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ABSTRACT

Polyethyleiﬁ glyci (PEG) has been widely used as an antifouling and stealth polymer in surface
engineering nanomedicine. However, recent research has revealed adverse effects of
bioaccumuQmmunogenicity following the administration of PEG, prompting this proteomic
examinaﬁoﬂe plasma protein coronae association with superparamagnetic iron oxide
nanoparticle Ps) grafted with brushed PEG (bPEG) and an alternative, brushed
phosphory ingl (bPC). Using label-free quantitation by liquid chromatography tandem-mass
spectromelm:termined protein abundances for the in vitro hard coronae of bare, bPC- and
bPEG-graf s in human plasma. We show unique protein compositions in the plasma coronae
of each 10, i ding enrichment of coagulation factors and immunogenic complement proteins

with bPEGEand cnhanced binding of apolipoproteins with bPC. Functional analysis revealed that

plasma protein coronae elevated the horseradish peroxidase-like activities of the bPC- and bPEG-

IONPs by, an effect likely mediated by the diverse composition and physicochemical

olymers as well as their associated plasma proteins. Taken together, these
observations the rational design of stealth polymers based on a quantitative understanding of

the interplay between IONPs and the plasma proteome, and should prove beneficial for the

developmes of materials for nanomedicine, biosensing and catalysis.
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INTRODUCTION

When intr*uced t' a biological fluid such as blood, nanoparticles (NPs) spontaneously adsorb a layer

9 1

of proteins ides and lipids to render a “corona”.” The formation of the corona is driven by
electrostati hobic interactions, hydrogen bonding, as well as van der Waals forces, and
H I

also depe upon the physicochemical properties of the NPs (size, shape, surface charge, and

hydrophobﬁ“soft” corona is initially formed by proteins of high abundance and is eventually

displaced b s of high affinity, as ascribed by the Vroman effect.’ The protein corona reduces
the surfac%of the NPs while often enhancing their suspendability and biocompatibility.**

Importantl tein corona underpins the biological identity and fate of the NPs, in stark contrast

to that of't istiflc NPs. It is this acquired biological identity that further dictates cell interactions,>*

uptake,’ biglstribution and clearance of the NPs in vivo.* "’

Polyethylem (PEG) has been widely used as a grafting and antifouling agent in biotechnology,

surface science, packaging and chemical engineering.'' PEG is completely miscible in water and

assumes an able conformation or “entropic spring” in the aqueous phase to resist protein and

ligand o Despite its prevalent use, the perception that PEG is a perfect solution to
antifouling and “stealth” applications has been increasingly challenged.”"'” For example, PEG binds
lysozyme hydrophobic interactions and PEGylated polystyrene NPs exhibit affinity for
apolipopro 1 and E, as well as complement proteins that are actively involved in
immunogenigifymmm In addition, PEG is not biodegradable and thus chronic administration of
PEGylaﬁds to accumulation of the polymer in vivo. Moreover, anti-PEG antibodies have
been foMthy subjects and in patients treated with PEG-conjugated agents, while severe

hypersensitivity refictions have also been reported for some patients." These findings highlight the

U

need for dev g alternative strategies to PEGylation for biotechnological and biomedical

applicat

A
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Phosphorylcholine (PC) is a structural component of phosphatidylcholine and sphingomyelin. Like
PEG, PC has been employed as an antifouling agent for the treatment of surfaces and nanostructures
against IMnanorption.”"22 Recently, we have demonstrated a facile synthesis scheme of grafting
superpara @ iron oxide nanoparticles (IONPs) with brushed poly(2-(methacryloyloxy)ethyl
phosphaemy lehmeiime (poly(MPC)) via a phosphonic acid linker.”* The structural details of these [ONPs,
grafted wit rushed PEG (bPEG) or PC (bPC), were examined in the presence of human serum

albumin (HSA), th§ most abundant protein in the blood plasma. Compared to bPEG, bPC conferred

C

comparablegor, erior IONP suspendability, stability, cell adsorption, cell uptake and protein
antifouling.“*®*Th@Se advantages were attributed to the high polarity and biomimetic nature of the

zwitterionic PC, csjlpared to the synthetic and hydrophilic PEG. The cylindrical morphology of PC

brushes fu\leed a higher grafting density than the spherical PEG brushes.**

The in vivo_ci ion half-life and intended function of IONPs grafted with polymers or polymer
brushes de n the composition of the protein corona. Proteomics can quantify changes in the
compo undance of the protein coronae for different NPs. Indeed, label-free quantitation
(LFQ) by L chromatography coupled to mass spectrometry (LC-MS/MS) is often the method of

choice as it allows comparisons of relative abundance across multiple NP coronae.”>?® Using this
approach isﬁs recently been shown that the LC-MS/MS corona fingerprints for a library of gold and
silver NPs sed to predict cell association, and that these fingerprints appear to be unique to
both the sur emistry and NP core material.” Human plasma coronae have already been studied
by LC—M&ES approaches for dextran-coated IONPs, indicating that dextran does not completely

cover terace,27 and that the corona formed has a minimal impact on macrophage uptake

- 2
and subsqucle clearance.””’

