Open Access Article. Published on 21 April 2020. Downloaded on 12/5/2025 5:00:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
Advances

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: Nanoscale Adv., 2020, 2,
2429

Received 20th December 2019
Accepted 17th April 2020

DOI: 10.1039/c9na00793n

The role of human serum and solution chemistry in
fibrinogen peptide—nanoparticle interactionst

Angela Zapata, 2 Mai-Loan Nguyen, ©2 Caleb Ling, ©?2 Jacqueline Rogers, &2
Sangeetha Domiano,? Clive Hayzelden @° and Korin E. Wheeler & *2

In living systems, the biomolecules that coat nanoparticles (NPs) alter the NP biological identity and
response. Although some biomolecules are more effective in mediating NP stability or biological fate, it
is difficult to monitor an individual biomolecule within the complexity of the biota. To understand the
dependence of protein—NP interactions on common variations in blood, we have evaluated binding
between silica NPs and a model gamma-fibrinogen (GF) peptide. Fibrinogen is commonly identified
within the protein corona fingerprint of human serum, but its abundance on the NP varies. To assess the
relative importance of human serum and solution conditions, GF peptide and silica NP interactions were
evaluated with and without serum across various pH, NaCl concentrations, and glucose concentrations.
Initial evaluation of the GF peptide and silica NP complexes using circular dichroism and dynamic light
scattering show little change in the secondary structure of the peptide and no significant agglomeration
of NPs, suggesting peptide—NP complexes are stable across study conditions. Fluorescence anisotropy
was used to monitor GF peptide—NP binding. Both with and without serum, binding constants for the
gamma-fibrinogen peptide vary significantly upon addition of diluted HS (1:500) and 29 mM sodium
chloride. Yet,
comparatively insensitive to physiologically relevant pH changes and dramatic increases in glucose

results indicated that gamma-fibrinogen binding interactions with silica NPs are

concentrations. Results highlight the importance of blood chemistries, which vary across individuals and

rsc.li/nanoscale-advances

Introduction

Many powerful biomedical tools and techniques rely on nano-
technology, including targeted drug delivery, cancer therapies,
imaging devices, and diagnostics. For those applications where
nanoparticles (NPs) interact directly with living systems or
biological fluids, interactions of NPs with biomolecules must be
considered as NPs readily adsorb a coating of biomolecules.'*
In biological fluids such as blood, this coating is dominated by
proteins and is often referred to as the protein corona.*” The
protein corona confers a new biological identity on the NPs and
mediates biological response to the NPs, including cell uptake,
immune response, pharmacokinetics, biodistribution, thera-
peutic efficacy, and toxicity.*'® A complete understanding of
protein corona populations and evolution in the body will
expedite the transition of NPs into clinical settings.****>

There are many factors that influence the NP protein corona,
including NP biophysical features, solution conditions, and the
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disease states, in mediating protein corona formation.

features of the biomolecules present in solution. In clinical
settings, this complicates application of our understanding of
protein coronas formed under laboratory conditions to coronas
formed in living systems.*'**> For example, individuals with
diseases or at different stages of life have altered blood chem-
istries, including varied metabolites and protein expressions.
Wide variation of protein coronas across individuals, coined
“personalized protein coronas”,"*** has been confirmed by
proteomic approaches.”** Additionally, molecular dynamics
simulations at the atomic level show that metabolites including
glucose and cholesterol can mediate the profiles of fibrinogen
adsorption at the NP surface.”

Minor variations in the corona, or even in an individual
protein at the surface of a particle, can alter recognition and
cellular uptake of the NP.**'>'¢ Studies of the protein corona
range from identification and quantification of the dozens to
hundreds of proteins within the corona to evaluation of indi-
vidual protein-NP interactions at the atomic or molecular level.
Full characterization of the corona elucidates the characteristics
of a population, but insights into an individual protein of
interest, outside of quantification, require creative and chal-
lenging approaches. On the other hand, characterization of
individual protein-NP interactions typically provides atomic-
level insights but sacrifices the true biological complexity of
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a physiological corona. Thus, there is a need for approaches to
monitor a protein of interest across expected variations in the
personalized protein corona, which can only be assessed in the
presence of true biochemical complexity.

To assess the role of the complexity of the human serum (HS)
protein corona and solution chemistry in mediating binding of
a peptide to NPs, we employ fluorescence anisotropy. A small
fluorescent molecule, when excited with plane-polarized light,
emits light that is largely depolarized because the molecule
tumbles rapidly in solution during its fluorescent lifetime.
However, when bound by a larger biomolecule or colloid, the
effective volume is increased, rotation is slowed, and measured
anisotropy will increase. Although fluorescence anisotropy has
long been used for screening, evaluation of drug candidates and
mechanisms of action,'”* it has yet to be applied to protein-NP
interactions. A related technique, fluorescence correlation
spectroscopy, has been used to evaluate the dynamic nature of
the NP protein corona and monitor intracellular dynamics.”**
Fluorescence anisotropy, however, is more readily available,
requires less costly instrumentation, and can be performed in
96 well-plates for a higher throughput approach.' Here we use
fluorescence anisotropy to obtain insight into the interactions
between a fluorophore-labeled peptide and NPs. Since only the
peptide has a fluorescent label, a Langmuir adsorption
isotherm can be obtained even in the presence of the other
biomolecules in solution, such as those found in HS.

