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Targeted Nanoparticle Binding to Hydroxyapatite in a High
Serum Environment for Early Detection of Heart Disease
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02215
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*Department of Biochemistry Microbiology and Immunology, The University of Ottawa, Faculty of
Medicine, 501 Smyth Rd., Ottowa, ON K1H 3L7 Canada

Abstract

The impact of the protein-rich /n vivo environment on targeted binding of functionalized
nanoparticles has been an active field of research over the past several years. Current research aims
at better understanding the nature of the protein corona and how it may be possible for targeted
binding to occur even in the presence of serum. Much of the current research focuses on
nanoparticles targeted to particular cell receptors or features with the aim of cellular uptake.
However, similar research has not been performed on nanoparticles that are targeted to non-protein
disease features, such as hydroxyapatite (HA). HA is a crystalline calcium-phosphate mineral that
is present in large quantities in bone, and in smaller quantities in diseased cardiovascular tissue in
cases of atherosclerosis or various stenoses. Our work aims to gain a better understanding of the
behavior of PEGylated, peptide-coated superparamagnetic iron oxide nanoparticles (SPIONSs) in a
biologically-relevant high-protein environment (50% serum). We first determined that specific
binding to HA occurs at significantly higher rates than non-specific binding in the absence of
serum protein. We then examined nanoparticle interactions with serum proteins, including
determination of the relative quantities of protein in the hard vs. soft protein corona. Finally, we
examined specific and non-specific binding of targeted SPIONs in 50% serum, and determined
that targeted binding may still occur with significant (p < 0.05) selectivity. We hypothesize that
this may be because the nature of the binding interactions between the peptides and the HA are, by
definition, less specific than the protein-protein interactions required for nanoparticles to bind to
specific cells or cell features. These results suggest that these targeted SPIONs may be further
developed for use in early detection of heart diseases such as atherosclerosis and aortic stenosis.

Graphical Abstract
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Introduction

Nanomedical materials, whether for therapeutic or diagnostic use, are often intended to
target and impact a specific tissue or location /7 vivo. To this end, several methods of
chemically functionalizing nanoparticle surfaces, thereby targeting them to specific cells or
tissues, have been developed. These methods include attachment of biological or
biologically-derived molecules to the nanoparticle surface, including antibodies, peptides,
and aptamers intended to interact with specific proteins.1~® For some applications (e.g.
cancer treatment) these specific interactions may be intended to cause uptake of drug-
carrying nanoparticles into cells via receptor-mediated endocytosis.59 For other applications
(e.g. disease detection) it is simply necessary for the interaction between the targeting
moiety and the target to cause association of the nanoparticle with the disease target.10-11
These targeting methods have shown high rates of success in vitro, however, they have often
failed in vivo.1214

One of the primary causes of this /n vivo failure is the formation of the so-called protein
corona that occurs almost instantaneously upon exposure of nanoparticles to protein-rich
media such as blood serum.1>-17 |t has been established that the composition of the protein
corona in terms of protein type, concentration, and conformation varies depending on the
specific surface functionalization of the nanoparticles,1819 and can define their biological
fate including their biodistribution, cellular uptake, and immune response.2921 Additionally,
the presence of the corona can block targeting moieties from interacting with their targets,
causing a loss of targeting efficiency.22:23 Previous results in the literature indicate that the
protein corona can inhibit the targeting capability of nanoparticles by as much as 94%, even
in a solution that is only 10% serum.22 Furthermore, it has been established that the protein
corona consists of two layers: (1) the hard corona close to the nanoparticle surface,
comprised of higher affinity proteins that may irreversibly bind to nanoparticles, and (2) the
soft corona formed by loosely affiliated, lower affinity proteins that are reversibly bound and
may exchange over time with proteins in the surrounding solution.24:25 It has been
hypothesized that the hard protein corona, which is both closer to the nanoparticle surface
and more tightly associated, may have a greater impact on nanoparticle targeting
capabilities.20.26
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To prevent deposition of serum proteins, nanoparticles are commonly coated in an
antibiofouling layer such as poly(ethylene glycol) (PEG).27-28 PEG is thought to display
good resistance against nonspecific protein adsorption in large part due to its extensive
formation of hydrogen bonds with surrounding water.2® However, recent findings have
suggested that protein adsorption to the nanoparticle surface occurs even in nanoparticles
that have been coated in PEG.39:31 Studies show that, even at low concentrations of serum
(10%), protein deposition still occurs onto PEGylated nanoparticle surfaces.32 Given that
blood is comprised of approximately 50-55% protein-rich serum, this would present some
obvious problems in the /n vivo environment.

Alternative strategies to maintain cell-targeting abilities of nanoparticles in a protein-rich
environment have emerged in recent years.13:33.34 Most of these strategies aim to address the
problem of the protein corona in order to still allow cellular uptake of nanoparticles, thus
facilitating drug delivery for applications including cancer treatment. Cellular uptake of
nanoparticles often requires specific protein-protein or peptide-protein interactions to occur.
33536 These interactions are highly susceptible to blockage by the protein corona. However,
the effect of the protein corona, and various strategies for circumnavigating this effect, have
not been so thoroughly investigated for other applications or other targeting strategies that
do not require cellular uptake. Targeting of non-protein disease features, for example, has
not been examined at all.

One such non-protein disease feature is hydroxyapatite (HA). HA is a non-organic calcium
phosphate crystal and a major component of bone. It is also a prominent disease feature in a
variety of cardiovascular diseases, including aortic stenosis and atherosclerosis.37-38 In both
aortic stenosis as well as atherosclerosis, the deposition of HA in vascular or valve tissues —
where there is no such mineral in non-diseased tissue — is well-documented, even in early
disease stages.3” Thus, detection of HA in cardiovascular tissue could serve as an early
marker for disease detection, and nanoparticles targeted to HA could aid in the early
detection and assessment of cardiovascular disease.

To test the ability of nanoparticles targeted to a non-protein disease feature to maintain
specific targeting capabilities even in the presence of serum proteins, we conjugated two
different HA-binding peptides to superparamagnetic iron oxide nanoparticles (SPIONS).
SPIONs were selected as the core of the nanoparticle because of their well-documented
usage as magnetic resonance imaging (MRI) contrast agents. Because of their
superparamagnetic nature, SPIONSs are able to act to enhance contrast in To-weighted MR
images.3940 SPIONSs have been extensively researched over the past decades as MRI
contrast agents for a variety of biomedical applications.394142

SPIONs conjugated to a Hydroxyapatite Binding Peptide (HABP), identified via ribosome
display and previously characterized,*3 were tested in parallel with SPIONs conjugated to
OPN, a highly-phosphorylated peptide derived from the bone-binding protein osteopontin.4
We assessed the specific and non-specific binding of these functionalized SPIONSs in sodium
phosphate buffer before characterizing the interaction of the nanoparticles with serum
proteins in a 50% serum environment, to more accurately imitate the protein-rich /in vivo
environment than similar studies using 5-10% serum. We additionally assessed some
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characteristics of the protein corona of the particles such as the quantity of protein in the
hard vs. soft corona to develop a better understanding of factors that may influence the
ability of nanoparticles in general to bind to their targets in the presence of serum proteins.