In addition t road applications in magnetic resonance imaging and nanomedicine,”*** IONPs
have rec en found to act as horseradish peroxidase (HRP) mimetics, opening the door to a
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range of chemical sensing and diagnostic applications.”** It is logical to expect that the presence of a

plasma protein corona would interfere and modulate the intended functions of the IONPs, a

{

hypothesisiested 1n this study.

35-37

To facilita ations of IONPs in nanomedicine and theranostics and to establish a
H I

database cerning PEG and PC as major stealth polymers, here we present a proteomic

characterisagion @IONPs grafted with bPEG and bPC (scheme see Figure 1a) following exposure to

C

human plas global quantitative protein data presented provides an in-depth evaluation of bPC

as an altergiatige tadbPEG and complements the previously observed superior physical characteristics

$

of bPC gra achieve this, we applied LFQ by LC-MS/MS to determine protein abundances for

U

the hard ¢ bare, bPC- and bPEG-grafted IONPs in plasma. This allowed for determination of

both the id@ntities and abundance of plasma opsonins bound to these IONPs. We demonstrated that

fl

the three I urfaces were associated with unique protein subsets, that unique biological

c

processes | impacted by these coronae, and that bPC is a viable alternative to bPEG for

surface ONPs.

MATERI AND METHODS

Zeta poten
The three ges OE [ONPs were synthesized as described in reference 23. The zeta potentials of the
IONPs were determined using a dynamic light scattering device (Zetasizer Nano Nano-ZS, Malvern
Instrumentﬁn temperature (Figure 1b).

Transmission elefon microscopy

This article is protected by copyright. All rights reserved.
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5 pL aliquot of IONPs (bare IONPs, bPEG-IONPs and bPC-IONPs) at 0.1 mg/mL concentration was
pipetted onto glow discharged (15 s) 400 mesh copper grids (Formvar film, ProSciTech) and allowed
for 60 sﬁsorption. Excess samples were then drawn off using filter paper and the grids were
washed t pL Milli-Q water, with excess drawn off. The grids were then air-dried as
needed minagimgmwas performed on a Tecnai G2 F20 Transmission Electron Microscope (FEIL,
Eindhovenhtherlands) operating at a voltage of 200 kV. Images were recorded using an

UltraScan 000 P2k CCD camera (Gatan, California, USA) and Gatand Digital Micrograph 3.9.5

G

software. m imaging was done three times to ensure reproducibility. The sizes of the three

types of 10 ¢ determined to be ~15-20 nm in diameter (Figure 1c¢).

U

Collection essing of human plasma

Blood was

1

from a healthy human donor after obtaining informed consent in accordance with

the Univer: elbourne Human ethics approval 1443420 and the Australian National Health and

d

Medical ResearcCl Council Statement on Ethical Conduct in Human Research. Blood was drawn by
venipunctur Vacuette® (Greiner Bio-One) collection tubes containing sodium heparin and

inverte

M

ells were removed from blood by centrifugation (950 g, 12 min, low brake).

Centrifugation was repeated on the supernatant and the resulting plasma was transferred to fresh tubes

I

and stored til use.

O

Corona for nd isolation

1

Bare, b C grafted IONPs (5 mg/mL) in 0.01 M PBS were mixed with blood plasma to

make t centration of each type of IONPs to 0.5 mg/mL in 1 mL suspension. The

L

IONP/plasma mixfyres were incubated in a shaker at 37 °C for 24 h and then loaded onto a 0.7 M

Ul

sucrose cushion tion and mixed well. Sample suspensions were centrifuged at 16,300 g for 15 min

at roo ture to isolate IONP-protein ‘hard’ corona complexes from the remaining plasma.

A
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The supernatant was completely removed and the IONP-protein corona pellets were washed three
times with 0.01 M freshly made PBS. Following washes, 50 uL. of 5% B-mercaptoethanol (Sigma-
AldrichMeducing loading dye was added into each IONP sample and the mixture was
incubated 3 @0 or 5 min. IONPs were pelleted by centrifugation for 3 min at 21,100 g and 4 °C
and themsupemmatamts (20 pL) of each sample were resolved using a precast gel (Mini-PROTEAN®
TGX™, Bhaboratories). The protein gel was run in reducing buffer (25 mM Tris, 192 mM

glycine, 0.0% SD$) for 5 min at 200 V/0.04 A/8 W. The protein gel was incubated in Instant Blue

C

stain (Expegdi ) for 30 min on a shaker to fix and visualize the proteins. Milli-Q water was used
el

to destain t r 1 h (fresh Milli-Q water every 20 min).

