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Abstract

Nanoparticles (NPs), introduced into a biological environment, accumulate a coating of
biomolecules or biocorona (BC). Although the BC has toxicological and pharmacological
consequences, the effects of inter-individual variability and exercise on NP-BC formation are
unknown. We hypothesized that NPs incubated in plasma form distinct BCs between individuals,
and exercise causes additional intra-individual alterations. 20nm iron oxide (Fe3O4) NPs were
incubated in pre- or post-exercise plasma ex vivo, and proteomics was utilized to evaluate BC
components. Analysis demonstrated distinct BC formation between individuals, while exercise
was found to enhance NP-BC complexity. Abundance differences of NP-BC proteins were
determined between individuals and resulting from exercise. Differential human macrophage
response was identified due to NP-BC variability. These findings demonstrate that individuals
form unique BCs and that exercise influences NP-biomolecule interactions. An understanding of
NP-biomolecule interactions is necessary for elucidation of mechanisms responsible for variations
in human responses to NP exposures and/or nano-based therapies.
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1. Introduction

Nanoparticles (NPs) have the capacity to revolutionize a multitude of technologies across a
number of fields, including electronics, consumer products, textiles, biomedicine, and
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others. Iron oxide (Fe304) NPs specifically have the ability to be utilized in the field of
biomedicine as MRI contrast agents, treatments for anemia, magnetic sensing probes, and
drug delivery agents (Babes et al., 1999; Ghazanfari et al., 2016; Jain et al., 2005; Neuberger
et al., 2005). When NPs enter biological environments, such as the circulatory system, a
coating of biomolecules forms as proteins, lipids, and other compounds adsorb to the NP
surface. This coating or biocorona (BC) imparts a new interactive interface thus altering NP
physicochemical properties (hydrodynamic size, C-potential, and dissolution), resulting in
modified NP functionality as well as cellular and biological responses (Clift et al., 2010;
Maiorano et al., 2010; Monopoli et al., 2012; Shannahan et al., 2015b; Walczyk et al., 2010).
BC-induced variations in cellular interactions will likely impact the use of NPs for
biomedical applications by modifying biodistribution, clearance, immune response, and
toxicity (Kreuter, 2013; Momet et al., 2004; Tenzer et al., 2013). Specifically, addition of the
BC to superparamagnetic Fe304 NPs decreases their effectiveness as MRI contrast agents
and drug delivery vehicles (Amiri et al., 2013; Gupta and Gupta, 2005). In order to fully
utilize NP-based therapeutics, it is necessary to first understand these initial NP-
biomolecule interactions and their biological implications.

The formation of the NP-BC is governed by NP physicochemical properties, time, and the
biological environment. To date, the majority of investigations have examined specific NP
properties (composition, charge, size, surface coating, defects, etc.) and their role in NP-BC
formation (Jedlovszky-Hajdu et al., 2012; Lundqvist et al., 2008; Monopoli et al., 2011;
Raghavendra et al., 2017; Walkey and Chan, 2012). Few studies, however, have evaluated
the impact of variations in the biological environment (Raghavendra et al., 2017; Shannahan,
2017). Due to their many biomedical applications, NPs will be utilized in highly variable
biological environments, which may impact their functionality. Specifically, individual
variations in the biomolecular composition within the circulation are of concern for Fez04
NPs. Numerous conditions and factors can contribute to variability in circulating
macromolecules, including underlying disease state, gender, diet, and others (Gordon et al.,
1977; Jenkins et al., 1993; Murphy, 2014; Tran et al., 1983). Exercise, which is one of the
focuses of our current study, is known to alter circulating biomolecules differently based on
the type, duration, and intensity of the exercise (Balfoussia et al., 2014; Dreyer et al., 2006;
Kraus et al., 2002; Tran et al., 1983). Ultimately, the variability of biological environments
present within our population, as well as activity-induced alterations in circulating
biomolecules, could modify BC formation and result in differential biological interactions.

In our current study, we examined differences in the formation of the Feso4, NP-BC due to
interindividual variations as well as exercise-induced intra-individual variability by utilizing
human plasma samples. Further, a human macrophage cell line was utilized to assess the
toxicological consequences (cellular association, cytotoxicity, and inflammatory activation)
of distinct Fez04 NP-BCs. In order to perform this investigation, 10 human subjects who did
not exercise regularly were recruited and blood samples were collected prior to and
following a 7-day exercise regimen. Overall, this descriptive study was designed to
demonstrate potential differences between individuals’ NP-BCs, as well as the influence of
exercise. By elucidating possible variability in the formation of the NP-BC and
consequential alterations in immune cell interactions, individual susceptibility to NP-
induced health effects may be identified and mitigated.
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2. Materials and Methods

2.1 Blood Collection.

Fasting plasma samples were isolated from blood extracted from human subjects (seven
male, three female) between the ages of 21-32 y who, according to a self-survey, did not
smoke or exercise regularly (Table 1). Subjects were exercised once a day at 70% of
maximum for 45 minutes on a stationary exercise bicycle for 7 consecutive days. On days 2,
4, and 6, subjects also performed 3 sets (8—12 repetitions at 80% of maximum) of leg press
resistance exercise. Subjects were instructed to not modify any additional aspects of their
lifestyle, including diet, for the duration of the study. Fasting blood was again collected from
each subject on day 8 at least 12—14 hours after the final exercise session. After each
collection, blood was treated with heparin to prevent clotting. The Biomedical Institutional
Review Board at Purdue University approved the study protocol, recruitment materials, and
consent forms. All study participants gave informed consent and received monetary
compensation for their participation.