Our findings demonstrated that, while our peptide-coated SPIONs show substantial
interactions with serum proteins and the immediate development of a protein corona, the
majority of the observed interactions with serum proteins are loose associations (i.e., part of
a soft corona). This has allowed these peptide-linked SPIONSs to maintain successful binding
to their target even in the presence of serum. We hypothesize that this is due to the primarily
charge-based interaction between the targeting peptides and HA, 4344 which may help to
avoid some of the typical problems observed with relying on specific protein-protein
interactions to allow for targeted binding in high-protein environments. This work has
implications in the selection of targets for future work on targeted nanoparticles, in addition
to offering proof-of-concept that these HA-targeted SPIONs may have utility in the detection
of heart disease due to their superparamagnetic nature and the well-documented use of
SPIONs for MRI contrast.

Materials and Methods

Materials

Iron tri(acetylacetonate), 1,2-tetradecanediol, oleic acid, oleylamine, dibenzyl ether, citric
acid, diethyl ether, 2-methoxyethylamine, N-(3- Dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC), N-Hydroxysuccinimide (NHS), 1,2-
dichlorobenzene, and N,N’-dimethylformamide are all purchased from Sigma-Aldrich (St.
Louis, Missouri). The LIVE/DEAD Assay kit was purchased from ThermoFisher Scientific
(Rockford, Illinois). Human Umbilical Cord Vascular Endothelial Cells (HUVECSs) were
acquired from Lonza (Portsmouth, New Hampshire). Where it was purchased, HA powder
was also purchased from Sigma-Aldrich (St. Louis, Missouri). All functionalized PEG
reagents are obtained from Nanocs (Boston, Massachusetts). Slide-A-Lyzer dialysis
cassettes are acquired from Thermo Scientific (Rockford, Illinois). Fetal Bovine serum is
obtained from Hyclone (Logan, Utah). Media used to culture cells in these experiments is
also obtained from Lonza (Portsmouth, New Hampshire).

Iron oxide particle synthesis and surface modification

Oleic acid-coated iron oxide nanoparticles are synthesized via high-temperature thermal
decomposition as previously described.*® Briefly, the following reagents are mixed and
stirred magnetically under nitrogen flow: 2mmol iron(l1l) tri(acetylacetonate), 20mmol 1,2-
tetradecanediol, 6mmol oleic acid, 6mmol oleylamine, and benzyl ether. The resulting
nanoparticles are precipitated in excess ethanol and pulled down using a magnet. The
precipitated particles are washed with ethanol, dissolved in hexane, and centrifuged to
remove aggregates. The SPIONs, which at this point are oleic acid-coated, are dried in a
vacuum oven.

A ligand exchange is performed to replace oleic acid with citric acid. Oleic acid-coated
nanoparticles and citric acid are dissolved in a 1:1 mixture of dichlorobenzene and N,N-
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dimethylformamide. The mixture is heated to 100°C and left stirring for 24 hours. Citric
acid-coated nanoparticles (CA-SPIONS) are precipitated in diethyl ether and washed with
acetone and diethyl ether before drying in a vacuum oven.

CA-SPIONs are further coated with a layer of bifunctionalized poly(ethylene glycol) (PEG)
using a protocol similar to those previously described.#>46 CA-SPIONS are dissolved in pH
9 sodium phosphate buffer. N-hydroxysuccinimide ester (NHS) and 1-ethyl-3-(3-
dimethylaminoproply) carbodiimide (EDC) are agitated for 24 hours at room temperature
with amine-terminated PEG. PEG was added at a 1:4 molar ratio of NH»-PEG3.4k-
iodoacetyl to NH,-PEG2k. The resulting PEGylated SPIONSs are purified by dialysis.
SPIONs not functionalized to bind to HA are PEGylated with a 1:4 molar ratio of NH,-
MPEG3.4k to NH,-mPEG2k.

Two different HA-binding peptides are purchased from Peptide 2.0 (Chantilly, Virginia). HA
Binding Peptide (HABP — SVSVGMKPSPRPGGGKC) and an osteopontin-derived peptide
(OPN - DDVDD(pT)DD(pS)HQ(pS)DEC) are linked to SPIONSs via an iodoacetyl-thiol
interaction to produce either HABP-SPIONs or OPN-SPIONs. Peptides are added to
iodoacetyl-PEG-SPION solutions in appropriate concentrations to target the addition of 25
peptide residues per SPION. Peptide addition reactions are allowed to run overnight at 4°C,
and conjugated particles are purified from excess peptide by dialysis against deionized water
at 4°C.

A schematic of the overall SPION functionalization process can be seen in Figure 1 below.

LIVE/DEAD Assay

A LIVE/DEAD assay is performed to assess potential cytotoxicity of functionalized
SPIONSs. Briefly, HUVECs are cultured as recommended on tissue-coated plastic. When
cells are visibly confluent, enough SPION solution to reach a concentration of 100 parts per
million (ppm) is diluted in standard cell media and added to the HUVECs. SPIONs are
incubated with cells at 37°C for 2 hours. Cells are rinsed with sterile PBS and stained as
proscribed in the LIVE/DEAD kit protocol, with optimal concentrations of 1uM Calcein
AM and 2uM Ethidium homodimer-1 having been previously determined in other HUVEC
samples. Cells are imaged on an Olympus 1X81 microscope equipped with the appropriate
fluorescent filters. Live and dead cells are quantified using ImageJ, and subsequent statistical
analysis is performed in R.

Dynamic Light Scattering, Zeta Potential, BCA Assay Characterization, and TEM

The size and zeta potential of HA-SPIONSs are measured via dynamic light scattering (DLS)
in pH 9 sodium phosphate buffer. All measurements are made with a 90Plus Dynamic Light
Scattering Analyzer (Brookhaven Instruments) at a 90° detection angle. All samples are
diluted 10x before measurement, as it has been previously indicated that high SPION
concentrations may impact DLS readings.4” DLS measures the impact of nanoparticle
movement on light scattered through a solution of small nanoparticles, and from these
measurements, the size of the particles causing light to scatter can be inferred. DLS results
are output from the instrument in the form of a histogram or a correlation function (data not
shown).#8-51The bicinchoninic acid assay (BCA assay) is used to quantify success of
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peptide addition to SPIONSs. For the BCA, each peptide (HABP or OPN) is used to construct
a calibration curve rather than the much-larger bovine serum albumin provided, in order to
obtain a more accurate measurement of the quantity of peptide present.