In-gel prot:gestion

Following Gthe entire region where the sample had been resolved was cut from the gel using
sterile sca Petri dishes. The protein gel piece was diced into square cubes (~2 mm®) and
transferred into 175 mL tubes. The gel pieces were further destained using 1.5 mL of destaining buffer
(100 mM a ium bicarbonate, Thermo Fisher) (ABC) for 5 s (vortex mixed). Supernatants were
then re 1.5 mL of destaining buffer 2 (50% of 100 mM ABC and 50% of acetonitrile
(MERCK) (ACN) was added and incubated for 20 min on a roller. The supernatant was removed and
the destainﬁ was repeated with fresh destaining buffer 2. The proteins were then reduced and
alkylated 2-carboxyethyl)phosphine hydrochloride (TCEP) (Sigma-Aldrich™) (5 mM in
100 mM A iodoacetamide (Sigma-Aldrich™) (11 mM in 100 mM ABC) incubated at 95 °C
for 5 mj nt was removed and the gel pieces were washed once with 500 uL of destaining
buffer ZMed), washed twice with 1.5 mL ACN for 15 min and dried in a vacuum centrifuge
(Labconco). Redudéd and alkylated proteins were then digested using 2 pg sequencing grade Trypsin
(Promega) for in an automated vortex at 37 °C. Following digestion, 150 pL of extraction buffer

(50% A formic acid (Fisher chemical) (F.A) in 100 mM ABC) was added to each sample

This article is protected by copyright. All rights reserved.



(~300 pL total volume in each tube) and vortex mixed. The supernatants were collected and the above
step was repeated and supernatants collected and combined with the first extraction step. Finally, 150
pL of Amded to each sample and incubated on a rotor for 10 min until gel pieces were
completeld. This final supernatant was collected, pooled with the other extract
supernagantsmamdmthe gel pieces were discarded. Supernatants from each gel band were completely
dried usian centrifuge. Dried peptide samples were then resuspended in 20 pL of 2% ACN
and 0.1% ‘A in ’illi-Q water, sonicated and mixed using an automated vortex to ensure complete
resuspensiWnal samples were centrifuged at 21,100 g at 4 °C for 3 min and collected into LC-

MS vials.

Plasma 00:}?[6 preparation

Human plaGpL) was incubated with 1% trichloroacetic acid (Sigma-Aldrich) in isopropanol at
a ratio of sma to organic solvent) to effectively remove ~90% of HSA.”® HSA is a highly

abundant proteirm within human plasma that has several unwanted effects on LC-MS/MS analysis.

This include erence with the MS signal of low abundant proteins and limiting sample loading

capabil C-MS/MS system due to saturation of the mass spectrometric signal from high
abundance septides following digestion.” Following partial HSA removal, the sample was vortexed

and centri

and the peashed with 200 pL of methanol. The sample was vortexed and centrifuged at 600
g at 4 °C f( iid. The supernatant was removed and the pellet was resuspended in 200 pL of 100
mM 4 thyl)-1-piperazineethanesulfonic acid) (HEPES) pH 8.1. The proteins were

reducedmed using TCEP (5 mM in 100 mM ABC) and iodoacetamide (11 mM in 100 mM

500 g at 4 °C for 5 min. Following centrifugation, the supernatant was discarded

ABC) incubated at®5 °C for 5 min. Reduced and alkylated protein sample was then digested for 16 h

U

using 2 pg se g grade trypsin, and the peptide sample was subjected to desalting using in-house
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generated StageTips as described previously.” The sample was then dried and resuspended in 20 pL

of 2% (v/v) ACN and 0.1% (v/v) FA for LC-MS/MS analysis.

T

LC—MS/MS@’% quantitation

LC-MSQSauaseearried out using nano-LC coupled to a Q-Exactive™ Hybrid Quadrupole-Orbitrap
Mass Spech (ThermoFisher®), as described previously.* For label-free proteomics analysis,
the LC gra@ient was set to 65 min using a gradient that reached 25% of ACN after 20 min, then 35%

after 35 mi%fter 49 min, 50% after 51 min, and 90% after 57 min.

Raw files ﬁcessed using MaxQuant software (version 1.5.1.2),* which incorporated the

Andromed engine.”” Proteins were identified by searching a protein sequence database
containing ffomo sapiens annotated proteins (Downloaded from Uniprot) concatenated with reversed

copies of all sequences and supplemented with frequently observed contaminants (porcine trypsin and

alysis was performed with maximum missed-cut value set to two. The following
in all searches: (i) fixed cysteine carbamidomethylation, (ii) variable methionine
oxidation (il rsor mass tolerance of 10 ppm, (iv) MS/MS tolerance of 0.5 Da (v) maximum
false discovery rates (FDRs) of 0.01 both on peptide and protein levels (vi) minimum required peptide
length Wass amino acids and maximum charge was 6 (vii) maximum PEP was 1 (viii) proteins with
at least two@ (thereof one uniquely assignable to the respective protein group) were considered

as reliably d.*' The outputs from MaxQuant were then filtered to remove known contaminants

such as tﬁin, keratin and reverse sequences. Label-free quantification was conducted as previously
described flr the i*ntiﬁcation of interacting proteins.*
Protein hit ﬁlterins”nethods and significance

Experime ¢ conducted in triplicates to ensure reproducibility of data. Only proteins detected in

at least two 0 hree experiments (LFQ intensity > 0) were taken for analysis. LFQ intensity was
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used to approximate the relative protein abundance between different types of IONPs (Figures 3, S5-
10, Tables 3, S1, S2), while intensity was used to represent the protein abundance for each type of
IONPs ind#idually (Figures 2b, S1-4, Table 1). Student’s t-test was performed to test the significance
of differen @ ed across three independent replicates and p-values < 0.05 were considered as

significant siomthesabundance ratio calculation and analysis, only those proteins with a p-value < 0.05

were consihniﬁcant and included in further analysis.

