bio-
Rad) was included. Gels were rinsed by microwaving in deionized water (1 min heat, 1
min rocking at RT, replace water, x3), stained (SimplyBlue Safe Stain, #.C6060, Thermo
Fisher) by microwaving until near boiling (1 min), and then rocked for 5 min. Gels were
destained in deionized water (10 min, rocking) and NaCl solution (20% w/v, >5 minutes,
rocking) and then imaged (PhotoDoc-It, Analytik Jena, Jena, Germany).

Results and Discussion
NP characterization

Commercially-available magnetic NPs (200 nm, carboxylate-modified) were used for all
experiments. They were characterized by TEM and DLS (Table 1) prior to experiments.
The use of commercial NPs allows other researchers easy access to these materials.
Magnetic NPs and a magnetic baseplate are necessary for high-throughput experiments
using the liquid handling robot. Without magnetic separation, NPs require centrifugation
to separate NPs from unbound proteins. Centrifugation is a bottleneck in the standard
protein corona workflow as NPs are moved to the centrifuge and multiple centrifugation
and resuspension steps are required.

Protein corona increases NP diameter and zeta potential

Protein coronas were formed by incubating NPs in FBS. FBS is used as a nutrient source
for many cell lines. The concentrations of FBS used to form the protein corona ranged
from 1%-100%, as specified in the text. 100% FBS, equivalent to 40 mg/mL of protein as
measured by a 660 nm assay, was used to model in vivo protein concentrations. Since
cells are typically cultured in 10% FBS, 10% FBS was used to model in vitro protein
concentrations. A hard corona was defined as the protein adsorbed to the surface of the
NPs after no unbound protein is present in the supernatant, as determined by a 660 nm
protein assay. This required 6 wash steps for NPs incubated with 10% FBS and 12 wash
steps for NPs incubated with 100% FBS (Fig. S1).

Following incubation with 10% or 100% FBS (30 min, RT), the hard corona significantly
increased the hydrodynamic diameter (dn) and zeta potential of the resulting protein-NP
complexes, as determined by a one-way analysis of variance (ANOVA) with a post-hoc
Tukey test (p<0.01), in comparison to the bare NPs. These changes are in agreement
with previous work in our lab [37-40], and others [2, 41-44]. For example, an extensive
study of 105 different gold NPs (15 nm, 30 nm, and 60 nm cores; 67 different anionic,
cationic, and neutral ligands) showed a similar increase in dn following corona formation
[44]. The change in zeta potential depends on the initial charge of the NP. Both cationic
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and anionic NPs form a protein corona. The zeta potential of the protein-NP complex will
reflect the charge of adsorbed protein. For example, comparing cationic (amine-modified)
and anionic (carboxlylate-modified) polystyrene NPs (200 nm) showed that cationic NPs
become anionic following formation of a protein corona and anionic NPs show an
increased zeta potential, becoming less negative [37].

Table 1 NP diameter (dtem and dh), polydispersity index (PDI), and zeta potential (ZP).

drem (nm) [FBS] (%) dh (nm) PDI Adh (nm) ZP (mV) AZP (mV)
129 + 43 0 242+4  0.130.004 - 392 1 -

- 10 305+17  0.17 £ 0.04 +63 3442 ‘5

- 100 313+ 15 0.19+0.05 +71 -33+2 +6

Concentration of the protein corona increases with FBS concentration

The concentration of the protein corona is measured with a colorimetric assay (660 nm
assay). We report protein corona concentration (ug)/NP concentration (mg), as described
in Materials and Methods. We observed that the amount of protein adsorbed on the NP
surface increases as the initial concentration of FBS used to form the corona increases
(1% to 100%; Fig. 1a). For these experiments, the incubation time was kept constant at
30 min, a standard incubation time for corona experiments [45, 46]. All experiments were
carried out at RT.

