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Abstract

Much has been learned about the protein corona and their biological implications within the
context of nanomedicine and nanotoxicology. Yet no data is available about the protein corona
associated with nanoparticles undergoing spontaneous surface-energy minimization, a common
phenomenon during the synthesis and shelf life of nanomaterials. Accordingly, here we employed
gold nanoparticles (AuNPs) possessing the three initial states of spiky, mid-spiky and spherical
shapes and determined their acquisition of human plasma protein coronae with label-free

mass spectroscopy. The AuNPs collected coronal proteins that were different in abundance,
physicochemical parameters, and interactive biological network. Furthermore, the AuNPs induced
endothelial leakiness to different degrees, which was partially negated by their protein coronae

as revealed by confocal fluorescence microscopy, /n vitroand ex vivo transwell assays, as well

as signalling pathway assays. This study filled a knowledge void concerning the dynamic protein
corona of nanoparticles possessing an evolving morphology and shed light on their implication for
future nanomedicine harnessing the paracellular pathway.
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This study examined the dynamic protein corona of gold nanoparticles assuming an evolving
morphology and further evaluated their effect on the paracellular transport of nanoparticles.
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Introduction

Engineered nanoparticles (NPs) interface with biological systems to acquire a protein
“corona”, which subsequently dictates the biological fate of the NPs downstream.1~4

This spontaneous protein association is driven by free-energy minimization,> mediated

by Columbic and van der Waals forces, hydrogen bonding and hydrophobic interactions.
Temporally, the adsorption and desorption of proteins are dictated by the VVroman effect,?
where proteins of high abundance (/.e., soft corona) are replaced over time by proteins of
high binding affinity (/.e., hard corona) for the NP substrate.” Spatially, the protein corona
evolves as NPs navigate through different biological compartments /n vivoto accumulate
their protein fingerprints,® and the NP-protein corona is scrutinized by the immune system
through opsonization to impact the biodistribution, delivery, and clearance of the NPs.

The formation of the protein corona is largely determined by both the NPs and their
biological hosts.3 9 Specifically, intrinsic NP properties pertinent to protein adsorption
include their size, surface charge, chemical composition, morphology, as well as

surface functionalization.19-17 Serum, plasma, and cell culture media, for example, are
representative /n vitro environments, while /7 vivo environments afford more abundant
biomolecular species and complex anatomy.18-22 |n addition, exposure time and temperature
also contribute to evolution of the protein corona.23: 24

While the protein corona has been extensively studied for different nanomaterials and
biological environments,10: 11. 18, 25-29 NPs in aqueous suspensions often undergo
agglomeration to change their size and shape mediated by van der Waals forces

and hydrophobic interactions. Furthermore, NPs themselves may also undergo energy
minimization to evolve in surface roughness and shape during their synthesis and shelf
life,39-32 yet their associated dynamic protein corona according to such transformation has
not been reported to date. Accordingly, in the current study we characterized the dynamic
plasma protein corona of gold nanoparticles (AuNPs) evolving from spiky to mid-spiky
and to spherical shapes along the free-energy landscape. AuNPs are commonly employed
in nanomedicine and nanobiotechnology with their applications ranging from tumor
sensing and imaging33: 34 to photothermal,3® radiation3® and antiangiogenic therapies.3’
This experimental design allowed us to single out NP surface roughness/protrusion as a
focused physical parameter in the examination of the protein corona while maintaining
other physicochemical factors of the NPs (/.e., chemical composition and surface
functionalization) constant. As an application of the dynamic protein corona, we evaluated
their effect on modulating nanomaterial-induced endothelial leakiness (NanoEL) in a human
umbilical vein endothelial cell (HUVEC) monolayer /n vitroand in swine vessels ex vivo.
This study filled a knowledge void in the literature of the protein corona from a unique

NP perspective and should benefit the design of future nanomedicine exploiting the NP
surface morphology and their entailed suspendibility, biodistribution, paracellular transport,
and opsonization.
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Materials and methods

Synthesis of gold nanoparticles

Citrate-coated AuNP seeds were synthesized by step-wise seeded growth Turkevich-Frens
protocol38 with slight modifications. Specifically, aqueous chloroauric acid (HAuUCly, 150
mL, 0.25 mM, Sigma Aldrich) was brought to boil at 100 °C for 15 min under continuous
stirring, then sodium citrate solution (NazCgHs07, 38.75 mM, Sigma Aldrich) was added to
initiate the reduction reaction. Approximately 2.9 mL and 4.8 mL of NazCgH507 solutions
were added to render AuUNP seeds of 13 nm and 18 nm, respectively. The solutions

were kept in boiling condition with vigorous stirring until a wine-red color emerged. The
resultant Au seed solutions were kept at room temperature and used for AuNP formation.
The spherical AuNPs with a size of 13 nm were used as seeds to produce AuNPs of

30 nm. Surface roughness was introduced to the AuUNPs seeds using 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, Sigma Aldrich) aided branch growth. Spiky 30 nm
AuUNPs (termed as AuNPq hereafter) were synthesized by adding 1.6 mL of as-synthesized
13 nm spherical AuNP seeds into 23.1 mL of HEPES aqueous solution (50 mM, pH

7). Thereafter, 0.3 mL of freshly prepared hydroxylammonium chloride (NH,OH - HCI,

40 mM, Sigma Aldrich) was added to the mixture and surface roughness of the AuNPs
was achieved through the addition of 5 mL of aqueous solution HAuCl4 (1 mM) in a
dropwise manner. The reaction was maintained in stirring condition for another 2 h at room
temperature to allow the growth of sufficient surface roughness.