C

Protein info and network annotation

S

Uniprot agiéns proteome fasta file was downloaded (UP000005640 9606.fasta from

uniprot.org/downl®ds) for export of protein sequences. R (Supplementary Information) was

U

employed fi ction of sequences from the fasta file, as well as grand average of hydropathy

1

(GRAVY) ic point (pI) and molecular weight (MW) calculations. Missing gene names were

manually sing uniprot prior to plotting of Ln transformed LFQ intensity (plasma) or mean

d

LFQ intensity , bPEG). R studio version 1.0.136 running R version 3.3.3 (2017-03-06) and the

libraries se -3, alakazam 0.2.5, ggplot2 2.2.1 and sqldf 0.4-10. See the Supplementary

Inform

Vi

complete R code. Plots produced were either exported to InkScape (inkscape.org)

for formatting, or used directly as R exported .tiff files converted to .png.

[

Protein uni were used for online network analysis with STRING (v10, string-DB.org/).** A

O

whole geno ground was assumed. Database and experimentally determined interaction sources

were mine@ using a medium confidence interaction score (0.4), without adding additional possible

g

interactors.gNetwogk annotations (red highlighting) were used to highlight enriched gene ontology

{

(GO) term

U

HRP-like activi

A
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After separation of hard corona complexes of IONPs with HSA and blood plasma, the IONPs were
diluted in reaction buffer (0.2 M NaAc, pH 3.5) to a concentration of 0.5 mg/mL. The HRP-like
activity W’ determined in a 96-well microplate in quadruplicate with 100 pL of working volume

consisting H,0,, 10 mM of pyrogallol as chromogenic HRP substrate and 0.125 mg/mL of

9

IONPs im reastiommbuffer. Absorbance was recorded at 40 °C at 420 nm after every 60 s up to 11 min
to monitothanges as indicative of HRP-like activity. The activities of all samples were

compared With eagh other by one-way analysis of variance (ANOVA) followed by tukey’s test. P

C

value less t was considered as significant.

RESULTS

NUus

To achieve a quantitative comparison of protein coronae on IONPs grafted with bPC and bPEG, we

a

used a modifi sion of a published protocol for label-free quantitative LC-MS/MS proteomics
which i IONPs.* The aim was to identify both the composition and any specific protein

enrichment ithin the formed human plasma protein coronae. A total of 263 proteins were

V]

identified in a plasma control sample. Although there are more than 2,000 proteins present in the

whole plasffia proteome,* the remainder of the plasma proteins were below our detection limit.

[

Coronae s

A total of coronal proteins were confidently detected in at least 2 out of 3 biological replicates

h

{

and were cgnsidergd for further analysis (See below, Protein hit filtering methods and significance).

(Figure 2). imately half (65) of the coronal proteins were associated with all three types of

3

IONPs (Fi see supplementary Excel file for detail). However, the relative abundance for a

number o ns was markedly different for each IONP type (Figure 2b, Tables 3, S1 & S2). Out of

A
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the overall 123 proteins detected, 13, 8 and 9 proteins were found to be uniquely associated with bare,

bPEG and bPC coated IONPs, respectively (Table 2).

{

The ten mo, ant proteins as well as the plasma control are listed in Table 1 for each type of the

IONPs. Thi ts are similar, but there are key differences in abundance across the IONPs.

|
HSA - the @inost abundant protein in human plasma (~40 mg/mL) - is also the most abundant in the

protein corogae figg both bare and bPEG-IONPs. However, HSA only ranks as the third most abundant

G

for bPC-1O ter Ig heavy constant mu (/GHM) and apolipoprotein B-100 (APOB). Ig heavy

constant g 1 M/GHGI) and complement C3 (C3) are among the top ten most abundant proteins

S

for the cor 1 three IONP types as well as the plasma control (Table 1).

U

No relatio as observed between corona enrichment and either GRAVY index or pl.

[

Considerin ected intensities of proteins enriched on bPC IONPs (Figures S1 and S2) and in

raw plasm, s S3 and S4), both sets of total proteins share similar GRAVY index and pl

d

distributions. Plotting log normalised intensity (mean intensity in Figures S1/S2) against GRAVY and

pl indicates jority of detected proteins have GRAVY values ranging from 0.1 to -1.0 and, as a

V1

group, odal pl distribution, with one centred at ~ pl 6 and another within pI 8-9.

