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ABSTRACT: Upon exposure to a biological environment, nanoparticles (NPs) acquire biomolecular coatings, the most studied of
which is the protein corona. This protein corona gives NPs a new biological identity that will determine various biological respons-
es including cellular uptake, biodistribution, and toxicity. The standard method to isolate NPs from a biological matrix in order to
study their coronas is centrifugation, but more gentle means of retrieval may enable deeper understanding of both irreversibly
bound hard coronas and more loosely bound soft coronas. In this study, magnetic gold-coated iron oxide NPs were incubated with
rainbow trout gill cell total protein extracts and mass spectrometric proteomic analysis was conducted to determine the composition
of the protein coronas isolated by either centrifugation or magnetic retrieval. The number of washes were varied to strip away the
soft coronas and isolate the hard corona. Hundreds of proteins were adsorbed to the NPs. Some proteins were common to all isola-
tion methods, and many others were particular to the isolation method. Some qualitative trends in protein character where discerned
from quantitative proteomic analyses, but more importantly, a new kind of protein corona was identified: mixed corona, in which

the labile or inert nature of the protein-NP interaction is dependent upon sample history.

The use of engineered nanoparticles (NPs) in numerous ap-
plications has been growing rapidly in the past few decades.!
This growth is driven by the unique chemical and physical
properties that stems from their nanoscale size. These NP are
being applied to better the human experience; for example,
NPs are being used for applications in health and medicine
(e.g., diagnostic chemical sensing, cellular imaging, drug de-
livery, therapeutics).>”’” However, negative NP effects at the
cellular and organism levels in some cases give the communi-
ty pause before wide-scale implementation.®!! A mechanistic
understanding of the impact of NPs informs risk assessments
and enables development of more sustainable nanotechnolo-
gies.l,12—16

The biochemistry of NPs complicates predictions of their
biological impacts. Upon exposure to biological environment,
biomolecules such as proteins, lipids, sugars or even DNA,
adsorb onto the NP surface.!®?? Proteins are thought to play a
dominant role in this interaction due to their abundance, form-
ing the protein corona.?® Protein corona formation is a dynam-
ic process, where high abundant-low affinity proteins can be
replaced over time by low abundant-high affinity proteins.?*?>
A “hard corona” describes the situation of high-affinity pro-
teins irreversibly bound to the NP surface; conversely, a “soft
corona” describes the situation of lower-affinity proteins that
are reversibly bound to the NP surface or on top of hard-
corona proteins.?*?° Clearly, then the bulk composition of a
complex protein solution may not be the same as the composi-
tion of either the hard or soft protein coronas that surround
nanoparticles in aqueous solution.

Most NP-protein corona complex studies are conducted us-
ing blood, cell culture medium with serum, a single protein, or
a small mixture of proteins. More relevant are in vivo studies
using intact living cells or whole organisms, which better re-
flect the thermodynamically and kinetically complex for-
mation of protein coronas.’** NMR has been introduced as a
method to study protein corona formation in situ; however,
mass spectrometry-based analysis is needed for more detailed
molecular information, which requires NP-corona isolation.>*
Hence, new NP-corona isolation methods are necessary to
further advance the field toward in vivo studies. Centrifuga-
tion, the standard method of NP-corona isolation, separates
particles and proteins in the matrix based on difference in
densities.’>** The method is harsh, however, and risks false
identification of corona proteins. False positives may result
from proteins/ protein complexes that did not bind to the NPs
originally may sediment together with the NP-protein corona
complexes during centrifugation process. False negatives may
result from strong centrifugal forces causing protein dissocia-
tion. Magnetic separation, which requires magnetic NPs, of-
fers a unique approach to isolate the NP-corona within an in
vivo environment after administration.**>° Though the use of
magnetic NPs also comes with risks of agglomeration, it is
thought to be a gentler isolation method compared to centrifu-
gation.®

In this study, gold-coated iron oxide NPs are synthesized to
take advantage of the magnetic cores for protein retrieval from
biological systems. The gold coating provides the iron oxide
cores with protection against oxidation and corrosion as well



as ease of functionalization. The gold coating also equips the
iron oxide NPs with optical properties, thanks to surface plas-
mon resonance, which will present unique route of characteri-
zations, such as photoacoustic imaging.**! An important path
of NPs release into the environment is into the aquatic system,
either during production, transport, or disposal, which moti-
vates our choice of rainbow trout gill cells (RTgill-W1) as our
biological system. Gills are a known target organ for NP up-
take in fish, and the rainbow trout gill cell line is a model cell
type for aquatic environment exposure.*>* To establish mag-
netic retrieval as a suitable method for cellular/organismal
retrieval, gold-coated iron oxide NPs are first incubated with
total protein extracts from the rainbow trout gill cells. The NP-
protein corona complexes are retrieved magnetically and are
compared to the NP-protein corona complexes retrieved by the
conventional centrifugation method.