Different surface roughness was achieved by controlling the working concentrations of
the HEPES solution. Spherical AuNPs (termed as AuNP3 hereafter) were produced in the
absence of HEPES solution, whereas the mid-spiky AuNPs (AuNP,) were produced in
the presence of 5 mM HEPES. The different-sized AuNPs were dialyzed with Cellu-Sep
T1/nominal MWCO: 3.5~5 kDa (Adelab Scientific) against 10 mM HEPES solution. The
dialyzed AuNPs were kept at 4 °C and used as the stock for subsequent experiments.

Protein corona formation and isolation

Plasma was prepared by collecting the top layer following centrifugation of fresh blood at
900 g, for 15 min, without brake. The blood was collected from a healthy human volunteer
into Greiner Bio-One sodium heparin vacuettes, following the University of Melbourne
Human ethics approval 1443420 and the Australian National Health and Medical Research
Council Statement on Ethical Conduct in Human Research.

AUNPs were mixed with excess human plasma at a mass ratio of 1:10 and incubated at

37 °C for 24 h under shaking conditions. The sample suspensions were centrifuged at 16
300 g for 15 min at room temperature to isolate the hard corona complexes and were
washed thrice with 1x phosphate-buffered saline (PBS, pH 7, Sigma Aldrich) to remove
unbound proteins. The total amount of proteins bound to different AUNPs was determined
by the Pierce™ BCA Protein Assay Kit (Thermo Scientific) according to the manufacturer’s
instructions and various concentrations of bovine serum albumin (BSA) as the standard. For
uniform measurements, AuNPs (1 mg) in excess of the plasma concentration were used.
The resulting pellets were resuspended in 100 pL of 1x PBS buffer and 25 pL of sample
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volume was used for a 96 well plate assay. The adsorption was measured at 562 nm using a
fluorescence microplate reader (PerkinElmer EnSight HH33400).

Characterization of gold nanoparticles

The synthesized AuNPs were imaged using a transmission electron microscope (FEI Tecnai
G2 F20, Eindhoven) operated at a voltage of 200 kV. Briefly, the AuNPs were dropped
onto a carbon-coated TEM grid (Formvar) and viewed under an accelerating voltage of

200 kV. The primary sizes of the AUNPs were determined by measuring for at least 50
randomly selected AuNPs with ImageJ software.39 The absorbance of the AUNPs was
obtained through spectral scanning from wavelength of 300 to 800 nm with a UV-Vis
spectrophotometer (UV-3600, Shimadzu). The zeta potential of the AUNPs was determined
through dynamic light scattering (DLS) analysis with a Zetasizer (Malvern). The samples
were dispersed in ultrapure water (pH = 7.2) under probe sonication for 1 min before DLS
analysis.

In-gel proteolytic digestion, LC-MS/MS label-free quantitation, analysis, and protein

informatics

The isolated hard corona was resuspended in 2x reducing loading dye (Bio-Rad), incubated
at 95 °C for 5 min and spun down. The supernatant (100 uL) was resolved on an SDS-PAGE
gel (Mini-PROTEAN TGX, Bio-Rad), stained using Instant Blue Stain (Expedeon) and
destained using Milli-Q water. The resolved region of the gel was cut and subjected to

an in-gel trypsin digestion procedure, as described previously.40 The extracted peptides
were dried and resuspended in 20 pL of 2% acetonitrile and 0.1% formic acid and

stored at —20 °C until analysis. Liquid chromatography with tandem mass spectrometry
(LC-MS/MS) was carried out as described previously,*! with minor modifications. Briefly,
LC-MS/MS was performed using a Q Exactive™ HF Hybrid Quadrupole-Orbitrap mass
spectrometer. Samples were loaded at a flow rate of 15 uL/min onto a reverse-phase trap
column (75 pm x 2 cm) Acclaim PepMap media (Dionex) in 2% acetonitrile (Sigma
Aldrich) and 0.1% trifluoroacetic acid (Sigma Aldrich). Peptides were then eluted from

the trap column at a flow rate of 0.25 uL/min through a reverse-phase capillary column

(75 pm x 50 cm) (LC Packings, Dionex). The HPLC gradient was set to 128 min using

a gradient that reached 30% of ACN after 93 min, then 34% of ACN after 96 min,

79.2% of ACN after 101 min, and 2% after 108 min for a further 20 min. The mass
spectrometer was operated in data-dependent mode with 2 microscan Fourier transform
mass spectrometry scan events at 60,000 resolution (MS) over the m/z range of 375~1575
Da in the positive-ion mode, and up to 30 data-dependent higher energy collision dissociated
MS/MS scans. Peptide sequences (and protein identity) were determined using MaxQuant
software (version 1.6.0.1) by matching the human protein database (Homo sapiens, UniProt-
proteome_UP000005640.fastd) and label-free quantification of identified proteins was then
performed as previously described.40

Experiments were done in triplicate and proteins detected in at least two replicates (intensity
>0) were used for further analyses. The total intensity was used to approximate the relative
protein abundance between the different types of AuNPs and protein abundance in each
type individually. A student’s #test was used to evaluate the significance of differences
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observed across the three independent replicates of spiky, mid-spiky and spherical AUNPs
and P-values < 0.05 were considered. MetaboAnalyst was used to normalize the coronal
protein intensity data into the log transformed auto scaled intensities and further used for
univariate and multivariate analyses, including hierarchical clustering using heatmaps, PCA
2D plots, partial least squares discriminant analysis (PLS-DA) plots, and volcano plots to
derive the fold change variations between the AuNP series.

