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Abstract: Nanoparticles (NPs) interact with biomolecules by forming a biocorona (BC) on their
surface after introduction into the body and alter cell interactions and toxicity. Metabolic syndrome
(MetS) is a prevalent condition and enhances susceptibility to inhaled exposures. We hypothesize
that distinct NP-biomolecule interactions occur in the lungs due to MetS resulting in the formation of
unique NP-BCs contributing to enhanced toxicity. Bronchoalveolar lavage fluid (BALF) was collected
from healthy and MetS mouse models and used to evaluate variations in the BC formation on 20 nm
iron oxide (Fe3O4) NPs. Fe3O4 NPs without or with BCs were characterized for hydrodynamic size
and zeta potential. Unique and differentially associated proteins and lipids with the Fe3O4 NPs were
identified through proteomic and lipidomic analyses to evaluate BC alterations based on disease state.
A mouse macrophage cell line was utilized to examine alterations in cell interactions and toxicity
due to BCs. Exposures to 6.25, 12.5, 25, and 50 µg/mL of Fe3O4 NPs with BCs for 1 h or 24 h did not
demonstrate overt cytotoxicity. Macrophages increasingly associated Fe3O4 NPs following addition
of the MetS BC compared to the healthy BC. Macrophages exposed to Fe3O4 NPs with a MetS-BC for
1 h or 24 h at a concentration of 25 µg/mL demonstrated enhanced gene expression of inflammatory
markers: CCL2, IL-6, and TNF-α compared to Fe3O4 NPs with a healthy BC. Western blot analysis
revealed activation of STAT3, NF-κB, and ERK pathways due to the MetS-BC. Specifically, the Jak/Stat
pathway was the most upregulated inflammatory pathway following exposure to NPs with a MetS
BC. Overall, our study suggests the formation of distinct BCs due to NP exposure in MetS, which
may contribute to exacerbated inflammatory effects and susceptibility.

Keywords: iron oxide nanoparticles; inhalation; metabolic syndrome; bronchoalveolar lavage fluid;
pulmonary; inflammation; mechanisms; susceptibility

1. Introduction

Nanoparticles (NPs) can be synthesized with a variety of novel and modifiable physic-
ochemical properties and their application is benefiting numerous fields such as medicine,
agriculture, manufacturing, and consumer products. Safety assessments have demon-
strated that inhaled NPs efficiently deposit within the respiratory tract causing a variety
of adverse health effects including inflammation, apoptosis, oxidative stress, damage to
the epithelial air interface, fibrotic changes, impaired pulmonary function, lung injury, and
systemic effects [1,2]. Iron oxide (Fe3O4) NPs are highly utilized with broad applications
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due to their superparamagnetic characteristics and are considered comparably more bio-
compatible than many other NPs. This results in their utilization and proposed usage in
biomedicine (drug delivery systems, gene carriers, magnetic probes, vaccine adjuvants,
and others), as well as several industrial processes (colorants, chemical reaction catalysts,
and fuel production) [3–7]. With these diverse applications, their production has continued
to increase in recent years.

In industrial settings, workers are at risk for Fe3O4 NPs exposure during their pro-
duction and use. Specifically, an assessment of occupational exposure to Fe3O4 NPs in
a production facility demonstrated mass concentrations of 335 µg/m3 in the personal
breathing samples of workers without local engineering controls [8]. Another assessment
determined respirable mass concentrations between 1 µg/m3 and 1.07 µg/m3 [9]. These
exposure assessments determined Fe3O4 NP exposures were variable based on worker
duties, however, were below the exposure limits established by regulatory agencies (Occu-
pational Safety and Health Agency—10 mg/m3 averaged over an 8-h workshift; National
Institute of Occupational Safety and Health—5 mg/m3 averaged over a 10-h workshift;
American Conference of Government Industrial Hygienists—5 mg/m3 averaged over an
8-h workshift [10,11]. Evaluation of oxidative stress biomarkers in exhaled breath conden-
sate demonstrated significant increases in workers manufacturing Fe3O4 NPs in a pigment
factory [12]. Additionally, in vivo toxicity evaluations using rodent models have observed
inflammation, oxidative stress, and pulmonary injury following iron oxide NP inhalation
exposures [13,14].

Most toxicity assessments have examined NP physicochemical properties to identify
potential adverse health outcomes, however, these results may not be applicable to large
portions of our population. Specifically, in the United States, 6 in 10 adults suffer from a
chronic disease, while 4 in 10 have 2 or more [15]. Pre-existing diseases enhance sensitivity
to inhalation exposure-induced health effects. Metabolic syndrome (MetS) is a significant
public health concern affecting 34.2% of U.S. adults, 50% of individuals over 60 years
old, and 9.8% of children [16]. MetS is an aggregate of clinical conditions including
abdominal obesity, systemic hypertension, insulin resistance, hypertriglyceridemia, and
low high-density lipoprotein (HDL) predisposing individuals to cardiovascular disease,
type 2 diabetes mellitus, cancer, and other serious chronic diseases [17]. Human studies
have established individuals suffering from MetS are increasing susceptible to inhalation
exposures. For example, individuals with MetS exposed to World Trade Center dust
exhibited diminished lung function compared to healthy individuals [18]. Our recent
research has demonstrated enhanced susceptibility to inflammation in a MetS mouse
model compared to a healthy following pulmonary exposure to silver nanoparticles [19,20].
Although, susceptibility is recognized, the mechanisms are unknown by which underlying
disease states such as MetS enhance toxicity following inhalation exposures.

When NPs are introduced into the body, they rapidly become coated with biomolecules
forming a NP-biocorona (BC). This BC alters NP characteristics and subsequent cell inter-
actions, influencing NP functionality, biodistribution, clearance, and toxicity. Formation
of the BC is governed by NP properties, time, and the biological environment. Numerous
diseases alter the biological milieu which may influence BC formation and contribute to
susceptibility differences. Our previous research demonstrated unique BCs form in obese
human serum compared to healthy resulting in altered cellular interactions and immune
responses [19–22]. MetS modifies the biomolecule content within the circulation and also
extend to changes in the lung. These alterations in protein and lipid content may influ-
ence susceptibility to NP-induced pulmonary toxicity through the formation of distinct
BCs [23–26].

We hypothesize that distinct BCs form on the surface of NPs following their intro-
duction into the lung due to underlying disease states such as MetS resulting in enhanced
toxicity. To examine the contribution of the BC as a mechanism facilitating susceptibility,
bronchoalveolar lavage fluid was isolated from healthy and MetS mice and used to gen-
erate NP-BCs ex vivo. An integrative proteomic and lipidomic approach was utilized to
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characterize differential biomolecule content of the BCs that formed due to healthy and
MetS conditions. Alterations in macrophage interactions and inflammatory responses
were evaluated in vitro to determine the contribution of variations in the BC. Overall, this
study evaluates a specific mechanism which may contribute to enhanced susceptibility to
particulate exposures occurring in prevalent underlying diseases such as MetS.

2. Materials and Methods
2.1. Animal Model

C57BL/6J mice (Jackson Labs, Bar Harbor, ME, USA) at 6 weeks of age were placed on
either a healthy diet with 10% of kcal coming from fat (D12450B, Research Diets Inc., New
Brunswick, NJ, USA), containing 51.6 mg/kg cholesterol or a high-fat western diet with 60%
of kcal coming from fat (D12450B, Research Diets Inc.), containing 279.6 mg/kg cholesterol.
This is a well-established model for producing mice with metabolic syndrome (MetS) [27,28].
Our previous work has generated consistent results with very little variability in inducing
MetS by using these diets [19–21]. Specifically, we have established these diets result in
approximately a 50% weight gain and over a 30% increase in total cholesterol levels and
6% in insulin without altering hemoglobin A1C [19,21]. Mice were housed in a room with
constant temperature, 12/12-h light/dark cycle. All animal procedures were conducted in
accordance with the National Institutes of Health guidelines and approved by the Purdue
University Animal Care and Use Committee.

2.2. Necropsy and BALF Collection

Mice were necropsied at 18 weeks of age to collect bronchoalveolar lavage fluid (BALF)
from the whole lung. Briefly, the lung was lavaged once with cold phosphate buffered
saline (PBS) at a volume of 35 mL/kg of body weight. All individual BALF samples from
the groups were pooled together and centrifuged at 1000× g at 4 ◦C for 10 min. The
biomolecule-rich supernatant was isolated, aliquoted into individual volumes of 200 µL
and stored at −80 ◦C for utilization in forming BCs.

2.3. Model Characterization

Blood was collected from healthy and MetS mice via cardiac puncture. Blood samples
were centrifuged at 3500× g at 4 ◦C for 10 min and serum was isolated. Collected serum
samples were used to evaluate total cholesterol, high-density lipoprotein (HDL), and low-
density (LDL)/very-low-density lipoprotein (VLDL) levels to verify groups. All serum
endpoints were quantified using commercially available kits (Bioassay Systems, Hayward,
CA, USA) via manufacturer’s protocols.