The ease of peptide synthesis and modification means that
peptide-NP studies have served to establish an understanding
of the biophysical principles behind biomolecular interactions
with NPs.>?*?* Moreover, peptide-coated NPs are valuable
biomedical tools for drug delivery, uptake, imaging, and
labeling.*® In the present study, we focus on a gamma-
fibrinogen (GF) peptide interacting with silica particles.
Fibrinogen is one of the most abundant blood proteins and
consistently appears in characterizations of protein corona
populations formed from blood proteins across a variety of NPs,
including silica, gold, and silver.>*?” Due to its role in blood
clotting and the immune system, fibrinogen-NP interactions
have also received significant attention in studies of single
proteins interacting with NPs.”’*' Beyond the physiological

Table 1 Solution conditions evaluated in this study
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relevance, the GF peptide (sequence: YSMKETTMKIIPFNRLSIG)
is an easily modified model biomolecule to evaluate biophysical
properties that mediate NP interactions.

We focus on silica NPs because of their increasing popularity
in biomedical applications including molecular imaging, drug
delivery, and other biomedical assays.>***-** Silica NPs are well-
studied in reaction with blood proteins***” and provide a broad
platform with flexible silanization chemistries for functionali-
zation.”>*® Peptides are often applied to silica NPs to not only
increase NP stability, but also enhance biomedical applications,
such as increasing cell penetration.?” In studies of silica NPs —
peptide interactions, NP size and functionalization mediate
binding, as do the peptide biophysical properties.”>****** A
comparison of positively, negatively, and neutrally charged
peptides identifies electrostatic, hydrophobic, and hydrogen
bonding interactions at the aqueous silica interface.***"** These
interactions are dominated by electrostatics as the silica NP size
increases.”> Notably, however, experimental measurements
tend to assess averages across individual peptide configura-
tions. More detailed modeling and NMR studies find that in
some cases even carboxylic acid groups can participate in
binding to silica.*®

Here-in, we characterize GF peptide interactions with silica
NPs across an array of solution conditions, including diluted
HS, varying concentrations of sodium chloride, glucose, and
blood pHs (Table 1). The pH range chosen here is narrow, but
captures the blood pH range of healthy adults, which is tightly
regulated between 7.35-7.45.* Similarly, the concentrations of
sodium chloride reflect those in blood, but we chose to also test
lower concentrations to assess the effects of sodium chloride in
the interaction. Both pH and sodium chloride concentrations
have demonstrated effects on peptide-silica NP systems. As
previously noted, the low isoelectric point of silica NPs and
surface siloxide groups enable interactions via positively
charged amino acids and via hydrogen bonding.****** Thus,
changes in pH that disrupt or charge H-bonds are expected to
alter binding,?*** while increases in sodium chloride may shield
charged interactions and weaken peptide-silica NP
complexes.>**® On the other hand, the glucose concentrations
we chose to study are higher than physiological relevance to

Physiological condition Experimental parameter

Rationale

pH
Human serum (HS)

7.2,7.4,7.6
500x diluted

NaCl

Glucose 0.5M,1M

2430 | Nanoscale Adv., 2020, 2, 2429-2440

0.29 mM, 29 mM, 145 mM

Capture range of blood pH in healthy adults
Representative of bloodstream environment
Concentration chosen: HS diluted for data
collection

Solute in blood

Concentrations chosen: highest concentration
represents levels in blood. Lowest concentration
represents that in a 500x dilution of HS

Solute in blood

Concentrations chosen: blood glucose levels are
in the 4-7 mM range for a healthy adult.
Concentrations here are significantly higher to
test binding model limits

This journal is © The Royal Society of Chemistry 2020
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push the limits and evaluate whether glucose concentrations
altered binding. To assess the role of HS in mediating GF
peptide-NP interactions, each solution variation was repeated
in the presence of diluted HS as well. Neither glucose nor HS
has been previously studied for mediation of peptide-silica NP
interactions. Together, results further understanding of
peptide-silica NP interaction, while parsing features of physi-
ologically relevant solution conditions that mediate binding.

Results and discussion

First, we characterized changes in the secondary structure of the
GF peptide and stability of the 50 nm silica NPs to gain insight
into changes to structure, agglomeration, and NP surface
charges. Finally, binding interactions across solution condi-
tions were measured using fluorescence anisotropy, including
a diluted solution of human serum.