The uniqué§corona proteins, identified for each type of IONPs, are listed in Table 2. A total of 13

[

proteins - a variable 1D-33, alpha-l-antichymotrypsin, moesin, sulthydryl oxidase 1,

0

complemen nent C8 alpha chain, secreted phosphoprotein 24, properdin, beta-2-glycoprotein

1, complemlent Clr subcomponent, coagulation factor X, Ig gamma-2 chain C region, complement

g

Cls sub nen) and serum amyloid P-component - were found to uniquely associate with bare

{

IONPs. bP were uniquely associated with cholesteryl ester transfer protein, apolipoprotein

U

C-II, prote 1de-isomerase A3, phospholipid transfer protein, angiotensinogen, Ig kappa chain

V-I regj integrin beta, Ig J chain and apolipoprotein C-I. Finally, 8 proteins were uniquely

A
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associated with bPEG-IONPs, including pleckstrin, coagulation factor XIII A chain, 14-3-3 protein

zeta/delta, fermitin family homolog 3, CDS5 antigen-like, Ig heavy variable 3-72, haptoglobin and

t

selenoprotdin able 2).

Specific en roteins in grafted-IONP coronae, as compared to bare IONPs

P

To highlighthdi ces in inter-corona abundance, the mean fold difference was calculated by taking

the averagelof the three independent quantitative experiments. We chose 0.5 and 2.0 fold difference as

C

the thresholds comparing relative protein abundance between the coronae formed on each two

S

types of I re IONPs versus bPEG-IONPs, bare IONPs versus bPC-IONPs, or bPEG-IONPs

versus bPC-IONPS). A supplementary Excel file with mean fold differences for all proteins is

Ul

provided, including those with fold differences between 0.5 and 2.0 which are not comprehensively

discussed 1 ] er.

an

Seven profgin re found to have greater associations with bPC-IONPs than bare IONPs.
Apolip howed the biggest difference in fold differences — it was significantly less

abundant f ONPs than for bPC-IONPs, with a fold difference of 0.07 £ 0.04 (Table S2).

M

Conversely, 17 proteins were found to be more enriched in bare IONPs corona, with Kininogen-1

being the fMost abundant protein associated with bare IONPs, compared to bPC-IONPs (Table S2).

[

When com are and bPEG-coated IONPs, only hemoglobin subunit beta had less association

O

with bare ith a fold change of 0.41 + 0.26 (Table S1). Three protein species exhibited

greater asg@ciations with bare IONPs than bPEG-IONPs, including Ig gamma-1 chain C region,

complemei facto’%, and apolipoprotein(a).

Specific enrichmenof proteins in bPC IONP coronae relative to bPEG

uth

Six protej 1es were found to have less association with bPEG than bPC (Table 3) while 17

protein spect found to be more associated with bPEG (Table S6). Those which also exhibited a

This article is protected by copyright. All rights reserved.



total intensity proportion greater than 1% are labelled with an asterisk in Figure 2. The natural log
(Ln) mean abundance ratios for the 62 proteins quantified across both bPC and bPEG (bPC:bPEG) are
presentemgure 3. The point size for the scatter plot represents the calculated GRAVY index
(Figure 3a igure 3b) and pl (Figure S5). The original mean ratio plots (no log transform) are
provideghinmiigemes S6 and S7 (zoom). The sum of these data indicated a significant split in the type,
number anh’me of proteins enriched on these IONPs. At the extremes is the largest decrease in

abundanceffor coagulation factor XI (F/1) with a bPC:bPEG ratio of 0.11 £ 0.07 (Table 3). In sharp

C

contrast, t st abundance increases are observed for three types of apolipoproteins

S

(apolipopro [APOLI], B-100 [APOB] and apolipoprotein(a) [LPA]), with apolipoprotein(a)

exhibiting a ~42-fgld more enrichment in bPC-IONPs than bPEG-IONPs (Table 3).

U

General trgfids in the physicochemical properties of the IONP-associated protein species are observed

N

when comp. he normalized ratios. bPEG proteins exhibited a range of GRAVY indices, in the

a

range of 0 ure S8). With the exception of apolipoprotein(a), the few bPC enriched proteins

exhibit indices within the range of -0.2 to 0.5. bPC enriched proteins also exhibited pls

less than PEG proteins are spread across the pl range of 5-9 (Figure S9). Figures 3b and S10

M

highlight the two proteins with the highest bPC:bPEG abundance ratio (APOB/LPA), both of which

are larger than 500 kDa.

1

Figure 4 dis 2 protein network and gene ontology (GO) analysis using the STRING online

resource.** set of matchable proteins (55/62) are included in the network, with bPC:bPEG

N

ratios b lined in orange and ratios above 2.0 outlined in blue. The full color network map

|

is provided®in Figure S11. Protein network and GO analysis demonstrate that the apolipoproteins

Ll

(LPA, APOLI andd4POB) and haptoglobin related protein (HPR) naturally cluster together in the
network, as components of high-density lipoproteins (HDL). Furthermore, 23 of the 55

proteins re 4 were assigned to the Kyoto Encyclopedia of Genes and Genomes (KEGGQG)

A
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complement and coagulation cascades pathway. A closer examination of the proteins overrepresented
in bPEG coronae (16 matched to STRING database) reveals that the GO biological process (BP)
terms for Btoa coagulation (Figure S12a) and negative regulation of blood coagulation (Figure S12c¢)

are enrichd @ G coronae, as is the KEGG pathway for complement and coagulation cascades