2.4. NP-BC Formation and Characterization

For this evaluation, 20 mg/mL iron oxide nanoparticles (Fe3O4 NPs) with a hydrody-
namic diameter of 20 nm in aqueous 2 mM sodium citrate (NanoComposix, San Diego, CA,
USA) were utilized. To formulate the NP-BCs, 125 µL of Fe3O4 NPs at a concentration of
1 mg/mL were diluted with 125 µL deionized water (di H2O), centrifuged at 15,000 rpm
for 30 min, and the supernatant removed. The isolated Fe3O4 NPs were then resuspended
thoroughly with either 500 µL BALF from healthy or MetS mice. NPs were then incubated
at 4 ◦C for 8 h while rotating. Following the incubation, NPs were washed 3 times via
centrifugation at a speed of 15,000 rpm and resuspended in water at their original concen-
tration of 1 mg/mL. Original NPs and those with the BCs were diluted to a concentration
of 25 µg/mL and characterized via assessment of hydrodynamic size, polydispersity index,
and ζ-potential (ZetaSizer Nano, Malvern Panalytical Ltd., Malvern, UK) (n = 3/particle).
These methods have been previously utilized by our laboratory and other to characterize
and verify NPs and NP-BCs [19–22,29,30].
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2.5. BC Characterization-Proteomics

Protein components from healthy and Mets BCs were isolated and analyzed by liq-
uid chromatography-tandem mass spectrometry (LC-MS/MS) using similar method as
described in our previous studies [22,31,32]. Briefly, following the isolation of NPs with
BCs by centrifugation at 21,130× g, samples were resuspended in 8M urea for 45 min to
disassociate proteins from NPs by centrifugation at 15,000× g. The supernatant containing
proteins isolated were reduced by incubating in 10 mM dithiothreitol (DTT) for 1 h at 37 ◦C
followed by alkylation by incubating in 30 mM iodoacetamide (IAA) for 45 min in dark at
room temperature. Then samples were digested into peptides overnight at 37 ◦C incubating
with trypsin at 1:25 enzyme:substrate ratio. Digested peptides were purified (desalted)
by using UltraMicroSpin columns (The Nest Group, Ipswich, MA, USA) following the
protocol, provided by the manufacturer. Purified peptides were dried under vacuum, resus-
pended in 0.1% formic acid (FA) and 3% acetonitrile to a final concentration of 0.2 µg/µL
and 5 µL (1 µg) was used for LC-MS/MS analysis using a Dionex UltiMate 3000 RSLC
Nano LC System attached to the Q Exactive™ HF Hybrid Quadrupole-Orbitrap Mass Spec-
trometer (Thermo Scientific, Waltham, MA, USA). Peptides were separated using trap and
analytical columns using the gradient method as described in the previous publication [31].
Specifically, peptides were first loaded into the trap cartridge at 5 µL/min flow rate using
a loading pump and washed for 5 min using 2% acetonitrile in HPLC-grade water and
separated in an analytical column using a 120-min gradient method. Buffer A was a 2%
acetonitrile and 0.1% FA, and buffer B was 80% acetonitrile and 0.1% FA. Peptides were
separated as follows: a linear gradient of 5% to 30% of buffer B in 80 min, 45% of B in 91 min,
and 100% of B in 93 min. Then, buffer B was held at 100% of B for 7 min until switching
back to 5% of B and held at 5% of B for next 20 min. After each run, columns were cleaned
with a linear 30-min gradient of 5% to 100% of B 2 times to remove any residual peptides,
and then equilibrated for another 30-min before loading the next sample to reduced sample
carryover. The QE-HF mass spectrometer was operated in Data Dependent Acquisition
(DDA) mode with MS1 resolution of 120,000 and MS2 resolution of 15,000 at 200 m/z. The
MS instrument was calibrated at the start of the experiment and then in every 72 h or as
needed. The reproducibility of the mass spectrometer was evaluated and monitored by
running Hela digest as standards.

All mass spectrometer data were processed by the MaxQuant computational pro-
teomics platform version 1.6.3.3 (Computational Systems Biochemistry, Martinsried, Ger-
many) via the iBAQ (intensity based absolute quantitation) method. iBAQ intensities of
proteins detected in three of four replicates from each group and with at least 2 MS/MS
counts were considered as present for comparisons. Data were searched at 1% FDR (false
discovery rate) for both peptide spectral match and proteins. Common contaminant pro-
teins were removed before any subsequent analyses. A Venn diagram was produced using
Venny 2.1.0 (http://bioinfogp.cnb.csic.es/tools/venny, accessed on October 2021) to iden-
tify similarities and differences between the BCs. To quantify differences in abundance of
shared proteins identified in both the health and MetS BCs, fold changes of intensities were
calculated comparing each replicate to the mean intensity of the healthy group. One-way
ANOVAs with a Tukey’s posthoc test were utilized to determine significantly different
proteins using a p-value < 0.05.

2.6. BC Characterization-Lipid Profiling

To assess the lipid components of the NP-BCs a separate set of samples were produced
using the same incubation conditions. The multiple reaction monitoring (MRM) profiling
method was used to profile ceramides (Cer), phosphatidylcholines and sphingomyelins (PC-
SM), phosphatidylethanolamines (PE), phosphatidylglycerols (PG), phosphatidylinositols
(PI), phosphatidylserines (PS), cholesteryl esters (CE), triacylglycerols (triglycerides) (TAG),
and acyl-carnitines (AC) and present by their relative amounts [33]. Previously we have
performed this procedure to examine components of the NP-BC following incubation in
serum [29]. Briefly, 125 µg Fe3O4 NPs were incubated in 500 µL BALF. Following BC

http://bioinfogp.cnb.csic.es/tools/venny


Nanomaterials 2022, 12, 2022 5 of 24

formation and isolation of NPs by centrifugation, NP-associated lipids were extracted
from the NP surface via a modified Bligh-Dyer lipid extraction method [34]. The MRM-
profiling methods and instrumentation used have been recently described in previous
reports [33,35–38]. Specifically, isolated NP-BCs (described previously) were resuspended
in 200 µL water following by adding 125 µL of chloroform and 250 µL of methanol. The
mixture was thoroughly. Then 125 µL of water and 125 µL of chloroform were added to
it. Centrifugation were unitized at 16,000× g for 10 min to separate the solution to two
phases. The cloudy bottom phase was the organic chloroform phase containing the lipids,
was isolated and transferred to a clean microtube. The extracts were dried using a speed
vacuum centrifuge. Dried samples were resuspended in 50 µL of methanol/chloroform 3:1
(v/v) and a 250 µL of 3:6.65:0.35 (v/v/v) mixture of acetonitrile, methanol, and ammonium
acetate 300mM to obtain a stock solution. The stock solution was further diluted 200 times
for analysis. Then, 8 µL of each sample was injected using a micro-autosampler (G1277A)
directly to the ESI source of an Agilent 6410 triple quadrupole mass spectrometer (Agilent
Technologies, Santa Clara, CA, USA). A capillary pump was connected to the autosampler
and operated at a flow rate of 7 µL/min and pressure of a 100 bar. Capillary voltage on
the instrument was 5 kV and the gas flow 5.1 L/min at 300 ◦C. The MS data obtained
from these methods was processed using an in-house script to obtain a list of MRM
transitions with their respective sum of absolute ion intensities over the acquisition time.
The parent m/z of the MRMs screened were based on the Lipid Maps Structure Database
(https://www.lipidmaps.org/ accessed on August 2021), and the product ions were related
to class-diagnostic fragments [39]. Free fatty acids were monitored only by the parent mass.
The respective ion intensity values were then considered for data analysis. There were
4 samples in each BC group. MRM signals were required to be 30% above the blank in
all replicates to be considered for data analysis. For univariate analysis, p-value < 0.05
was considered significant. Statistical analysis was performed utilizing Metaboanalyst 5.0
(http://www.metaboanalyst.ca/ accessed on August 2021). Data on the relative amounts
were auto scaled to obtain a normal distribution, and evaluated by univariate analysis,
principal component analysis (PCA), and cluster analysis/heatmap. Informative lipids
were analyzed according to class, fatty acyl residue chain length and unsaturation level.
Lipids which were significantly different with big fold change between two BCs were also
graphed and shown through a histogram.

2.7. Cell Culture and Exposure

A representative mouse macrophage cell line (RAW 264.7) (ATCC, Manassas, VA,
USA) was utilized in this study to examine BC-induced differences in cellular interactions
and toxicity. Cells were cultured and maintained in culture petri dishes using Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum and 1% antibiotic
at 37 ◦C and 5% CO2. Cells were seeded in either 6-, 24-, or 96-well plates as needed
for experiments. When cells reached 90% confluency, they were exposed to NPs with or
without BCs at concentrations of 0, 6.25, 12.5, 25, or 50 µg/mL for 1 h or 24 h in serum-free
media (SFM). SFM was used to maintain the preformed BC on the surface of NPs, however,
limited our assessments to acute time points.

2.8. Assessment of NP-BC Cytotoxicity

RAW 264.7 cells were exposed to Fe3O4 NPs with BCs at concentrations of 0, 6.25,
12.5, 25, or 50 µg/mL for 1 h or 24 h, and cytotoxicity was assessed through use of the
Thiazolyl Blue Tetrazolium Bromide (MTT) cell proliferation assay (Sigma Aldrich, St.
Louis, MO, USA). Briefly, after exposure, cells were incubated with the MTT reagent at a
concentration of 0.5 mg/mL for 3 h in the 37 ◦C incubator. DMSO was added to dissolve
insoluble purple crystals that had form during the MTT incubation. The associated color
change was measured by a plate reader (Molecular Devices, San Jose, CA, USA) at 570 nm.
Comparison to a control group allowed for determination of changes in viability due to
exposure (n = 4/group). Three technical replicates were present on each plate, and averaged
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together to create an individual sample. Untreated cells in SFM were used as controls for
the MTT assay.

2.9. Macrophage Association of NPs

Macrophages were seeded in 6-well plates, exposed to NP-BCs at a concentration of
25 µg/mL for 24 h, and NP-cellular associations were evaluated. After NP-BC exposure,
cells were rinsed twice by cold PBS, and then lysed by adding cold radio-immunoprecipi-
tation assay (RIPA) buffer. Collected cell lysates were centrifuged at 350× g for 5 min,
and the supernatant was used for total protein concentration measurement by Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific, Rockford, IL, USA). After total protein con-
centration was measured, the sample was vortexed well, and metal content was measured
by an X-ray fluorescence (XRF) analyzer (Thermo Scientific, Billerica, MA, USA). This
analyzer measures the fluorescent X-rays emitted from a sample when excited by a primary
X-ray source. Each of the elements contained in a sample produce uniquely characteristic
fluorescent X-rays. The XRF has the capacity to measure multiple metals simultaneously
metals (Fe, Ag, Cd, Te, Sn, Sb, Ca, K, Ba, Sc, Ti, V, Cr, Mn, Co, Cu, Zn, Hg, As, Se, Pb, Sr,
Mo, Rb, and others), allowing for the quantitative determination of NP-cellular association
(n = 5/group). Untreated cells were used as controls for XRF analyzer measurements. To
qualitatively examine NP-cell associations, Cytoviva enhanced hyperspectral dark field
microscopy was utilized [20,40]. Briefly, following exposure to SFM (controls) or 25 µg/mL
NPs with BCs for 24 h, macrophages were stained with DAPI to identify the nucleus
through fluorescent imaging. Then the same macrophages were imaged using dark field
microscopy to identify NPs. Both images were captured at a magnification of 100× and
then overlayed to qualitatively confirm differential Fe3O4 NPs association due to addition
of BCs.