GF peptide secondary structural changes

To assess GF peptide secondary structural changes upon
interaction with silica NPs, the GF peptide was characterized
with circular dichroism (CD) spectroscopy (Fig. 1). CD spectra
collected for GF peptide in buffer and with NPs are nearly
identical in shape and intensity, suggesting the peptide
undergoes little to no change in structure upon NP addition.
This minimal change in peptide structure upon interaction with
silica NPs is consistent with previous studies,> with the
exception of known aggregation prone peptides.” When spectra
of the GF peptide with NPs are collected in solutions with
increased sodium chloride, the spectra again overlap to indicate
no structural perturbations. Because sodium chloride disrupts
ellipticity (A < 200 nm),* the high concentration sodium chlo-
ride samples (29 mM NaCl) show increased noise. Similarly,

----- GF Peptide

—— GF Peptide and NPs

— - - = GF Peptide and NPs in 0.29 mM NacCl
----- GF Peptide and NPs in 29 mM NacCl

Ellipticity (millidegrees)

-10

T T T T T T T T
190 200 210 220 230 240 250 260
Wavelength (nm)
Fig. 1 Circular dichroism spectra of GF peptide in various buffer
conditions. All solutions were prepared with 25 uM in 5 mM phosphate
buffer, pH 7.4 with additional sodium chloride, as noted. Displayed

spectra are from one experiment representative of a total of three
experiment datasets.

This journal is © The Royal Society of Chemistry 2020
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glucose is optically active and, although GF peptide spectra
were collected with NPs in glucose, the glucose overshadowed
any GF peptide spectra.

Nanoparticle agglomeration

Dynamic light scattering (DLS) was used to measure effective
hydrodynamic diameter and polydispersity values for NPs
across solution conditions in both the presence and absence of
GF peptide and/or HS (Table 2, with size distribution graphs in
Fig. S.17). Notably, the GF peptide increases the NP hydrody-
namic diameter by roughly 1 nm, which is within the range of
error. This minimal increase in hydrodynamic diameter with
the addition of GF peptide is consistently true across solution
environments, including the addition of sodium chloride and
glucose, but not HS (vide infra). Since the GF peptide is quite
small, a monolayer of peptide is not likely to give a measurable
hydrodynamic diameter increase. These results are consistent
with previous studies noting that NP coverage with a single type
of protein or peptide is typically a monolayer.***” Specifically,
several other peptides studied in reaction with silica NPs of
various sizes and surface functionalities also showed monolayer
or submonolayer coverage.*

By comparing effective hydrodynamic diameter and poly-
dispersity measurements for NPs across conditions in the
presence of diluted HS, it is clear that addition of HS caused
a more significant increase in hydrodynamic diameter. Average
hydrodynamic diameter increased as much as 29 nm for silica
NPs in matrices with HS and glucose or sodium chloride
(72.8 nm in 5 mM sodium phosphate buffer, pH 7.4 vs.
101.7 nm with the addition of 29 mM NaCl and diluted HS).
This increased hydrodynamic radius is not surprising given the
increased protein load from HS. Not only does HS include larger
proteins that increase the size of the corona, but it can also form
several protein layers at the NP surface.”® In contrast to NP
coatings with a single type of protein or peptide, protein
coronas with a diversity of biomolecules are often multilayer.*®
Although HS-driven NP agglomeration could also increase
hydrodynamic diameter, the size distribution graphs show only
minor peak shifts and broadening, but no evidence of a larger
agglomerated population. Rather, the silica NPs appear well
dispersed and increases in diameter are more likely due to
formation of a protein corona.

Intriguingly, the diameter for this same sample (29 mM NaCl
with diluted HS) is nearly 12 nm smaller upon addition of GF
peptide. It is possible that the addition of GF peptide slightly
disperses the HS protein corona in the presence of higher
sodium chloride concentrations, but confirmation of this
theory would require additional experiments.

Polydispersity, which relates to the tendency of particles to
agglomerate in solution, provides an insight on how the phys-
iochemical properties of the peptide or protein corona alters
particle-to-particle interactions. The majority of samples
showed narrow size distributions with polydispersities between
0.032-0.08. This is consistent with more detailed size distribu-
tion graphs (Fig. S.1t1), where the majority of samples are
monodisperse. Particles with HS protein coronas were slightly

Nanoscale Adv, 2020, 2, 2429-2440 | 2431


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00793h

Open Access Article. Published on 21 April 2020. Downloaded on 12/5/2025 5:00:31 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

View Article Online

Paper

Table 2 Hydrodynamic diameter and polydispersity values for silica NP without GF peptide (top) and with GF peptide (bottom, shaded) across
various agueous solutions. All samples made in 5 mM sodium phosphate buffer, pH 7.4 with additional solutes as listed. Samples were incubated
for 2 h to allow time to equilibrate, matching the equilibration period for the corresponding fluorescence anisotropy experiments. Average values
are reported from 2 measurement replicates of 2 assay replicates (n = 4 total). Results were analyzed with a 1-way ANOVA and Tukey Test.