Previous studies have examined corona concentration as a function of the concentration
of serum used to form the corona [43, 47, 48]. While many of these studies have also
observed an increase in corona concentration as a function of serum concentration, it is
important to note that this result depends on NP composition and type of serum. For
example, a side-by-side comparison of silica and polystyrene NPs, both 200 nm, in
human plasma (1 hr incubation, 3%-80% plasma) showed an increasing corona on the
polystyrene NPs, but a slightly decreasing corona on the silica NPs, with increasing
plasma concentrations [43]. A comparison of corona formation on poly(lactide-co-
glycolide) NPs (200 nm; 30 min incubation) using human serum and FBS showed
different adsorption isotherms for the two different serums [47].

Increasing incubation time increases the concentration of the protein corona:
Greater increase at high (100%) FBS incubation concentrations

In a second set of experiments, we varied incubation time (30 min or 1 day) and kept the
initial FBS incubation concentration constant at 10% FBS or 100% FBS. For coronas
formed with 10% FBS, increasing the incubation time resulted in only a small (15%)
increase in the amount of protein adsorbed on the NP surface (Fig. 1b). In comparison,
incubation with 100% FBS resulted in an increased (59%) corona concentration following
a 1 day incubation in FBS (Fig. 1b). Much previous work has addressed the time
dependence of corona formation including the concentration and composition of adsorbed
proteins [41, 49-52]. Despite extensive study, it has been difficult to identify a general
trend in time-dependent changes in protein corona concentration. For example, a
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comparison of human plasma protein adsorption on cationic polystyrene NPs (120 nm),
anionic polystyrene NPs (120 nm), and anionic silica NPs (35 nm) from 1-1000 min
showed an overall increase with time for the anionic NPs, both polystyrene and silica, but
with different rates. Cationic polystyrene NPs showed a loss in protein over time.
Separate experiments with anionic mesoporous silica NPs (100 nm) showed an increase
in protein concentration when incubated with human serum or FBS over a 1-10,000 min

period [52].
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Fig. 1 Concentration of FBS adsorbed on NPs. (a) Protein adsorption as a function of
initial FBS concentration used to form the protein corona. NPs were incubated with FBS
for 30 min (n=6). The mean protein per NP (ug/mgq) is reported. Error bars show standard
deviation. Significance was calculated using an ANOVA with a post-hoc Tukey test. (b)
Protein adsorption as a function of incubation time. NPs were incubated with 10% (black)
or 100% (gray) FBS for either 30 min or 1 day to form a protein corona (n=6). Error bars
show standard deviation. Significance was calculated using an unpaired two-sided t-test.
*p<0.05, **p<0.01, ****p<0.0001

Towards low-cost proteomics: Automation and replicates

The best method to determine the composition of the protein corona is LC-MS/MS. At the
Duke University core facility, and likely others, the cost of a proteomic experiment scales
with the time required to run the samples. Previously, our lab compared the data
generated by a lower cost, high-speed method, MicroFlow, and the standard, slower,
NanoFlow [22]. We found nearly identical results for the 50 most abundant proteins
observed in the protein corona, with a 4x decrease in cost per sample using MicroFlow.
Our next steps in reducing costs, described below, have been to develop methods for
automated sample digestion and determine the need for replicate samples.

We used commercially available S-Traps to isolate and digest the corona proteins. The
process is not currently fully automated as the S-Traps must be manually moved to a
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centrifuge, but S-Traps can maintain the 96-well plate format. Aside from the
centrifugation steps, the digestion is performed by the liquid handling robot, decreasing
the hands-on time for the researcher. The digestion requires three different incubations
with multiple reagent loading steps. Without the robot, the protocol is estimated to include
25 minutes of hands-on pipetting time, 145 minutes of incubation time, and 5 minutes of
centrifuge time for 8 samples. Using the robot removes the hands-on researcher time for
the 25 minutes of pipetting. Adding this time saved to previously reported active time
savings of 30 minutes [22], shows that 55 minutes of active pipetting time is saved during
automated corona formation and digestion. The time saved increases linearly with the
number of samples and also increases reproducibility by removing human pipetting
errors.