2.10. Examination of Inflammation

This assessment aimed to examine BC-induced variations in inflammation following
exposure. Macrophages were exposed to 25 µg/mL Fe3O4 NPs with BCs for 1 h or 24 h.
Cells were harvested in Trizol (Invitrogen, Carlsbad, CA, USA), and total RNA was isolated
by Direct-zolTM RNA MiniPrep Kits (Zymo Research, Irvine, CA, USA) following the
manufacturer’s instructions. After RNA extraction, the concentration was measured by
Nanodrop (Thermo Scientific, Hercules, CA, USA). A total amount of 1000 ng of RNA was
mixed with 5× iScript reaction mix, iScript reverse transcriptase and nuclease-free water
to reach a total volume of 20 µL. RNA was reversely transcribed into cDNA by using the
cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) in a thermal cycler (Eppendorf, Enfield,
CT, USA). After cDNA synthesis, alterations of inflammatory gene expression and oxidative
stress markers including Tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6), C-X-C Motif
Chemokine Ligand 2 (CXCL-2), vascular cell adhesion molecule 1 (VCAM1), C-C Motif Chemokine
Ligand 2 (CCL2), and Heme Oxygenase 1 (HMOX 1) were assessed utilizing mouse-specific
primers (Qiagen, Hilden, Germany) through quantitative real-time reverse transcriptase
polymerase chain reaction (real-time RT PCR). Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as the internal control for all gene expressions. Relative fold gene
expression of samples among different groups were calculated by using the delta-delta Ct
method (2−∆∆Ct) (n = 5/group). Untreated cells in SFM were used as controls. Additionally,
2 technical replicates for each sample were used when running real-time RT PCR.

2.11. BC-Induced Regulation of Inflammatory Signaling

Expression and activity of key components of inflammatory signaling pathways in-
cluding nuclear factor (NF)-κB, p38/mitogen-activated protein kinase (MAPK), Janus
kinase (JAK)/signal transducer activator of transcription 3 (STAT3) and ras/raf/mitogen-
activated protein kinase/ERK kinase (MEK)/extracellular-signal-regulated kinase (ERK)
were examined. RAW 264.7 cells were seeded in 6-well plates and exposed to 25 µg/mL
NPs with BCs for 24 h. Cells were harvested and lysed in RIPA buffer containing pro-
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tease inhibitor (Thermo Scientific, Hercules, CA, USA). Total protein concentrations were
quantified using a Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA).
Then, 20 µg of protein was mixed with an equal volume of 2× sample buffer, loaded on
a 10% SDS-PAGE gel, underwent electrophoresis, and transferred to a polyvinylidene
difluoride (PVDF) membrane at a consistent current of 0.3A for 1.5 h. Following protein
electrotransfer, blot was incubated in Ponceau S Staining Solution for 10 min at room tem-
perature. Then it was imaged through Biorad ChemiDoc Touch Imaging System (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). This showed the total protein transferred to the
blot in each sample, which were used for target protein expression normalization. The
membrane was blocked with 5% BSA in Tris-buffered saline with Tween 20 and incubated
with a primary antibody at 4 ◦C overnight. The primary antibodies contained anti-rabbit
monoclonal NF-κB (65 kDa) antibody (1:1000) (Cell Signaling Technology, Danvers, MA,
USA), anti-rabbit monoclonal phospho-NF-κB (65 kDa) antibody (1:1000) (Cell Signaling
Technology, Danvers, MA, USA), anti-rabbit recombinant monoclonal ERK1/2 (43 kDa)
antibody (1:1000) (Selleckchem, Houston, TX, USA), anti-rabbit recombinant monoclonal
phospho-ERK1/2 (43 kDa) antibody (1:1000) (Selleckchem, Houston, TX, USA), anti-rabbit
monoclonal p38 (40 kDa) antibody (1:1000) (Cell Signaling Technology, Danvers, MA, USA),
anti-rabbit monoclonal phospho-p38 (40 kDa) antibody (1:1000) (Cell Signaling Technology,
Danvers, MA, USA), anti-mouse monoclonal STAT3 (79 kDa) antibody (1:1000) (Cell Signal-
ing Technology, Danvers, MA, USA), and anti-rabbit polyclonal phospho-STAT3 (79 kDa)
antibody (1:1000) (Cell Signaling Technology, Danvers, MA, USA). A goat anti-rabbit or
mouse lgG (H + L) secondary antibody (1:8000) was used to incubate the membrane at room
temperature for 1 h followed by incubation for 1 min with clarity western ECL substrate
(Bio-Rad Laboratories, Inc., Des Plaines, IL, USA). The blot was then imaged in molecular
imager. The intensity of the blot band was quantified and analyzed by Image Lab 6.0.1
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). There were 3 samples in each group.
Among all groups, three wells from a 6-well plate were pooled as a single sample to have
sufficient amounts of protein for running Western blot assessments.

3. Statistical Analysis

All results are showed as mean values ± S.E.M. with 4–6 samples in per group. All
biomolecule abundance differences between healthy and MetS groups were determined
by one-way ANOVA with Tukey post hoc analysis; p < 0.05. Comparisons of cell viability,
cellular association of NPs, and inflammatory responses were also statistically assessed
using one-way ANOVAs with Tukey post hoc analysis between groups using disease
(health or MetS) as the factor, and a p < 0.05 was considered to be statistically significant.
All statistical analysis were processed in GraghPad Prism 9 software (GraphPad, San Diego,
CA, USA).

4. Results
4.1. Mouse Model Characterization

High-fat diet demonstrated to increase the body weight of C57B6J mice compared
to the healthy diet (Table 1). Moreover, total cholesterol, HDL, and LDL/VLDL levels
in serum were higher in MetS mice fed with high-fat diet compared to the healthy mice
(Table 1).

Table 1. Characterization of serum lipid levels in healthy and MetS mouse models.

Mouse
Model

Body Weight
(g)

Serum Total
Cholesterol (mg/dL)

Serum LDL/VLDL
(mg/dL)

Serum HDL
(mg/dL)

Healthy 26.2 ± 0.4 91.5 ± 3.6 10.9 ± 0.5 84.0 ± 1.0
MetS 48.7 ± 0.4 * 193.7 ± 3.6 * 21.2 ± 0.4 * 140.4 ± 1.3 *

Data is expressed as mean ± SEM, n = 5/group. *: p < 0.05, as compared to the healthy mouse model.
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4.2. Characterization of Fe3O4 NPs

Hydrodynamic size, polydispersity index, and zeta potential of Fe3O4 NPs were
characterized without or with healthy or MetS BALF BCs (Table 2). Hydrodynamic size was
determined to be increased following addition of the BCs (Table 2). Addition of the MetS BC
resulted in a larger hydrodynamic size compared to the healthy BC. The polydispersity of
the NPs was increased following addition of both BCs (Table 2). Previous evaluations have
demonstrated similar alterations in NP properties [22,29,31,41]. Specifically, we previously
visualized, via transmission electron microscopy, biomolecules coating silver nanoparticles
and demonstrated alterations in hydrodynamic size were primarily associated with changes
in NP agglomeration [42]. Fe3O4 NP zeta potential was reduced following addition of both
BCs with the change being more evident by addition of the MetS BC (Table 2).

Table 2. Fe3O4 NPs-biocorona characterization.

Nanoparticle—BC Hydrodynamic Size (nm) Polydispersity Index Zeta Potential (mV)

Fe3O4 46.6 ± 1.0 0.14 ± 0.01 27.4 ± 1.1
Fe3O4-Healthy BC 144.5 ± 1.8 * 0.42 ± 0.01 * 25.8 ± 0.9

Fe3O4-MetS BC 218.2 ± 1.8 *,# 0.49 ± 0.02 *,# 23.8 ± 0.7 *

Data is expressed as mean ± SD, n = 3/group. *: as compared to NPs without a BC, p < 0.05, #: as compared to the
Fe3O4 NPs with a healthy BC, p < 0.05.

4.3. Protein Components Identification and Relative Quantification between BCs

After the incubation in BALF Fe3O4 NPs formed unique BCs consisting of differential
proteins as well as alterations in protein abundance. Specifically, 49 proteins were identified
in the healthy BC, while 56 proteins were found in the MetS BC (Figure 1 and Table S1).
Of these identified proteins, 41 were shared by both BCs (Figure 1). For example, these
included tubulin alpha-1B chain, calpain small subunit 1, myosin light polypeptide 6,
protein phosphatase 1 regulatory subunit 12A, and apolipoprotein A-IV. In healthy BALF,
Fe3O4 NPs adsorbed 8 unique proteins, including Ig lambda-3 chain C region, F-box/LRR-
repeat protein 12, histidine-rich glycoprotein dipeptidyl peptidase 1, dipeptidyl peptidase
1, mitogen-activated protein kinase 5, apolipoprotein A-I, dihydrolipoyl dehydrogenase,
and chloride intracellular channel protein 5. However, incubation in MetS BALF, resulted
in the accumulation of 15 distinct proteins, including alpha-enolase, coiled-coil domain-
containing 146, exocyst complex component 6B, retinal dehydrogenase 1, selenium-binding
protein 1, myosin-14, Heat shock protein HSP 90-beta, cytochrome b5, cytochrome P450
2F2, chitinase-3-like protein 1, bicaudal D-related protein 1, proteasome subunit beta type-6,
pigment epithelium-derived factor, apolipoprotein C-III, and protease, serine 1 (trypsin 1).

Although numerous proteins were found in common between the healthy and MetS
BC, differential abundance was determined (Table S2). Proteins determined to statis-
tically differ between the two BCs in terms of abundance included: indolethylamine
N-methyltransferase, actin, cytoplasmic 1, protein S100-A6, apolipoprotein A-IV, protein
phosphatase 1 regulatory subunit 12A, myosin light polypeptide 6, calpain small subunit 1,
tubulin beta-4B chain, and tubulin alpha-1B chain among all proteins in common (Figure 2).
All significantly different proteins were more abundant in the MetS BC compared to the
healthy BC.