STRING (v10.5, string-DB.org/) was employed to analyze, classify, and visualize the
network of biological processes related to the identified coronal proteins.2 The string
annotations and interactions were imported to open-source software Cytoscape to get
biomolecular interaction networks integrated with the fold change data obtained from
MetaboAnalyst volcano plots.*3

HUVEC cell culture, confocal microscopy, transwell, ROS and viability assays

Human umbilical vein endothelial cells (HUVEC, Sigma Aldrich) were cultured in EGM™
Endothelial Cell Growth Medium (Lonza), supplemented with EGM™ SingleQuots™
Supplement Pack (Lonza). Glass cover slides were placed in 24 well plates (Corning
Costar), 50x10% cells were seeded to each well and let grow for 5-6 days to reach ~100

% confluency to form an intact monolayer. The spent media were removed and the cells
were treated for 30 min with AuNPs dispersed in 200 pL of media with a final concentration
of 100 uM. After the treatment, the media were removed and the cells were washed twice
with Hanks’ Balanced Salt Solution (HBSS, Sigma Aldrich). The cells were fixed in 4%
paraformaldehyde (PFA, Sigma Aldrich) for 15 min and rinsed off with 500 L of wash
buffer (0.1% azide, Sigma Aldrich) in 1x PBS. The cells were permeabilized and blocked
using 200 pL blocking buffer containing 0.1% saponin (Sigma Aldrich) and 5% horse serum
(Sigma Aldrich) for 60 min at room temperature and washed twice with wash buffer. The
cells were incubated with primary antibody Rabbit anti-VE-cadherin (Abcam; 1:400 in
wash buffer containing 5% horse serum) overnight at 4 °C. The primary antibody solution
was washed off using wash buffer and the cells were incubated with a secondary antibody
solution (Donkey anti-rabbit Alexa Fluor 647/594 (Abcam) in wash buffer containing 5%
phalloidin (Sigma Aldrich) for 2 h at room temperature. The cells were then washed twice
with wash buffer to remove secondary and Hoechst 33342/DAPI (Thermo Fisher Scientific)
in wash buffer was added to cells. The cells were then washed with wash buffer and excess
liquid was dried. A cover-glass was placed on top of the glass slide and mounted with
ProLong Gold (Thermo Fisher Scientific). All the slides were imaged using a confocal
fluorescence microscope (SP8 LIGHTNING, Leica Microsystems). Semiquantitative image
analysis was done using ImageJ3® where intercellular gaps in immunofluorescence images
were counted and gap areas were measured and normalized to total image areas.

In vitro transwell assay: HUVEC cells were seeded (50,000 cells) on transwell inserts
(polycarbonate membrane, 0.4 pm pore diameter; Corning Costar, USA) in a 24-well plate
until the formation of a monolayer (4 days). The cells were treated with different AUNPs
and their respective protein coronae for 1 h. After the treatment, all groups were incubated
with FITC—dextran (0.1 mg/mL, 40 kDa; Sigma Aldrich) for 20 min. Subsequently, culture
media from the bottom compartment of each well were collected and the fluorescence

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2022 December 08.
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reading for FITC-dextran was measured by a microplate reader (PerkinEImer EnSight
HH33400 plate reader) at wavelengths of 490/520 nm (excitation/emission).

Viability assay: A 96 well plate (Costar black/clear bottom) was preincubated with 70 uL
Poly-L-lysine (Sigma, 0.01%), at 37 °C for 30 min. After remaoving Poly-L-lysine, the wells
were washed thrice using PBS and HUVEC were cultured at a density of ~ 50,000 cells per
well and incubated at 37 °C and with 5% CO, for 48 h to reach ~ 80% of confluency. The
cell culture medium was then changed to fresh media containing 1 x 10 =8 M propidium
iodide (PI) dye and incubated for 30 min. Subsequently the cells were treated with different
AuNPs with and without their coronae and their PI fluorescence was measured using
Operetta (PerkinElmer, 20x PlanApo microscope objective, numerical aperture NA = 0.7) in
a live cell chamber (37 °C, 5% CO,) for 15 h of treatment. The percentage of dead cells
labelled by PI-positive to total cell count was determined by a built-in bright-field mapping
function of Harmony High-Content Imaging and Analysis software (PerkinElmer).

Reactive oxygen species (ROS) assay: HUVEC cells (50,000 cells/well) were seeded
into a 96-well black plate and cultured overnight to reach 80% confluency. ROS detection
was performed using an OxiSelectTM intracellular ROS detection kit. The cells were stained
with H2DCFDA (20 pg/mL) for 30 min and subsequently treated by the AuNPs samples.
ROS levels were then measured indirectly by the oxidation of non-fluorescent DCFDA to
fluorescent DCF on a fluorescence microplate reader (PerkinElmer EnSight HH33400), at
wavelengths of 488/535 nm (excitation/emission). Untreated cells were used as negative
control and H,0, (100 uM) as positive control.