EXPERIMENTAL SECTION

Materials. Iron (III) chloride hexahydrate (FeCls;-6H>0),
sodium acetate (NaCH3COO), ethylene glycol (anhydrous,
99.8%), branched polyethyleneimine (PEI) (MW~25,000 Da),
tetrachloroauric ~ (III) acid trihydrate (HAuCl4-3H,0)
tetrakis(hydroxymethyl)phosphonium chloride (THPC) (80%
solution in water), polyvinylpyrrolidone (PVP) (MW=40,000
Da), hydroxylamine hydrochloride (NH,OH-HCI), ammonium
bicarbonate, and trypsin from bovine pancreas were purchased
from  Sigma-Aldrich.  Trisodium  citrate  dihydrate
(Na3;C¢Hs07-:2H,0) was purchased from Flinn Scientific.
Mammalian Protein Prep Kit (37901) was purchased from
Qiagen. A Pierce™ BCA protein assay kit and bovine serum
albumin (BSA) standard were purchased from Thermo Scien-
tific. All materials were used without further purification. A
100-ml Teflon-lined, stainless-steel autoclave purchased from
Techinstro (AUTOCLAVE-PTFE-0110). RTgill-W1 trout gill
cells were purchased from ATCC (CRL-2523™),

Synthesis of PVP Au-coated iron oxide NPs. The nano-
particles were synthesized using a modified version of a pro-
cedure previously published by Wang et al.**

Synthesis of iron oxide NPs. Iron oxide NPs of expected di-
ameter 100 nm were synthesized via solvothermal as previ-
ously reported.*® Briefly, 1.3 g FeCl;-6H,0, 0.52 g trisodium
citrate, 2.4 g sodium acetate and 2.2 mL of H,O were dis-
solved in 40 mL ethylene glycol in that order. The mixture
was stirred vigorously for one hour before transferring to a
100-mL Teflon-lined, stainless-steel autoclave and heated to
200°C for 10 hours. The solid product was collected and
washed with ethanol twice before drying under nitrogen.

NP functionalization with PEI After the iron oxide NPs
were dried, 50 mg of the powdered NPs were redispersed in
50 mL of 50 mg/mL aqueous PEI solution. After overnight
incubation on a belly dancer shaker, the NPs were washed 3x
at 500 xg for 30 min each time and redispersed into 50 mL DI
water.

Synthesis of Au-seeded PEI-iron oxide NPs. Au-seeds were
synthesized via THPC reduction*’ and stored in a refrigerator
overnight before being incubated with the washed PEI-iron
oxide NPs the next day. In typical procedure, 1 mL of PEI-
iron oxide NPs was incubated with 49 mL of 2-3 nm Au seeds
in a 50 mL centrifuge tube. After overnight incubation on a
belly dancer shaker, the NPs were washed 3x at 500 xg for 30
mins each wash. After the last wash, the solid NP pellet was
redispersed in 20 mL DI water.

Synthesis of PVP Au-coated iron oxide NPs. In a large batch
synthesis, typically 600 mL of Au-seeded PEI-iron oxide NPs
and 600 mL of DI water were added to a 2L Erlenmeyer flask.
12 g of PVP were added to the solution and the flask was
mixed on a belly dancer shaker. When all the PVP was dis-
solved, 9 mL of 50 mg/mL NH,OH-HCI was added to the
solution. The flask was mixed manually before adding 9 mL
of 1% w/v HAuCls-3H,0. The solution turned brown to blue
within minutes. The NPs were then washed once before drying
under vacuum.

Nanoparticle characterization

Hydrodynamic light scattering and (-potential of the NPs
were measured after each stage of synthesis using a Malvern
Zetasizer Nano ZS. UV-Vis spectra and BCA assay readings
were collected using an Agilent Technologies Cary 5000 UV-
Vis-NIR. Transmission electron microscopy micrographs of
the NPs in water were obtained by drop-casting onto copper
grid with carbon type B 300 mesh (01813-F, Ted Pella) prior
to imaging with a JEOL 2100 Cryo TEM with LaB¢ emitter
operated at 200 keV. Elemental mapping analysis was con-
ducted using FEI Themis Z operating at 300 keV with energy
dispersive X-ray spectroscopy (EDS) system.

Oncorhynchus mykiss rainbow trout gill (RTgill-W1) cell
culture

RTgill-W1 cells were cultured in L-15 medium supplement-
ed with 10% FBS and 1% penicillin/streptomycin in T-75 and
T-175 flasks in air at 19-20°C. The culture medium was re-
placed twice weekly, and cells were harvested for experiments
and passage upon reaching 85-90% confluency. Adherent cells
were removed from flasks by adding 0.25 % Trypsin-0.53
EDTA until cells detached (~5-10 mins). Cells used in subse-
quent experiments were from passages 3-10.