4.4. Lipid Identification and Relative Quantification between BCs

Characterization of the lipid components of the Fe3O4 NP BALF BCs included the
screening of 1524 MRMs related to ceramides, phosphatidylcholines and sphingomyelins,
phosphatidylethanolamines, phosphatidylglycerols, phosphatidylinositols, phosphatidylser-
ines, cholesteryl esters, triacylglycerols (triglycerides), and the metabolite class of acyl-
carnitines. Only 219 lipids were considered for the lipid profile statistical assessment (de-
termined by being more than 30% above the blank sample intensity) (Table S3). Both BALF
BCs were found to adsorb these 219 lipids in common, however, 32 were observed to signif-
icantly differ between the healthy and MetS BC (Figure 3). These lipids included PC(30:1),
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Cer(d18:2/22:0), DG 16:0_16:1, PG(30:0), SM(d16:/24:1), PG(38:6), DG 18:2_16:0, PG(38:4,
PG(36:1), and SM(d18:2/24:1). Out of these 32 differentially abundant lipids, 20 were deter-
mined to be at higher abundance while 12 were less abundant in the MetS BC compared
to the healthy BC. 13 lipids shown in Figure 4 were found to be the most significant. Of
the 13 lipids demonstrating the largest fold changes between BCs, only DG 18:2_16:0 and
3-hydroxydodecenoylcarnitine were found to be more abundant in MetS BC compared to
the healthy BC. The other 11 lipids demonstrated less abundance in the MetS BALF BC
compared to the healthy BC. These included PG(32:1), 2-hexenedioylcarnitine, PG(30:0), TG
20:0_34:0, C26:1, 2-Hydroxylauroylcarnitine, C22:1, DG 16:0_16:1, Cer(d18:2/22:0), PG(32:2),
and Lyso PC(15:0) (Figure 4).

Figure 1. Comparison of BC composition between healthy and MetS conditions. Proteins identified
as present in healthy BC were compared to proteins within the BC formed from MetS BALF. Venn
diagrams were used to illustrate the number of unique and common proteins. A comprehensive list
of these proteins and relative abundance of all proteins identified in each BC can be found in Table S1.

Figure 2. Relative abundance comparison of selected proteins found in healthy and MetS BCs. A
value larger than 1 denotes a higher abundance in MetS BC compared to the healthy BC whereas a
value less than 1 denotes lower abundance in the MetS BC compared to the healthy BC. All proteins
depicted in the figure are significantly different between BCs based on p < 0.05 (n = 4/group). A
comprehensive list of protein abundance differences can be found in Table S2.
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Figure 3. Relative abundance of lipids associated with healthy and MetS BCs. Lipids identified as
present within the BCs in healthy and MetS conditions were compared based on their abundance
(p < 0.05, n = 4/group). A heatmap provides intuitive visualization of differences between two BCs.
Each colored cell on the map corresponds to a relative abundance of each lipid in the sample, with
samples in rows and lipids in columns. Red denotes a higher concentration of the lipid in the sample,
while blue denotes less lipid found in the sample compared to mean value of all samples from both
groups. A comprehensive list of relative abundance differences for all lipids in BCs can be found in
Table S3.

4.5. BC-Induced Cell Viability in Macrophages

A macrophage cell line was exposed to Fe3O4 NPs with BCs at concentrations of 6.25,
12.5, 25, and 50 µg/mL for 1 h or 24 h in serum-free medium (SFM) to determine differential
cellular responses due to addition of the BC. No overt cytotoxicity (cell death > 20%) was
observed following a 1 h (Figure 5A) or 24 h (Figure 5B) exposure. Only macrophages
exposed to Fe3O4 NPs with a MetS BALF BC at 50 µg/mL, demonstrated reduced viability
compared to controls (Figure 5B).
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Figure 4. Fold change of selected lipids between the healthy and MetS BCs. Up/down regulation of
selected lipids between each BCs are depicted as fold changes. Fold change was calculated based
on the mean value of relative abundance of all samples from the same group. Values larger than
1 indicate the lipid was more abundant in MetS BC, while values less than 1 indicate that the lipid
was more abundant in healthy BCs (p < 0.05, n = 4/group).

4.6. Influence of BCs on the Cellular Associations of Fe3O4 NPs

BC-induced alterations in Fe3O4 NPs-cellular association were demonstrated via XRF
analysis. Cells were harvested after a 24 h exposure to 25 µg/mL Fe3O4 NPs. Exposure
to Fe3O4 NPs resulted in increased cellular associated iron levels after normalization to
total protein concentration (Figure 6). Fe3O4 NPs with a MetS BALF BC enhanced cellular
associated iron levels compared to Fe3O4 NPs with a healthy BC (Figure 6).

To qualitatively confirm BC-induced alterations in cellular associations of Fe3O4 NPs,
macrophages were assessed via dark field microscopy following 24 h exposure to Fe3O4 NPs
with healthy and MetS BCs at a concentration of 25 µg/mL. This evaluation fluorescently
labelled the nuclei of macrophages enabling images to be focused on the nuclear plane.
Macrophages were validated to associate Fe3O4 NPs following 24 h exposure (Figure 7).
Macrophages exposed to Fe3O4 NPs with a MetS BALF BC were found to increasingly
associate with macrophages compared to Fe3O4 NPs with a healthy BALF BC (Figure 7).
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Figure 5. Cell viability following 1 h or 24 h NP with healthy or MetS BCs. Macrophages were
exposed to Fe3O4 NPs with BCs at concentrations of 0, 6.25, 12.5, 25, or 50 µg/mL for 1 h (A) or
24 h (B), and cell viability was assessed through Thiazolyl Blue Tetrazolium Bromide (MTT) cell
proliferation assay. Untreated cells in SFM were used as controls for the MTT assay. * Denotes
statistical significance compared to the expression of control group (n = 4/group and p < 0.05).
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Figure 6. Measurement of cellular uptake of Fe3O4 NP with BCs by XRF analyzer. Macrophages were
exposed to 25 µg/mL Fe3O4 NPs with BCs for 24 h (n = 3/group). Cellular uptake of Fe3O4 NPs was
compared with untreated cells in SFM used as controls for the XRF analysis. * Denotes statistical
significance compared to the expression of control group, # denotes statistical significance compared
to the Fe3O4 NPs with a healthy BC (p < 0.05).

Figure 7. Assessment of cellular association of Fe3O4 NPs by dark-field microscopy. Representative
images of internalized Fe3O4 NPs in control, healthy BCs, and MetS BCs groups. Bright dots labeled
with red arrows indicate distribution of Fe3O4 NPs in macrophages.
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4.7. Evaluation of BC-Induced Differential Cellular Inflammatory Response

Inflammatory gene expression alterations were examined in macrophages following
exposure to 25 µg/mL of Fe3O4 NPs with BCs for 1 h or 24 h (Figure 8). Following a 1 h
exposure, gene expression of IL-6 was increased following exposure to Fe3O4 NPs with a
MetS BC. At 24 h exposure to Fe3O4 NPs with both BCs up-regulated IL-6 gene expression
with the MetS suggesting an exacerbated response (Figure 8A). Macrophage TNF-α gene
expression was elevated at 1 h following exposure to Fe3O4 NPs with healthy and MetS
BCs. Fe3O4 NPs with a MetS BC showed an enhanced induction of TNF-α gene expression
compared to Fe3O4 NPs with a healthy BC at 1 h. The 24 h exposure to Fe3O4 NPs with both
BCs resulted in a similar induction of TNF-α gene expression by macrophages (Figure 8B).
Lastly, CCL2 gene expression was assessed and demonstrated upregulation following a 1 h
exposure to Fe3O4 NPs with both BCs which was enhanced due to the MetS BC. At 24 h
CCL2 gene expression supported similar pattern of response as compared to the 1 h time
point (Figure 8C).

4.8. Quantification and Determination of Protein Expression

Inflammatory signaling was evaluated in macrophages following 1 h or 24 h exposure
to Fe3O4 NPs with BALF BCs at a concentration of 25 µg/mL. Following a 1 h exposure, total
STAT3 significantly decreased following exposure to NPs with a MetS BC, which increased
of the ratio of phosphorylated STAT3 to total STAT3 (Figure 9A). Exposure to NPs with
either BCs did not alter total p38 or phosphorylated p38 (Figure 9B). Decreased expression
of total NF-κB was observed resulting in an increase of the ratio of phosphorylated NF-κB
to total NF-κB (Figure 9C). Total ERK was significantly decreased following exposure to
both BCs compared to the control group. Phosphorylated ERK demonstrated significant
increases following exposure to NPs with either BC. Specifically, exposure to NPs with a
MetS BC enhanced phosphorylation of ERK compared the healthy BC (Figure 9D).