2.2 Plasma Sample Characterization.

An aliguot of each blood sample was analyzed by Mid America Laboratories to determine
glucose, insulin, triglycerides, high-density lipoprotein (HDL), low-density lipoprotein
(LDL), and total cholesterol levels. Subjects were ordered 1-10 based on total cholesterol
content, with 1 having the lowest total pre-exercise cholesterol and 10 having the highest.
Each subject retained the same number pre- to post-exercise. Plasma was isolated from
another aliquot of blood by centrifugation at 1300 ref for 15 minutes at 4° C and stored at
—-80° C. Plasma samples from the 10 subjects collected prior to exercise were used to
determine inter-individual differences in NP-BC formation. Plasma samples collected from 6
subjects post-exercise were used to evaluate exercise-induced differences in BC formation.
This was accomplished by comparing the NP-BC produced following incubation in post-
exercise plasma to that produced from pre-exercise plasma from the same human subject.
These 6 postexercise plasma samples were selected based on alterations in triglyceride levels
following exercise. Specifically, 3 subjects demonstrated minor alterations in triglyceride
levels following exercise, whereas 3 other subjects exhibited greater alterations in
triglycerides levels (Table 1).

2.3 Fe304NP Characterization.

Spherical Fe3o04 NPs with a diameter of 20 nm and suspended in poly-N-vinylpyrrolidone
(PVP) at a concentration of 20 mg/ml were purchased from Nanocomposix (San Diego,
California) and characterized to verify manufacturer specifications. The hydrodynamic size
and C-potential (ZetaSizer Nano, Malvern) were assessed in DI water with Fe304 NPs at a
concentration of 25 pg/ml (n=6). The number of particles per ug of NP was determined by
nanoparticle tracking software (Nanosight, Malvern) (n=3). Shape and size were
characterized via transmission electron microscopy (FEI Tecnai G2 20) (Appendix Figure
Al).
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2.4 Formation of the Fe304 NP-BC.

BCs were formed on Fe304 NPs as described in our recent publications (Shannahan et al.,
2016; Shannahan et al., 2013b; Shannahan et al., 2015b). Briefly, Feso4 NPs were incubated
ex vivoin 10% plasma for 8 h at 4° C while being constantly mixed. Specifically, 125 pl of
Fe304 NPs (Img/ml), 325 ul of deionized water, and 50 pl of plasma were combined in a
1.5ml tube. Following incubation, Fe304NPs were pelleted via centrifugation at 20,817 ref
for 10 min and washed with PBS. A total of 3 washes with PBS were performed to remove
free proteins not associated with the Fe304 NPs. Following addition of the BC, NPs were
reassessed for alterations in hydrodynamic size and G-potential (n=6/plasma sample).

2.5 Assessment of the protein components of the Fezo4 NP-BC.

Protein components of the Fe30,4 NP-BC were evaluated utilizing a label-free proteomics
approach to determine the effects of individual variation and the influence of exercise on the
formation of the NP-BC. Three replicates of each Fe304 NP-BC were produced for
proteomic analysis (n=3/plasma sample). The proteomics approach used was similar to our
previous studies investigating the NP-BC (Shannahan et al., 2013a; Shannahan et al.,
2015b). Further details regarding the proteomics approach including peptide isolation, mass
spectrometry, and data analysis can be found in Appendix B.l. Following isolation, peptides
were analyzed by reverse-phase HPLC-ESI-MS/MS using a Dionex UltiMate 3000 RSLC
Nano System (Thermo Scientific, Waltham, MA) which was directly connected to a Q-
Exactive™ HF Hybrid Quadrupole-Orbitrap MS (Thermo Scientific) and a Nanospray
Flex™ lon Source (Thermo Scientific). The files from the mass spectrometer were
processed using the MaxQuant computational proteomics platform version 1.6.0.1 (Cox and
Mann, 2008). The peak list generated was searched against the Homo sapiens sequences
from UNIPROT retrieved on 02/22/2017 and a common contaminants database. Statistical
analyses were performed in the R environment (www.cran.r-project.org). A t-test was
performed on the LFQ intensities and only proteins with p-value <0.05 were used in all
analyses.

2.6 Proteomic Data Analysis - Identified Proteins.

Identified proteins from each subject were compared and Venn diagrams were produced to
determine commonalities and differences in the identities of proteins that associated with
Fe304 NPs forming the BC.

2.7 Proteomic Data Analysis - Relative Abundance.

To compare differences in abundance between individual subjects’ samples, label-free
quantification (LFQ) intensity values were utilized to quantify fold change differences
between proteins found to associate in common with Fezo4 NPs following incubation in
individual plasma samples, t-tests were utilized to determine if fold changes were
statistically significant, p < 0.05. A similar assessment was performed to evaluate
differences in protein abundance between Fe3o4 NPs incubated in pre-exercise samples and
post-exercise samples. To examine how the quantities of specific proteins on Fe3z04 NPs
were modified following incubation in individual plasma samples, the LFQ intensity was
compared. Graphs and analyses were performed using GraphPad Prism 7 software
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(GraphPad Software Inc., La Jolla, CA, USA). LFQ intensities from replicates were
averaged and used to produce a standard error of the means (n=3/group). Protein LFQs from
all subjects’ samples were then statistically compared to subject 1 using a one-way ANOVA
with a Dunnett’s multiple comparisons test. Statistical significance was determined by p <
0.05. A Pearson’s correlation analysis was performed to determine relationships between the
mean abundance of specific proteins within the NP-BC and measured subject parameters,
significance was determined by p < 0.05.

2.8 Cells and Cell culture.

Human monocytes (U937, ATCC, Manassas, VA) were maintained and grown at 37°C in a
Galaxy 170 S incubator (New Brunswick Scientific, Edison, NJ) using RPMI11640 media
(VWR Life Science, Radnor, PA) supplemented with 10% fetal bovine essence and 1%
penicillin/streptomycin. Monocytes were then differentiated into macrophages using 100
ng/ml of phorbol 12-myristate 13-acetate for 72 h. Following differentiation, macrophages
were exposed to Fe304 NPs with BCs and evaluated for BC-induced alterations in
macrophage viability, uptake, and inflammatory response.