Endothelial signalling pathway assay

HUVECSs were cultured in 6-cm cell culture dishes and exposed to solutions containing

the three types of AuUNPs and their respective protein coronae. After incubation for 1 h,

the cells were washed thrice with cold PBS and collected after cell lysis in SDS-PAGE
sample buffer which was supplemented with a mixture of 1% protease and phosphatase
inhibitors. The collected samples were subjected to gel electrophoresis using 10% resolving
polyacrylamide gels (Mini Protean, Bio-Rad, USA) and were transferred onto nitrocellulose
membranes. The membranes were then blocked with 5% BSA solution for 1 h, before
incubation in a solution of a relevant primary antibody at 4 °C overnight. The membranes
were washed and incubated in corresponding horseradish peroxidase (HRP)-conjugated
secondary antibody for 1 h. Protein bands on the membranes were visualized and captured
in a chemiluminescence imaging setup. The images of protein bands were analyzed in a
semi-quantitative manner through ImageJ software.

Ex vivo transwell assay

An ex vivovascular leakiness assay was performed using swine vessels as a transwell
insert. Swine vessels were obtained from a local slaughterhouse in Chongging, China.
Specifically, the original membranes from a commercial transwell chamber were replaced
with the blood vessels from the coronary artery which were cut into individual transverse
membranes. AuNPs and their corona counterparts were added to the swine vessel transwell
device and incubated for 6 h at 37 °C. After the treatment, the AuNPs-containing media

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2022 December 08.
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were discarded and replaced with media containing Evans blue dye (100 mM) to each
well, and further incubated for 1 h. The media from the lower chamber was collected and
fluorescence signals were quantified at 624/680nm (excitation/emission) with a microplate
reader. Negative controls were used for normalization of the fluorescence readings.

Statistical analysis.—Data are represented as means (n=3) + standard errors of the mean
(SEM). Statistical analysis was performed via one-way ANOVA. A p-value < 0.05 was
considered statistically significant.

Results and Discussion

Characterization of AuUNPs and their protein coronae

Spiky AuNPs (AuNP,) synthesized from 13 nm Au seeds were imaged for their primary size
and roughness with transmission electron microscopy (TEM) (Figure 1a). AUNP4 underwent
dynamic changes in its primary shape and surface roughness over time and evolved into
spherical morphologies in ~24 h (Figure 1a). Mid-spiky AuNPs (AuNP,) were observed as
an intermediate state during the transition of spiky AuNP1 to spherical AUNPs (AuNP3),

and a primary size of 30 nm was confirmed for all three morphological states (Figure 1b).
UV-Vis absorption spectra displayed distinct plasmon resonance peaks for the AuNPs of
three morphologies (Figure 1c). The largest peak wavelength (7.e., 658 nm) for AUNPs at
time zero, as compared to the AuNPs at 6 h (573 nm) and especially at 24 h (522 nm), could
be due to the most irregular and least efficient morphology of the AuNPs at time zero for
exciting surface plasmon resonance.

To ensure repeatability and practicality (due to the extended time required for the LC-
MS/MS procedures), we employed AuNPs of three given initial morphologies (Figure 1e) to
infer the corona formation for AuUNPs of a changing morphology (Figure 1a). AuNPs with
morphologies comparable to AuUNP, and AuNP3 were synthesized with slight modifications
to buffer concentrations, and their primary size and shape were again confirmed by

TEM (Figure 1e). The three types of AuNPs were then incubated with human plasma

at physiological conditions (pH 7.5, 37 °C) with constant shaking for 24 h and their

hard NP-protein coronae were collected by centrifugal separation followed by multiple
washes. For AuNP3, we observed a small increase in aggregation after 24 h of incubation
(Figure 1f). TEM analysis using ImageJ indicated increases in primary size and DLS
measurements showed decreases in zeta potential for the AuNPs, most evidently for AUNP3,
understandably resulting from their protein corona acquisition (Table 1). The total amounts
of proteins associated with the hard coronae of the three types of AuNPs were quantified by
the bicinchoninic acid (BCA) assay (Figure S1). Consistently with Table 1, the total amounts
of hard coronal proteins associated with AuUNP; and AuNP, were not markedly affected by
their morphology changes, but a significant increase occurred in the total amount of coronal
proteins on the surface of spherical AUNP3 (Figure S1). This may be due to the larger
available surface area and less steric hindrance of AuNP3 for protein binding in comparison
with that of AuNP; or AuNP,.
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Qualitative and quantitative evolution of the AuNP-protein coronae

The compositions and abundance levels of the hard protein coronae around different AUNPs
isolated from centrifugal spin were characterized qualitatively and quantitatively using label-
free shotgun LC-MS/MS with triplicate. A student’s £test was done to test the statistical
significance of differences across independent triplicate. For the abundance ratio calculation
and analysis, only those proteins with a ~value of <0.05 were considered significant and
included in further enrichment analysis. To identify the differences in coronal abundance
among the different types of AuNPs, the mean fold difference for the MS/MS intensities
was calculated by taking the average of the three independent quantitative experiments and
by keeping the fold change difference thresholds as 0.5 and 1.5 for comparing relative
abundance between the coronal proteins formed on different AuUNPs.

For the coronae of the AuNPs, 338 distinct serum proteins were identified by LC-MS/MS,
of which 275 were present in all groups, 13 unique proteins each for AuNP; and AuNP,
and 5 unique proteins for AuNP3 were identified (Figure 2a&Supplementary Excel file).
Overall, the types of coronal proteins were not largely different across the three types of
NPs, but the amounts of the coronal proteins did significantly differ. The top-10 proteins
for each type of AuNPs are enlisted in Table 2. The most abundant proteins for different
AUNPs appeared similar in name, while the order and relative abundance of top-10 proteins
across the AuNP species largely varied (Figure 2c). Specifically, serum albumin was the
most abundant in the protein coronae of AuNP, and AuNP3, whereas apolipoprotein B-100
was the top coronal protein for AUNP; and was 2.4 times more abundant for AUNP; than
for AUNP3. Immunoglobulin heavy constant mu, immunoglobulin heavy constant gamma 1,
complement C4-B, complement C3, and C4b-binding protein alpha chain were the other top
proteins found across all samples.