We tested three aspects of experimental reproducibility relevant to proteomics (Fig. 2).
Verification of the LC-MS/MS was performed using a study pool quality control (SPQC),
in which all samples in each batch are pooled (study pool) and an aliquot of the study
pool is injected at the beginning, middle and end of the injection run. SPQC, which is a
standard quality control measure [53], verifies that the LC-MS/MS instrument does not
vary as a function of injection time. To characterize possible variation due to the digest,
a single sample (30 min, 10% FBS) was aliquoted (x3) and digested individually. To
measure biological variability, three separate samples (30 min, 10% FBS) were digested
individually.

Venn diagrams of the 50 most abundant proteins present in the coronas are used to show
the variation in these samples (Fig. 2). Variation is very low. As expected, the SPQC has
almost no variation with only two different proteins between the three different injection
times. The variation of a triplicate digestion of a single sample is similarly low. The true
biological triplicate, three individual samples, also shows very low variation with 48 of 50
proteins overlapping across all 3 samples. Overall, with the low variation in the digest and
biological replicates, we are confident that digest replicates are not necessary and that
biological replicates can be used to focus on specific questions of interest. Use of a single
sample for proteomics has been used in other protein corona studies and may be
appropriate for some in vitro experiments [44, 52, 54].

a 1 b 1 c 0
1
2
49 49 1 48
0
1 1 1

Fig. 2 Venn diagrams showing variation in proteomic data. (a) SPQC consisting of pooled
samples injected at the beginning, middle, and end of the injection run. (b) Digest triplicate
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obtained from a single sample digested in triplicate. (c) Biological triplicate. The Venn
diagrams were created by sorting each sample by the most abundant proteins.

Composition of the protein corona: Abundance and enrichment

Proteomic analysis of protein coronas can be evaluated as the amount of protein detected
(normalized abundance; Table 2) or the amount of protein in the corona relative to the
amount in serum (enrichment, Fig. 3). For example, albumin is the most abundant protein
in FBS comprising 36% of the protein in FBS (Table 2). It is present in the corona at high
abundance (8.83 + 2.16%). However, compared to the very high abundance of albumin
in FBS, albumin is depleted in the protein corona (Fig. 3). In comparison, prothrombin
(7.68 = 0.63%), the 2" most abundant protein in the corona, is only the 45" most
abundant protein in FBS (0.05%). It is highly enriched in the protein corona (Fig. 3).

Table 2 Normalized abundance (%) for the top twenty-five most abundant corona proteins
(10% FBS, 30 min incubation, n=3). For comparison, the rank order of proteins in FBS is
shown in parentheses.

Protein Protein corona (%) FBS (%)
Albumin 8.83+2.16 35.69 (1)
Prothrombin 7.68 £ 0.63 0.05 (45)
Antithrombin-Il| 6.84 £ 0.21 0.33 (22)
Complement factor H 5.03 £0.41 0.11 (37)
Plasma serine protease inhibitor 4.88 +1.55 0.15 (33)
Alpha-2-HS-glycoprotein (fetuin-A) 4.25 +1.51 26.26 (2)
Tetranectin 414 £ 0.16 0.08 (40)
Kininogen-1 3.56 £0.28 0.66 (14)
Hemoglobin subunit alpha 3.43+£0.05 0.46 (15)
Alpha-1-antiproteinase 3.15+£0.57 12.09 (3)
Gelsolin 2.88 £ 0.21 0.12 (36)
Apolipoprotein E 2.77 £0.05 0.02 (59)
Thrombospondin-1 245+0.14 0.08 (41)
Hemoglobin fetal subunit beta 1.8+ 0.01 0.28 (25)
Protein AMBP 1.71 £ 0.06 0.07 (43)
Plasma kallikrein 1.56 £0.14 0.04 (50)
Histidine-rich glycoprotein 1.43 £ 0.06 0.04 (48)
Kininogen-2 1.42 £ 0.03 0.26 (26)
Beta-2-glycoprotein 1 1.37 £ 0.11 0.36 (18)
Complement C4 1.37£0.12 0.15 (32)
C4b-binding protein alpha chain 1.36 £ 0.04 0 (61)