2.9 Viability, Uptake, and Inflammation.

Cells were differentiated in 96 well plates in 100 pl cell media to a confluency of 90%. After
removal of the cell media, suspensions of Fe304NP-BCs at 25 pg/ml in serum free media
were added to the wells. The concentration utilized for this cell response assessment was
selected based on previous /n vitro experimentation of Fezo4 NPs and other NPs as well as a
pilot study investigating concentration-dependent cytotoxicity in human macrophages
(Shannahan et al., 2015a; Xia et al., 2013) (Appendix Figure A.2). The cells were exposed to
the NP-BC suspensions for a total of 24 h before being assessed for cell viability via the
MTT assay. To analyze NP-cellular association, cells were washed with PBS and collected
for BCA assay (Thermo Scientific), followed by digestion in nitric acid. The cellular-
associated Fe content was then quantified using atomic absorption spectroscopy (AAS)
(Agilent Technologies, Santa Clara, CA). The amount of iron in each sample was
normalized to the protein content. The ability of distinct BCs to activate macrophages was
evaluated by measuring 7N/F-a cellular mRNA expression and supernatant protein levels.
Additional details regarding the evaluation of inflammatory endpoints can be found in
Appendix B.2. Quantitative real-time RT-PCR was performed for TNF-a and beta actin
(ACTB) (control). Relative mRNA fold changes were calculated considering serum-free
media exposed cells as control and normalized to the housekeeping gene ACTB.
Supernatants were also collected at 24 h following exposure and examined by a human-
specific TNF-a enzyme-linked immunosorbent assay kit via manufacturer’s instructions
(R&D Systems, Inc., Minneapolis, MN, USA). Statistical analysis was performed using
Prism software. All data (cytotoxicity, uptake, and inflammation) are presented as mean +/—
standard error of the mean (n=6/group). Significant differences between exposures were
determined by one-way ANOVA with a Tukey’s posthoc test (p<0.05).
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3. Results

3.1 Characterization of Experimental Materials

3.1.1 Human Blood Characterization.—Blood samples were collected from 10
human subjects who, according to a self-survey, did not smoke or exercise regularly.
Subjects were then exercised once a day for 7 consecutive days. Subjects were requested to
not change their daily routines outside of the assigned exercise. At the conclusion of the 7
days, subjects’ blood was drawn a second time. The pre- and post-exercise blood samples
from each subject were then characterized on a number of parameters, including
triglycerides, LDL, HDL, and total cholesterol. Body mass index was calculated for each
subject based on height and weight (Table 1). Subjects demonstrated variation in total
cholesterol, with pre-exercise levels ranging from 143 mg/dL to 268 mg/dL in subjects 1 and
10, respectively (Table 1A). All individuals demonstrated decreased triglyceride levels
following exercise, with changes up to 99 mg/dl observed (Subject 5, Table IB). Specifically,
exercise was determined to only result in statistically significant reductions in triglyceride
levels between pre-exercise (118.9 +/- 14) and post-exercise (82.3 +/- 9.9) groups (p =
0.0467) (data not shown). Six subjects were selected for analysis of exercise-related
modifications in the NP-BC based on changes in triglyceride levels that occurred after
completion of the exercise plan ( Table IB, bolded). Subjects selected were those with the
highest changes in triglycerides (2, 5, 7) and the lowest (1, 6, 8) (Table 1).

3.1.2 Nanoparticle Characterization.—Fe304 NPs were found to have 2.6 + 0.3 x 10°
NPs/ug (Mean = SEM) as determined by NanoSight (Malvern, Westborough, MA)).
Transmission electron microscopy verified the manufacturer’s stated initial particle size and
spherical morphology (Appendix Fig A.l). Nanoparticles were characterized by assessment
of hydrodynamic size and C-potential both with and without a BC present. Addition of all
BCs increased NP hydrodynamic size and decreased C-potential (Fig 1). Incubation in
individual plasma samples and addition of BCs to the Fe3o04 NP surface resulted in non-
uniform alterations in hydrodynamic size (Fig 1A). NPs incubated in plasma from subjects
1, 6, and 7 demonstrated increases in Fe304 NP hydrodynamic size post-exercise (red bars)
as compared to pre-exercise (blue bars) (Fig 1A). Polydispersion index of NPs without a BC
was 0.108 +/- 0.002 (mean +/— SEM), while addition of BCs resulted in an average
polydispersion index of 0.269 +/- 0.028 (mean +/- SEM), supporting limited polydispersion
of Fe304 NPs (data not shown). NP C- potential was decreased uniformly between subjects,
and no exercise-related changes were observed (Fig IB).

3.2 Inter-individual Variability within the Biocorona

3.2.1 Evaluation of the Effect of Individual Variability on the Pre-Exercise BC
- Protein Identities.—A label-free mass spectrometry approach was used to identify
proteins present in the BC of Fe304 NP following ex vivo incubation in plasma from subjects
pre- and post-exercise. (Appendix Table C.1). Identified proteins were compared between the
pre-exercise plasma of all subjects. A total of 99 proteins were found in common between all
10 subjects pre-exercise, including hemopexin; thrombospondin-1; coagulation factors V,

IX, and XI; immunoglobulin « variables 1-5, 1-8, 1-17, 2-30, 3-15, 3-20, 4-1, and 3D-11,
and apolipoproteins A, Al, A2, A4, B, Cl, C2, C3, E, and H (Appendix Table C.2A). Subject
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3’s pre-exercise BC was the most unique, containing 32 proteins specific to that subject
(Appendix Table C.2A). To demonstrate interindividual differences in the formation of the
NP-BC, the protein composition of each preexercise BC was compared to the protein
composition of subject I’s pre-exercise BC (Fig. 2, Appendix Table C.2B). Although many
proteins were found to bind in common to Fe304 NPs, unique proteins were determined to
associate for each subject. The BC of subject 3 was determined to be the most unique
compared to subject 1, with 41 distinct proteins. Subject 5 was the most similar,
demonstrating the presence of only 7 unique proteins compared to subject 1 (Fig. 2).
Although the utilized plasma samples were from both males and females, only one protein,
immunoglobulin lambda variable 4-69, was found exclusively in male subjects (Appendix
Table C.2A).