The shape and size of the SPIONs are examined on a JEOL 2100 (200 kV) transmission
electron microscope (Tokyo, Japan). The samples are prepared by placing a few drops of
nanoparticle suspension onto a standard carbon-coated copper grid and then drying at
ambient conditions. The TEM images are processed in ImageJ (NIH) to determine particle
size and size distribution.

MR Measurements

The R2 relaxivity of the SPIONs at 3 Tesla was determined by imaging tubes with DI water
plus concentrations from 0 to 100ppm of HABP-, OPN-, or PEG-SPIONs with a clinical
MR imager (GE Signa HDx).

T2 measurements were obtained with a previously-described multi-echo three-dimensional
Carr-Purcell-Meiboom-Gill sequence with modifications to alleviate stimulated and indirect
echoes, thereby enabling accurate T2 quantitation.2-54 Data was acquired using this
sequence at 16 equispaced echo times with TE ranging from 7.7 to 123 ms. Other sequence
parameters were TR = 1.2sec, 1mm slice thickness, 68 slice phase encodes, and 96 x 96
matrix over a 7 cm field-of-view. A mono-exponential signal decay model (!(#$) = *( LA
where sthe measured signal and *( the proton density) was fitted to the signal measured in
regions-of-interest placed in the center of each tube using a non-negative least squares
routine implemented in MATLAB (version R2016b, Natick, MA), thereby providing an
estimate of the relaxation rate for each SPION at each concentration. R2 relaxivity was
subsequenctly determined from the linear fit of relaxation rate vs. SPION concentration for
each type of SPION using Excel.

In Vitro Binding Tests in Sodium Phosphate Buffer

HA-SPIONSs are shaken at room temperature (RT) for 30 minutes with HA in Costar Spin-X
centrifuge tube filters over a range of HA quantities (0-200mg). After incubation, all
samples are centrifuged at 3000 rpm for 3 minutes. The absorbance of the filtrate is
measured at 510nm to determine the relative percentage of particles bound to the HA.
Particles bound to HA do not successfully pass through the filter, while unbound particles
pass through easily. These experiments are repeated over a range of pH values (7.1-7.8).

The specificity of HA-SPION binding to HA is tested by comparing results from HA
binding tests with results from experiments testing off-target binding to cholesterol,
collagen, fibrin, fibrinogen, and human vascular endothelial cells (HUVECS). A collagen-
coated six-well plate is used to test off-target HA-SPION binding to collagen, fibrin, and
fibrinogen. For both the fibrin and fibrinogen gels, fibrinogen (Bovine plasma, Sigma-
Aldrich) in pH 7.1 sodium phosphate buffer is incubated at RT for 10 minutes to allow
binding to the collagen surface coating. Thrombin in PBS (Bovine plasma, Sigma-Aldrich)
is used to crosslink fibrinogen into a fibrin gel for 1 hour. For the HA-coated plates, a
protocol similar to that developed by de Bruyn et a/. is adapted:>® in short, two working
solutions are prepared (12mM CaCl, and 7.5mM Na,HPO,), and are added in appropriate
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ratios to stoichiometrically yield 25mg of HA (Ca;g(PO4)s(OH)) upon full conversion of
the salt components to a crystalline form. These solutions are mixed and allowed to dry on
top of the fibrin gels, producing a thin HA coating that effectively adheres to the plate. All
wells are washed twice with buffer and allowed to dry under vacuum.

When the wells have dried, a 10x diluted SPION solution is added to each well and
incubated for 30 minutes at RT. After incubation, samples are pulled from each well and
filtered through a 0.2um filter. The absorbance of each sample is measured at 510 nhm and
compared to the absorbance of prepared samples of known SPION concentration or quantity
to assess the number of SPIONSs present after binding has been allowed to occur.

To test HA-SPION binding to cholesterol, one well of a tissue culture-treated six-well plate
is filled with cholesterol in ethanol solution, and the ethanol is allowed to completely
evaporate. After incubation, samples are pulled from each well and filtered through a 0.2um
filter. The absorbance of each sample is measured at 510 nm and compared to the
absorbance of prepared samples of known SPION concentration or quantity to assess the
number of SPIONSs present after binding has been allowed to occur.

To test binding against HUVECSs, the cells are cultured at recommended conditions in 6-well
plates. After a week in culture, cells are pre-incubated at 4°C for 10 minutes to halt
endosomal trafficking. 50pL of an HA-SPION solution is added to each well of the 6-well
plate, and plates are incubated at 4°C for 30 minutes. Absorbance at 510nm is measured for
samples of the media taken after incubation to determine the percentage of HA-SPIONSs that
remain in solution and do not adhere to HUVECs.

SPION binding to Serum Proteins

HABP-SPIONs, OPN-SPIONs, and PEG-SPIONS are each mixed 1:9 with a 50% fetal
bovine serum (Hyclone) solution. The solution is transferred to a cuvette and allowed to sit
at room temperature for 24 hours. DLS measurements are taken at specific time points (0
and 30 minutes, 1, 2, 4, 8, 12, and 24 hours) to observe any alterations in effective diameter
of the SPIONSs. These results are compared with samples that have been incubated similarly
with DI water. These experiments are repeated without a 24-hour incubation at various pH
levels (6-9).

To assess the amount of protein that is bound to the SPIONs, HABP-SPIONs, OPN-SPIONSs,
and PEG-SPIONSs are each mixed 1:9 with 50% serum solution and incubated at room
temperature for two hours. None of the prepared solutions show visible signs of aggregation.
All particles are washed by centrifugation 3x to remove unbound serum proteins (179009 for
30 min at 4°C) and resuspended in 200cL of DI water. DI water was chosen as a diluent and
resuspension agent in these studies because the presence of salt can screen the repulsion
between nanoparticles and induce aggregation;8 for these studies, it was important to limit
aggregation as much as possible during resuspension, in order to obtain an accurate final
assessment of the final number of proteins per particle after all wash steps. Samples are
removed after each washing step for subsequent measurement using the BCA assay, where
they are compared to samples incubated in DI water as a control. Aliquots of samples
incubated with either 50% serum or DI water and washed 3x are mixed 4:1 with Laemmli
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sample buffer and boiled in water for 5 minutes. These samples are loaded on a 4-20% Tris-
glycine gel in Laemmli running buffer and resolved at 150V for 50 minutes at room
temperature. After electrophoresis, the gel is fixed with 10% v/v acetic acid and 30% v/v
ethanol for at least 30 minutes and stained with silver nitrate stain (Pierce) according to the
manufacturer’s protocol. The stained gel is scanned using a VersaDoc Scanner from Bio Rad
and the scanned image is imported into ImageJ and cropped.