Total protein extraction and quantification

The total protein extraction was based on the Mammalian
Protein Prep Kit (37901, Qiagen). Briefly, RTgill-W1 cells
were seeded in T-75 or T-175 flasks until confluency and
washed twice with ice cold PBS. The cells were removed by
gentle scraping with cell-scraper after adding 10 mL ice cold
PBS. The cells were then transferred to a centrifuge tube to
pellet. The cell pellet (5-10 x 10° cells) was then resuspended
in lysis buffer with Benzonase® nuclease and protease inhibi-
tor. The resuspended cells were incubated on a rotary shaker
for 5 minutes at 4°C before centrifuging. The supernatant con-
taining total protein extracts were then transferred to a new
tube. The protein extracts were precipitated with cold acetone
and redispersed in 10 mM NH4HCO; pH= 8.

A Pierce™ BCA Protein Assay Kit (23225, Thermo Fisher)
was used to quantify total protein concentration. Bovine serum
albumin was used as standard for calibration curve.

Nanoparticle exposure to total protein extracts

PVP Au-coated iron oxide NPs were massed and dissolved
in 10 mM NH4HCO; at pH = 8 to make 1000 pg/mL concen-
tration in a 1 mL solution of 60 pg/ml total protein extracts
from RTgill-W1 cells. PVP Au-coated iron oxide NPs before
and after incubating with protein extracts (1 hour, at 20°C)
were characterized using dynamic light scattering. The NP-
protein corona complexes were then isolated using a magnet
or centrifugation once (1x) or twice (2x). BCA assays were
used to quantify the amount of protein left in the supernatant
after each wash. NP-protein corona complexes were then di-
gested with trypsin (1:200 enzyme: protein) overnight at 37°C.
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The NPs were removed by centrifugation and the protein co-
ronas in the supernatants were analyzed using nanoLC-
MS/MS.

Protein identification and relative quantitation by mass
spectrometry

Briefly, samples were lyophilized and resuspended in 0.1 %
trifluoroacetic acid (TFA) and cleaned with StageTips. The
samples were then re-lyophilized and suspended in 0.1%
FA/5% ACN for injection into UltiMate 3000 nanoLC and
analyzed by Q Exactive HF-X high resolution mass spectrom-
eter. The peptides were separated on a 25 cm long Aclaim
Pepmap C18 column using 0.1% FA in water (mobile phase
A) and 0.1% FA in 80% ACN (B) over the course of 90
minutes. Full MS scans from 350-1500 m/z were done at 120k
in the Orbitrap, followed by high energy collision dissociation
(HCD) of the 15 most abundant ions. MS2 scans were also
analyzed in the Orbitrap with a resolution of 15k. Mass spectra
were analyzed using the MaxQuant software version 2.0.1.0
containing the Andromeda search engine. The spectra were
search against the Oncorhynchus mykiss (Rainbow Trout)
UniProt sequence data base. Proteins were quantified using
MaxLFQ, MaxQuant’s implemented label free quantification
(LFQ) algorithm, which bases on MS1 intensity.*® Enzyme
specificity was set to trypsin. The modifications of oxidation
and N-terminal acetylation was included in protein quantifica-
tion. Minimum peptide length of seven amino acids were al-
lowed. A false discovery rate (FDR) of 1% was set for peptide
and protein identifications. Protein identification required at
least one unique or razor peptide per protein group. Contami-
nants, reverse counterparts, and proteins only identified with
less than 2 unique peptides were excluded from further data
analysis. The LFQ intensity data was log,-transformed and
proteins that were sparsely quantified (those that do not have
at least 2 valid values out of 3 replicates per condition) are
removed. Missing values were imputed in Perseus software
version 1.6.15.0, which uses random draws from a Gaussian
distribution that were left shifted by 1.8 standard deviation and
a width of 0.5.* Molecular weight and gene ontology (cellular
component) was extracted from UniProt database. Isoelectric
point was calculated using Compute isoelectric point (pI) tool
(https://web.expasy.org/compute pi/) and grand average of
hydropathy (GRAVY) value was calculated using the
GRAVY calculator (http://www.gravy-calculator.de).

RESULTS AND DISCUSSION

Synthesis and characterization of PVP Au-coated iron
oxide NPs.