The common proteins comprising the bulk of the AuNP-corona (top-50 significantly
different proteins ranked by p-values from one-way ANOVA) were summarized in the
heatmap with hierarchical clustering showing log transformed normalized protein intensities
based on their abundance on the NP surfaces (Figures 2b&S2). There were distinct
variations in the abundance of the coronal proteins across the AUNP species, where a

large cluster of proteins had higher relative intensities for spiky AuNP; and decreased

as the morphology changed to spherical AuNP3. The unique coronal proteins (Table 3)
provided fingerprints specific to the morphologies of the AuNPs. PCA was performed in
MetaboAnalyst to determine significant variations among the AuNPs using the MS/MS
label-free quantification (LFQ) intensity as the principal component. Visual analysis based
on the first two principal components showed a large qualitative difference (43.2% variance
in the principal component 1) in the proteins adsorbed onto AuNP; than AuNP3. In contrast,
the AuNP,-corona shared some similarities with both the AuNP;-corona and AuNP3-corona
(Figure 2d).

Coronal proteins with significant changes between AuNP1, AuNP», and AuNP3 can be
identified from their corresponding Variable Importance of Projection (VIP) score ranks
from multivariate PLS-DA analysis for component 1 (normalized intensities) (Figure
3a,b&Supplementary Excel file). The quantitative abundance in the coronal protein
association with AuNP, and AuNP3 was analyzed using a volcano plot with a fold
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change threshold of 1.5 to distinguish the major outliners by comparing the size of the

fold change to the statistical significance level with a P-value threshold of 0.05 (Figure
3c&Supplementary Excel file). The horizontal axis plotted the fold change between the two
groups (on a log scale), while the vertical axis represented the P-value for a £test (one-way
ANOVA) of differences between samples (on a negative log scale). The resulting volcano
plot for the fold change differences between coronal protein abundance found 88 proteins to
increasingly bind AuNP, and 4 proteins to be increasingly associated with AuNP3 within the
given threshold. The top enriched proteins on AuNP; included Ras-related protein Rap-1b,
prenylcysteine oxidase 1, selenoprotein P, immunoglobulin lambda variable 3-19, cholesteryl
ester transfer protein, apolipoprotein(b), sulfhydryl oxidase 1, phospholipid transfer protein,
and coagulation factor IX, whereas the top coronal proteins enriched in AuUNP3 were von
Willebrand factor, glyceraldehyde-3-phosphate dehydrogenase, Tsukushin, and C-reactive
protein. The fold change variations in the coronal protein association with AuNP vs.
AUNP; as well as AuNP, vs. AuUNP3 were also analyzed using a volcano plot (Figure
S3&Supplementary Excel file). The fold change analysis found 50 proteins to increasingly
bind AuNP; and 11 proteins to be increasingly associated with AuNP, within the given
threshold. Comparing the AuNP, and AuNP3 fold change values, only 5 coronal proteins
were bound more to AuNP,. Largely, the common coronal proteins had very similar relative
abundances for both AuNP, and AuNP3. These results clearly showed that the protein
corona evolved according to the changing morphology of the AuNPs.

There was no evident relationship observed for the coronal proteins of the three types of
AuUNPs in terms of their enrichment with grand average of hydropathy (GRAVY) index,
molecular weight, or isoelectric point (pl) (Figure S4&Supplementary Excel file). Generally,
proteins with a GRAVY score less than 0 are hydrophilic in nature and more likely to
possess a globular structure, while a GRAVY score above 0 indicates hydrophobicity. The
isoelectric point (pl) refers to the pH value at which a protein is electrically neutral and

least soluble. Here, both sets of total proteins for AuNP; and AuNP3 shared similar GRAVY
indices (/.e., hydrophobicity) and pl (7.e., charge) distributions indicating that majority of
coronal proteins associated with the AuNPs tended to entail GRAVY values ranging from
-1.03 t0 0.67, including a few extreme values for Proteoglycan 4 (-1.03), Cell division cycle
5-like protein (-0.96), Histidine-rich glycoprotein (-0.9567) and Tetraspanin (0.675). The
pl ranged from 4.3 to 11.36 and assumed a bimodal distribution, with one centered at ~pl
5-6 and another within pl 8-9 due to the presence of large numbers of immunoglobulin side
chains. The proteins with the outmost pl values included Platelet glycoprotein Ib beta chain
(9.67), Immunoglobulin heavy variable 4-30-2 (9.7), Angiogenin (9.73), and Histone H4
(11.36).