In Vitro Binding Tests in Serum

Serum absorbs light at ~510nm, so an orthogonal method is used to measure SPION binding
to specific surfaces in serum, although the protocol remains identical aside from the method
of measurement. To coat plates in cholesterol, wells of a tissue culture-treated six-well plate
are filled with 25mg cholesterol in ethanol solution, and the ethanol is allowed to completely
evaporate. To coat plates in collagen, fibrin, fibrinogen, and HA, a collagen-coated six-well
plate is used. For both the fibrin and fibrinogen gels, 25mg fibrinogen (Bovine plasma,
Sigma-Aldrich) in DI water is incubated at room temperature for 10 minutes to allow
binding to the collagen surface coating. Thrombin in PBS (Bovine plasma, Sigma-Aldrich)
is used to crosslink the fibrinogen into a fibrin gel for 1 hour. To further add a layer of
crystalline HA, the same protocol as previously described is used. All wells are washed
twice with buffer and allowed to dry under vacuum.

Each coated well is incubated in a 50% fetal bovine serum solution for 30 minutes, while
functionalized SPIONs (HABP-SPIONs, OPN-SPIONs, PEG-SPIONs, and CA-SPIONS)
are simultaneously incubated at room temperature for 30 minutes. Serum is removed from
the wells, and the SPIONs are diluted 1:9 in a 50% serum solution and incubated on the
coated wells for 30 minutes at room temperature. After incubation, the SPION solutions are
removed and wells are washed with DI water. SPIONs that remain bound are stained with a
Prussian Blue stain for 35 minutes. Wells are rinsed again, allowed to dry under vacuum, and
imaged on an Axiovert S100 microscope. To quantify the number of particles remaining,
these images are compared to images of these same, identically-produced surfaces with
known quantities of nanoparticles deposited on the surfaces. For example, fibrin surfaces
with known quantities of PEG-SPIONs deposited onto the surface were used to act as a
“calibration curve” for experimental samples of PEG-SPIONs deposited onto fibrin surfaces.
From this information for all unique combinations of functionalized SPIONSs and surfaces,
the number of particles (as a function of the “image darkness” due to the stain) can be
estimated. Image greyscale analysis is performed in ImageJ.

Results and Discussion

We successfully fabricated nanoparticles engineered to have both stealth and targeting
properties. SPIONs with a core size of ~10nm were used, as confirmed by TEM (Figure 1B).
This core size was selected to reflect the size of SPIONSs that are typically developed for MR
applications in the literature.57~5% SPIONs are often grouped into three categories based on
their size: (1) standard SPIONs (5-180nm), (2) ultrasmall SPIONs (10-50nm), and (3) very
small SPIONSs (<10nm).80 The 10nm core size was chosen because the most commonly used
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MRI agents are ultrasmall SPIONs; subsequent to all coating steps described below, our
SPIONSs with a core size of ~10nm remain categorized as “ultrasmall.”>8

SPIONs produced by high-temperature thermal decompaosition are coated in oleic acid
(Figure 1A), which is highly hydrophobic. A ligand exchange was performed with citric acid
to produce hydrophilic SPION cores (CA-SPIONSs) that can be further functionalized by
well-characterized methods utilizing the large number of available carboxylic acid residues
present on the modified SPION surface. CA-SPIONSs are further functionalized with PEG.
PEG is purported to aid in making these “stealth” nanoparticles by preventing protein
deposition and therefore recognition by the immune system.27-2% However, these claims
have been refuted or confounded by many recent studies showing that proteins present in
blood or serum bind to PEGylated nanoparticles.30:31 Nevertheless, PEG was used in this
study in part to create a more neutral surface that could be compared with the more highly
charged (anionic) peptide-coated particles. PEGylated SPIONs coated with a mono-
functionalized PEG (a 4:1 ratio of mMPEG2k — NH, and mPEG3.4k — NH5) were used as a
control in studies related to serum protein adsorption. SPIONSs to which targeting moieties
were added were coated with hetero-bifunctionalized PEG (a 4:1 ratio of mMPEG2k — NH,
and iodoacetyl - PEG3.4k — NH>) to allow for later attachment of peptides via covalent
iodoacetyl-thiol interactions. Two peptides were selected for testing, as they were expected
to have widely different properties. Ribosome-derived HABP is a synthetic peptide that, in
addition to binding to HA, may show some binding to metallic surfaces.5? OPN is a highly-
phosphorylated peptide that has been derived from osteopontin, a bone-binding sialoprotein
that plays roles in biomineralization, bone remodeling, and various immune functions.52-64
Although both of these peptides bind to HA, their differing properties in terms of amino acid
composition and origin (i.e. synthetic vs. biologically-derived) may mean that they have
different properties in terms of interactions with serum proteins.

As expected, TEM images of HABP- and OPN-SPIONSs did not show any significant
difference in size from the uncoated SPIONs (data not shown). PEG is known to be highly
radiation sensitive, and will thus evaporate rapidly in the TEM beam. TEM measurements of
the core were captured to ascertain the specific core size, which is challenging using
dynamic light scattering (DLS); SPION cores must be modified with citric acid to be soluble
in water, and therefore the cores alone are not suitably measured with DLS, where particles
must be in solution. However, while TEM is able to accurately image particle cores, the
process of preparing samples for TEM can be destructive, and imaging of both a polymer
layer and a protein coating is not often observed in SPION literature as a method for
obtaining useful particle size information in solution.55-68 For these reasons, DLS, zeta
potential measurements, and the BCA assay were chosen to assess the success of SPION
functionalization (see below).