The iron oxide cores were first synthesized via a solvother-
mal reaction, producing materials with diameters ~100 nm, as
measured by transmission electron microscopy (TEM). They
are made of clusters of smaller primary nanocrystals (~4-10
nm) giving them a unique superparamagnetic property.*® The
citrate coating endows the NPs with a negatively charged sur-
face (zeta potential -29 mV), which is then reversed after in-
cubation with polyethyleneimine (PEI) to +44 mV. This posi-
tively charged surface allows the iron oxide NPs to interact
electrostatically with negatively charged 2-3 nm gold seeds
(synthesized via THPC reduction) that yield gold seed-
decorated iron oxide NPs. These seeds were allowed to grow
bigger and intersect, forming a gold coating around the iron
oxide core and were ultimately capped with polyvinylpyrroli-
done (PVP). The final PVP Au-coated iron oxide NPs are
~150 nm in size as measured by TEM, with the hydrodynamic
diameter of ~200 nm with a slightly negative zeta potential of

~-15 mV. Figure 1 shows TEM micrographs of the NPs as
they grow from the original ~100 nm iron oxide NPs (Figure
1A) to Au-seeded iron oxide NPs (Figure 1B) to ~150 nm Au-
coated iron oxide NPs (Figure 1C). Elemental mapping con-
ducted using energy dispersive X-ray spectroscopy in scan-
ning transmission electron microscopy (STEM-EDS) shown in
Figure 1D confirms the core- shell structure. As observed in
TEM images, the gold shell is made up of cluster aggregates
of AuNPs.

Figure 1. Representative TEM micrographs for (A) iron oxide
NPs (scale bar = 50 nm) (B) Au-seeded iron oxide NPs (scale bar
=50 nm) (C) Au-coated iron oxide NPs (scale bar = 200 nm) and
STEM-EDS maps for (D) Au-coated iron oxide NPs showing
core-shell structure (Au-green, Fe-orange, scale bar = 50 nm).

Quantification of retrieved protein corona via magnet
and centrifugation from incubation with total protein ex-
tracts.

Adherent RTgill-W1 cells were grown in L-15 medium with
10% FBS and penicillin/streptomycin to 85-90% confluency
before being lysed for total protein extraction. The total pro-
tein extracts (60 pg/mL) were then incubated with 1 mg/mL
PVP-Au-coated iron oxide NPs for 1 hour at 20°C. The NPs
before and after protein incubation were characterized using
dynamic light scattering and {-potential analysis to infer pro-
tein corona formation. As seen in Figure 2A, the hydrodynam-
ic diameter of NPs increases from ~200 nm to ~290 nm after
protein incubation, indicating protein adsorption to the surface
in a multilayer fashion. The binding interaction is also inferred
in the increased negative {-potential in Figure 2B. The NP-
protein complex pellets were then retrieved either with a mag-
net (15 minutes) or by centrifugation (1,000 xg, 15 minutes)
followed by washing with water either once (1x) or twice (2x)
as illustrated in Figure S1. The hydrodynamic diameter of the
NPs increased significantly after washing steps, suggesting NP
agglomeration as opposed to increasing protein corona con-
tent.’® The supernatant and the pellet (NPs + protein corona
complexes) were analyzed using a colorimetric BCA assay to
quantify the amount of protein in all compartments (Figure 3).
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As seen in Figures 2A and 3, while there is no significant dif-
ference between the hydrodynamic diameter of magnetically
retrieved and centrifuged samples (for both washes), there is a
significant difference in the concentration of protein in the
supernatant between the magnet 1x (M1) and centrifuged 1x
(C1) samples (unpaired t-test, p = 0.0009) and a significant
difference in the concentration of protein the pellet between
the M1 and C1 samples (unpaired t-test, p = 0.0484). A similar
trend can be seen in the second wash; however, the difference
was not significant by the t-test. This result indicates that the
centrifugation method isolates larger amounts of protein com-
pared to magnetic retrieval. Some losses of total protein occur
in all processing steps, compared to the original protein extract
(Figure 3).
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Figure 2. (A) Hydrodynamic diameter and (B) {-potential meas-
urements of Au-coated iron oxide NPs before, after incubation
with total protein extracts, and after washes after either magnetic
retrieval (blue) or centrifugation (red). Each point represents a
replicate obtained by averaging 4 measurements for hydrodynam-
ic diameter. Error bars represent standard deviation.

Qualitative proteomic results show protein enrichment
dependent on the isolation method.

In addition to comparing the amount of protein retrieved by
the two isolation methods, protein identification was per-
formed. The NP-protein corona complexes retrieved either by
a magnet (M) or centrifugation (C) after 1x wash or 2x wash
were digested with trypsin (1:200 enzyme: protein by mass)
overnight at 37°C. The NPs were then removed by centrifuga-
tion in all samples. The original protein extract was also tryp-
sinized. The samples were then analyzed by nanoLC-

MS/MS.>! The mass measurements for intact peptide and
MS/MS fragments were matched to theoretical sequences us-
ing Mascot search engine and searched against the Oncorhyn-
chus mykiss proteome. Only protein hits found in all 6 repli-
cates for all conditions (5 for magnet samples) were consid-
ered for further qualitative analysis.
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Figure 3. Total protein quantification as function of processing
steps for the original protein extracts (green), and for NP-
containing pellets (blue) and supernatants (red) after separation
via magnet retrieval or centrifugation after one wash (1x wash;
M1, C1) or two washes (2x wash; M2, C2). Error bars represent
the error of the mean from at least 7 replicates. Asterisks corre-
spond to the following p values using unpaired t-test, * p<0.05,
*** p<0.001.