(Figure 1S 1 2io) s

L

HRP-like a@r IONPs in the presence and absence of coronae

An HRP asgay performed to explore the bio-activity modulation effect of the protein coronae
associated mIONPS. In addition to plasma proteins, IONPs were treated with HSA, the major

protein in plasmajo differentiate the modulation imparted by HSA alone and in conjunction with

Ul

other plasm: ins. In contrast to the IONPs in protein-free aqueous solution, all three IONPs

N

coated by roteins, and bPEG-IONPs coated by HSA, significantly (p < 0.05) increased the

HRP-like igure 5). While comparing within the group, among HSA coated IONPs, bPEG-

d

IONPs showed er HRP-like activity (p < 0.05) than bPC- and bare IONPS. In contrast, among the

plasma-coa Ps, bPEG-IONPs were significantly less active (p < 0.05) than bPC and bare

IONPs.

M

ight scattering was employed to correlate this differential activity with the thickness

and surface charge of the IONPs coated with HSA and plasma proteins (Figure 1b). Bare, bPEG and

I

bPC coate , when incubated with HSA or plasma proteins, displayed corona-dependent

surface ch@rges amd hydrodynamic sizes. Except for bPC-IONPs, coating with HSA resulted in

decreased s arge and increased hydrodynamic size for bare IONPs and bPEG-IONPs, but did

1

not sigm > 0.05) alter the hydrodynamic size of bPC-IONPs, in accordance with the

{

proteomt of corona components (Table 1) suggesting an unfavorable interaction between

bPC and HSA.

U

A
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DISCUSSIONS AND CONCLUSION

A holistic ;aluati'n of the in vivo suitability of a NP system requires compositional information on

its protein Qﬁﬂpeciﬁcally, it is of interest to determine if surface chemistry can be modified to

induce eit

. - . _ .o, . . . . . .
mampulatls corona composition and therefore biological identity. By applying label-free LC-

’ or improved biocompatibility: both of these aims are as a function of

MS/MS to the cgrona of IONPs, we were able to highlight key differences in corona composition
which acco

e grafting of both bPEG and bPC, two major antifouling polymers for NPs.

Our appromentify protein corona composition and protein affinity for NPs is more relevant

than Western blofting, in that human plasma is a highly complex physiological environment

Ul

consisting Q than 2,000 different proteins with various concentrations.”® Therefore, it is
necessary ider all the protein-protein interactions and exchanges as a whole rather than

isolating a s of proteins and analyzing their affinities for NPs separately. In our method, a

d

range of low abtndant proteins can be obtained and accurately quantified whereas only selected

proteins can lyzed by Western blot.*’ In this study we have identified a total of 123 proteins.

One li

\]

e study is that only ‘hard’ corona could be identified, due to the rapid exchange of

proteins in the ‘soft’ corona and the difficulty of isolating this protein layer from NPs. Similar to other

I

studies, it ear that the compositions observed did not exactly mirror plasma and that many

lower abu pteins were significantly enriched in the IONP coronae.’

In order to{dentify trends for the protein species, we further plotted all the proteins from Table S5 and

g

Table S6 accordimg to their GRAVY, MW and pl. It was found that proteins that had weaker

t

associatio C-IONPs tended to have small MW, whereas proteins that exhibited stronger

L

associationl C-IONPs can possess large MW (Figure S10). bPEG and bPC-IONPs bound both

acidic proteins. This finding is reasonable as both bPEG and bPC-IONPs have relatively

A
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neutral zeta potential in aqueous solution (Figure S2), thus surface charge is not the main driving

force to determine protein corona.

It is also ivmnote that bPC-IONPs have a very high affinity for apolipoproteins, which are
the protein lipid and cholesterol transport and metabolism, as evidenced in Table 3 and
I
Figure SZ.S addition, many of the unique proteins bound to bPC IONPs in Table 2 are involved in
lipid transpgst afighmetabolism. This finding is reasonable considering the native identity of PC as a
naturally o e head group of phosphatidylcholine and sphingomyelin in the outer membrane of
blood cellswe compared bare and bPC-IONPs as well as bPEG- and bPC-IONPs, complement
system praiei re enriched for both bare (complement C3, complement Clq subcomponent

subunit A, , complement C4-A, complement factor H and complement component C9) and

bPEG-IO .\!s (complement factor B, complement component C9, complement Clq subcomponent

subunit B a well as complement component C8 beta chain), as compared to bPC-IONPs. This
could imp er half-life in the circulation for bare and bPEG-IONPs, as the adsorption of
comple s on NPs could induce phagocytosis.”’ It is worth noting that apart from
supportEresponse, complement activation is also responsible for allergic reactions and

anaphylaxis.* However, Ig kappa constant and Ig heavy constant mu, two proteins involved in

immunoge&isi were found to be associated more with bPC-IONPs than bare and bPEG-IONPs.

Furthermo lation factor XI was more enriched by ~tenfold with bPEG-IONPs than bPC-
-,

IONPs (Ta uggesting less risk of clotting associated with the latter.