Hyaluronan-binding protein 2 1.16 £0.13 0 (62)

Plasminogen 1.13+£0.09 0.21 (29)
Apolipoprotein A-l 1.08 £ 0.11 0.43 (17)
Alpha-2-macroglobulin 1.02 + 0.08 1.26 (10)

10



The most abundant proteins observed in this protein corona have been detected in other
corona studies [55-59], including our own [22, 54]. For example, albumin, prothrombin,
antithrombin-Ill, complement factor H, plasma serine protease inhibitor, and alpha-2-HS-
glycoprotein have been observed in the corona of carboxylate-modified polystyrene NPs
(200 nm) [22, 54]. Albumin, antithrombin-Ill, complement factor H, and alpha-2-HS-
glycoprotein were also observed in the corona of anionic TiO2 NPs (300 nm aggregates)
[54]. Complement factor H, the 4" most abundant protein in the corona (30 min, 10%
FBS), is of specific interest. It has been observed in the corona of many types of NPs
including silica (carboxylate-, amine-, un-modified; 30 nm,140 nm) [41], polystyrene
(anionic; 112 nm) [41], and iron oxide (PEGylated, 13 nm) [60]. The presence of
complement factor H in the corona has the potential to help avoid the alternative pathway
response [61].

While the individual proteins in the corona have been observed in other NP studies, the
enrichment or depletion of specific proteins, the “signature” of the protein corona (Fig. 3),
is unique to these NPs. This highlights a general challenge in the protein corona field.
While there are common corona proteins, it is impossible to predict the specific
compositional signature of a protein corona based on previous studies.

A summary view of protein enrichment (or depletion) of corona proteins relative to serum
proteins shows that corona composition is relatively insensitive to incubation time or initial
FBS concentration (Fig. 3). Sample grouping for each protein was assessed with an
outlier test (ROUT, Q=5%), resulting in two outliers, hemoglobin subunit alpha (1 day,
10% FBS) and apolipoprotein E (1 day, 100% FBS). In addition to these two outliers,
tetranectin and C4b-binding protein alpha chain show differences in enrichment at 10%
and 100% FBS that may be of interest for future studies. C4b-binding protein alpha chain
has been noted in previous corona studies [62-65], including a high correlation with the
uptake of gold NPs (10 nm) by macrophage cells [64].
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Fig. 3 Enrichment of the 25 most abundant proteins present in the corona (with top 25
based on the 30 min, 10% FBS incubation sample) relative to their abundance in FBS.
Fold change, log base 2, is plotted for each protein at 30 min (filled circles) or 1 day (open
squares) incubations in 10% (purple) or 100% (green) FBS.

Increasing incubation time and concentration leads to slight increases in corona
differentiation

To gain an understanding of how the composition of the protein corona changes with
increasing FBS concentration and time, we ran proteomic analysis of three different FBS
incubation concentrations: 5%, 10%, and 100% FBS. For each concentration we
examined two incubation times: 30 minutes and 1 day. Venn diagrams of the 50 most
abundant proteins present in the coronas are used to illustrate the differences in the
protein coronas formed following a 30 min or 1 day incubation with a 10% and 100% FBS
incubation concentration (Fig. 4). Data for the 5% FBS incubation and hierarchical
clustered heat maps for all samples are included in ESM (Figs. S3 - S6).