To derive the relative composition differences of the protein coronae pertaining to the
AUNPs and to understand their biological implications, a protein network analysis was
performed using the STRING resource (string-db.org) for all identified coronal proteins
across the AuNP series (Figure S5). A total of 173 out of the 275 coronal proteins

were identified in the StringDB (excluding immunoglobulin side chains) with 27 KEGG
pathways significantly enriched (Supplementary Excel file), including complement and
coagulation pathway, focal adhesion, platelet activation, cholesterol metabolism, and
phagosome. For the differentially bound coronal proteins between AuNP; and AuNP3,
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the network analysis assigned 4 major protein groups, based on k-mean clustering nodes
derived from the protein-protein interaction records obtained from cellular/biological Gene
Ontology (Figure 4&Supplementary Excel file). The most significantly associated proteins
identified in the coronal formation were mainly involved in blood coagulation intrinsic
pathways, opsonization, complement and coagulation cascade, and cholesterol metabolism
pathways. The combined interaction score of protein-protein interaction was imported
from StringDB to Cytoscape and the interaction fold change network was created (Figure
S6&Supplementary Excel file) indicating a relative enrichment of apolipoproteins including
Apolipoprotein C1 (APOC1), Apolipoprotein B (APOB), Cholesteryl ester transfer protein
(CETP), Apolipoprotein A (LPA), Apolipoprotein M (APOM) and others for spiky AuNP,
along the protein network. Apolipoproteins, especially that of Apolipoproteins J and

A1, have been featured as prominent binders for stealth NPs in the protein corona
literature, while Apolipoprotein E has been associated with enhanced cellular uptake of
NPs.45: 46 Although there were no large variations among the number of immunoglobulin
side chains identified across different AUNPSs, there was a significantly greater amount

of immunoglobulin bound to AuNP4 and AuNP, than AuNP3 (Figure S7&Supplementary
Excel file). It is known that the enrichment of immunoglobulins and complement proteins
can result in higher opsonization and immune recognition by macrophages, which in turn
can affect the retention, transport, and clearance of nanoparticles.?l 47- 48 This suggests a
differential recognition pattern of the AuNPs by the immune system as well as a gradual
release of immunoglobulin would occur as AuNPs evolve from spiky to spherical in
morphology.

Dependence of AuNPs-induced endothelial leakiness on their protein coronae

Towards nanomedicinal applications of the dynamic protein corona, HUVEC cell
monolayers were treated with different AUNPs of 30 nm (100 pM of Au) and AuNP-
coronae, where the occurrence of NanoEL was detected after 30 min of treatment.
Specifically, paracellular gaps of ~10 um were evident upon exposure to the AuNPs with
and without their corona derivatives, whereas the control cells retained their confluent
monolayers (Figure 5a). Semi-quantitative analysis (gap area%) of the acquired confocal
fluorescence images was carried out using trainable Weka segmentation plugin in ImageJ
software. The analysis revealed that NanoEL was dependent on the surface morphology of
the AUNPs as well as their protein coronae (Figure 5b). Specifically, the morphologically
most rugged AuNP; induced a maximum extent of endothelial leakiness, closely followed
by AuNP, and then by the morphologically smoothest AuNP3. The extent of endothelial
leakiness induced by AuNP3 was notably less than for the other two morphologies,
indicating a minimal effect of AUNP3 on the integrity of the HUVEC endothelial monolayer.
Semi-quantitative image analysis indicated marked reductions in the extent of NanoEL due
to the protein corona formation in AuNP1 and AuNP,, where the gap area percentage
decreased by 47% (1.9 + 0.7% to 1.0 £ 0.3%) for AuNP; and by 53% (from 1.9 £ 0.6% to
0.9 + 0.3%) for AuNP», respectively.

A transwell assay was performed to further quantify the AuNPs-induced leakiness in
HUVEC monolayers, where AuNP; caused the maximum extent and AuNP3 the least extent
of endothelial leakage (Figure 5c) corroborating the observations by confocal fluorescence
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microscopy (Figure 5a&b). While a significant decrease in the relative fluorescence
(indicating endothelial leakiness) was observed for AUNP; corona compared to bare AuNP,
little variations were seen in paracellular leakiness due to the formation of a protein corona
for both AuNP, and AuNP3. Furthermore, there was no significant increase in either

ROS production or cytotoxicity in the HUVEC cells exposed to the AuNPs and their
respective protein coronae (Figure 5d&e), indicating a non-cytotoxic nature of the NanoEL
phenomenon associated with AuUNPs.

The role of phosphorylation of vascular endothelial (VE)-cadherin tyrosine residues in
promoting its internalization and resulting in higher vascular permeability has been
established in recent literature.#9: 50 Here, molecular regulation of AuNPs-induced NanoEL
through the activation of VE-cadherin signalling pathways was analyzed by western blotting
of treated HUVEC cells to identify the phosphorylation of two pivotal residues of VE-
cadherin, tyrosine 658 (Y658) and tyrosine 731 (Y731), along with a-tubulin (Figure 6).
The amount of phosphorylation is directly related to the degree of the NanoEL effect.>!
Specifically, AuNP, exerted the highest amount of phosphorylation of both Y658 and Y731
residues, whereas AuNP3 induced the least amount of phosphorylation of both residues.

In comparison, the protein corona formation on the spiky AuNP1 markedly alleviated the
amount of phosphorylation of both resides, whereas AUNP, corona formation gave rise to a
significant reduction in the phosphorylation of only the Y731 reside. In comparison, there
were no major variations in the phosphorylation of the residues for the cells exposed to
AUNP3 with or without their corona. Furthermore, there were no significant differences in
the expression of a-tubulin among the groups indicating minimal cytoskeletal reorganization
associated with the AuNPs.