In the lshas been reported that PEG and PC coatings effectively reduced the quantity of

proteins asSociated with silicon wafer surfaces corona using a Western blot method.”” There have

been studies rep0;ng that PEGylated NPs are not able to completely avoid protein adsorption, and
the proteins ly to reside inside the PEG layer of NPs.* In addition, the reduced cell uptake
rendere lation is undesirable for delivering cancer therapies. Thus, zwitterionic surfaces can

This article is protected by copyright. All rights reserved.
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be promising alternatives.” As expected, our study indicates that neither bPEG nor bPC coating of
IONPs was able to prevent protein corona formation, and a number of proteins were found to be
associatMathree types of IONPs, albeit with different abundance distributions. Although the
antifoulinPEGylation is widely acknowledged, and supported by our previous molecular
dynamigs simmmiaiens and thermogravimetric analysis measurement,”* only four corona proteins were
found signhlifferent in abundance between bare and bPEG-grafted IONPs when thresholds of

0.5 and 2.8 were Jised (most of the proteins have a mean fold difference between 0.5 and 2.0,

G

supplemen | file). The antifouling effect of bPEG coatings on IONPs was thus limited (Table

S

S1). HoweVer, -IONPs protein coronae demonstrated more obvious differences to bare and

bPEG-grafted IONBs. Specifically, less proteins were enriched in bPC coronae (Tables 3 and S2).

G

Our previolls molecular dynamics simulations and thermogravimetric analysis measurement showed

fl

that bare 10 sessed a higher affinity for HSA than bPEG-IONPs or bPC-IONPs, owing to the

d

antifouling\pro s of bPEG and bPC.* In the present study, we observed that bPEG-IONPs were
associa ‘A comparably to bare IONPs after 24 h of incubation. This could be due to the
Vroman ; ere HSA of the highest abundance was partially replaced by plasma proteins of

higher affinity for the IONP core. Therefore, in order to better understand the corona proteome in a

complex bs%ical environment, it is necessary to study plasma proteins as a whole, and take into
considerati tein-protein interactions and exchanges rather than only examining the affinity of
a single typ tein.

h

The ba played more aggregation than bPEG-IONPs and bPC-IONPs, while the latter two

t

were comparable in hydrodynamic size (Figure 1b) and suspendability up to 3 days.” Such

differences in NPBaggregation may have implications for their cellular interactions through the

Ll

99

“conditionin ess whereby cells deplete and secrete biomolecules upon exposure to NPs.*® The

grafting for bPEG-IONPs and bPC-IONPs was 0.77 and 1.08 polymer/nm’, respectively, to

A
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ensure comparable molecular weights of the two types of brushed polymers per IONP.” The grafting
densities of bPEG-IONPs and bPC-IONPs fall within the ‘intermediate-high’ (cluster C) and ‘high’
(cluster Mgorized by Walkey et al. for gold NPs grafted with linear PEG.”' We noted, for
example, h @ m albumin [4LB], Ig heavy constant mu [/{GHM], kininogen-1 [KNGI] and Ig
kappa censtamtm@X C|, the proteins of high abundance in the LC-MS/MS study using cell culture
media (wihtal bovine serum) by Walkey et al. were also featured in our top-15 abundant

corona profgins fobPEG-IONPs exposed to human plasma proteins.

C

Apart fronfithgir clihical application as imaging contrast agents, the catalytic capacity of IONPs is an

$

interesting ristic that remains to be fully exploited from a diagnostic and bioimaging

U

perspectiv rface ferrous atoms of IONPs are considered pivotal in the HRP-like activity.

However, fliis behavior is influenced by the balance between surface charge and the thickness of the

A

corona on ¢ NPs’** A protein coat on the NP surface modulates interaction with its

a

pharmacoldgic ceptors, bio-macromolecules and enzyme substrates. There is thus a post-
opsonis on the biological fate of IONPs in vivo. Increased HRP-like activity in H,O,

sensing eved by IONP electrodes coated with haemoglobin.” Similarly, plasma proteins

)%

possess an affinity for small phenolic compounds, such as pyrogallol in this study, via different
functional &ugsi conformations and protein electronegativities.” The different HRP-like activities in
Figure 5 "@a‘ce from the combined effect of IONPs and the different surface charge, thickness
and compos f the protein coronae. For example, HSA coating enlarged the distances between
surface fe&us atoms and the HRP substrate for both bPEG and bare IONPs, more so than bPC-
IONPs. Wof plasma proteins, the three most opsonized proteins on bare, bPC- and bPEG-

IONPs di follows: vitronectin for bare and bPEG-IONPs, and IgM heavy chain C and

U

apolipopro 00 for bPC-IONPs. Future efforts for establishing structure-function relationships

A
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between IONP-specific protein coronae and their entailed HRP-like activities should prove beneficial

for the development of stealth NPs for nanomedicine, biosensing and catalysis.