For both 10% FBS and 100% FBS incubations, the similarities in the corona following 30
min and 1 day incubations are high with 41 common proteins (of 50) for 10% FBS
incubations and 37 common proteins for a 100% FBS incubation. For the most part, the
proteins that do change as a function of time are relatively low in abundance. The
exceptions to this are serotransferrin, which becomes the 10t most abundant protein in
the 10% FBS corona after a 1 day incubation, and cadherin-1, which becomes the 13"
most abundant protein in the 100% FBS corona after 1 day. Neither of these proteins
were top 50 proteins following a 30 min incubation.
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Lipopolysaccharide-binding protein (40)
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Vitamin D-binding protein (50)

b

Leukocyte cell-derived chemotaxin-2 (30)
Beta-2-glycoprotein 1 (33)
Lactotransferrin (34)

Gelsolin (35)

Coagulation factor XlIl A chain (36)
Spleen trypsin inhibitor | (37)

Hepatocyte growth factor-like protein (41)
Peptidoglycan recognition protein 1 (42)
Transthyretin (43)

Angiotensinogen (45)

CCN family member 2 (46)

Elongation factor 1-alpha 1 (47)
Regakine-1 (48)

13
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41
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1 day

Serotransferrin (10)

Fetuin-B (23)

Serpin A3-1 (33)

Vitamin D-binding protein (34)
Inter-alpha-trypsin inhibitor heavy chain H3 (36)
Carboxypeptidase N catalytic chain (44)
Docking protein 1 (47)

Regakine-1 (49)

Coagulation factor Xl (50)

13

<

Cadherin-1 (13)

Collagen alpha-1(24)

GTP-binding nuclear protein Ran (35)
Inter-alpha-trypsin inhibitor heavy chain H3 (36)
Histone H2A.J (38)

Insulin-like growth factor-binding protein 2 (39)
Selenoprotein P (42)

Fibrinogen alpha chain (43)

Histone H4 (46)

Fetuin-B (47)

von Willebrand factor (48)

Tubulin alpha-4A chain (49)

Serotransferrin (50)

Fig. 4 Venn diagrams illustrate the differences in the top 50 most abundant proteins
following 30 min and 1 day incubations. The rank of each protein is shown in parentheses.
(a) 10% FBS. (b) 100% FBS. Results for 5% FBS are included in ESM (Fig. S3).

A similar approach was used to illustrate the differences in the protein coronas due to
incubation concentration (Fig. 5). Protein coronas were formed following a 30 min or 1
day incubation with a 10% and 100% FBS incubation concentration. Tetranectin and C4b-
binding protein alpha chain are observed in protein coronas formed with 10% FBS, but
not 100% FBS. Coagulation factor Xl is only observed in high abundance on protein
coronas formed with 100% FBS.
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Insulin-like growth factor-binding protein 2 (26) Insulin-like growth factor-binding protein 5 (26)
Coagulation factor Xll (27) Ribonuclease 4 (27)
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Factor Xlla inhibitor (39) Transthyretin (43)
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Thrombospondin-4 (42) CCN family member 2 (46)

Cadherin-1 (46) Regakine-1 (48)

Cystatin-C (49) Fibronectin (49)

Vitamin D-binding protein (50) Insulin-like growth factor-binding protein 3 (50)
b

Tetranectin (8) Coagulation factor XI (11)

Beta-2-glycoprotein 1 (9) Cadherin-1 (13)

C4b-binding protein alpha chain (11) Fibronectin (23)

Gelsolin (12) Collagen alpha-1 (24)

Hepatocyte growth factor-like protein (21) Ribonuclease 4 (25)

Pigment epithelium-derived factor (25) Histone H2B type 1 (28)

Coagulation factor Xl A chain (27) Metalloproteinase inhibitor 3 (29)

Elongation factor 1-alpha 1 (30) Matrix Gla protein (30)

Leukocyte cell-derived chemotaxin-2 (32) Insulin-like growth factor-binding protein 5 (31)
Serpin A3-1 (33) Angiogenin-1 (34)

Vitamin D-binding protein (34) 1 9 31 1 g GTP-binding nuclear protein Ran (35)