A LIVE/DEAD assay was performed to examine the cytotoxicity of various functionalized
SPIONs (Figure 1C). HUVECs were chosen for these studies because SPIONs entering the
body via injection are most likely to encounter endothelial cells. After incubation with
various functionalized SPIONs, samples that had been incubated with HABP-, OPN-, and
PEG-SPIONSs did not show significantly higher rates of cell death than control samples (p >
0.05). These studies confirm what has been previously shown in the literature: that polymer-
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coated and functionalized SPIONs are not cytotoxic, and are generally safe for biological
use at physiologically-relevant concentrations.#6:69.70

Successful coating of SPIONs with citric acid, PEG, and desired peptides was confirmed by
DLS results, zeta potential measurements, and the BCA assay (Table 1). CA-SPIONSs are
expected to be the smallest in size, with size increasing at every step of functionalization.
Additionally, CA-SPIONs are expected to be highly negatively charged due to the presence
of multiple carboxylic acid residues around the core. PEGylated SPIONSs are expected to
have a zeta potential closer to neutral, which was confirmed (Table 1). Successful
conjugation of either peptide (ribosome-display derived HABP or osteopontin-derived OPN)
was confirmed via the BCA assay. BCA assay results yield a peptide concentration value for
a given solution of peptide-coated SPIONS; this peptide concentration, along with the
measured quantity of SPIONSs in the solution, is used to calculate the approximate number of
peptides per SPION. There should be no BCA assay signal present at all in samples to which
peptides have not been bound covalently; this was observed in these studies. Because the
conjugation reaction was performed to target 25 peptides per SPION, we are able to
calculate from these results an approximate reaction efficiency and approximate number of
peptides conjugated per SPION. BCA assay results after peptide addition indicated a 72%
reaction efficiency for the addition of HABP to SPIONSs (~18 peptides/SPION) and a 92%
reaction efficiency for the addition of OPN to SPIONSs (~23 peptides/SPION).

It can be observed that the effective diameter of CA-SPIONs as measured by DLS is larger
than the effective diameter of OA-SPIONSs as measured by TEM. This was somewhat
expected, as the CA coating of the particle is hydrophilic and therefore likely to associate
with water molecules, making the “wet” particles observed via DLS larger in size than the
“dry” particles obsereved via TEM. Similar results were observed by Liao, et al.”:72 An
additional factor that may contribute to this observed difference is that DLS measures
effective diameter, which includes associated ions as well as water molecules; as these
measurements were carried out in pH 9 phosphate buffer, it is likely that there are also ions
associated with the nanoparticles.

The T2 relaxivities of HABP-, OPN-, and PEG-SPIONs were evaluated via MR to ensure
that they generated measurable signal (Figure 2). Since SPIONSs are a negative contrast
agent, it is expected that samples will appear darker at increasing concentrations as
measured in parts per million (ppm). This was observed across all samples. All
functionalized SPIONs generated an MR signal in the range of previous results measuring
the MR signal of functionalized SPIONSs, although the intensity of the signal did vary with
different surface functionalizations.#6.73 This, too, is unsurprising, given previous results.
46,73 These studies confirm that HABP-, OPN-, and PEG-SPIONS as generated in these
studies can act as MR contrast agents.

Functionalized SPION binding to HA was evaluated in sodium phosphate buffer via an /in
vitro assay developed for this purpose. HA-targeted SPIONSs, coated with either HABP or
OPN, bind to HA in centrifugal filter tubes in a dose-dependent manner as expected — e.g.
the solution in the tube farthest to the left (Omg of HA) is much darker in color than the
solution in the tube farthest to the right (200mg HA), indicating that fewer nanoparticles
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remain unbound and in solution with increasing quantities of HA (Figure 3, A and B).
HABP-SPIONSs appear to bind in significantly (p < 0.05) higher quantities than OPN-
SPIONs to comparable amounts of HA at lower quantities of HA. Notably, however, both
HA-targeted SPIONSs bind to <200mg of HA, which is a physiologically relevant quantity in
cardiovascular disease.37:74

For the studies in Figure 3B, powdered HA was purchased from Sigma. It was observed that
this purchased form of HA did not lead to issues with the centrifugal filtration used for these
experiments. Equal flow of liquid through the filter upon centrifugation was observed in all
samples (Figure 3A); only the quantity of nanoparticles, assessed via an absorbance assay,
differed. On the other hand, HA as formed by evaporation of mixed calcium and phosphate
solutions did lead to issues with filtration in the centrifugal filter tubes, but not in the syringe
filters (data not shown). Therefore, for Figure 3C, the evaporation method was preferred, as
this method is more likely to produce the mix of crystalline HA and amorphous, insoluble
calcium phosphate that is more reflective of what may be found biologically.”>7® It has been
suggested that both HABP and OPN binding to HA is charge-mediated.434477 Therefore,
HABP- and OPN-SPION binding to HA was assessed in sodium phosphate buffer at
different pH levels (Supporting Information, Figure S1). The pH levels of 7.1, 7.4, and 7.8
were selected because they are physiologically relevant; pH levels in this range can be
detected close to plaques in atherosclerotic disease.’® The different pH levels tested did not
significantly impact HABP- or OPN-SPION binding to HA in terms of binding quantity;
however, higher pH levels did appear to lead to more variability in binding strength of
SPIONSs to HA.

In addition, SPIONSs suspended in sodium-phosphate buffer do not bind to other
biologically-relevant off-target molecules (Figure 3C). These experiments were performed
by coating the surface of cell culture plates in biologically-relevant substances (cholesterol,
collagen, fibrinogen, fibrin, or HUVECS) and allowing binding to occur. For these studies,
all surfaces (including HA) were fabricated such that there were ~25mg (as close as possible
to this target) of each material present for binding tests. For HUVECS, these studies were
performed once HUVECSs reached confluence. The number of SPIONs was determined by
comparing the absorbance of the filtrate to the absorbance of solutions with known
quantities of nanoparticles. This method was chosen to account for any potential differences
in the starting concentrations of the various nanoparticle solutions used. Although both
HABP- and OPN-SPIONS do demonstrate some binding to off-target surfaces, low levels of
non-specific interactions are to be expected. Binding to HA in this experimental setup occurs
significantly more than binding to off-target surfaces (p 0.05); binding occurs at least 5.23x
the rate that binding to off-target surfaces occurs for HABP-SPIONSs, and 4.28x for OPN-
SPIONs. These results demonstrate that, as expected, both HABP- and OPN-SPIONs bind
specifically to HA in vitroin the absence of serum.

However, like most if not all other nanoparticles, these functionalized nanoparticles also
demonstrate binding to serum proteins. To assess this, PEG-SPIONs as well as HABP-
SPIONs and OPN-SPIONSs were incubated with a 50% fetal bovine serum solution for 24
hours, and compared with SPIONs incubated in DI water to observe differences in apparent
diameter that would indicate association with serum proteins. Serum was chosen as it is
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commonly used in nanoparticle work to assess the formation of a protein corona and
targeted binding in the presence of proteins.”%-81 Thus, these studies are more readily
comparable to previous work. However, many previous studies have been performed in
lower concentrations of serum (e.g. 5-10%); to better assess the impact of a more
biologically-relevant quantity of protein, we chose to use 50% serum.