{
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Supportin ation is available from the Wiley Online Library or from the author.
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Figure 4. etwork map across bPC and bPEG coronae. Proteins overrepresented in bPC
versus bPBE coronae are outlined in orange, while proteins underrepresented are outlined in blue.
Annotated network maps were generated using STRING (string-DB.org/) and formatted in InkScape.
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TABLES

Table 1. lo 0 most abundant proteins associated with bare, bPC- and bPEG-IONPs and in

plasma.
No. Bare IONPs bPC-1IONPs bPEG-IONPs Plasma
1 Serum albumin Ig heavy constant mu Serum albumin Serum albumin
2 Complement C3 Apolipoprotein B-100 Vitronectin Ig heavy constant gamma 1
3 Vitronectin Serum albumin Complement C3 Fibrinogen beta chain
4 Igheavy constant gamma 1 Vitronectin Fibronectin Complement C3
5 Coagulation factor XI Ig kappa variable 3-11 Ig heavy constant mu Serotransferrin
6 Kininogen-1 Apolipoprotein(a) Ig heavy constant gamma | Apolipoprotein A-1
Complement Clq - . .
7 subcomponent subunit C Complement C3 Kininogen-1 Alpha-1-antitrypsin
8 Apolipoprotein B-100 Ig heavy constant gamma 1 Coagulation factor XI Fibrinogen alpha chain
. . Complement Clq .
9 Complement C4-A Fibronectin subcomponent subunit C Haptoglobin
10 Ig kappa constant Alpha-2-HS-glycoprotein ~ Histidine-rich glycoprotein ~ Alpha-2-macroglobulin

2. Unique proteins to each IONP corona (bare, bPC and bPEG).

Uniprot IDs Protein names

bare IONPs AOA087WZH9 Ig kappa variable 1D-33

Po1011 Alpha-1-antichymotrypsin
P26038 Moesin

000391-2 Sulthydryl oxidase 1
P07357 Complement component C8 alpha chain
Q13103 Secreted phosphoprotein 24
E9PAQL Properdin
P02749 Beta-2-glycoprotein 1

B4DPQO Complement C1r subcomponent
P00742 Coagulation factor X
P01859 Ig gamma-2 chain C region

P09871 Complement C1s subcomponent
P02743 Serum amyloid P-component
bPC-IONPs P11597 Cholesteryl ester transfer protein

K7ER74 Apolipoprotein C-II
P30101 Protein disulfide-isomerase A3
P55058-3 Phospholipid transfer protein
P01019 Angiotensinogen
P01598 Ig kappa chain V-1 region EU
H3BM21 Integrin beta
D6RD17 Immunoglobulin J chain
K7ERI9 Apolipoprotein C-I

bPEG-IONPs P08567 Pleckstrin
P00488 Coagulation factor XIIT A chain
P63104 14-3-3 protein zeta/delta

Q86UX7-2 Fermitin family homolog 3
043866 CD5 antigen-like
A0A087WWS89 Ig heavy variable 3-72
P00738 Haptoglobin
D6REXS Selenoprotein P

Author Ma
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Table 3. Protein abundance ratio of bPC-IONPs vs. bPEG-IONPs (less than 0.5 and greater

_—

than 2.0 was the fold difference threshold).

Uniprot IDs Protein names (Gene names) Mean + SD p value
P03951 Coagulation factor XI (F11) 0.11 £ 0.07 0.04
P0o4196 Histidine-rich glycoprotein (HRG) 023+0.11 0.02
P0O8514 Integrin alpha-Iib (ITGA42B) 0.23+0.16 0.04
P00751 Complement factor B (CFB) 0.24 +0.15 0.04
P18206 Vinculin (FCL) 0.25+0.12 0.02
P03952 Plasma kallikrein (KLKBI) 026+0.13 0.02
P02748 Complement component C9 (C9) 0.29+0.09 0.01
P01042 Kininogen-1 (KNGI) 029+ 0.06 0.00
P06396 Gelsolin (GSN) 0.36 £ 0.02 0.00
P02747 Complement C1q subcomponent subunit C (CI1QC) 037+ 0.04 0.00
P19823 Inter-alpha-trypsin inhibitor heavy chain H2 (I77H2) 038£0.12 0.01
Q9Y4190 Talin-1 (7ZNI) 039+ 006 0.00
P02746 Complement C1q subcomponent subunit B (C70B) 0.40+0.04 0.00
P21333 Filamin-A (FLNA) 041+0.13 0.01
P07358 Complement component C8 beta chain (C8B) 0.42+0.29 0.04
P0O4004 Vitronectin (V7N) 043 +0.11 0.00
P19827 Inter-alpha-trypsin inhibitor heavy chain H1 (JT7H1) 0.46+0.24 0.02
PO1834 Ig kappa constant (JGKC) 2.18+ 040 0.00
P01871 Ig heavy constant mu (/GHM) 3.81+1.60 0.01
P0OO739 Haptoglobin-related protein (HPR) 421+234 0.02
014791 Apolipoprotein L1 (4POLI) 5.81+£3.12 0.02
PO4114 Apolipoprotein B-100 (4PORB) 7.02+437 0.03
P0O8519 Apolipoprotein(a) (LPA4) 41.99 +27.79 0.04

Author
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