Groupings of datasets with significant p-values marked with (*)

Hydrodynamic diameter, nm Polydispersity
Matrix Ave % RSD Ave % RSD
Silica NP Buffer 72.8 0.85 0.073 10
0.29 mM NacCl 73.3 0.46 0.068 7.6
29 mM NacCl 73.4 1.4 0.062 21
1 M glucose 74.5 0.60 0.052 17
0.29 mM NaCl + HS 79.1%* 1.3 0.079 3.0
29 mM NaCl + HS 101.7** 2.6 0.17 31
1 M glucose + HS 82.0%** 1.1 0.084 5.9
Silica NP with GF peptide Buffer 73.7 0.62 0.049 9.6
0.29 mM NaCl 73.8 0.71 0.053 13
29 mM NacCl 73.5 0.60 0.032 12
1 M glucose 73.8 0.69 0.070 4.7
0.29 mM NaCl + HS 77.9% 2.0 0.080 12
29 mM NacCl + HS 89.8%** 0.51 0.11 16
1 M glucose + HS 82.1%** 1.4 0.098 8.3

more monodisperse than their uncoated counterparts, indi-
cating that the protein coronas enhance particle stability. Only
a few show a secondary peak suggestive of a small population of
agglomerated NPs. These polydisperse samples include silica
NPs with HS and 29 mM NacCl. The broadest distributions were
observed for samples containing HS and 29 mM sodium chlo-
ride. This is consistent with reduced charge repulsion at high
ionic strength, which decreases electrostatic repulsion between
particles, enabling NP agglomeration.*

To ensure the silica NPs remained intact in the presence of
GF peptide and HS, the NPs were imaged with a Field Emission
Scanning Electron Microscope (FESEM). Images reveal no
significant differences in size, shape, or agglomeration of NPs
in the presence of GF peptide and/or HS (Fig. 2). The NP size
distributions were similar across conditions and had a median
diameter of about 50 nm for all samples. In conjunction with
the DLS results, this suggests that the NPs retain their usual
structure and stability following reaction with the GF peptide
and HS protein corona formation.

Nanoparticle zeta potential

The NP surface charge in each solution also provides insight
into NP transformation upon GF peptide or HS corona forma-
tion, while informing mechanisms of GF peptide interaction
with NPs (Fig. 3). Zeta potentials for silica NPs are uniformly
negative around neutral pH due to the deprotonation of the
silanol groups.**® The exact zeta potential for a given silica NP,
however, is dependent on size®* and solution conditions, like
pH. Given the narrow pH range of blood, expected changes in
zeta potential are negligible. All studies were performed in low
concentrations of phosphate buffer. Although other nano-
particles, like titanium dioxide, bind phosphate at their
surfaces,*>** there is no indication that silica NPs do the same.
The negatively charged siloxides and hydrophobic siloxanes at

2432 | Nanoscale Adv, 2020, 2, 2429-2440

the silica NP surface likely deter phosphate binding. Thus, it is
quite common to use phosphate in silica NP studies, especially
due to the physiological relevance of the buffer.

Across solution conditions, there is no considerable differ-
ence between the zeta potentials for NPs with and without GF
peptide (within error). This remains true as 0.29 mM sodium
chloride and 1 M glucose were added to solution. An increase to
29 mM sodium chloride shifted the zeta potential less negative,
suggesting a charge shielding effect of the solutes.

Addition of HS, however, resulted in significantly less nega-
tive zeta potentials for NPs across all solutions with or without
GF peptide present. Although also generally negatively charged,
proteins in HS have a more heterogeneously charged surface,
which explains the less negative zeta potential. Strikingly, the
HS coated NPs all have a similar zeta potential (25-33 mV),
independent of solution condition, suggesting a uniform
coating of HS across conditions.

Fluorescence anisotropy

Given that GF peptide and silica NPs are stable upon interaction
in all tested solution conditions, more detailed binding studies
become possible. To enable fluorescence anisotropy methods
for binding, the GF peptide was labeled with a fluorophore.
Then, silica NPs were titrated into solutions of the fluorescently
labeled GF peptide (Fig. 4). In addition to measuring GF
peptide-NP binding across different solutions that include
sodium chloride, glucose, and HS, we chose to also test a small
range of physiologically relevant blood pHs for a healthy adult,
including pH 7.2, 7.4, and 7.6. Since blood pH is tightly regu-
lated in healthy adults between 7.35-7.45, this range is slightly
beyond physiological relevance for blood.*

Importantly, fluorescence anisotropy can be performed in
the presence of a complex mixture of other biomolecules. To
test this, titrations were repeated across all solution conditions

This journal is © The Royal Society of Chemistry 2020
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Fig.2 FESEM images of silica NPs with a nominal diameter of 50 nm mixed 1 : 1 with (a) 5 mM phosphate buffer, (b) 5 mM phosphate buffer with
HS diluted 1 : 500, (c) 5 mM phosphate buffer with 2.5 uM GF peptide, and (d) 5 mM phosphate buffer with 2.5 uM GF peptide and HS diluted
1:500. FESEM images were recorded at an original electron-optical magnification of 1000 kX, and for all images a 100 nm scale bar is shown.
Inset: distributions of minimum Feret diameters of silica NPs. Distributions generated from composite representative images containing =250
NPs. Particles identified and sized by Imaged with ParticleSizer. Log-normal distribution fit produced by ParticleSizer.
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Fig.3 Zeta potential for NPs with and without GF peptide measured in
the presence and absence of HS. All samples made in 5 mM phosphate
buffer, pH 7.4 with additional solutes as listed.

in the presence of diluted HS (a 1 : 500 dilution). Of course this
is not a measure of the full impact of HS addition on GF
peptide-NP interactions, but it is a low enough concentration of

This journal is © The Royal Society of Chemistry 2020

HS to ensure the titration curves fit well the Langmuir adsorp-
tion isotherm model (vide infra) and provided a comparison for
the effects of the various solution conditions with and without
HS. To assess the possibility that the GF peptide interacts with
HS, which would interfere with the peptide-NP binding curves,
we titrated HS into the GF peptide and found that there was no
change in anisotropy across the titration. Thus, the titration of
NP into GF peptide and HS solely measures the GF peptide-NP
interactions, rather than peptide-HS protein interactions
(Fig. S.27).