In assessing size, a variety of particle diameters even within a single sample was expected
due to slight differences in SPION shape and surface functionalization of different individual
particles. TEM imaging may be unable to capture the full range and variability of particle
diameters or properties present. DLS studies, on the other hand, are non-destructive, can be
performed on the same set of samples multiple times, and capture a somewhat wider
snapshot of particle properties. In addition, DLS studies assess the behavior of particles in
solution, which is of higher biological relevance than samples that have undergone
preparation for TEM. It was therefore determined that, for the purposes of these studies,
effective diameter data as measured via DLS would be of more use in obtaining information
about functionalized SPION behavior in solution than TEM.

For these experiments, PEG-SPIONSs were tested in addition to HA-targeted SPIONs in
order to evaluate whether the effects shown were due specifically to the presence of the
peptides. Results indicate that HABP-, OPN-, and PEG-SPIONSs all associate with serum
proteins immediately upon incubation. Samples developed an apparent protein corona as
soon as serum was added to the nanoparticle solution. This corona did not significantly (p >
0.05) alter in size over 24 hours in any case (Figure 4). These effective diameter
measurements include both the hard corona closer to the SPIONs themselves as well as the
more loosely-associated soft corona. There were observed differences in the size of the
associated protein corona depending on the SPION coating. HABP-SPIONs exhibited the
largest effective diameter, indicating either larger proteins are preferentially binding, more
proteins are bound, or more aggregation is occurring. This may, in part, be due to the
synthetic nature of the peptide, which, as its sequence was determined by ribosome display,
is unlikely to have biological analogs. On the other hand, OPN-SPIONs, with their peptide
sequence based on a common biological protein, have the smallest effective diameter,
potentially indicating that fewer serum proteins tend to be associated with these particles, or
that less aggregation occurs. Despite the fact that PEG is intended to prevent deposition of
serum proteins, PEG-SPIONSs also demonstrate a substantial (~3x) alteration in effective
diameter. This indicates that serum proteins do adhere to or associate with PEGylated
SPIONSs, as has been previously reported by other groups.3%:31The fact that the protein
corona does not substantially alter in size over the course of 24 hours does not necessarily
indicate that it remains constant. It is well accepted that the nanoparticle corona is made up
of a “hard” corona that consists of tightly bound proteins that unlikely to change
significantly in composition over time, and a “soft” corona that consists of proteins that are
associated with low affinity that may readily adsorb and desorb over time.

To better understand the protein corona of HABP-, OPN-, and PEG-SPIONSs, several follow-
up experiments were performed. Firstly, it was determined that formation of this protein
corona around HABP-, OPN-, and PEG-SPIONs does not seem to be dependent on pH
(Supporting Information, Figures S2 and S3). For these experiments, the pH of a 50% serum
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solution was altered over a broad range (pH 6-9), and functionalized SPIONs were added to
each solution. The effective diameters and zeta potentials of each SPION sample were
analyzed by DLS. Diameters were normalized to the effective diameter of that particular
functionalized SPION at a pH of 7.4, i.e. the pH of unaltered 50% serum solution. If the
observable (via DLS) protein corona were the result of specific and strong binding
interactions, it is likely that such large alterations in pH would disrupt these interactions, and
a change in the size of the protein corona or the resulting zeta potential would be observed.
However, altering the pH of the 50% serum solution did not appear to significantly impact
the effective diameter of SPION samples (p > 0.05), indicating that the measured or
observable protein corona is likely to be a result of non-specific and therefore weaker
binding interactions.

Subsequently, SPIONs were incubated for different amounts of time (0 minutes, 30 minutes,
and 2 hours) with 50% serum and subjected to 3 wash steps via centrifugation (Figure 5).
These times were selected for their clinical relevance; patients may be administered a
contrast agent some time prior to clinical MR, but that time does not typically exceed 2
hours.82:83 Proteins still associated with the nanoparticles after 3 washes are considered to
be tightly associated (i.e., part of a “hard” corona), while those that are removed with wash
steps are considered to be more loosely associated (i.e., part of a “soft” corona). Samples
were taken after each wash, and the BCA assay was used to determine the amount of protein
that remained associated with the particles. In all cases, the amount of associated protein
was significantly reduced (p < 0.05, reduction by at least 10.78x with no incubation, at least
3.26x with 30 minutes of incubation, and at least 2.82x with 2 hours of incubation) after just
one wash, with additional subsequent reductions observed across all experiments (Figure 5).

Notably, these results corroborate some of the findings from Figure 4; specifically, that the
association of serum proteins with all SPIONs occurs immediately upon mixing of the
nanoparticles with serum. Additionally, these results support previous literature,
demonstrating that PEGylated particles do show reduced protein association in comparison
to SPIONSs with attached peptide prior to any performed washes. However, after 3 washes,
PEGylated SPION samples that have been incubated in 50% serum for 0 or 30 minutes show
increased protein in comparison to HABP- and OPN-SPIONs (for no incubation in
comparison to OPN-SPIONs, and 30 minutes incubation with both HABP- and OPN-
SPIONS, this difference is significant, with p < 0.05). This indicates that, while there may be
less of a “soft” protein corona associated with PEGylated particles, there is an increased
protein presence in the “hard” protein corona; barely any protein remains associated with
HABP- or OPN-SPIONSs after 3 washes for samples that have been incubated for 0 or 30
minutes.

As might be expected, samples that had been incubated for 2 hours showed an increased
level of protein in the hard corona in comparison to samples that were incubated for 0 and
30 minutes (Figure 5C). There were statistically significant (p < 0.05) differences in the
amount of protein per particle left after 3 washes for HABP- as well as OPN-SPIONs that
had been incubated for 0 and 30 minutes in comparison to those that had been incubated for
2 hours. However, the amount of protein in the hard corona for PEGylated samples does not
change significantly (p > 0.05). This may suggest an ultimately decreased targeting
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efficiency in peptide-coated SPIONs upon longer incubation with serum. For applications in
which continued targeting capabilities after 2 hours are important (e.g. drug delivery), it may
be necessary or beneficial to assess the hard vs. soft protein corona after longer incubations
in a 50% serum solution.