Proteins found in magnetically-retrieved and centrifuged
samples after the first wash are compared to each other and to

the proteins found in the protein extracts in absence of NPs, as
seen in Figure 4. Proteins found in magnetically-retrieved and
centrifuged samples after the first wash are compared to each
other and to the proteins found in the protein extracts in ab-
sence of NPs, as seen in Figure 4A. Of the 356 proteins iden-
tified in M1 samples, 45.5% are also identified in C1 and PE
samples; whereas 18.8% are shared with C1 samples only,
10.4% are shared with PE samples only, and 25.3% are
uniquely identified in M1 samples. Similarly, out of the 300
proteins identified in M2 samples, 47.7 % are shared with in
C2 and PE samples; whereas 21.3% are shared with C2 sam-
ples only, 12.7% are shared with PE samples alone, and 18.3%
are uniquely identified in M2 samples (figure 4B). A grand
comparison among all samples is presented in Figure 4C,
which qualitatively shows universal proteins found in all sam-
ple types as well as uniquely found proteins in each sample
type. These results show that the isolation method and the
number of washes bias the protein corona composition.

Relative quantitative proteomic results show differences
between protein corona isolated magnetically compared to
centrifugation.

To gain a more detailed understanding of how the isolation
method affects protein corona composition, we identified and
quantified proteins using label-free quantitative nanoLC-
MS/MS. The samples were prepared in a similar manner as
those in the qualitative analysis, but this time the fragmented
proteins were quantified by the BCA assay before injection to
ensure the same amount of protein was injected for each sam-
ple for relative comparison. Since the efficiency of the ioniza-
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tion process can differ by order of magnitude for different
peptides, the number of detected ions of the intact (precursor)
peptide, reflected in the integrated MS1 intensity, is not a
good readout for absolute amount of peptide in the samples;
however, this integrated MS1 intensity can be used for relative
quantification for the same peptide in different samples.’!>
The MaxLFQ algorithm, integrated in the MaxQuant software,
was used to construct a triangular matrix containing all pair-
wise protein ratios between any two samples and perform a
least-squares analysis to reconstruct the abundance profile that
satisfies the individual protein ratios, reported as LFQ (label-
free quantitative) intensity.*® Peptide and fragment masses
were searched against the Oncorhynchus mykiss proteome
using the Andromeda search engine within MaxQuant. Since
the database search not only includes target sequences, but
also their reverse counterparts and possible contaminants,
these hits are removed along with proteins that were identified
by less than 2 unique peptides. These protein intensities were
then log,-transformed to obtain a normal distribution of the
protein intensities in the sample. Those proteins that were
sparsely quantified will become invalid after log,-
transformation since their LFQ intensity measurements were
0. Only proteins with at least 2 valid values in each condition
were kept for further analysis. Those missing values are im-
puted with numbers that are considered “small” in each sam-
ple by drawing from a normal distribution with a mean that is
downshifted from the sample mean (1.8) and a standard devia-
tion that is a fraction of the sample distribution (0.5).

A M1 C1 B M2 c2

Figure 4. Venn diagrams comparing qualitative protein hits found
among NP samples. (A) NP-protein pellets isolated via magnet
retrieval after one wash (M1) in blue, isolated by centrifugation
after one wash (C1) in red, and original protein extract (PE) in
green. (B) NP-protein pellets isolated via magnet retrieval after
two washes (M2) in blue, isolated by centrifugation after two
washes (C2) in red, and original protein extract (PE) in green. (C)
A grand comparison of proteins found in common and unique to
M1, M2, C1, C2, and original protein extract (PE).