All titration curves (except at 145 mM NacCl) fit well to
a Langmuir adsorption isotherm model (full fit parameters in
Table S.11), which has been used previously for protein-NP
interaction studies.** ¢ All samples were reproducible and gave
strong fits (+* values = 0.989-0.999, average % RSD < 5%
calculated from the individual % RSD of each curve, n = 4
trials). The Langmuir isotherm includes several assumptions.
First, it assumes homogeneous binding of single or sub-
monolayer coverage.®” The hydrodynamic diameter results from
DLS are consistent with monolayer, or less, coverage of GF
peptide on silica NPs. Although HS increased the hydrodynamic
diameter of NPs, the addition of GF peptide to this complex
surface did not, suggesting the GF peptide is not forming
multilayers atop the HS corona. In addition, the Langmuir

Nanoscale Adv., 2020, 2, 2429-2440 | 2433
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Fig.4 Fluorescence anisotropy binding curves for GF peptide titrated into silica NPs across solution conditions. All solutions were made in 5 mM
phosphate buffer pH 7.4, except for the pH study solutions (pH 7.2 and 7.6). All binding curves include the titration of NPs into GF peptide within
a solution of 5 mM phosphate buffer as a control to compare changes due to solution conditions. Confidence and prediction intervals (95%) are

also displayed as shaded areas around each fitted curve.

isotherm assumes reversible binding and full equilibration on
the experimental timescale.®® The assumption that the GF
peptide binds in a monolayer and reversibly to silica NPs is
consistent with previous peptide-silica NP studies.?*?***°
Experiments were designed to ensure samples were fully
equilibrated by collecting data after a 2 h incubation. Fluores-
cence anisotropy measurements at shorter time points proved
noisier (Fig. S.21).

Dissociation binding constants (Ky) result from the Lang-
muir isotherm fits (Fig. 5). The dissociation constants for silica
NP-GF peptide interactions are broadly in the range of many
common blood proteins interacting with NPs with negative
surface coatings.***® More specifically, the dissociation binding
constants reported here are similar to other peptide-silica NP

2434 | Nanoscale Adv, 2020, 2, 2429-2440

systems.”*” In fact, the Lacl fusion peptides have 19 nM
dissociation constants, aligned with GF peptide (charge at pH
7.4 =1.2).>* Yet, protein and peptide dissociation constants vary
significantly. In part, this is due to variations in solution
conditions, but also because peptide and NP size, composition,
and charge mediate the interaction. Although the results appear
consistent with previous reports, the use of a fluorescence
detection method requires a fluorophore, which can influence
interactions. By choosing a fluorophore with no charge or
reactive/binding functional groups,*® a significantly smaller size
than the peptide, and an N-terminal placement, we aimed to
minimize interference from the fluorophore. Although this
fluorophore does not interfere with oligomer formation in other
peptides,’® we cannot rule out potential influence.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Dissociation binding constants from Langmuir adsorption
isotherm fits to GF peptide—silica NP titrations across solution
conditions with and without HS. Bars with the same letter indicate their
means are not significantly different from each other as indicated by
a Tukey post hoc test. Due to the failure to meet assumptions of the
ANOVA tests and shared similarity of other conditions, the differences
between groups a and b for the dissociation constants are not treated
as truly significant.

Unfortunately, no other methods are available to assess
peptide-NP interaction in HS. A comparison of titration results
across samples can still provide insight into mechanisms of GF
peptide-silica NP interaction.

A two-way ANOVA was used to assess statistically significant
differences in dissociation binding constants across samples.
Differences in pH (7.2-7.6), a minor increase in sodium chloride
(0.29 mM), and addition of glucose up to 1 M do not signifi-
cantly alter the GF peptide-NP binding constant. Although this
pH range is beyond physiological relevance for healthy human
blood, tumor microenvironments can have a pH as low as
6.2,*>*” where pH may more significantly alter binding. Notably,
the glucose concentrations evaluated here are well beyond those
in blood, which are in the low mM range (up to 25 mM). Since
no discriminate effect was seen in this low range; experiments
were performed at significantly higher concentrations to push
the limits in the system. We are confident, then, that the minor
variations in pH within healthy human blood and any physio-
logically relevant concentration of glucose would not alter GF
peptide-silica NP interactions. Notably, however, physiologi-
cally relevant pH ranges can vary more, e.g. lysosomes (pH 4.5-
5.5), endosomes (pH 6.5), or a tumor microenvironment (pH
6.5-6.9). Across this broader pH range, the charge of the peptide
and zeta potential of the silica NPs** will vary and likely alter the
interaction.