The protein corona of HABP-, OPN-, and PEG-SPIONSs after 3 washes was qualitatively
examined by SDS-PAGE gel electrophoresis followed by silver nitrate staining (Figure 6).
These results were compared to samples that had not been incubated with serum (Figure
6A). The darkness of the banding of the PEGylated SPION samples (Figure 5B, C, and D,
rightmost well) in comparison to all other samples reflects, in part, the increased number of
PEGylated SPIONSs that were successfully pelleted with each was step. Qualitatively,
PEGylated SPIONs formed a pellet more readily than HABP- and OPN-SPIONS, and were
more difficult to resuspend in water with each wash. This is likely the result of some degree
of hydrophobic interactions between PEG chains, which are known to have some
hydrophobic character, and is best reflected in Figure 5.84 The results in Figure 4 are
normalized for the number of particles remaining in solution; this is likely why the SDS-
PAGE results appear to show a much higher quantity of proteins adsorbed to PEGylated
samples, while that trend is not reflected in the actual quantification in Figure 5C.

Beyond this, it is possible to qualitatively observe some differences between preferentially
adsorbed proteins to HABP-, OPN-, and PEGylated SPIONSs, both within a single gel, and
between gels. Replicate gels were run, and showed similar results (data not shown). The
differences within a gel are to be expected; it is likely that different proteins will
preferentially adsorb to different surface functionalizations. Many previous studies have
confirmed that different surface functionalizations yield an ultimately different protein
corona composition.8%:86 The observed differences between gels make sense, given that
previous results in the literature have found that, with incubation, loosely associated proteins
close to the nanoparticle may be replaced by different proteins that more preferentially
associate with a given surface functionalization.28 These observations may also help to
elucidate one of the trends observed in Figure 5; that is, differences may develop in the hard
corona over time as this preferential association occurs, leading to an increased number of
proteins ultimately left after the wash steps in Figure 5C in comparison to Figure 5A. The
gels additionally appear to show that there is a higher amount of protein across comparable
wells with longer incubation times as observed in Figure 5; i.e. the HABP-SPION well gets
darker from 6A to 6B, and from 6B to 6C.

Approximate molecular weights of some of the clearer bands have been indicated in Figure
6, based on a ladder run as a control (not shown). Previous research of the common
components in the protein corona of other SPIONS evaluated in FBS has generated lists of
proteins commonly found in these hard corona.8® The types of protein associated with each
particle were not further assessed, as these experiments were performed in 50% fetal bovine
serum, and specific protein analysis may not be comparable or relevant for medical
applications in humans. Additionally, it has been shown that factors such as shear stress
(which would be experienced by SPIONSs in circulation) contribute to observed differences
in the protein corona formed on PEGylated particles.8” Because of this, and the matrix
chosen, it was determined that assessing the exact composition of the corona would not yield
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physiologically relevant results for these particles. Further studies would be needed to assess
targeted binding both in human serum as well as under flow conditions; yet even these
studies would not fully recapitulate the /n vivo environment.

Finally, binding of HABP-, OPN-, and PEG-SPIONSs both to HA as well as off-target
surfaces was evaluated in 50% serum (Figure 7). For these studies, standard optical
microscopy was used rather than SEM or TEM in order to get a better sense of the bulk
properties of the SPION solutions as they interacted with each surface, rather than obtaining
images of the precise interaction of individual particles with the surfaces. It was anticipated
that this approach would yield a more accurate quantification of the bulk trends by enabling
the imaging and quantification of a much larger proportion of each surface. Additionally, the
preparation process required by SEM or TEM would likely destroy the somewhat delicate
gel-like nature of several of the sample surfaces (in particular, fibrin and HA), thus
preventing observation of the binding /n situ.

Despite the fact that HABP- and OPN-SPIONs exhibit binding to serum proteins, they still
demonstrate targeted binding to HA. Binding to HA occurred at a rate that was 5.97x greater
than binding to any off-target surface for HABP-SPIONs, and 4.00x greater for OPN-
SPIONs. Off-target surfaces that were evaluated included: cholesterol, collagen, fibrin, and
fibrinogen. HUVECSs were not tested in the experiments due to concerns that a rapid
increase in environmental serum concentrations would impact membrane transport of the
cells due to a rapid change in environmental osmolarity.88:89 For these studies, PEG-SPIONs
as well as CA-SPIONs were evaluated as negative controls to ensure that any binding trends
observed in the targeted SPIONs were due to the presence of the peptide. Because CA-
SPIONSs, like HABP-and OPN-SPIONS, carry a negative surface charge, these results would
indicate that it is not merely the presence of a negative surface charge that causes the
targeted binding of HABP-and OPN-SPIONSs to HA, although charge may certainly play a
role.

Because HA needed to be coated on a fibrin layer to successfully stick to the plates, and
because both HABP- and OPN-SPIONs did exhibit some off-target binding to fibrin, it is
likely that some of the particles in the HA wells were bound to fibrin rather than HA.
However, the observed binding results for fibrin occur when the particles are interacting
directly with an unaltered fibrin surface, not with a fibrin surface that has been blocked by a
crystalline HA layer. Therefore, the vast majority of observed binding to HA was likely to
the HA itself, with a small contribution from the underlying fibrin layer.

The pre-incubation of HA with serum as described should allow for interactions between
HA and serum proteins - such as the formation of an associated corona - to occur. The
formation of a layer of serum proteins on HA may be interesting to quantify or characterize
as part of further work, but was beyond the scope of these studies. Unlike SPIONs, which
are injected into the body at a given time and perform their function (MRI contrast) within a
specified amount of time after injection, HA is already in the body. Thus, the timing of the
formation of a corona around HA is somewhat irrelevant, and of less interest than the time-
dependent formation of the corona around the SPIONS.
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One notable observation of the results in Figure 7B in comparison to earlier binding studies
(Figure 3C) is that the variability of targeted and non-targeted SPION binding in serum
appears to be much greater than the variability in sodium phosphate buffer. For example, in
serum, between 0 — 3.43 x 1012 HABP-SPIONS bind to fibrin; in sodium phosphate buffer,
that range is 0.62 x 1012 — 1.33 x 1012, In serum, between 0 — 4.27 x 1012 OPN-SPIONSs
bind to fibrin; in sodium phosphate buffer, that range is 1.22 x 1012 - 1.46 x 1012.This is
perhaps unsurprising. However, even with this variability, binding of HABP- and OPN-
SPIONs to HA was still significantly greater than off-target binding (p < 0.05). With the
fairly high error, it can be observed that both HABP- as well as OPN-SPION binding to HA
occurs at rates that are comparable to those in Figure 3C, despite the orthogonal method of
measurement used. The apparent off-target binding of PEG-SPIONs and CA-SPIONs to
cholesterol was unexpected, but is evident in microscopic images as well as the quantitative
data. It is hypothesized that this binding may be due to the hydrophobic and crystalline
nature of the deposited cholesterol. Similar results have been reported previously for
cyclodextrin-coated nanoparticles.?%-21 For diseases such as atherosclerosis, it may be worth
further examining the interaction between PEGylated or CA-coated nanoparticles and
cholesterol in the future.