In addition to the /n vitro assays described above, an ex vivo assay was further performed
using swine vessels to gauge the NanoEL effect on vascular endothelium (Figure 7).
Specifically, AuUNP1 and AuNP; elicited a comparable level of endothelial leakiness as
indicated by the Evans blue dye (EBD) penetration, whereas AuUNP3 induced the smallest
extent of NanoEL than AuNP; and AuNP,. The degree of vessel leakiness was significantly
reduced due to the corona formation on AuNP; and AuNP,. A 5-fold reduction in EBD
fluorescence was observed for spiky AuNP; and mid-spiky AuNP; in the presence of their
protein coronae, whereas no reduction in EBD fluorescence was detected for spherical
AuUNP3 with or without a protein corona. These results corroborated the /n vitro observations
for HUVEC cells (Figures 5&6) implicating an attenuating effect of the protein corona on
NanoEL, a new finding which may be exploited for controlling the permeability of NPs in
the vasculature for future nanomedicine.

Conclusion

The protein corona is a thermodynamic phenomenon associated with the transformation of
NPs in aqueous environments. For well over a decade, the protein corona paradigm has
shaped the field of nanomedicine from bench design to /in vitro/in vivo deployment, with
its impact further reaching the fields of nanotoxicology and environmental science. While
research concerning the protein corona has been largely focused on the physicochemical
properties (chemical composition, surface functionalization, charge, and shape) of the
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NPs, the environmental parameters (pH, temperature, salts), NP-biomolecular interactions
(proteins, lipids, nucleic acids, ligands), the fate (biodistribution, opsonization) of the NPs
and the response (toxicity, inflammation) of the biological host, few studies have considered
a NP whose morphology evolves spontaneously driven by energy minimization that is a
common feature to many nanomaterials post synthesis and during their shelf life.

Accordingly, the current study filled this knowledge void by looking into the human plasma
protein corona of AuNPs undergoing the physical transitions from spiky to mid-spiky and
spherical morphologies. For practicality involving LC-MS/MS, such temporal evolution of
the AuNPs was instead mimicked by AuNPs assuming the initial states corresponding to
the three morphologies. The proteomics study determined variations both qualitatively and
quantitatively on the coronal compositions and abundance for the three types of AuNPs,
revealing that each type of the AuUNPs possessed biological fingerprints specific to their
morphologies. Collectively, our physicochemical and biological network analyses of the
coronal proteins implicated a dynamic binding-dissociation process of plasma proteins as
the NPs contracted energetically from being rugged (/.e., AuNP4) to being smooth (AuNP3,
via AuNP5) to accommodate increased adsorption of proteins which possessed compatible
shapes and flexibilities and a more subdued immune sensitivity.

Rational design of NPs has previously enabled the control of NanoEL in different cellular
and animal model systems,>1 but little is known about the formation and effect of the
protein corona on NanoEL. Furthermore, no data is available about the relationship between
a dynamic protein corona and NanoEL. Using confocal fluorescence imaging, /n vitroand
ex vivotranswell assays, as well as molecular signalling pathway assays, we identified an
alleviating effect of the protein corona on the extent of NanoEL, via the phosphorylation of
VE-cadherin residues Y658 and Y731. While the spiky AuNP; elicited the most significant
leakiness in an HUVEC cell monolayer among the three types of AuNPs, the protein
corona of AuNP4 reduced the phosphorylation of Y658 and Y751 by up to 3% and 22%,
respectively. In contrast, the corona of the mid-spiky AuNP, reduced the phosphorylation
of Y731 but not Y658, by 21%, and the corona of the spherical AUNP3 exerted no

major effect on NanoEL. Together, this study implicated the dynamic protein corona of
AUNPs possessing a changing morphology and demonstrated their application for future
nanomedicine harnessing the paracellular route.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AuNPs possessing an evolving morphology due to surface energy minimization
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Figure 1.
Characterizations of AuUNPs possessing a changing morphology (a-d) and AuNPs of three

initial given morphologies with and without their human plasma coronae (e, f). a) TEM
imaging revealed the AuNPs evolving from spiky AuNPs (AuNP1) to mid-spiky AuNPs
(AuUNP>) and spherical AUNPs (AuNP3) over 24 h. b) Primary size distributions of the
AUNPs. ¢) UV-Vis absorption spectra for the three types of AUNPs. d) Zeta potentials of
the three types of AuUNPs in 10 mM HEPES buffer. TEM imaging confirmed the AuNPs
assuming the morphologies comparable to €) AuUNP1, AuNP,, AuNP3 and their respective
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protein coronae f) AuNP1 corona, AuNP, corona, and AuNP3 corona (All scale bars: 20
nm).
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Proteomic analysis of the plasma coronal proteins acquired by the three types of AUNPs.
a) Venn diagram illustrating the distribution of coronal proteins associated with different
AuUNPs. b) Hierarchical clustering of the three types of AUNPs; AuNP; (red), AuNP,
(green), and AuNP3 (blue). Vertical clustering displays similarities between sample groups,
while horizontal clusters reveal the relative abundances of the 50 most significant different
proteins ranked by p-values. White indicates no change, while red and blue indicate
increased and decreased abundances, respectively. Ward’s minimum variance method
algorithm was used to generate the hierarchical cluster analysis. ¢) Total mean intensity
comparison of top proteins contributing more than 1% of the total protein abundance. d)
Principal component analysis (PCA) score plot for different AUNPs showing variations in
the AuNP groups. The data is from at least three independent biological replicates.
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Figure 3.
a) Partial least squares-discriminant analyses (PLS-DA) PC1/PC2 score plots revealing