3.2.2 Evaluation of the Effect of Individual Variability on the Pre-Exercise BC
- Protein Quantification.—Although most proteins were shared between individual BCs,
there were quantifiable differences (Appendix Table C.3). Figure 3 shows the top ten most
significantly altered proteins as compared to subject 1 for all other subjects (2-10) (p<0.05).
Several proteins were commonly found in this list of top ten most significantly different
proteins, such as complement C4-B and cytoplasmic actin 1. However, it should be noted
that the directionality of these proteins was not always uniform between subjects.
Complement C4-B had a positive fold change (indicating that the protein was less abundant
in the BC of subject 1) in subjects 5, 7, and 9, but a negative fold change (indicating that the
protein was more abundant in the BC of subject 1) in subjects 2, 6, and 8. Cytoplasmic actin
1 had a positive fold change in all subjects, meaning it was less abundant on Fe304 NPs
incubated in plasma from subject 1 compared to plasma from all other subjects. In four
subjects, cytoplasmic actin 1 had the greatest positive fold change of significance among all
proteins, indicating that it was less abundant in the BC of subject 1 compared to other
subjects.

Assessing the ten most changed proteins allows for a global perspective, however; by
examining quantities of individual proteins (Fig 4, Appendix Table C.3), specific
information may be gained regarding the effect of individual variability. Protein levels vary
across subjects, demonstrating the impact of individual variability on the NP-BC
composition (Fig. 4). For several of these proteins, changes in relative quantity are observed
between subject 1 and others. A statistically significantly higher relative level of APOC1
was observed in 3 subjects, APOE in 7 subjects, and C04B in 3 subjects compared to subject
1. All nine comparisons showed a lower relative quantity of FINC as compared to subject 1,
with all comparisons being statistically significant, with the exception of subject 6. No
statistically significant changes were observed across subjects in the levels of APOC2,
PLMN, or TTHY. APOAL was statistically elevated in only one individual; subject 2. TSP1
had both statistically significant increases and decreases as compared to subject 1, with six
of the nine comparisons showing levels far lower than those in subject 1, and two of the
subjects showing levels far higher than those in subject 1.

Relationships between the abundance of distinct proteins in the NP-BC (Appendix Table C.
3) and subject characteristics (Total Cholesterol, LDL, HDL, Triglycerides, Glucose, Insulin,
and BMI) (Table 1) were evaluated to determine correlations between typically measured
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medical parameters and nanoparticle-protein interactions (Appendix Table C.4). Certain
proteins tended to increase in abundance within the NP-BC as total cholesterol increased,
including apolipoprotein Cl (R?=0.42, p=0.04) and proteoglycan 4 (R2=0.44, p=0.04),
whereas proteins such as transthyretin (R2=0.4, p=0.049) and immunoglobulin x constant
(R2=0.6, p=0.01) were decreased. Hepatocyte growth factor-like protein (R?=0.61, p=0.001),
immunoglobulin « variable 4-1 (R?=0.51, p=0.02), and insulin-like growth factor-binding
protein 4 (R?=0.41, p=0.04), appear to increase directly with HDL, while apolipoprotein C3
(R2=0.41, p=0.04), and insulin-like growth factors 2 (R2=0.72, p=0.002) and 3 (R2=0.57,
p=0.01) appear to decrease within the BC as HDL increases. The BC associated proteins
apolipoprotein Cl (R2=0.55, p=0.01), proteoglycan 4 (R2=0.43, p=0.04), and platelet basic
protein (R2=0.42, p=0.04) increased in abundance on the NP surface as LDL levels
increased, whereas immunoglobulin x constant (R2=0.50, p=0.02), and immunoglobulin x
variable 4-1 (R2=0.45, p=0.03) decreased. As plasma triglyceride levels increased,
proteoglycan 4 (R2=0.48, p=0.03) and immunoglobulin heavy constant y 3 (R2=0.43,
p=0.04) increased within the NP-BC. Conversely, kinnogen-1 (R?=0.44, p=0.04) abundance
decreased as triglyceride levels increased. As plasma glucose levels increased, so did
insulin-like growth factor-2 (R2=0.64, p=0.01), apolipoprotein C2 (R2=0.59, p=0.01), and
transferrin (R2=0.48, p=0.03) while prothrombin (R2=0.50, p=0.02), insulin-like growth
factor-binding protein complex acid labile subunit (R?=0.56, p=0.01), and immunoglobulin
heavy constant y 1 (R2=0.49, p=0.02) decreased. Complement C3 (R2=0.81, p=0.0004),
prothrombin (R2=0.43, p=0.04), and properdin (R?=0.4, p=0.048) increased within the BC
with increased individual levels of insulin. Proteoglycan 4 (R?=0.56, p=0.01), and
vitronectin (R2=0.44, p=0.04) within the BC tended to increase as BMI increased. To
evaluate sex-related differences in NP-BC formation in terms of protein abundance, mean
relative abundances of individual proteins were compared between male and female subjects
(Appendix Table C.4). Male subjects were determined to have significantly less
immunoglobulin « variable 3-15, complement Clg subcomponent subunit A and B
compared to female subjects (Appendix Table C.4). BCs formed following incubation in
female plasma samples were determined to have significantly greater amounts of inter-a-
trypsin inhibitor heavy chain H4, coagulation factor XII, and plasminogen (Appendix Table
C.4).