Factor Xlla inhibitor (35) Insulin-like growth factor-binding protein 3 (37)
Thrombospondin-4 (37) Histone H2A.J (38)

Complement C1q subcomponent subunit B (40) Clusterin (40)

Complement C1q subcomponent subunit A (43) Selenoprotein P (42)

Carboxypeptidase N catalytic chain (44) Fibrinogen alpha chain (43)

Docking protein 1 (47) Histone H4 (46)

Regakine-1 (49) von Willebrand factor (48)

Coagulation factor XII (50) Tubulin alpha-4A chain (49)

Fig. 5 Venn diagrams showing the differences in the top 50 most abundant proteins for
each incubation time at each incubation concentration. (a) 30 min incubation. (b) 1 day
incubation. Results for 5% FBS are included in ESM (Fig. S4).

An extensive previous proteomics study examined the corona formed on silica (35 nm,
140 nm) and polystyrene (120 nm) NPs, with a range of functional groups, including
carboxylate-modified polystyrene, incubated with human plasma [41]. This research
showed that the compositional signature of the protein corona was established quickly
(30 s) with only the relative concentration of proteins changing over time (30 s - 480 min).
Similarly, proteomic analysis of the corona formed from human plasma on polystyrene
NPs (50 nm, 100 nm; amine, carboxylate, or no modification) showed no time-
dependence from 5 min- 5 hr [66]. We see similar results in that few new proteins with
high (~top 10) abundance are altered as a function of time.

Conclusions

We describe the automated generation, isolation, and digestion of protein coronas formed
on carboxylate-modified magnetic NPs (Table 1). We use these methods to characterize
the concentration and composition of the protein corona as a function of incubation time
and FBS concentration. Our experiments show that increased concentrations of FBS
during the formation of the protein corona led to increased concentrations of corona
proteins (Fig. 1a), as a function of both incubation time and concentration (Fig. 1b). The
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interdependence of time and concentration suggests possible reasons, although not a
mechanism, for conflicting reports in the protein corona literature [41, 49-52].

An overarching theme of our work has been the development of methods to reduce the
costs associated with protein corona experiments, including lower cost proteomics [22],
and, as described here, automating the digest step typically carried out by a core facility.
We also carried out triplicate experiments to measure reproducibility across LC/MS-MS
experiments. We find high reproducibility among triplicate samples (Fig. 2). We also
compared proteins of interest identified by gel electrophoresis to our results from
proteomics with the hope of further reducing costs (Fig. S7). Unfortunately, bands of
interest identified by gel electrophoresis did not correspond to results from proteomics.

Using proteomics data, we describe both the abundance (Table 2) and enrichment-
depletion (Fig. 3) of the proteins adsorbed on the surface of the NPs. The composition of
the protein corona shows small changes as a function of incubation time and FBS
concentration (Figs. 4 and 5). The most abundant proteins are fairly insensitive to the
conditions used to form the coronas.

Moving forward, this research points in two directions. The first is the use of enrichment-
depletion data to select proteins for future molecular studies. The enrichment and
depletion of proteins in the corona relative to the proteins present in the serum used to
form the corona is a purely biophysical interaction, dependent on only the physical and
chemical properties of the protein and NP. Understanding why hemoglobin subunit alpha,
apolipoprotein E, tetranectin, and C4b-binding protein alpha show unique NP adsorption
may help define the molecular interactions governing corona formation. Second,
increasing automation and decreasing costs of protein corona characterization will help
generate the large data sets necessary for machine learning approaches. We hope to
stimulate future studies at both the single protein and big data levels.
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Table S1 (attached Excel spreadsheet): Complete proteomics data using the Top3
quantification, organized by sample. Tabs for FBS, Normalized abundance (%), and Fold
change (log2), provide the normalized abundance (%) for the proteins observed in FBS,
the normalized abundance (%) of the corona proteins observed for each incubation
condition, and the fold change observed for each protein at each incubation condition.
Negative infinity values in the fold change tab were replaced with zeros after enrichment
calculations.