At the 24 h time point, exposure to Fe3O4 NPs with healthy BCs significantly decreased
expression of total STAT3 compared to the control group (Figure 10A). Exposure to both
BCs significantly increased levels of phosphorylated STAT3 compared to controls. These
alterations resulted in an increased ratio of phosphorylated to total STAT3 due to exposure
which was enhanced due to the MetS BC. Total p38 was significantly decreased following
exposure to Fe3O4 NPs with both BCs. No significant differences in phosphorylation of p38
were observed due to exposures. However, the ratio of phosphorylated p38 to total p38
was determined to be significantly increased in macrophages exposed to Fe3O4 NPs with
MetS BCs (Figure 10B). No alterations in total or phosphorylated ERK were determined
for either exposure group compared to controls (Figure 10C). Total NF-κB levels were
reduced following exposure to Fe3O4 NPs with healthy or MetS BCs as compared to the
control group. Phosphorylation of NF-κB was found to be significantly increased following
exposure to Fe3O4 NPs with both BCs. However, the healthy BC was determined to
induce a greater amount of phosphorylated NF-κB compared to the MetS BC. The ratio of
phosphorylated NF-κB to total NF-κB was elevated for both exposure groups, however
more so for Fe3O4 NPs with a healthy BC. (Figure 10D).
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Figure 8. Alterations in inflammatory gene expression due to variations in the NP-BC. Changes in
gene expression following exposure to Fe3O4 NPs with a healthy or MetS BC. Expression of mRNA
was assessed relative to serum-free media control cells (untreated). Cells were exposed to 25 µg/mL
of Fe3O4 NPs with BCs for 1 h or 24 h (n = 5/group). Gene expression of IL6 (A), TNFα (B), and
CCL2 (C), and GAPDH (housekeeping gene) was assessed through RT real-time PCR to evaluate the
inflammatory responses due to BCs. * Denotes statistical significance compared to the expression
of control group, # denotes statistical significance compared to the Fe3O4 NPs with a healthy BC
(p < 0.05).
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Figure 9. Inflammatory signaling after a 1 h exposure to NPs with MetS or healthy BCs. Changes
in protein level following exposure to Fe3O4 NPs with a healthy or MetS BC. Cells were exposed to
25 µg/mL of Fe3O4 NPs with BCs for 1 h (n = 3/group). Activation of STAT3 (A), P38 (B), NF-κB (C),
and ERK (D) pathways were assessed through Western blot to evaluate MetS-related inflammatory
signaling pathways following NPs exposures. * Denotes statistical significance compared to the
expression of control group, # denotes statistical significance compared to the Fe3O4 NPs with a
healthy BC (p < 0.05). Quantification of each protein was normalized to the intensity of total protein
(blots found in Supplementary Materials Figure S1a–d).
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Figure 10. Inflammatory signaling after a 24 h exposure to NPs with MetS or healthy BCs. Changes
in protein level following exposure to Fe3O4 NPs with a healthy or MetS BC. Cells were exposed to
25 µg/mL of Fe3O4 NPs with BCs for 24 h (n = 3/group). Activation of STAT3 (A), P38 (B), NF-κB (C),
and ERK (D) pathways were assessed through Western blot to evaluate MetS-related inflammatory
signaling pathways following NPs exposures. * Denotes statistical significance compared to the
expression of control group, # denotes statistical significance compared to the Fe3O4 NPs with a
healthy BC (p < 0.05). Quantification of each protein was normalized to the intensity of total protein
(blots found in Supplementary Materials Figure S1e–h).
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5. Discussion

Inhalation of nanosized particulate matter and engineered nanoparticles (NPs) results
in pulmonary inflammation and toxicity. Evaluations of biocorona formed on the surface of
NPs containing different biological molecules such as proteins after contacting with biolog-
ical fluids have been confirmed to affect cellular uptake, intracellular NP location, and cell
responses [43]. Individuals suffering from chronic underlying disease have demonstrated
exacerbated health effects following inhalation exposures. Currently, the mechanisms
of toxicity contributing to these exacerbated responses are unelucidated, impeding the
development of treatments and regulatory standards to protect the most susceptible sub-
populations. Metabolic syndrome (MetS) is a prevalent and expanding disease state and
individuals suffering from it have demonstrated enhanced adverse health effects following
inhalation exposures. MetS and other chronic diseases are associated with modifications to
the biological milieu which may alter the initial interactions between NPs and biomolecules
resulting in the formation of unique NP-biocoronas (NP-BCs). These distinct BCs may
facilitate exacerbated pulmonary immune responses contributing to variations in toxicity
and inflammation observed in individuals with chronic diseases following inhalation ex-
posures. In our current study, isolated bronchoalveolar lavage fluid samples from healthy
and MetS mouse models were utilized to evaluate NP-BC formation and its consequences
related to macrophage interactions and inflammatory signaling. Our results demonstrated
addition of healthy and MetS BCs distinctly altered NP properties. Further, distinct protein
and lipid contents were identified to associate with Fe3O4 NPs in healthy or MetS states.
Addition of the MetS BC enhanced macrophage uptake compared to of NPs with a healthy
BC. While both BCs induced inflammatory gene expression, the MetS BC was determined
to exacerbate expression of IL6 and CCL2 compared to the healthy BC. STAT3, NF-κB, and
ERK pathways were upregulated and likely facilitate the enhanced inflammatory responses
observed following exposure to the MetS-BC. Overall, our results suggest MetS causes
variations in the formation of the BC which may contribute to exacerbated pulmonary
toxicity and inflammation following inhalation of NPs.

Previous studies have demonstrated disease-induced variations in biological environ-
ments such as hyperlipidemia influenced the formation of NP-BCs and altered cellular
responses [29,40]. Additionally, NP-protein complexes abundant with Apo A-I were able
to interact with certain scavenger receptors (SRs) such as SR-B1 which are expressed on
the surface of many cells including macrophages. Increased uptake of NPs was observed
with elevated expression of SR-B1, suggesting a possible mechanism of interaction between
protein contents contained in the corona and SRs on the surface of cells [44]. Addition-
ally, a BC consisting of only LDL was determined to enhance the cellular uptake of NPs
via SRs as well. Macrophages exposed to the Fe3O4 NPs with an LDL-BC demonstrated
increased TNF-α mRNA expression compared to a BC formed in fetal bovine serum [29].
This suggested that distinct components within the BC can facilitate cellular interactions
and inflammatory responses. To date, formation of BCs has been principally investigated
in serum or plasma to examine intravenous routes of exposure. However, inhalation is
the primary route of Fe3O4 NPs exposure, especially in environmental and occupational
settings. A better understanding of the pulmonary NP-BC and its effects is therefore neces-
sary to examine initial interactions occurring after inhalation which may be responsible for
acute cell responses. Further, toxicology assessments often utilize healthy models to assess
NP safety, which may not be applicable to susceptible groups. A previous study described
the NP-surface corona that formed following incubation in human BALF collected from
patients with pulmonary alveolar proteinosis. This assessment determined there was a
potential for distinct cellular effects due to differential binding of surfactant-associated
proteins to the NP surface. For example, some proteins such as surfactant proteins A and D
associating with NPs demonstrated increased abundance due to disease and were able to
interact with cells influencing NP phagocytosis [45].

The current study examined biological contents including proteins and lipids associ-
ated with the surface of all Fe3O4 NPs in both healthy and MetS states. The utilization of
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both approaches provides for a comprehensively assessment of NP-BC formation. Differing
numbers of unique proteins associated with Fe3O4 NPs in healthy and MetS conditions.
When incubated in MetS BALF, 15 unique proteins were absorbed on Fe3O4 NPs, indicating
an underlying disease state can influence the association of proteins and NPs. Among these
unique proteins, some were expected to be identified in MetS BC, as they are confirmed to
relate to MetS. For example, glycolytic enzyme alpha-enolase and apolipoprotein c-III were
uniquely present in the MetS BC and are elevated in metabolic diseases [46,47]. Following
incubation in the BALF, NPs are more likely to associate these proteins on their surface due
to their increased abundance in individuals suffering from MetS. Some proteins that were
unique in the MetS BC cannot be directly explained by MetS-related alterations, however,
they are known to be present in the respiratory system and elevated in inflammatory
diseases. For example, alpha-enolase, chitinase-3-like protein 1, and pigment epithelium-
derived factor are involved in inflammatory signaling, autoimmune diseases, and insulin
resistance [46,48–50]. MetS is associated with the development of insulin resistance and
underlying inflammation. Our previous studies have not demonstrated differential lev-
els of circulating insulin or inflammatory markers within the lung at this stage in MetS
disease development compared to healthy mice [20,21]. Disease-associated alterations
in these proteins may occur prior changes in clinical markers of insulin resistance and
inflammation. Among the 41 common proteins, some proteins were more abundant in the
MetS BC compared to the healthy BC. Specifically, apolipoprotein A4 was determined to
be a component in both BCs; however, it was more abundant in MetS BC. This increased
abundance is expected due to apolipoprotein A4 being involved in metabolic diseases such
as obesity [51]. Furthermore, more abundant in the MetS BC was myosin light polypeptide
6 which is regulated by myosin light chain kinase. Imbalance of this kinase in airway lining
fluid due to diseases is associated with pulmonary disorders [52].

Lipid components also demonstrated differences in healthy and MetS BCs. Among
32 lipids showing significance differences, 20 were more abundant in the MetS BC compared
to the healthy BC. Several phosphatidylcholine species with a relatively high total carbon
number were found to relate to common chronic diseases, such as PC(38:4) and PC(34:2).
The level of PC(38:4) has been observed to be increased in individuals with premature
coronary heart disease (CHD) or MetS whereas PC(34:2) is also elevated in SHD patients and
slightly higher in MetS patients [53]. SM(d18:1/20:0) is a sphingolipid and demonstrated
higher abundance in the MetS BC compared to the healthy BC. Sphingolipids function
as a component of cellular membranes and participate in inflammation [54]. Further
research illustrates emerging roles of sphingolipids in cellular signaling, as well as serving
as an important constituent of the lung fluid environment [55]. Our assessment also
revealed significant increases in 3-hydroxydodecenoylcarnitine and DG18:2_16:0 in the
MetS BC. 3-hydroxydodecenoylcarnitine is an acyl-carnitine, and is found to relate to
inflammatory changes in adipose tissue in animal models associated with obesity [56].
DG18:2_16:0 is a diacylglycerol functioning as a physiological activator of protein kinase
C (PKC) by facilitating translocation of PKC from the cytosol to the plasma membrane
and diacylglycerol-induced signaling may contribute to insulin resistance [57]. Individuals
with MetS are more likely to have altered lipid levels in the airway fluid which are known
to be elevated in MetS patients. The variable lipid levels result in modification of NP-
BCs formation and subsequent cellular responses to insulin suppressing the ability to
use glucose from blood for energy. Overall, this assessment of BC compositions suggests
the MetS condition alters both the protein and lipid contents of BALF which can affect
interactions with NPs. The differences in protein and lipid compositions associated with
NPs in MetS state may modulate susceptibility following NP exposure.

Following inhalation, NPs are predominately located within alveolar macrophages
demonstrating that they are a primary cell type interacting with NPs following expo-
sures [58]. Therefore, we chose to utilize the macrophage as the cellular model to determine
the biological impact of disease-related variations in the NP-BC. Macrophages function to
initiate the immune response within the lung responding to inhaled insults. Specifically,
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they function as the primary innate immune cell responsible for identification and phago-
cytosis of foreign substances mediating digestion and elimination. During these immune
processes macrophages produce cytokines and chemokines regulating the inflammatory
response within the lung [59]. Scavenger receptors (SRs) such as SR-A1, SR-A6, and SR-B1
on macrophage cell surface may interact with NPs or the biomolecular corona of NPs,
mediating the cellular uptake [29,44,60,61]. Our study demonstrated the MetS BC increased
the cellular association of NPs in macrophages compared to a healthy BC. This result was
consistent with the images collected from dark field microscopy. More cellular association
of Fe3O4 NPs indicated increased interactions between NPs and macrophages which may
also contribute to differential biological impact in MetS.