Conclusions

In conclusion, the serum protein interactions of two peptide-coated SPIONs are evaluated
and compared with the serum protein interactions of PEGylated particles. HABP- and OPN-
SPIONs, while both found to interact with serums proteins, have less tightly-attached protein
than PEGylated SPIONSs with short (<2 hour) exposure times to serum. These particles are
also still able to bind to their target surface, hydroxyapatite, potentially in part due to the
somewhat non-specific nature of the target interaction when compared with protein-protein
interactions. These results indicate that the selection of a non-protein disease target, where
possible, may aid in minimizing the impact of the protein corona on nanoparticle binding
specificity in a protein-rich environment. Further experiments will continue to assess the
viability of these promising peptide-coated SPIONSs as contrast agents for the detection of
cardiovascular disease.
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Figure 1:

(A) Schematic of particle fabrication and functionalization. A ligand exchange is performed
on magnetic SPION cores coated in oleic acid to produce SPIONs coated in citric acid (CA-
SPIONS), and citric acid coated SPIONs are PEGylated using EDC/NHS chemistry.
Targeting peptides HABP and OPN are added via an iodoacetyl/thiol interaction between
iodoacetyl-PEG and peptides with cysteine residues. TEM images of ~10nm SPION cores.
SPION core sizes were quantified in ImageJ, which yielded an average core size of 9.39

+ 0.98nm (mean + standard deviation). (C) Results from a LIVE/DEAD assay indicating
that HABP-, OPN-, and PEG-SPIONSs do not show higher rates of cell death after incubation
than a control sample incubated without nanoparticles.
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Figure 2:
(A) T2-weighted MRI (3 Tesla) of saline solutions containing HABP-, OPN -, and PEG-

SPIONSs at different concentrations (ppm) exhibits decreasing signal intensity with
increasing concentration for all 3 types of SPION (i.e., the color of each tube gets darker
with increasing ppm). (B) The loss in signal intensity with increasing concentration is a
consequence of the high R2 relaxivities of HABP-, OPN-, and PEG-SPIONSs determined
from the relaxation rate of each sample measured from MR images like those in (A) but
acquired at multiple echo times. Error bars shown are standard error in the calculated slope.
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Figure 3:

(A) Binding of HABP SPIONs to HA. From left to right, tubes contain 0, 5, 10, 25, 50, 100,
and 200mg of HA.. After filtration of the HA, the concentration of SPIONs remaining in the
tubes is visibly different depending on the amount of HA in each tube — higher quantities of
HA result in fewer particles remaining unbound. (B) Quantification of SPION binding from
samples bound in the same setup as that illustrated in (A). Generally, 50mg of HA was
sufficient to fully bind 9.5 x 1013 HABP-SPIONS, and 7.7 x 1013 OPN-SPIONSs. (C)
Quantification of HABP- and OPN-SPION binding to various biologically-relevant surfaces.
HA-targeted SPIONSs bind significantly more to HA than to other surfaces tested, although
some degree of off-target binding did occur. Error bars are standard deviation; n=3.
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Figure 4:

Fold change in nanoparticle size over time in a 50% serum solution. Effective nanoparticle
diameter would include the nanoparticles in addition to any tightly associated and loosely
associated proteins (i.e. both the hard and the soft protein corona). (A) HABP-SPIONSs, (B)
OPN-SPIONSs, and (C) PEG-SPIONs were all tested under identical conditions. Both
targeted (HABP- and OPN-SPIONs) and non-targeted (PEG-SPIONS) bind to proteins in
serum, as evidenced by changes in effective particle diameter upon exposure to 50% serum.
The protein corona that develops around all 3 functionalized SPIONSs tested does not appear
to alter significantly over the course of a 24-hour incubation. HABP-SPIONSs appear to
accumulate the largest protein corona, while OPN-SPIONSs have the smallest. Despite the
intended anti-biofouling function of PEG, PEG-SPIONSs do still appear to accumulate a
protein corona in 50% serum. Error bars are standard deviation; n = 3.
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Figure5:
Soft and hard protein corona measured as mg of associated protein per particle after

incubation in a 50% serum solution for (A) 0 minutes, (B) 30 minutes, and (C) 2 hours,
followed by 3 wash steps via centrifugation and resuspension in DI water. Protein associated
with the particles with no wash steps is considered to be part of the soft corona; protein
associated with the particles after 3 washes is considered to be part of the hard corona. Error
bars are standard deviation; n=3.
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Figure6:
SDS-PAGE gels stained with silver nitrate. (A) Samples (HABP-, OPN-, and PEG-SPIONSs,

respectively) that were not incubated with serum. Wells in (B), (C), and (D) are samples
(HABP-, OPN-, and PEG-SPIONSs in each well, respectively) that were incubated with
serum, washed 3x with water by centrifugation, and then mixed with an SDS-based running
buffer and boiled to denature any protein remaining attached to the particles. Differences
between wells reflect differences in which proteins may have preferentially adsorbed to
different surface functionalizations; differences between gels reflect potential differences in
the hard protein corona with longer incubations times. Samples were incubated with serum
for: (B) 0 minutes, (C) 30 minutes, and (D) 2 hours prior to beginning the wash steps.
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Figure 7:
(A) Images taken at 20x of Prussian-Blue stained SPIONs bound to different surfaces to

observe specific vs. non-specific binding. (B) Quantification of multiple runs of binding
assays (n = 3) demonstrate that both HABP- and OPN-SPIONs bind at significantly higher
rates to HA than other biologically relevant surfaces, while PEG-SPIONs and CA-SPIONs
do not bind significantly to HA. PEG-SPIONs and CA-SPIONs exhibit significant off-target
binding to cholesterol, potentially due to the hydrophobic nature of the cholesterol surface.
All surfaces were fabricated such that ~25mg of each material is present for testing against
each type of nanoparticle.

ACS Appl Nano Mater. Author manuscript; available in PMC 2019 December 20.

Coating
CA
PEG
HABP
OPN



1duosnuey Joyiny

Meisel et al. Page 30

Table 1:

DLS and zeta potential measurements of SPIONs at various stages of fabrication indicate success of
functionalization. As expected, particle size increases with the addition of each surface modification.
Additionally, zeta potential changes reflect the change in surface groups at each stage. Data presented as mean
of 3 independent runs of particle fabrication.

Fabrication Effective Diameter | Zeta Potential (mV)
Stage (nm)
CA-SPIONs 13.2 -35.1
PEG-SPIONs 19.2 -11.4
HABP-SPIONs 20.5 -30.8
OPN-SPIONs 25.1 -31.3
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