o
w
]

A 5% FBS
¢ = 10% FBS
e 100% FBS

o
)
]

o
o

Protein (pg)
o
n
e
- o
-
o —3mH e
' E e
[ e
e
e
e

0.1 Wash Steps

Fig. S1 Concentration of protein present in the supernatant following “washing” of protein-
NP samples. Wash #5 is the first sample shown. The first 4 wash steps show much higher
protein concentrations and are not typically measured. NPs were incubated with FBS for
30 min and washed by the robot (n=2). Error bars show standard deviation.
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Fig. S2 Residual protein is resistant to removal by SDS. The bulk of the protein corona is
removed following a 30 min SDS incubation, as described in Materials and Methods. (a)
There is no significant difference in protein removal following a 30 min (light gray) or 60
min (black) incubation with SDS, measured by the 660 nm assay for coronas formed
following a 30 min, 100% FBS incubation. The concentration of protein removed after two
sequential 30 min SDS incubation steps (dark gray) is at the edge of the working detection
limit of the assay (50 ug/mL). (b) Gel electrophoresis was used to determine if SDS led
to selective protein removal. The proteins visible (Remaining) after SDS treatment (30
min) are the same as the most abundant proteins removed (Removed) by SDS. A second
SDS removal step (30+30 min) shows removal of additional protein at ~50 kDa, likely
albumin, and residual protein remaining at ~90 kDa. Given the non-significant difference
in protein removal, a single SDS removal step was chosen to match with Proteomics Core
Facility protocols.
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Fig. S3 Venn diagram showing the differences in the top 50 most abundant proteins
following 30 min and 1 day incubations with 5% FBS incubation. Protein ranks are
included in parentheses.
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Fig. S4 Venn diagrams showing the differences in the top 50 most abundant proteins for
5% and 10% FBS incubations. (a) 30 min incubation. (b) 1 day incubation. Protein ranks
are included in parentheses.



Fig. S5 Hierarchical clustered heat map of proteomics data with each incubation condition
on the x-axis and individual proteins on the y-axis. Fold change data is used for the
clustering. 200 proteins are displayed across 6 six different conditions. Fig. S6 shows the
top 25 proteins for better visualization.
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Fig. S6 Hierarchical clustered heat map of proteomics data with each incubation
concentration and incubation time on the x-axis and individual proteins on the y-axis. Fold
change data is used for the clustering. The top 25 proteins, ordered by the 30 min, 10%
FBS sample are displayed for each incubation condition.
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Fig. S7 Gel electrophoresis of the protein corona formed on NPs as a function of
incubation time (30 min and 1 day) and FBS concentration used to form the corona (10%,
and 100% FBS). Gel electrophoresis and LC-MS/MS results were compared to see if gel
electrophoresis could be used as a less expensive replacement for LC-MS/MS. Gel
electrophoresis shows a change in two bands as a function of incubation time and
incubation concentration. A band at ~100 kDa is only visible in the 30 min, 100% FBS
sample. Based on proteomics this band is likely spondin-1 (MW 91 kDa), as its normalized
abundance was ~9 times greater for the 30 min, 100% FBS sample than any other
sample. A band observed at ~140 kDa is visible in all of the samples except for 30 min,
100% FBS. In comparison, based on proteomics, no protein is absent from only this
sample. The band at ~160 kDa was excised and confirmed to be complement C3 (MW
187 kDa) by LC/MS-MS. In agreement with the gel, complement C3 was observed in
higher abundance for 100% FBS than 10% FBS by proteomics, although it is present at
all FBS concentrations. Unlike results from the gel, proteomics showed the highest
complement C3 abundance at 1 day. Overall, we were unable to correlate gel
electrophoresis with LC/MS-MS results. We expect this is a combination of differing levels
of protein staining and protein modifications. The lack of correlation between gel
electrophoresis and LC/MS-MS points towards the value of working to decrease the costs
of proteomics experiments.
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