Assessment of BC-induced alterations in gene expression revealed exacerbated in-
flammatory responses due to MetS. Some protein and lipid contents identified in the
MetS BC are known to be involved in regulation of inflammation. For example, alpha-
enolase, chitinase-3-like protein 1, pigment epithelium-derived factor, SM(d18:1/20:0), and
3-hydroxydodecenoylcarnitine were increased in the MetS BC and facilitate inflamma-
tion. Specifically, cell-surface expression of alpha-enolase is increased on macrophages
isolated from rheumatoid arthritis patients. Moreover, antibodies against it can stimu-
late macrophages to produce more proinflammatory mediators, such as TNF-α and IL-1
α/β [62]. Apolipoprotein C-III was also identified to be increased in the MetS BC compared
to the healthy BC. It is not only a MetS-related protein but also able to induce inflammation
and organ damage [50], and may facilitate exacerbated inflammatory responses. Increases
of IL6 and CCL2 gene expression were observed following exposure to both NP-BCs, how-
ever, the MetS BC was determined to stimulate exacerbated responses. Increases in gene
expression of IL-6, TNFα, and CCL2 showed 1 h after exposure to NPs with MetS BCs
corresponded with changes observed in specific proteins within the MAP kinase, Jak/Stat,
and NF-κB signaling pathways. These increases are likely driven by an addition of MetS
BCs on NPs suggesting enhanced inflammatory responses were induced after 1 h via
activation STAT3, NF-κB, and ERK pathways but not the p38 pathway due to MetS BCs.
Previous studies have demonstrated activation of p38 or NF-κB pathways can increase
transcription of CCL2 [63–65]. Further, increased STAT3 phosphorylation levels can trigger
CCL2 transcription to enhance macrophag e recruitment [66]. CCL2 demonstrated the
largest fold increase following 1 h exposure to NPs with MetS BCs and is likely to be
related to activation of STAT3, ERK, and NF-κB pathways. Previously, upregulation of
CCL2 transcription was determined to be mediated through the ERK pathway following
cationic liposome stimulation of dendritic cells [67]. At 24 h, enhanced gene expressions
of IL6 and CCL2 as well as phosphorylation of STAT3 and p38 was observed in response
MetS BC exposure. These significant changes may be induced in response to the MetS BC
as well as the previous release of cytokines or chemokines. Specifically, IL6 was found to
be the most different between healthy and MetS BCs groups. A previous study showed
that IL6 can mediate inflammation and activation of STAT3 via JAK [68]. Additionally,
abnormally prolonged phosphorylation of STAT3 plays a role in inflammation where the
level of IL6 secretion is often elevated. Thus, after 24 h IL6 may be able to mediate activation
of STAT3, and p38 inflammatory pathways subsequently enhancing macrophage to release
chemokines, such as CCL2 and exacerbating inflammation. At the same time, p38 pathway
is determined to mediate inflammatory responses [69]. An activation of this pathway can
also be responsible for exacerbated inflammation and subsequent susceptibility. MetS BC
appears to stimulate distinct pathways involved in inflammation more robustly than the
healthy BC. Elevated activation of STAT3 pathway due to an addition of MetS BCs may
exacerbate inflammatory responses and result in susceptibility to inhaled exposures.

Overall, our study demonstrates the potential for distinct BCs form on the surface of
NPs in disease states within the lung potentially mediating acute pulmonary inflammatory
responses and susceptibility. In the future, we aim to investigate the contribution of specific
inflammatory pathways via pharmacological inhibition of specific targets including STAT3,
NF-κB, or ERK. Additionally, we will identify distinct BC component interactions with im-
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mune cell surface receptors involved in particle recognition and inflammation. Specifically,
this assessment will focus on components such as apolipoproteins and sphingomyelins as
well as scavenger receptors that may mediate cell interactions. Furthermore, assessments
will incorporate other pulmonary cells such as alveolar epithelial cells to determine their
interactions with the NP-BC and contribution to differential toxicity following inhalation
exposure. Our current assessment was comprehensive as it evaluated differential protein
and lipid contents of the BALF BC in two models. The differential initial interactions
within the lung may govern subsequent cellular responses and contribute to enhanced
inflammation to inhaled NPs exposures in susceptible subpopulations such as MetS.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12122022/s1, Table S1: Comprehensive list of proteins and
relative abundance of all proteins identified in each BC; Table S2: Proteins found to associate with
Fe3O4 NPs in Healthy and MetS conditions; Table S3: Comprehensive list of relative abundance
differences for all lipids in BCs; Figure S1: 1 h Total protein for (a) STAT3 & p-STAT3 (b) p38 & p-p38
(c) NF-κB & p-NF-κB (d) ERK & p-ERK. 24 h Total protein for (e) STAT3 & p-STAT3 (f) p38 & p-p38
(g) ERK & p-ERK (h) NF-κB & p-NF-κB.
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5. Dulińska-Litewka, J.; Łazarczyk, A.; Hałubiec, P.; Szafrański, O.; Karnas, K.; Karewicz, A. Superparamagnetic iron oxide

nanoparticles—Current and prospective medical applications. Materials 2019, 12, 617. [CrossRef]
6. Dadfar, S.M.; Roemhild, K.; Drude, N.I.; von Stillfried, S.; Knüchel, R.; Kiessling, F.; Lammers, T. Iron oxide nanoparticles:

Diagnostic, therapeutic and theranostic applications. Adv. Drug Deliv. Rev. 2019, 138, 302–325. [CrossRef] [PubMed]
7. Samrot, A.V.; Sahithya, C.S.; Selvarani, J.; Purayil, S.K.; Ponnaiah, P. A review on synthesis, characterization and potential

biological applications of superparamagnetic iron oxide nanoparticles. Curr. Res. Green Sustain. Chem. 2021, 4, 100042. [CrossRef]
8. Methner, M.; Hodson, L.; Dames, A.; Geraci, C. Nanoparticle emission assessment technique (NEAT) for the identification and

measurement of potential inhalation exposure to engineered nanomaterials—Part B: Results from 12 field studies. J. Occup.
Environ. Hyg. 2010, 7, 163–176. [CrossRef]

https://www.mdpi.com/article/10.3390/nano12122022/s1
https://www.mdpi.com/article/10.3390/nano12122022/s1
massive.ucsd.edu/
http://doi.org/10.3390/ijms17060929
http://doi.org/10.1016/j.toxlet.2011.05.1027
http://www.ncbi.nlm.nih.gov/pubmed/21624445
http://doi.org/10.2147/NSA.S99986
http://www.ncbi.nlm.nih.gov/pubmed/27578966
http://doi.org/10.1039/C6NR07542H
http://doi.org/10.3390/ma12040617
http://doi.org/10.1016/j.addr.2019.01.005
http://www.ncbi.nlm.nih.gov/pubmed/30639256
http://doi.org/10.1016/j.crgsc.2020.100042
http://doi.org/10.1080/15459620903508066


Nanomaterials 2022, 12, 2022 22 of 24

9. Evans, D.E.; Heitbrink, W.A.; Slavin, T.J.; Peters, T.M. Ultrafine and respirable particles in an automotive grey iron foundry. Ann.
Occup. Hyg. 2008, 52, 9–21. [CrossRef]

10. OSHA. OSHA Occupational Chemical Database—Iron Oxide Fume. Available online: https://www.osha.gov/chemicaldata/206
(accessed on 31 December 2020).

11. Schulte, P.A.; Murashov, V.; Zumwalde, R.; Kuempel, E.D.; Geraci, C.L. Occupational exposure limits for nanomaterials: State of
the art. J. Nanopart. Res. 2010, 12, 1971–1987. [CrossRef]

12. Pelclova, D.; Zdimal, V.; Kacer, P.; Fenclova, Z.; Vlckova, S.; Syslova, K.; Navratil, T.; Schwarz, J.; Zikova, N.; Barosova, H.; et al.
Oxidative stress markers are elevated in exhaled breath condensate of workers exposed to nanoparticles during iron oxide
pigment production. J. Breath Res. 2016, 10, 016004. [CrossRef]

13. Park, E.J.; Kim, H.; Kim, Y.; Yi, J.; Choi, K.; Park, K. Inflammatory responses may be induced by a single intratracheal instillation
of iron nanoparticles in mice. Toxicology 2010, 275, 65–71. [CrossRef]

14. Szalay, B.; Tátrai, E.; Nyíro, G.; Vezér, T.; Dura, G. Potential toxic effects of iron oxide nanoparticles in in vivo and in vitro
experiments. J. Appl. Toxicol. 2012, 32, 446–453. [CrossRef]

15. CDC. National Center for Chronic Disease Prevention and Health Promotion—About Chronic Diseases. Available online:
https://www.cdc.gov/chronicdisease/about/index.htm (accessed on 6 May 2022).