The filtered list of quantified proteins consists of 1766 pro-
teins. To be considered significant, our threshold is that the
difference in log,(LFQ intensity) between the samples being
compared must be at least 1, representing at least 2-fold
change. When a protein has significantly higher abundance in

“on particle” samples (M1, M2, C1, C2) compared to protein
extracts (PE) samples, we consider this protein as enriched on
the NPs’ surface. On the other hand, when a protein has signif-
icantly higher abundance in PE samples compared to “on par-
ticle” samples (M1, M2, C1, C2), this protein is considered
not enriched on the NPs’ surface. The visual representation for
these types of proteins is presented in Figure S2A and S2B.
Heat maps for the proteins that are considered enriched on the
NPs’ surface are shown in Figure S3A and for those that are
not enriched on the NPs’ surface are shown in Figure S3B.
Interestingly, as seen in Figure 5A there are proteins that have
significantly higher abundance in magnet samples (M1, M2)
compared to PE samples, while their abundance in centrifuged
samples (C1,C2) is not significantly different compared to PE
samples, and vice versa. The visual representation for these
types of proteins is presented in Figure S2C and S2D. The
heat maps for these proteins are shown in Figure S4A and
S4B. Biophysiochemical properties of those proteins that are
enriched are compared to those that are not enriched on the
NP’s surface in terms of molecular weight, hydrophobicity, pl,
and cellular components (Figure S5A-C). Proteins that are
enriched on the NPs’ surface in both M and C samples have
greater prevalence for high molecular weight, hydrophilic, and
positively charged proteins. Given the negatively-charged
surface of these hydrophilic NPs, the enrichment of hydro-
philic and positively-charged proteins is understandable and in
agreement with previous studies.’*> Biophysiochemical
properties of those proteins that are enriched on M samples
only is also compared to those proteins that are enriched on C
only. Although there is no significant difference in terms of
molecular weight, hydrophobicity, and pl, there are differ-
ences in cellular component distributions between the two lists
of proteins (Figure S6A-C). These results highlight the differ-
ence between magnetization and centrifugation as a protein
corona isolation method.
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Hl Enriched on both M and C samples
[ Not enriched on both M and C samples
I Enriched on M, but not on C samples
0.5 [ Enriched on C ,but not on M samples
[J Other

Normalized number of protein hits

0.0

Hard corona M, hard corona C

Soft corona M, soft corona C

0.5
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Figure 5. The 1766 quantified proteins are categorized based on
their log2(LFQ intensity) and normalized (A) On-particle samples
M1, M2, C1, C2) in comparison to PE samples (B) M1 in com-
parison to M2 and C1 in comparison to C2.

We also identified proteins whose abundance level is stable
across washes (A(log2(LFQ intensity) <1), which we call hard
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corona proteins. We call the proteins whose relative abun-
dances decrease significantly with increasing number of wash-
es soft corona proteins due to their inferred lower binding
affinity compared to the hard corona proteins. There are also
proteins whose relative abundances significantly increase with
increasing number of washes. These proteins are being en-
riched after the second wash, which could have been part of
the hard or sofi corona; hence, we call them mixed corona.
The visual representation for these types of proteins is pre-
sented in Scheme 1, illustrating the change in the relative
abundance after the first and second washes. One way to think
about mixed corona proteins is that their abundance depends
on sample history; they may be out-competed for NP binding
at one stage in the separation process but then successfully
recompete at a later stage. In the literature, the majority of
hard protein corona studies involve isolation of NPs from the
biological media employing at least 3 washing steps to ensure
removal of unbound proteins from the original biological flu-
id.>>7 Hence, our washing steps might be considered insuffi-
cient; however, as seen in figure S7, we were still able to iden-
tified hard, soft and mixed corona proteins in both magnet and
centrifuged samples that have abundances significantly differ-
ent from the PE samples. As seen in Figure 5B, there are pro-
teins that are considered part of the hard corona, soft corona,
or mixed corona in both M and C samples; however, there are
also proteins that are considered the hard corona in M sam-
ples but is considered soft corona in the C samples (and vice
versa), or those that are considered hard corona in M samples
but is considered mixed corona in the C samples (and vice
versa), or those that are considered soft corona in M samples
but is considered mixed corona in C samples (and vice versa).
The visual representations for these types of proteins are pre-
sented in Figure S8.

Scheme 1. Hard corona proteins are stable to second wash-
es; soft corona proteins are lost in the second wash; and
mixed corona proteins are unusual in that they are more
abundant in the second wash compared to the first wash.

Hard corona Soft corona Mixed corona
proteins proteins proteins

C g}% %@%ﬁ

~ %8 &

The heatmaps for the proteins that are considered hard, soft,
or mixed corona in both M and C samples are presented in
Figure S9. These proteins are then furthered analyzed by com-
paring their log>(LFQ intensity) values to the corresponding
values in the PE samples. We observed that there are more
proteins that are considered enriched on the NPs’ surface in
the hard corona proteins, whereas there are more proteins that
are considered not enriched on the NPs’ surface in the soft and
mixed corona (Figure S10). This result is not surprising since
hard corona proteins have high binding affinity to the NPs’
surface, hence allowing them to be detected at a higher abun-
dance compared to PE samples. Whereas, soft or mixed corona