3.3 Intra-individual Variability within the Biocorona

3.3.1 Evaluation of the Effect of Exercise on Variations in the BC - Protein
Identities.—Six subjects were selected for pre- to post- exercise comparisons based on
changes in triglyceride levels (Table 1). Subjects 1, 6, and 8 were selected because they
demonstrated the smallest changes in triglyceride levels pre- to post-exercise, while subjects
2, 5, and 7 were selected because they exhibited the largest triglyceride changes (Table 1,
Bolded). A label-free mass spectrometry approach was used to identify proteins present in
all subjects’ post-exercise BCs. (Appendix Table C.1). Protein components of the post-
exercise Fe3o4 NP BCs were initially compared to pre-exercise BCs based on the presence
of identified proteins (Appendix Table C.5A). A total of 104 proteins were found in be in
common between all subjects pre- and postexercise (Appendix Table C.5A). Protein IDs
were also compared within individual subjects and differences were observed due to exercise
(Fig. 5, Appendix Table C.5B). In general, the postexercise BC contained a larger number of
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unique proteins than the pre-exercise BC, with the exception of subject 8. Subject 2 had the
largest number of unique post-exercise proteins, with 22 proteins present in the post-exercise
BC that were not present in the pre-exercise BC. Subject 8 had the smallest number, at 10. In
general, the post-exercise BCs from individuals with larger changes in triglyceride levels
(subjects 2, 5, 7) contained increased numbers of unique proteins (as compared to the
corresponding pre-exercise BC) than the post-exercise BCs of those with smaller changes in
triglycerides (subjects 1, 6, 8) (Fig. 5, Appendix Table C.5B). Certain proteins were only
present in pre-exercise NP-BCs (matrix gla protein, inter-a-trypsin inhibitor heavy chain HI)
or only present in post-exercise NP-BCs (lipopolysaccharide binding protein,
immunoglobulin heavy variable 2-5, immunoglobulin heavy variable 3-33).

3.3.2 Evaluation of the Effect of Exercise on Variations in the BC - Protein
Quantification.—Despite the many commonalties in protein identities in subjects’ BCs
pre- to post-exercise, quantities of these shared proteins differed due to exercise. Figure 6
shows the top ten most significantly altered proteins as compared to the corresponding pre-
exercise BC (p<0.05) (Appendix Table C.6). Few commonalities existed between these top
ten most significantly altered proteins. Exercise was determined to increase the quantity of
most of these shared proteins. In some subjects, increases were observed post-exercise in
both non-structural polyprotein and immunoglobulin x variable 1-16. In subjects 5 and 7,
the post-exercise increase in immunoglobulin «x variable 1-16 was the largest positive fold
change among all shared proteins. Non-structural polyprotein experienced the largest
positive fold change of significance following exercise among all proteins in subjects 2 and
6. Five of the six subjects experienced a fold change above 4 for insulin-like growth factor-
binding protein 2 following exercise (Appendix Table C.6). Apolipoprotein C3 and gelsolin
were decreased in all subjects’ BCs following exercise (Appendix Table C.6).

3.4 Assessment of Immune Cells Response to NP exposure

Cellular Viability, NP Association, and Inflammatory Response.—A
concentration of 25 pg/ml was selected based on preliminary dose-response experiments in
which human macrophages were exposed to Fez04 NPs, both with and without a BC formed
from a representative human serum sample, at concentrations of 6.25, 12.5, 25, and 50
pg/mL for 24 h (Appendix Fig A.2). None of the exposures at these concentrations
demonstrated overt toxicity following a 24 h exposure (Appendix Fig A.2). Exposure to
Fe304 NPs with a pre-exercise BC caused no significant differences in cell viability
compared to the control (Fig 7A). While macrophages associated NPs with the BC, no
statistically significant differences were observed between NPs coated with any of the pre-
exercise BCs (Fig 7B). Inflammation was assessed by analysis of alterations in mMRNA
expression of 7TA/F-aand macrophage release of TNF-a into the supernatant (Figure 7C and
7D). TVF-amRNA expression was significantly increased due to exposure to NPs with BCs
formed from pre-exercise plasma from subjects 4, 5, 6, and 7 compared to controls (Fig 7C).
A decrease in protein levels of TNF-a was observed in the supernatant of all samples
exposed to subjects’ pre-exercise BCs. This decrease was statistically significant compared
to the control for eight of the ten subjects, with the exceptions being subjects 1 and 8 (Fig
7D).
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Post-exercise BCs were also evaluated and compared to their corresponding pre-exercise
BCs to determine differences in immune cell response. As with the pre-exercise BCs, no
change in cell viability was observed after 24 h exposure (Fig 7E). In general, cellular
association of Fez04 NPs was similar between post-exercise and pre-exercise BCs (Fig 7F).
Subject 7 was the only exception to this; the cellular association of the NP with the post-
exercise BC was significantly higher than the association of the pre-exercise BC. (Figure
7F). TWF-amRNA was increased post-exercise (as compared to pre-exercise) for three of
the six subject BC exposures tested (1,2, and 8) and decreased in the other three (5, 6, and
7), though this difference was only statistically significant for subjects 1, 2, 6 and 8 (Fig
7G). Upon examination of supernatant TNF-a. protein levels following exposure to NPs with
pre-exercise or post-exercise BCs, post-exercise subject 8 had significantly lower levels of
TNF-a (Fig 7H). In exposures to post-exercise BCs of subjects 1, 2, and 7, supernatant
levels of TNF-a were significantly higher than the subjects’ corresponding pre-exercise
BCs, and for subjects 1 and 2, the level of post-exercise TNF-a was significantly higher than
that of the control.