16. Grundy, S.M. Metabolic syndrome pandemic. Arterioscler. Thromb. Vasc. Biol. 2008, 28, 629–636. [CrossRef]
17. Matsuzawa, Y. The Metabolic Syndrome and Adipocytokines. FEBS Lett. 2006, 580, 2917–2921. [CrossRef]
18. Lippmann, M.; Cohen, M.D.; Chen, L.C. Health effects of World Trade Center (WTC) Dust: An unprecedented disaster with

inadequate risk management. Crit. Rev. Toxicol. 2015, 45, 492–530. [CrossRef]
19. Alqahtani, S.; Kobos, L.M.; Xia, L.; Ferreira, C.; Franco, J.; Du, X.; Shannahan, J.H. Exacerbation of Nanoparticle-Induced Acute

Pulmonary Inflammation in a Mouse Model of Metabolic Syndrome. Front. Immunol. 2020, 11, 1–16. [CrossRef]
20. Alqahtani, S.; Xia, L.; Jannasch, A.; Ferreira, C.; Franco, J.; Shannahan, J.H. Disruption of pulmonary resolution mediators

contribute to exacerbated silver nanoparticle-induced acute inflammation in a metabolic syndrome mouse model. Toxicol. Appl.
Pharmacol. 2021, 431, 115730. [CrossRef]

21. Kobos, L.; Alqahtani, S.; Xia, L.; Coltellino, V.; Kishman, R.; McIlrath, D.; Perez-Torres, C.; Shannahan, J. Comparison of Silver
Nanoparticle-Induced Inflammatory Responses between Healthy and Metabolic Syndrome Mouse Models. J. Toxicol. Environ.
Health–Part A Curr. Issues 2020, 83, 249–268. [CrossRef]

22. Kobos, L.M.; Alqatani, S.; Ferreira, C.R.; Aryal, U.K.; Hedrick, V.; Sobreira, T.J.P.; Shannahan, J.H. An Integrative Pro-
teomic/Lipidomic Analysis of the Gold Nanoparticle Biocorona in Healthy and Obese Conditions. Appl. Vitr. Toxicol. 2019, 5,
150–166. [CrossRef]

23. Eisinger, K.; Liebisch, G.; Schmitz, G.; Aslanidis, C.; Krautbauer, S.; Buechler, C. Lipidomic analysis of serum from high fat diet
induced obese mice. Int. J. Mol. Sci. 2014, 15, 2991–3002. [CrossRef] [PubMed]

24. Fjeldborg, K.; Christiansen, T.; Bennetzen, M.; Møller, H.J.; Pedersen, S.B.; Richelsen, B. The Macrophage-Specific Serum Marker,
Soluble CD163, Is Increased in Obesity and Reduced after Dietary-Induced Weight Loss. Obesity 2013, 21, 2437–2443. [CrossRef]
[PubMed]

25. Park, H.S.; Park, J.Y.; Yu, R. Relationship of Obesity and Visceral Adiposity with Serum Concentrations of CRP, TNF-α and IL-6.
Diabetes Res. Clin. Pract. 2005, 69, 29–35. [CrossRef] [PubMed]

26. Suzuki, K.; Ito, Y.; Ochiai, J.; Kusuhara, Y.; Hashimoto, S.; Tokudome, S.; Kojima, M.; Wakai, K.; Toyoshima, H.; Tamakoshi,
K.; et al. Relationship between Obesity and Serum Markers of Oxidative Stress and Inflammation in Japanese. Asian Pac. J. Cancer
Prev. 2003, 4, 259–266. [PubMed]

27. Avtanski, D.; Pavlov, V.A.; Tracey, K.J.; Poretsky, L. Characterization of Inflammation and Insulin Resistance in High-fat Diet-
induced Male C57BL/6J Mouse Model of Obesity. Anim. Model. Exp. Med. 2019, 2, 252–258. [CrossRef]

28. Fang, S.; Suh, J.M.; Reilly, S.M.; Yu, E.; Osborn, O.; Lackey, D.; Yoshihara, E.; Perino, A.; Jacinto, S.; Lukasheva, Y.; et al. Intestinal
FXR agonism promotes adipose tissue browning and reduces obesity and insulin resistance. Nat. Med. 2015, 21, 159–165.
[CrossRef]

29. Adamson, S.X.F.; Lin, Z.; Chen, R.; Kobos, L.; Shannahan, J. Experimental challenges regarding the in vitro investigation of the
nanoparticle-biocorona in disease states. Toxicol. Vitr. 2018, 51, 40–49. [CrossRef]

30. Titus, D.; Samuel, E.J.J.; Roopan, S.M. Nanoparticle characterization techniques. In Green Synthesis Characterization and Applications
of Nanoparticles; Elsevier Inc.: Amsterdam, The Netherlands, 2019. [CrossRef]

31. Kobos, L.M.; Adamson, S.X.F.; Evans, S.; Gavin, T.P.; Shannahan, J.H. Altered Formation of the Iron Oxide Nanoparticle-Biocorona
Due to Individual Variability and Exercise. Environ. Toxicol. Pharmacol. 2018, 62, 215–226. [CrossRef]

32. Raghavendra, A.J.; Fritz, K.; Fu, S.; Brown, J.M.; Podila, R.; Shannahan, J.H. Variations in biocorona formation related to defects in
the structure of single walled carbon nanotubes and the hyperlipidemic disease state. Sci. Rep. 2017, 7, 8382. [CrossRef]

33. Xie, Z.; Ferreira, C.R.; Virequ, A.A.; Cooks, R.G. Multiple reaction monitoring profiling (MRM profiling): Small molecule
exploratory analysis guided by chemical functionality. Chem. Phys. Lipids 2021, 235, 105048. [CrossRef]

34. Bligh, E.G.; Dyer, W.J. A rapid method of total lipid extraction and purification. Can. J. Biochem. Physiol. 1959, 37, 911–917.
[CrossRef]

http://doi.org/10.1093/annhyg/mem056
https://www.osha.gov/chemicaldata/206
http://doi.org/10.1007/s11051-010-0008-1
http://doi.org/10.1088/1752-7155/10/1/016004
http://doi.org/10.1016/j.tox.2010.06.002
http://doi.org/10.1002/jat.1779
https://www.cdc.gov/chronicdisease/about/index.htm
http://doi.org/10.1161/ATVBAHA.107.151092
http://doi.org/10.1016/j.febslet.2006.04.028
http://doi.org/10.3109/10408444.2015.1044601
http://doi.org/10.3389/fimmu.2020.00818
http://doi.org/10.1016/j.taap.2021.115730
http://doi.org/10.1080/15287394.2020.1748779
http://doi.org/10.1089/aivt.2019.0005
http://doi.org/10.3390/ijms15022991
http://www.ncbi.nlm.nih.gov/pubmed/24562328
http://doi.org/10.1002/oby.20376
http://www.ncbi.nlm.nih.gov/pubmed/23512476
http://doi.org/10.1016/j.diabres.2004.11.007
http://www.ncbi.nlm.nih.gov/pubmed/15955385
http://www.ncbi.nlm.nih.gov/pubmed/14507248
http://doi.org/10.1002/ame2.12084
http://doi.org/10.1038/nm.3760
http://doi.org/10.1016/j.tiv.2018.05.003
http://doi.org/10.1016/b978-0-08-102579-6.00012-5
http://doi.org/10.1016/j.etap.2018.07.014
http://doi.org/10.1038/s41598-017-08896-w
http://doi.org/10.1016/j.chemphyslip.2021.105048
http://doi.org/10.1139/y59-099


Nanomaterials 2022, 12, 2022 23 of 24

35. Edwards, M.E.; de Luca, T.; Ferreira, C.R.; Collins, K.S.; Eadon, M.T.; Benson, E.A.; Sobreira, T.J.P.; Cooks, R.G. Multiple reaction
monitoring profiling as an analytical strategy to investigate lipids in extracellular vesicles. J. Mass Spectrom. 2021, 56, 1–7.
[CrossRef]

36. Suarez-Trujillo, A.; Luecke, S.M.; Logan, L.; Bradshaw, C.; Stewart, K.R.; Minor, R.C.; Ramires Ferreira, C.; Casey, T.M. Changes
in sow milk lipidome across lactation occur in fatty acyl residues of triacylglycerol and phosphatidylglycerol lipids, but not in
plasma membrane phospholipids. Animal 2021, 15, 100280. [CrossRef]

37. De Lima, C.B.; Ferreira, C.R.; Milazzotto, M.P.; Sobreira, T.J.P.; Vireque, A.A.; Cooks, R.G. Comprehensive lipid profiling of early
stage oocytes and embryos by MRM profiling. J. Mass Spectrom. 2018, 53, 1247–1252. [CrossRef]

38. Clyde-Brockway, C.E.; Ferreira, C.R.; Flaherty, E.A.; Paladino, F.V. Lipid profiling suggests species specificity and minimal
seasonal variation in Pacific Green and Hawksbill Turtle plasma. PLoS ONE 2021, 16, e0253916. [CrossRef]

39. Brügger, B.; Erben, G.; Sandhoff, R.; Wieland, F.T.; Lehmann, W.D. Quantitative Analysis of Biological Membrane Lipids at the
Low Picomole Level by Nano-Electrospray Ionization Tandem Mass Spectrometry. Proc. Natl. Acad. Sci. USA 1997, 94, 2339–2344.
[CrossRef]

40. Shannahan, J.H.; Podila, R.; Brown, J.M. A Hyperspectral and Toxicological Analysis of Protein Corona Impact on Silver
Nanoparticle Properties, Intracellular Modifications, and Macrophage Activation. Int. J. Nanomed. 2015, 10, 6509–6520. [CrossRef]

41. Persaud, I.; Shannahan, J.H.; Raghavendra, A.J.; Alsaleh, N.B.; Podila, R.; Brown, J.M. Biocorona formation contributes to silver
nanoparticle induced endoplasmic reticulum stress. Ecotoxicol. Environ. Saf. 2019, 170, 77–86. [CrossRef]

42. Shannahan, J.H.; Podila, R.; Aldossari, A.A.; Emerson, H.; Powell, B.A.; Ke, P.C.; Rao, A.M.; Brown, J.M. Formation of a Protein
Corona on Silver Nanoparticles Mediates Cellular Toxicity via Scavenger Receptors. Toxicol. Sci. 2015, 143, 136–146. [CrossRef]

43. Lesniak, A.; Fenaroli, F.; Monopoli, M.P.; Åberg, C.; Dawson, K.A.; Salvati, A. Effects of the presence or absence of a protein
corona on silica nanoparticle uptake and impact on cells. ACS Nano 2012, 6, 5845–5857. [CrossRef]

44. Alnasser, F.; Castagnola, V.; Boselli, L.; Esquivel-Gaon, M.; Efeoglu, E.; McIntyre, J.; Byrne, H.J.; Dawson, K.A. Graphene nanoflake
uptake mediated by scavenger receptors. Nano Lett. 2019, 19, 1260–1268. [CrossRef] [PubMed]

45. Whitwell, H.; Mackay, R.M.; Elgy, C.; Morgan, C.; Griffiths, M.; Clark, H.; Skipp, P.; Madsen, J. Nanoparticles in the lung and their
protein corona: The few proteins that count. Nanotoxicology 2016, 10, 1385–1394. [CrossRef] [PubMed]