The addition of HS, even at a 1 : 500 dilution, significantly
increases the Ky across all solution conditions. The minor
changes in pH, sodium chloride concentrations (0.29 mM), and
glucose are again insignificant even in the presence of HS. As
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HS concentrations increase toward physiologically relevant
conditions, the GF peptide-NP would be further weakened. We
speculate that this weakened binding is due to either compe-
tition at the NP surface, or weakened electrostatic interactions
due to the decreased negative charge of the NP with an HS
protein corona (as indicated by zeta potential measurements).

Within the study conditions, the addition of sodium chloride
at the highest concentrations (29 mM) studied results in the
greatest change in dissociation constant at five times higher
than in buffer alone. This change is so significant, it renders the
addition of diluted HS insignificant, as the ANOVA analysis
groups the 29 mM NaCl samples with and without HS together.
Increasing sodium chloride concentrations increases ionic
strength and shields electrostatic interactions. The weakened
binding as sodium chloride concentrations increase is indica-
tive of an electrostatic peptide-NP interaction.*® Zeta potential
results clearly indicated the silica NP is negatively charged.
The GF peptide did not significantly shift the zeta potential; yet
the one arginine and two lysines in the peptide sequence, as
opposed to only one negative glutamate, indicate the peptide is
slightly positively charged (calculated charge at pH 7.4 = 1.8).
Although anisotropy techniques do not provide detailed insight
into the binding mechanism, these results, combined, are
consistent with other studies of similar peptides binding to
silica NPs via positively charged amino acids and hydrogen
bonds'24,39—41

In these fluorescence anisotropy binding studies, measur-
able dissociation constants were obtained at HS concentra-
tions 500x lower and sodium chloride concentrations 5x
lower than that in the bloodstream of a healthy adult.
Although we studied binding at more typical physiological
sodium chloride concentrations, 145 mM, the binding profile
no longer conforms to a Langmuir adsorption model. More-
over, in solutions containing HS, binding completely breaks
down. Although the addition of HS was insignificant by
comparison to the sodium chloride effects under study
conditions, the 29 mM concentration of sodium chloride is an
order of magnitude closer than to true concentrations blood
than the test concentrations of HS (at a 1 : 500 dilution). The
interaction between GF peptide-NP will surely be weaker in
physiologically relevant concentrations of HS and sodium
chloride and, further, the more dramatic increase in HS
concentration will likely weaken the interaction more than the
increase in sodium chloride.

Conclusion

Fluorescence anisotropy enables evaluation of the interaction
between GF peptides and silica NPs across solution condi-
tions. Full characterization of silica NPs with and without the
GF peptide reveals that both are structurally sound and stable
through the interaction and across solution conditions,
which suggests that the changes in fluorescence anisotropy
signal in the binding assay are solely due to GF peptide
adsorption. Data fit well to a Langmuir adsorption isotherm,
suggesting the binding interaction is reversible and results in
a single or submonolayer coverage of the silica NPs. Results
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indicate the GF peptide, which is slightly positive at pH 7.4,
and silica NPs have an electrostatic interaction via charged
amino acids or H-bonding, which weakens with the addition
of sodium chloride. Although anisotropy techniques do not
provide detailed insight into the binding mechanism, these
results, combined, are consistent with other studies of similar
peptides binding to silica NPs via positively charged amino
acids and hydrogen bonds.>***"** Silica NP charge and surface
curvature change with size,”® suggesting that these results
may also vary with silica NP size and surface coating.

Because the fluorescent probe is only on the GF peptide,
fluorescence anisotropy allowed us to also monitor the GF
peptide silica NP interaction within the complexity of HS, a yet
unexplored parameter. The addition of just a 1:500 diluted
solution of HS increases the dissociation constant by a factor of
3.5, while also decreasing the overall GF peptide load on the NP.
This weakened adsorption is either due to competition for the
silica surface, or simply due to an increase in the zeta potential
of the silica NPs upon addition of HS. At physiologically relevant
concentrations of HS, we anticipate further weakening of the
interaction and potential displacement of the GF peptide from
the surface of the silica NPs entirely.

Reaction conditions were chosen to reflect physiologically
relevant conditions within the human bloodstream. Variations
in pH, sodium chloride, and glucose levels can be found across
individuals or even within an individual throughout the day. In
light of reports highlighting more extreme changes in blood due
to various disease states,"”'”*® insights into the solution
conditions that drive the most variation in the protein corona
are necessary to best design NPs for medicinal uses. The results
reported here with the GF peptide suggest that the GF peptide—
NP interactions are immune to minor changes in blood pH, but
interactions are sensitive to any changes in ionic strength.
Perhaps most relevant to the concept of the personalized
protein corona,"**** changes in glucose concentration, which
may vary significantly in untreated diabetes, are insignificant in
mediating GF peptide binding to silica NPs. This is of particular
interest because diabetes has a comorbidity with cancer, for
which there are a number of nano-based drug treatments in
development.*>*® Further study will be required to expand these
insights beyond the GF peptide interacting with silica NPs and
more broadly to other relevant study systems.