4. Discussion

In order to efficiently and safely utilize NPs in biomedicine, it is essential to understand the
formation of the BC and its impact on subsequent NP-cellular interactions. Presently, our
knowledge is lacking regarding the influences of individual variability and exercise in
relation to the composition of the BC, as well as the possible subsequent toxicological
consequences. Our findings demonstrate variability between individuals, as well as
variability due to exercise, in NP-BC protein composition. These compositional alterations
in the BC were determined to impact NP hydrodynamic size and resulted in differential
macrophage interactions and inflammatory response. Ultimately, this variability in NP-BC
composition may contribute to inconsistencies in response to exposures and therapeutics
observed within the general population.

4.1 NP Properties Modified Following Addition of BCs

NPs can be designed with an array of diverse physicochemical properties (size, surface
coating, charge, composition, etc.) allowing for their utilization in a variety of technologies
and applications. Addition of the BC can impact NP properties, therefore disrupting their
intended function (Amiri et al., 2013; Salvati et al., 2013). Our current study demonstrated
that NP hydrodynamic size increased as cholesterol levels of the pre-exercise subjects
increased, suggesting enhanced agglomeration of NPs. These changes in agglomeration and
the observed variability are likely due to compositional differences in the BC. Evaluation of
protein compositional differences did not demonstrate clear proteins associated with altered
agglomeration between individuals. Past research has demonstrated that NPs in a
hyperlipidemic environment associate large amounts of cholesterol, which may initiate
alterations in NP agglomeration (Shannahan et al., 2016). Our findings demonstrate that NP
properties such as agglomeration may be distinctively modified between individuals,
resulting in differential functionality in their use as MRI contrast agents.
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4.2 Interindividual Variations in the NP-BC

4.3

NPs were determined to form unique BCs following incubation in each of the 10 pre-
exercise plasma samples. While many proteins were shared between NP-BCs, 8 of the 10
pre-exercise BCs contained at least one unique protein that was not found in the other BCs,
underling the impact of inter-individual variability. Proteins that were shared between
individuals differed in the quantity in which they were present within the NP-BCs. Proteins
frequently appearing in the list of those most quantifiably changed as compared to subject 1
included thrombospondinl, cytoplasmic 1 actin, complement factor H-related protein 2, and
complement C4. The BCs of female subjects had higher levels of plasminogen and
coagulation factor XII than those of male subjects, possibly due to elevated levels in the
blood caused by the menstrual cycle and/or the use of birth control (Casslen and Ohlsson,
1981; Gordon et al., 1980; Lackner and Javid, 1973). In summary, correlation analysis
demonstrated that association of specific proteins with the NP surface could only be partial
explained by the measured subject parameters. This suggests that interactions are complex
and likely dependent on multiple physiological factors.

The ability of NPs to differentially associate proteins due to variations in the physiological
environment has potential use in fields of both pharmacology and toxicology. Specifically, if
NPs are able to reduce levels of specific proteins via preferential adsorption, this association
could assist in the targeted removal of proteins from the circulation, contributing to disease
treatments. Further, the association of specific proteins could assist in the targeting of nano-
based theragnostic approaches. Previous research has shown that apolipoprotein-rich BCs
enhance interactions between NPs and LDL receptors, as well as increasing transport across
the blood-brain barrier (Kreuter, 2004, 2013). From a toxicological perspective, differential
binding of proteins in disease environments could interfere with normal biological processes
or enhance inflammatory responses, resulting in adverse outcomes. Ultimately, our current
data supports that NPs introduced intravenously will not form consistent BCs between
individuals. This variation may result in differential effectiveness of nano-based therapeutics
between individuals, as well as disruption of biological systems by association of specific
circulating biomolecules.

Intraindividual Differences in the NP-BC Related to Exercise

An exercise model was utilized to evaluate the potential for intra-individual differences in
the formation of the NP-BC. Specifically, a mixed exercise model including both endurance
and resistance components was used, as it represents the ideal exercise paradigm according
to the United States Department of Health and Human Services (2009). Exercise resulted in
unique BC formation on Fe30,4 NPs following ex vivo incubation in collected subject
plasma pre- and postexercise. The post-exercise BC tended to be more diverse than the pre-
exercise BC in terms of the number of unique proteins that were present. Interestingly,
triglycerides were decreased following exercise for all subjects (Table 1). High intensity
exercise has been shown to elevate triglycerides (Kraus et al., 2002) therefore this effect was
most likely due to the resistance exercise component. These exercise-induced changes in
triglyceride levels were found to influence BC formation, as subjects that demonstrated
greater changes in triglyceride levels were found to have greater protein diversity within the
BC.
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Specific proteins were found to exclusively associate with NPs based on pre- or post-
exercise conditions. Inter-alpha-trypsin inhibitor heavy chain H1 and matrix Gla protein
were found only in the pre-exercise BCs, while immunoglobulin heavy variable 2-5,
immunoglobulin heavy variable 3-33, immunoglobulin heavy variable 1-69, and
lipopolysaccharide-binding protein were found only in the post-exercise BCs.
Lipopolysaccharide-binding protein, which was only seen post-exercise, has been shown to
be associated with stress, inflammation, and obesity. Because the recruited subjects within
our study typically did not exercise, they likely responded to the stress of exercise with an
acute phase response, leading to induction of lipopolysaccharide- binding protein (Branescu
et al., 2012; Stehle et al., 2012). Conversely, matrix Gla protein was only found in pre-
exercise BCs. Matrix Gla protein has been shown to be increased in individuals with
hyperlipidemia compared to controls (Kullich et al., 2003). Further, matrix Gla protein
correlates with cholesterol, triglyceride, and low-density lipoprotein levels in the circulation
(Kullich et al., 2003). Decreased abundance of matrix Gla protein on the NP surface
suggests exercise-induced reductions within the circulation. It is likely that exercise resulted
in reductions of certain circulating biomolecules, thus allowing lower abundance proteins an
opportunity to associate with the NP surface. Further, certain proteins were likely increased
within the NP-BC due to their increased availability resulting from exercise-induced
synthesis. Other proteins, while not unique to the pre- or post-exercise conditions, were
found to exhibit quantifiable differences following exercise, further demonstrating the
dynamic nature of nano- based pharmaceutical interactions within a physiological
environment. A decrease in the abundance of gelsolin on the NP surface following exercise
was observed post-exercise. Gelsolin has been shown to be increased following acute
eccentric exercise-induced muscle damage (Tekus et al., 2017). It is likely that muscle
damage occurred early in our exercise regimen as a result of the resistance exercise
component, causing an increase in gelsolin, and that the observed decrease in NP association
of gelsolin was a result of the ongoing recovery process occurring at the time point we
collected the plasma sample. The amount of insulin-like growth factor-binding protein 2
within the NP-BC was increased following exercise. Endurance exercise, such as the cycling
performed in our study, is known to increase the circulating levels of insulin-like growth
factor binding proteins in humans which may have increased NP interactions (Suikkari et al.,
1989).