46. Dai, J.; Zhou, Q.; Chen, J.; Rexius-Hall, M.L.; Rehman, J.; Zhou, G. Alpha-enolase regulates the malignant phenotype of pulmonary
artery smooth muscle cells via the AMPK-Akt pathway. Nat. Commun. 2018, 9, 3850. [CrossRef]

47. Olivieri, O.; Bassi, A.; Stranieri, C.; Trabetti, E.; Martinelli, N.; Pizzolo, F.; Girelli, D.; Friso, S.; Pignatti, P.F.; Corrocher, R.
Apolipoprotein C-III, metabolic syndrome, and risk of coronary artery disease. J. Lipid Res. 2003, 44, 2374–2381. [CrossRef]
[PubMed]

48. Famulla, S.; Lamers, D.; Hartwig, S.; Passlack, W.; Horrighs, A.; Cramer, A.; Lehr, S.; Sell, H.; Eckel, J. Pigment epithelium-derived
factor (PEDF) is one of the most abundant proteins secreted by human adipocytes and induces insulin resistance and inflammatory
signaling in muscle and fat cells. Int. J. Obes. 2011, 35, 762–772. [CrossRef] [PubMed]

49. Zhao, T.; Su, Z.; Li, Y.; Zhang, X.; You, Q. Chitinase-3 like-protein-1 function and its role in diseases. Signal Transduct. Target. Ther.
2020, 5, 1–20. [CrossRef] [PubMed]

50. Zewinger, S.; Reiser, J.; Jankowski, V.; Alansary, D.; Hahm, E.; Triem, S.; Klug, M.; Schunk, S.J.; Schmit, D.; Kramann, R.; et al.
Apolipoprotein C3 induces inflammation and organ damage by alternative inflammasome activation. Nat. Immunol. 2020, 21,
30–41. [CrossRef] [PubMed]

51. Tso, P.; Liu, M. Apolipoprotein A-IV, food intake, and obesity. Physiol. Behav. 2004, 83, 631–643. [CrossRef]
52. Cunningham, K.E.; Turner, J.R. Myosin light chain kinase: Pulling the strings of epithelial tight junction function. Ann. N. Y. Acad.

Sci. 2012, 1258, 34–42. [CrossRef]
53. Paavola, T.; Bergmann, U.; Kuusisto, S.; Kakko, S.; Savolainen, M.J.; Salonurmi, T. Distinct fatty acid compositions of hdl

phospholipids are characteristic of metabolic syndrome and premature coronary heart disease—Family study. Int. J. Mol. Sci.
2021, 22, 4908. [CrossRef]

54. Ghidoni, R.; Caretti, A.; Signorelli, P. Role of sphingolipids in the pathobiology of lung inflammation. Mediat. Inflamm. 2015,
2015, 487508 . [CrossRef]

55. Ohanian, J.; Ohanian, V. Sphingolipids in mammalian cell signalling. Cell. Mol. Life Sci. 2001, 58, 2053–2068. [CrossRef]
56. Dipali, S.S.; Ferreira, C.R.; Zhou, L.T.; Pritchard, M.T.; Duncan, F.E. Histologic analysis and lipid profiling reveal reproductive

age-associated changes in peri-ovarian adipose tissue. Reprod. Biol. Endocrinol. 2019, 17, 46. [CrossRef]
57. Erion, D.M.; Shulman, G.I. Diacylglycerol-mediated insulin resistance. Nat. Med. 2010, 16, 400–402. [CrossRef]
58. Anderson, D.S.; Patchin, E.S.; Silva, R.M.; Uyeminami, D.L.; Sharmah, A.; Guo, T.; Das, G.K.; Brown, J.M.; Shannahan, J.; Gordon,

T.; et al. Influence of particle size on persistence and clearance of aerosolized silver nanoparticles in the rat lung. Toxicol. Sci. 2015,
144, 366–381. [CrossRef]

59. Gordon, S. The role of the macrophage in immune regulation. Res. Immunol. 1998, 149, 685–688. [CrossRef]
60. Nakayama, M. Macrophage recognition of crystals and nanoparticles. Front. Immunol. 2018, 9, 1–8. [CrossRef]
61. Frana, A.; Aggarwal, P.; Barsov, E.V.; Kozlov, S.V.; Dobrovolskaia, M.A.; González-Fernndez, Á. Macrophage scavenger receptor

A mediates the uptake of gold colloids by macrophages in vitro. Nanomedicine 2011, 6, 1175–1188. [CrossRef]

http://doi.org/10.1002/jms.4681
http://doi.org/10.1016/j.animal.2021.100280
http://doi.org/10.1002/jms.4301
http://doi.org/10.1371/journal.pone.0253916
http://doi.org/10.1073/pnas.94.6.2339
http://doi.org/10.2147/IJN.S92570
http://doi.org/10.1016/j.ecoenv.2018.11.107
http://doi.org/10.1093/toxsci/kfu217
http://doi.org/10.1021/nn300223w
http://doi.org/10.1021/acs.nanolett.8b04820
http://www.ncbi.nlm.nih.gov/pubmed/30628448
http://doi.org/10.1080/17435390.2016.1218080
http://www.ncbi.nlm.nih.gov/pubmed/27465202
http://doi.org/10.1038/s41467-018-06376-x
http://doi.org/10.1194/jlr.M300253-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/14563827
http://doi.org/10.1038/ijo.2010.212
http://www.ncbi.nlm.nih.gov/pubmed/20938440
http://doi.org/10.1038/s41392-020-00303-7
http://www.ncbi.nlm.nih.gov/pubmed/32929074
http://doi.org/10.1038/s41590-019-0548-1
http://www.ncbi.nlm.nih.gov/pubmed/31819254
http://doi.org/10.1016/j.physbeh.2004.07.032
http://doi.org/10.1111/j.1749-6632.2012.06526.x
http://doi.org/10.3390/ijms22094908
http://doi.org/10.1155/2015/487508
http://doi.org/10.1007/PL00000836
http://doi.org/10.1186/s12958-019-0487-6
http://doi.org/10.1038/nm0410-400
http://doi.org/10.1093/toxsci/kfv005
http://doi.org/10.1016/S0923-2494(99)80039-X
http://doi.org/10.3389/fimmu.2018.00103
http://doi.org/10.2217/nnm.11.41


Nanomaterials 2022, 12, 2022 24 of 24

62. Bae, S.; Kim, H.; Lee, N.; Won, C.; Kim, H.-R.; Hwang, Y.; Song, Y.W.; Kang, J.S.; Lee, W.J. α-Enolase Expressed on the Surfaces of
Monocytes and Macrophages Induces Robust Synovial Inflammation in Rheumatoid Arthritis. J. Immunol. 2012, 189, 365–372.
[CrossRef]

63. Liu, S.; Lu, C.; Liu, Y.; Zhou, X.; Sun, L.; Gu, Q.; Shen, G.; Guo, A. Hyperbaric Oxygen Alleviates the Inflammatory Response
Induced by LPS Through Inhibition of NF-κB/MAPKs-CCL2/CXCL1 Signaling Pathway in Cultured Astrocytes. Inflammation
2018, 41, 2003–2011. [CrossRef]

64. Chen, Y.; Kijlstra, A.; Chen, Y.; Yang, P. IL-17A stimulates the production of inflammatory mediators via Erk1/2, p38 MAPK,
PI3K/Akt, and NF-κB pathways in ARPE-19 cells. Mol. Vis. 2011, 17, 3072–3077. [PubMed]

65. Sugimoto, T.; Morioka, N.; Zhang, F.F.; Sato, K.; Abe, H.; Hisaoka-Nakashima, K.; Nakata, Y. Clock Gene Per1 Regulates the
Production of CCL2 and Interleukin-6 through P38, JNK1 and NF-KB Activation in Spinal Astrocytes. Mol. Cell. Neurosci. 2014,
59, 37–46. [CrossRef] [PubMed]

66. Xue, J.; Ge, X.; Zhao, W.; Xue, L.; Dai, C.; Lin, F.; Peng, W. PIPKI γ Regulates CCL2 Expression in Colorectal Cancer by Activating
AKT-STAT3 Signaling. J. Immunol. Res. 2019, 2019, 3690561. [CrossRef] [PubMed]

67. Yan, W.; Chen, W.; Huang, L. Mechanism of adjuvant activity of cationic liposome: Phosphorylation of a MAP kinase, ERK and
induction of chemokines. Mol. Immunol. 2007, 44, 3672–3681. [CrossRef]

68. Tanaka, T.; Narazaki, M.; Kishimoto, T. IL-6 in Inflammation, Immunity, and Disease. Cold Spring Harb. Perspect. Biol. 2014,
6, a016295. [CrossRef]

69. Schieven, G. The Biology of p38 Kinase: A Central Role in Inflammation. Curr. Top. Med. Chem. 2005, 5, 921–928. [CrossRef]

http://doi.org/10.4049/jimmunol.1102073
http://doi.org/10.1007/s10753-018-0843-2
http://www.ncbi.nlm.nih.gov/pubmed/22162626
http://doi.org/10.1016/j.mcn.2014.01.003
http://www.ncbi.nlm.nih.gov/pubmed/24447840
http://doi.org/10.1155/2019/3690561
http://www.ncbi.nlm.nih.gov/pubmed/31781676
http://doi.org/10.1016/j.molimm.2007.04.009
http://doi.org/10.1101/cshperspect.a016295
http://doi.org/10.2174/1568026054985902

	Introduction 
	Materials and Methods 
	Animal Model 
	Necropsy and BALF Collection 
	Model Characterization 
	NP-BC Formation and Characterization 
	BC Characterization-Proteomics 
	BC Characterization-Lipid Profiling 
	Cell Culture and Exposure 
	Assessment of NP-BC Cytotoxicity 
	Macrophage Association of NPs 
	Examination of Inflammation 
	BC-Induced Regulation of Inflammatory Signaling 

	Statistical Analysis 
	Results 
	Mouse Model Characterization 
	Characterization of Fe3O4 NPs 
	Protein Components Identification and Relative Quantification between BCs 
	Lipid Identification and Relative Quantification between BCs 
	BC-Induced Cell Viability in Macrophages 
	Influence of BCs on the Cellular Associations of Fe3O4 NPs 
	Evaluation of BC-Induced Differential Cellular Inflammatory Response 
	Quantification and Determination of Protein Expression 

	Discussion 
	References