Moreover, we emphasize the utility of fluorescence anisot-
ropy to quickly and cheaply assess the relevant features medi-
ating the interactions between NPs and a key biomolecule of
interest, even within a complex and diverse solution such as
HS. The anisotropy data shown here was collected on a plate
reader, making the approach medium throughput and
reducing demand for large sample volumes.*” This simple and
sensitive approach is applicable to a wide range of biomole-
cules, coronas, and NPs to gain insight into protein corona
formation and changes after formation. The technique could
also be applied to other types of NPs, as long as the NP does not
quench the fluorophore on the peptide. A foundational
understanding of the biomolecular coating on NPs will pave
the way to develop more personalized medicine diagnostic and
nano-therapeutic tools.
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Materials and methods
Reagents and supplies

All working solutions were made in Nanopure water, and unless
otherwise stated, buffered with 5 mM sodium phosphate, pH 7.4.
The phosphate buffer was made by mixing the required volumes
of the monobasic and dibasic solutions of sodium phosphate
(Sigma-Aldrich) and adjusting to the desired pH with additional
monobasic/dibasic solution while monitoring with a pH meter.
HyLite™ Fluor 488 labeled +y-fibrinogen, GF peptide (sequence:
YSMKETTMKIIPFNRLSIG, labeled at the N terminus, >95%
purity, Anaspec Inc.)** was used for Fluorescence Anisotropy (FA)
studies, while the unlabeled counterpart was used for Dynamic
Light Scattering (DLS), Zeta Potential, Circular Dichroism (CD)
and Field Emission Scanning Electron Microscope (FESEM)
measurements. Stock solutions of peptide were made to a final
concentration of 2.5 pM in 5 mM sodium phosphate pH 7.4,
unless otherwise noted. Sodium chloride and glucose (Sigma-
Aldrich) solutions added to the 5 mM phosphate buffer to
given concentrations, then pH adjusted to 7.4 as needed. Silica
NPs (50 nm) were purchased from Polysciences Inc. (Cat# 24040-
10) and diluted 10x from stock in phosphate buffer after accli-
mating at room temperature for 30 min (from storage at 4 °C) and
vortexing for 30 s to ensure no particle agglomeration was
present. Human serum, HS (Cat# H4522, Sigma-Aldrich) stock
solution was added directly to the peptide working solutions to
a final concentration of 1 : 500 (v/v). Since the NaCl concentration
of the stock solution is 145 mM, a 500x dilution of HS results in
a concentration of 0.29 mM NaCl.

Instrument controls for DLS and zeta potential measure-
ments were a NIST-traceable nanosphere size standard (Thermo
Scientific, Cat# 3090A) and Brookhaven Instruments’ reference
material BI-ZR5, respectively. The NIST reference material was
made by diluting 1 drop of the stock concentration in 1.6 mL of
5 mM sodium phosphate, pH 7.4. BI-ZR5 solutions were made
as indicated in the protocol provided in 1 mM KCI (Sigma
Aldrich). All buffers for DLS and zeta potential experiments were
filtered using 0.02 pm membrane filters (Whatman™, Cat#
6809-1002). TEM imaging was performed on samples dispensed
on ultrathin carbon film coated gold grids (Ted Pella Inc., Cat #
01824G).

Fluorescence anisotropy measurements

Endpoint FA measurements were made using a SpectraMax M5
Microplate Reader (Molecular Devices LLC) equipped with dual
monochromators and a PMT detector. Instrument settings were
as follows: Aexe = 491 nm and Ay = 524 nm, PMT gain and
carriage speed were set to medium at 80 flashes per read and
normal, respectively. An autocalibration at the wavelengths
selected as well as a 5 second plate shake was performed prior to
the start of each read. All assays reported were set-up in 96-well
Microfluor flat bottom plates (ThermoFischer Scientific Inc.).
Experimental blank readings were generated from 5 mM
sodium phosphate, pH 7.4 and subtracted from the raw titra-
tion readings prior to calculating anisotropy values using the
equation:
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where r is the anisotropy, /j and I, are the fluorescence emis-
sion intensities (perpendicular and parallel to the detector)
measured, and G is the instrument's grating correction factor,
set to 1 for all the measurements reported. Data acquisition and
analysis (generation of anisotropy values) were performed
employing the instrument's SoftMax Pro 7.0 software.

Each titration experiment comprised a pre-determined
number of wells containing 120 pL of 2.5 uM GF peptide in
the chosen solutions from Table 1. The silica NP solution was
then added to each well at incremental 4 pL volumes until
a saturation point on the curve was reached (determined
experimentally in prior method development studies). A multi-
channel pipette was used to dispense and mix the NP solutions
into each well. Prior to performing the fluorescence anisotropy
measurements, the assays were incubated for 2 h, timed from
the start of each titration. Each well on the plate corresponds to
a separate assay point on the titration. Each assay was repeated 4
times to determine assay and measurement reproducibility. In
addition, a control titration of NPs into GF peptide in 5 mM
sodium phosphate, pH 7.4 was included in all the studies re-
ported to monitor instrument or assay failures. Fluorescence
anisotropy data was fit using with Origin® 2018b software. Curve
fit parameters were calculated from the fitted data using the
Langmuir adsorption isotherm model:*”

T'max [NP]n
Ky + NP’

r—ry=

where r is measured anisotropy, r, is anisotropy of the peptide
alone (without NPs), ryax is the maximum anisotropy at satu-
ration, n is the Hill coefficient, [NP] is the concentration of NP,
and Kj is the dissociation constant.