Overall, these quantifiable changes suggest that exercise induces alterations in circulating
biomolecule content, thereby altering BC formation. Due to the subjects’ sedentary
lifestyles, it is likely that exercise induced a general stress response and that the observed
changes in the NP- BC are not all exercise-specific. However, our study indicates that minor
or major lifestyle variations which impact the composition of the biological environment,
such as exercise, diet, disease states, or stress, could also affect the composition of the BC,
thereby resulting in altered NP efficacy and/or toxicity.

4.4 Immune Cell Response to NP-BCs

As expected, exposure to all Fe304 NPs with a BC was not found to induce cytotoxicity in
human macrophages at the concentrations and time points assessed in this study.
Macrophages were selected due to their distribution at sites of NP deposition, role in the
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induction of the immune response, and ability to phagocytize foreign materials such as NPs
(Amida et al., 2011; Walkey et al., 2012; Zhang et al., 2002). TNF-a mRNA and protein
levels in cells exposed to Fe304 NPs with BCs varied both between individuals and
following exercise. NPs incubated in post-exercise serum were found to be more likely to
increase the inflammatory response than decrease it. Alterations observed in NP properties
following addition of the BC appeared to have no impact on the cellular response,
suggesting that the changes in immune cell response were due to the presence of specific
biomolecules on the NP surface. Together, these findings demonstrate that alterations in NP-
biomolecule interactions may result in differential immune cell activation dependent upon an
individual’s characteristics.

5 Study Limitations and Conclusions

A few limitations should be considered in regards to this study. First, although study
participants were encouraged to maintain their normal lifestyles, it is unknown if individuals
modified their diet or other aspects, which may have further altered circulating
biomolecules. Additionally, only protein components of the BC were evaluated, however, it
is likely that lipids and other biomolecules absorbed to the NP surface were also altered.
Finally, our evaluation was performed on ten recruited individuals. For more patterns to be
evident in regards to NP- biomolecule interactions, this study would have to be expanded to
include a larger sample size.

In conclusion, these data substantiate that NP-biomolecule interactions are variable between
individuals and can vary due to changes in an individual’s activity. Further, this variability in
the formation of the NP-BC was determined to modify NP toxicity, which may correspond
to the differential toxicity which is often observed with pharmaceuticals in the general
population. This study provides foundational knowledge and rationale to proceed with
mechanistic examinations of the BC and its biological implications for nano-based precision
therapeutics. Future investigation should incorporate other factors which may alter the BC,
such as disease states, diet, longer-term exercise, drug/alcohol use, stress, etc. Ultimately, a
thorough understanding of initial interactions between NPs and biomolecules will allow for
safer utilization of NP-enabled theragnostics in the complex biological environments that
exist within our population.
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Highlights
. Nanoparticles interact with serum biomolecules differentially between
individuals
. Exercise alters an individual’s nanoparticle-biocorona composition
. Variability in the biocorona results in differential macrophage responses
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Figure 1.
NP Characterization Prior to and Following the Addition of a BC. NPs were diluted in and

incubated for 8 h at 4° C in 10% subject plasma. NPs were characterized with and without
BCs via assessment of A) hydrodynamic size and B) C-potential. * denotes statistical
significance from Fezo04 NPs without a BC, # denotes statistical significance between
preexercise NP-BC and post-exercise NP-BC (n=6/group; two-way ANOVA with Tukey
post hoc analysis; p<0.05).
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Figure 2.
Comparison of Pre-Exercise Fe304 NP-BC Composition: Number of Proteins shared with
Subject 1. Proteins identified from each subject’s BC were compared to proteins identified
from subject 1’s BC. Subject 1 was selected as a baseline due to it being the subject with
lowest pre-exercise cholesterol levels. Venn diagrams were created to illustrate each
comparison. Appendix Table C.I contains a comprehensive list comparing identified proteins

between all the pre-exercise subjects. List of specific proteins used to generate Venn
diagrams in Figure 2 are in Appendix Table C.2B.
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Figure 3.
Fold Change of Selected Proteins Compared to Sample 1. Quantities of shared proteins

between each subject and subject 1 are depicted as fold changes. Negative values indicate
that the subject was more abundant in subject 1, while positive values indicate that the
subject was less abundant in subject 1. Individual graphs depict the 10 most significantly
altered proteins in terms of abundance between subjects and subject 1 (n=3/group; one-way
ANOVA with Tukey post hoc analysis; p<0.05). Appendix Table C.3 includes a
comprehensive list of all protein fold changes compared to subject 1.
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Figure 4.