differ in binding affinity and exchanging rate, hence they are
not detected at a higher abundance compared to PE samples.
When comparing the logo(LFQ intensity) values of these pro-
teins in the M samples compared to the C samples, as shown
in Figure S11, we observed that there are more proteins with
higher relative abundance isolated by centrifugation compared
to magnetization. This result supports the BCA results in Fig-
ure 3, which showed that larger amounts of proteins are isolat-
ed with centrifugation. We also investigated the difference in
the degree of washing in M and C samples for soft and mixed
corona proteins, as shown in Figure 6. The change in
log>(LFQ intensity) from 1x wash to 2x wash for soft corona
proteins in centrifuged samples is significantly higher than in
magnet samples (unpaired t-test, p = 0.00249) (Figure 6A).
This shows that centrifugation is removing these soft corona
proteins more effectively compared to magnetization. The
change in log>(LFQ intensity) from 2x to 1x for mixed corona
proteins are presented in Figure 6B, where there is no signifi-
cant difference between centrifuged samples compared to
magnet samples.
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Figure 6. The change in log2(LFQ intensity) between washes of
M and C samples that are A) soft corona proteins, and B) mixed
corona proteins. Each point corresponds to a single protein hit. *
p<0.05 using unpaired t-test.

The presence of those proteins that are considered part of
hard corona in M samples but soft corona in C samples (and
vice versa) or those that are considered part of the hard corona
in M samples but mixed corona in C samples (and vice versa)
highlight the discrepancy between the two isolation methods
(Figure 5B, S8A-B, S12A-D). If the two isolation methods
were equivalent, those proteins that are considered hard coro-
na in M samples should also be considered hard corona in C
samples and so forth. We also compared the relative abun-
dance of these proteins to the corresponding abundance in the
PE samples and observed that there are more “not enriched on
NPs’ surface” proteins than “enriched on NPs’ surface.” This
result again shows that hard corona proteins are more likely
to be “enriched on the NPs’ surface,” while soft or mixed co-
rona proteins are more likely to be “not enriched on the NPs’
surface.” To further interrogate the isolation method bias,
these lists of proteins were also examined in terms of molecu-
lar weight, hydrophobicity, pl, and cellular component, as
shown in Figure 7A-D. Low molecular weight proteins (<10
kDa) are only detected in the list of proteins that are hard co-
rona in M (C) but soft corona in C (M) samples and not on the
list of proteins that are hard corona in M (C) but mixed corona
in C (M) (Figure 7A). The percentage of hydrophobic proteins
decreases when comparing between the list of hard corona M,
soft corona C and hard corona M, mixed corona C. On the
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other hand, the percentage of hydrophobic proteins increases
when comparing between the list of hard corona C, soft coro-
na M and hard corona C, mixed corona M (Figure 7B). Inter-
estingly, the percentage of positively-charged proteins de-
creases when comparing between the list of hard corona M,
soft corona C and hard corona M, mixed corona C. On the
other hand, the percentage of positively-charged proteins in-
creases when comparing between the list of hard corona C,
soft corona M and hard corona C, mixed corona M (Figure
7C). The reversed trend between the lists of hard corona in M
(C) while soft corona in C (M) proteins and the list of hard
corona in M (C) while mixed corona in C (M) proteins shows
that the nature of the proteins being removed is different in
comparison to those being enriched. This result suggests that
the protein corona is multilayer, and the when the proteins that
are considered soft corona are removed, other proteins are
either recruited to the NPs’ surface or are now uncovered to be

relative abundance, or being part of the mixed corona. When
comparing between proteins that are hard corona M, soft co-
rona C and hard corona C, soft corona M, we also observed
that centrifugation removes higher percentage of positively
charged proteins than magnetization and magnetization re-
moves higher percentage of hydrophilic proteins than centrif-
ugation. This suggests that centrifugal force overcomes elec-
trostatic attraction forces to remove more positively-charged
proteins from the negatively-charge NPs’ surface while mag-
netic force overcomes van deer Waals attraction forces to re-
move more hydrophilic proteins from the hydrophilic NP’s
surface. Figure 7D shows the diverse in the distribution of
these protein lists in terms of cellular components. Membrane,
mitochondria, cytoplasm, and nucleus proteins can be found in
all the lists, but there are also proteins of unique cellular com-
ponent that can only be found in one of the four lists of pro-
teins.

more accessible to be digested and detected, hence increased
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Figure 7. Comparison of the biophysiochemical properties of the proteins in the sard corona of magnetically retrieved samples while be-
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the mixed corona of centrifuged samples and vice versa. (A) Distribution of proteins based on molecular weight range (B) Distribution of
proteins based on hydrophobicity (C) Distribution of proteins based on pl (D) distribution of proteins based on cellular components.