a clear variation in coronal protein intensities between AuUNP; and AuNP3. b) Variable
Importance of Projection (VIP) scores for the top-25 significantly enriched coronal proteins
for the AuNP series (1-AuNP1, 2-AuNP, and 3-AuNP3) for component 1. The VIP score
plots show the differences in the mean intensity of coronal proteins between different AUNP
samples as shown by the color chart on the right indicating high variations between AuNP1,
AuUNP, and AuNP3 mean intensities. The values of the VIP plot indicate significance of

the proteins for the PLS-DA models based on relative abundance. ¢) Volcano plot for the
fold-change variation (fold change threshold 1.5) of the most varied coronal proteins among
the AuNP; and AuNP3 samples indicating the most significantly enriched proteins.
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Figure 4.
Protein interaction network for the most significantly bound coronal proteins differentially

associated with AuNP; & AuNP3 (proteins with a fold change cut-off below 0.5 and

above 1.5, and with a ~value < 0.05). The most significantly associated proteins identified
in the corona formation were mainly involved in blood coagulation intrinsic pathways,
opsonization, complement and coagulation cascades, and cholesterol metabolism pathways.
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AuNP-induced endothelial leakage and influence of their protein corona on HUVEC cell
monolayers. a) Confocal imaging and gap area analysis of cell control, thrombin, AuNP;_3,
and AuNP1.3 coronae. b) Semi-quantitative image analysis of gap area% (shown in black in
the images) highlighted on a grey background derived from the trainable Weka segmentation
plugin in ImageJ software. HUVEC cells exposed to the AuNPs and their coronae evaluated
by c) a transwell assay, d) ROS production, and e) a viability assay. Scale bars: 10 pm. *P<
0.05, **P < 0.001, ***P < 0.0005 and ****P < 0.0001.
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Figure 6.

Western blot and corresponding semi-quantitative analysis of activation of VE-cadherin
(VEC) signalling pathways for NanoEL induced by different AuNPs in HUVEC cells. An
increased phosphorylation of VE-cadherin at tyrosine 658 and 731 sites was observed for
AUNP; which significantly reduced due the protein corona formation. Data are mean + SD,
biologically independent samples (n=3), analyzed via one-way ANOVA, * represents P <
0.01 and ** ## represents £< 0.001, between the compared groups.
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Figure 7.
Quantitative measurement of AuNP-induced endothelial leakage in swine vessels. a) A

scheme illustrating the ex vivo experimental setup. b) Migration of
was used to quantify the effect of coronal formation on endothelial
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Evans blue dye (EBD)
leakiness in swine

vessels. The protein corona formation significantly reduced the leakiness irrespective of the
AUNP species. A 5-fold reduction in the fluorescence readings were observed for AuUNP,
corona and AuNP, corona when compared to the bare AuNPs. ****P < 0.0001 compared

with control.
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Table 1.

Physiochemical characteristics of AUNPs-protein coronae.

Primary size (nm)

¢ - potential (mV)

AuNPs | Peak absorbance (nm)

Bare NPs | NP-protein corona Bare NPs NP-protein corona
AUNP, 658 31.4+45 31.6+5.6 -39.40+0.88 -12.47+0.28
AuNP, 573 30.7+2.8 33.6+2.8 -38.86+0.20 -11.70+0.70
AuNP3 522 30.2+1.5 39.3+3.6 -43.00+0.52 -9.78+0.27
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Table 2.

Top-10 proteins identified in the AuNP-protein coronae.

Page 26

AUNP;

AUNP,

AuNP;

Apolipoprotein B-100

Serum albumin

Serum albumin

Serum albumin

Immunoglobulin heavy constant mu

Immunoglobulin heavy constant mu

Immunoglobulin heavy constant mu

Apolipoprotein B-100

Apolipoprotein B-100

HUMAN Immunoglobulin heavy constant gamma 1

Immunoglobulin heavy constant gamma 1

Immunoglobulin heavy constant gamma 1

Complement C4-B

Complement C4-B

Complement C3

Complement C3

Complement Cg

Complement C4-B

C4b-binding protein alpha chain

C4b-binding protein alpha chain

Immunoglobulin kappa constant

Immunoglobulin kappa constant

Immunoglobulin kappa constant

C4b-binding protein alpha chain

Complement C,4 subcomponent subunit B

Fibrinogen beta chain

Alpha-2-macroglobulin

Serotransferrin

Fibrinogen gamma chain

Fibrinogen beta chain
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Table 3.

Unique proteins identified in the AUNP-protein coronae.
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AUNP;

AUNP,

AUNP,

Immunoglobulin kappa variable 2D-29

Immunoglobulin lambda variable 1-44

Transmembrane protein 131

Coagulation factor V11

Immunoglobulin heavy variable 3-48

Vitamin K-dependent protein
Z

Immunoglobulin heavy variable 1-8

Matrix Gla protein

Trypsin-3

Immunoglobulin lambda-like polypeptide 1

Collagen alpha-3(VI)

Thrombospondin-4

Insulin-like growth factor-binding protein 3

Junction plakoglobin

Immunoglobulin kappa
variable 3-7

Insulin-like growth factor-binding protein 6

Erythrocyte band 7 integral membrane protein

Insulin-like growth factor-binding protein 5

Transgelin-2

Structural maintenance of chromosomes protein 1B

Myosin light polypeptide 6

Titin

Ras-related protein Rab-10

Collectin-11

Desmocollin-1

Golgi-associated plant pathogenesis-related protein 1

Microtubule-associated protein RP/EB family
member 2

Fetuin-B

Retinoic acid receptor responder protein 2

Immunoglobulin heavy variable 3/OR16-13

1gGFc-binding protein
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