Relative Abundances of Specific Proteins across All Individual Pre-Exercise Subjects.
Relative quantities of proteins shared between all 10 pre-exercise subjects were plotted to
make global comparisons between all samples. * = statistical significance p<0.05 compared
to subject 1 by one-way ANOVA with Tukey post hoc analysis (n=3/group). Appendix Table
C.3 includes a comprehensive list of the calculated abundances for all proteins forming NP-
BC in all subjects.
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Figure 5.
Comparison of Pre-Exercise to Post-Exercise Biocorona Composition within the Same

Subject: Number of Proteins Shared Between Pre- and Post-Exercise Subjects. Proteins
identified from each pre-exercise BC were compared to proteins identified from its
corresponding post-exercise BC. Subjects were selected due their low (Subjects 1, 6, 8) or
high (Subjects 2, 5, 7) changes in triglyceride levels pre- to post- exercise. Venn diagrams
were created to illustrate each comparison. Appendix Table C.5A contains a comprehensive
list comparing all identified proteins in pre- and post-exercise subjects. List of specific
proteins used to generate Venn diagrams in figure 5 specifically are found in Appendix Table
C.5B.
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Subject 8
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Fold Change of Specific Proteins in the Pre- and Post-Exercise Fe304 NP-BC. Quantities of
shared proteins between each pre-exercise and post-exercise BC are depicted as fold
changes. Appendix Table C.6 contains a comprehensive list of all protein quantity
comparisons. Individual graphs depict the 10 most significantly different proteins in terms of
fold change between pre- and post-exercise subjects (n=3/group; one-way ANOVA with
Tukey post hoc analysis; p<0.05). Negative values indicate that the subject was more
abundant prior to exercise, while positive values indicate that the subject was more abundant

after exercise.
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. Fe,O, NPs with a Pre-Exercise BC
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Figure 7.
Macrophage response following exposure to Individual Fez04 NP-BCs. Differentiated

human macrophages were exposed to Fe304 NPs with a distinct BC at a concentration of 25
pg/ml for 24 h. Blue bars indicate Fe304 NPs with a BC formed following incubation in
plasma collected from individuals prior to the exercise regimen. Red bars indicate Fe304 NPs
with a BC formed following incubation in plasma collected from individuals following
completion of the exercise regimen. A, E. Cytotoxicity after a 24 h exposure to Fe304 NPs
with BCs. Dotted line indicates controls with a cell viability of 100%. B. F. Macrophage
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[l Fe;0, NPs with a Post-Exercise BC
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association of Fez04 NPs with BCs after a 24 h exposure. C, G. TAVF-a mRNA expression
relative to serum-free media control cells following 24 h exposure to 25 pg/ml Fe304 NPs
with BCs. D, H. Protein levels of TNF-a in supernatant following 24 h exposure to 25 pg/ml
Fez04 NPs with BCs. A-D Utilized pre-exercise BCs, while E-H utilized pre and post-
exercise BCs. * denotes statistical significance compared to controls (n=6/group; one-way
ANOVA with Tukey post hoc analysis; p<0.05). # denotes statistical significance between
Fe304 NPs with pre- and post-exercise BCs (n=6/group; two-way ANOVA with Tukey post
hoc analysis; p<0.05).
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Table 1.

Subject Blood Parameters Pre- and Post-Exercise
A. Pre-Exercise Blood Results

Subject# Sex Age BMI Glucose Insulin Triglycerides HDL LDL Total
(mg/dl)  (uIU/ml)  (mg/dl) (mg/dl) (mg/dl) Cholesterol

(mg/dl)
1 M 27 245 86 5 65 40 90 143
2 M 21 30.8 99 12 128 38 90 154
3 M 21 23.3 96 11 88 37 101 156
4 F 29 24.1 90 8 63 56 100 169
5 F 27 33.7 82 52 176 42 101 178
6 F 30 21.8 92 9 90 52 118 188
7 M 24 22.0 81 9 143 59 105 193
8 M 32 259 96 8 111 34 161 217
9 F 21 23.3 75 12 131 54 152 232
10 M 32 34.1 89 27 194 33 196 268
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B. Post-Exercise Blood Results

Subject# Sex Age BMI Glucose Insulin Triglycerides HDL LDL Total

(mg/dl)  (uIU/ml)  (mg/dl) (mg/dl) (mg/dl) Cholesterol

(mg/dl)
1 M 27 24.5 93 5 54 44 86 141
2 M 21 30.8 92 5 65 48 118 179
3 M 21 233 96 11 62 36 80 128
4 F 29 241 94 7 46 61 96 166
5" F 27 334 92 12 77 45 109 162
6" F 30 21.8 87 11 80 49 84 149
7 M 24 22.0 84 7 76 51 88 154
8" M 32 26 96 7 104 36 151 208
9 M 21 235 84 10 107 58 135 214
10 M 32 33 87 25 152 29 210 269

Table 1. Subject Blood Parameters Pre- and Post-Exercise. After subjects’ blood was drawn, aliquots were analyzed by Mid America Laboratories.
A. Blood parameters prior to completion of 7-day exercise regimen. B. Blood parameters following completion of 7-day exercise regimen.

*
and bold indicate subjects selected for further analysis due to large (2, 5, 7) or small (1, 6, 8) change in triglycerides pre- to post-exercise.
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