We also compared the change in relative abundance be-
tween washes of the proteins that are considered soft corona
proteins in M samples (while considered hard corona proteins
in the C samples) to the change in relative abundance between
washes of the proteins that are considered soft corona proteins
in C samples (while considered hard corona proteins in M
samples) as shown in Figure 8A. Similar to when the proteins’
abundance was decreasing in both samples types in Figure 6A,
we also observed that centrifugation is removing the proteins
at a significantly higher extent compared to centrifugation
(unpaired t-test, p = 0.0167). The comparison between the
change in relative abundance between washes of the proteins
that are considered mixed corona proteins in the M samples
(while considered hard corona proteins in the C samples) and
the proteins that are considered mixed corona proteins in C
samples (while being considered hard corona proteins in M
samples) is shown in Figure 8B. Similar to when the proteins’
abundance was increasing in both sample types in Figure 6B,
magnetization and centrifugation enrich the proteins to a simi-
lar extent.
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Figure 8. The change in logx(LFQ intensity) between washes
of (A) soft corona proteins in M samples (hard in C samples)
and soft corona proteins in C samples (hard in M samples) (B)
mixed corona proteins in M samples (hard in C samples) and
mixed corona proteins in C samples (hard in M samples). Each
point corresponds to a single protein hit. * p<0.05 using un-
paired t-test.

We also identified proteins that are soft corona proteins in
M samples but mixed corona in C samples and those that are
soft corona proteins in C samples but mixed corona in M sam-
ples (Figure 5B, S8C). As seen in Figure SI3A-B, the extent
of removing and enriching between the two isolation methods
are quite similar. The biophysiochemical properties of these
proteins are also examine further in terms of molecular
weight, hydrophobicity, pl, and cellular components (Figure
S14A-D). There is no obvious distinction in molecular weight,
hydrophobicity, nor pl to explain the bias of the isolation
method. Cellular component distribution does shows that there
is a preference for nucleus and membrane proteins to be re-
moved (soft corona) by centrifugation and enriched (mixed
corona) by magnetization, and preference for cytosol, pro-
teasome, cytoplasm, endoplasmic reticulum, and mitochondria
to be removed (soft corona) by magnetization and enriched
(mixed corona) by centrifugation (Figure S14D).

Chan et al. recently showed that proteins organize them-
selves into assembly-like structures through protein-protein
interactions coating the NPs in multilayered protein corona

structure, where the foundational protein corona layer interacts
directly with the NPs surface likely dependent on the NPs
chemical composition and surface chemistries, which in turns
governs the subsequent protein adsorption.*® The strong pro-
tein-protein interactions can be observed with our results,
where washing steps and isolation methods preferably remove
or enrich different proteins, changing the organization of pro-
teins within the corona. This show that isolation methods can
be used to manipulate the downstream biological effects, but
they can also be modifying the protein corona composition.
Prediction of such effects could be gained by binding affinity
studies of individual proteins to NPs, which for cell extract
samples like ours would be non-trivial. We also compared the
proteins identified in our samples to the proteins identified by
Schirmer et al*? that were isolated using centrifugation once
after incubating 20 nm silver NPs with trout gill cell protein
extracts. ADF-H domain-containing protein, GST class-pi, and
pyruvate kinase as part of the hard corona proteins found in
both of our M and C samples were also found in their list of
proteins, which are all on the top 20 most abundance proteins
found in our PE samples. We also identified malic enzyme,
protein RER1, and protein disulfide-isomerase as part of the
soft corona proteins found in both of our M and C samples
that are also found in the protein corona by Schirmer et al.
These soft corona proteins: however, are not in the top 20
most abundance proteins found in our PE samples. We did not
identify any shared proteins between our mixed corona pro-
teins in both M and C samples and proteins identified by
Schirmer et al. These overlaps show that these proteins might
be interesting to manipulate and control the biological identity
of the NPs.

CONCLUSIONS

Au-coated iron oxide NPs were incubated with rainbow
trout gill cell total protein extracts before retrieval with either
a magnet or centrifugation to analyze the NP-protein corona
complexes. Although there is no significant difference in the
hydrodynamic diameter of the NP-protein corona complexes
after magnetic isolation or centrifugation, centrifugation iso-
lates higher amount of proteins in the pellet compared to mag-
netization. By examining relative abundance of proteins with
increasing number of washes, we were able to identify pro-
teins that are in the hard corona, soft corona, or mixed corona
in both magnet and centrifuged samples, as well as those that
are biased by the isolation method. We infer that centrifugal
force overcomes electrostatic attraction forces to remove more
positively-charged proteins while magnetic force overcomes
van der Waals attraction forces to remove more hydrophilic
proteins. We also see that centrifugation removes proteins at a
higher extent compared to magnetization while the two isola-
tion methods enrich proteins in a similar manner. This work
highlights the role of isolation methods on determining the
protein corona composition, which should be taken into con-
sideration when design protein corona analysis experiments.
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