Dynamic light scattering and zeta potential measurements

The effects of corona formation and solution conditions (NaCl,
glucose, and HS) on the particles’ hydrodynamic diameter, zeta
potential, and polydispersity were assessed using a 90Plus
Particle Analyzer with a Zeta-PALS optical bench (Brookhaven
Instruments Corporation). DLS data was generated from
intensity weighted size distributions using a 90° angle config-
uration. All samples, except those with glucose, had a particle
refractive index, dispersant refractive index and viscosity set at
1.46, 1.33, and 0.89 cP respectively. For measurements in
glucose solutions, the dispersant refractive index and viscosity
were set at 1.35 and 1.1 cP.**** For zeta potential measurements,
all samples were made by adding the GF peptide, NPs, and
solution additives to a 5 mM sodium phosphate, pH 7.4 (as
described in the Reagents and supplies section). All samples
had a relatively constant ionic strength except for the samples
with 29 mM NaCl, where ionic strength is significantly higher.
Zeta potential values were calculated from electrophoretic light
scattering measurements with a BIC BI-ZEL electrode assembly,
using the Smoluchowski equation.

GF peptide and silica NP samples were prepared at the same
concentrations as those for fluorescence anisotropy binding
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studies within solutions outlined in Table 1. All matrices for
DLS and zeta potential experiments were filtered using 0.02 um
membrane filters (Whatman Corp.). The GF peptide and NP
solutions were mixed to a final volume of 2 mL and allowed to
incubate for 2 h. Prior to DLS measurements, a 5 mM sodium
phosphate, pH 7.4 buffer blank and a NIST traceable nano-
sphere size standard (92 nm Polystyrene, ThermoFischer
Scientific) were measured to validate instrument performance.
Zeta potential daily instrument validation was done using
a 1 mM KCI blank and the BI-ZR5 reference material from
Brookhaven Instruments Corp. Hydrodynamic diameter and
polydispersity values reported are the average of 2 sample
replicates and 2 technical replicates. Zeta potential values were
generated from 3 sample replicates.

FESEM imaging

FESEM imaging was performed on samples dispensed on
ultrathin carbon film coated gold grids (Ted Pella Inc.).
Uncoated NP silica spheres were examined in a Carl Zeiss
Ultra55 FESEM at accelerating voltages in the range 500 V to
6.66 keV using in-column annular secondary electron (in-Lens
SE) and energy selective backscattered electron (EsB) detec-
tors. No post-processing of the electron micrographs was per-
formed. NP sizes were measured by Image] ParticleSizer
analysis using a minimum Feret diameter lower bound of 18 nm
to evaluate FESEM images containing at least 250 ParticleSizer-
detected particles. Distribution figures include a log-normal fit
produced by ParticleSizer.

Circular dichroism measurements

The secondary structure of the GF peptide with and without NPs
was evaluated using an Olis DSM 1000 circular dichroism
spectrophotometer. Peptide solutions were mixed and allowed
to incubate at room temperature for 2 h prior to CD measure-
ments (also at room temperature). Measurements of 25 uM GF
peptide were taken in a quartz cuvette (0.1 cm path length). For
all samples, ellipticity was measured from 185 nm to 260 nm
with a point every 0.5 nm and an integration time of 5 seconds.
Spectra were smoothed using a 15-point Savitzky-Golay filter.

ANOVA analysis

To assess the significance of deviation within the hydrodynamic
diameter measurements and dissociation constants, ANOVA
and Tukey post-hoc test were conducted in R (code provided in
supplemental) to compare the means. A one-way ANOVA was
used to compare hydrodynamic diameters for NPs with and
without GF-peptide, while a two-way ANOVA was used to
compare dissociation constants for samples with and without
HS. Finally, a three-way ANOVA provided comparison of disso-
ciation constants across solution conditions, presence of HS,
and presence GF-peptides.

The data was first checked for homoscedasticity and normal
distribution ANOVA residuals using Levene's test and Shapiro-
Wilke's test respectively (Table S.21). If the data did meet these
assumptions of an ANOVA, it was log-transformed. As the hydro-
dynamic diameter measurements met the assumptions of
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homoscedasticity and normal distribution either before or after
log transformation, an ANOVA was appropriately used. The fluo-
rescence anisotropy data, including dissociation constants and
maximum values, did not meet the parametric assumptions. Due
to the ANOVA's robustness to normality violations, the analysis
was conducted to corroborate the trends that were visually iden-
tified. If the results of an ANOVA indicated there was significant
variation in means among all conditions tested, a Tukey post-hoc
test was used to identify which pairings of conditions were
significantly different, using a 95% confidence interval.

Abbreviations

GF Gamma-fibrinogen

HS Human serum

NP Nanoparticle

FESEM Field emission scanning electron microscope
DLS Dynamic light scattering
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