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Background: Exosomes are endosome-derived nano-sized vesicles that have emerged as
important mediators of intercellular communication and play significant roles in various
diseases. However, their applications are rigorously restricted by the limited secretion
competence of cells. Therefore, strategies to enhance the production and functions of
exosomes are warranted. Studies have shown that nanomaterials can significantly enhance
the effects of cells and exosomes in intercellular communication; however, how palladium
nanoparticles (PANPs) enhance exosome release in human leukemia monocytic cells (THP-1)
remains unclear. Therefore, this study aimed to address the effect of PANPs on exosome
biogenesis and release in THP-1 cells.

Methods: Exosomes were isolated by ultracentrifugation and ExoQuick™ and character-
ized by dynamic light scattering, nanoparticle tracking analysis system, scanning electron

microscopy, transmission electron microscopy, EXOCET™

assay, and fluorescence polar-
ization. The expression levels of exosome markers were analyzed via quantitative reverse
transcription-polymerase chain reaction and enzyme-linked immunosorbent assay.

Results: PANP treatment enhanced the biogenesis and release of exosomes by inducing
oxidative stress, endoplasmic reticulum stress, apoptosis, and immunomodulation. The exo-
somes were spherical in shape and had an average diameter of 50-80 nm. Exosome
production was confirmed via total protein concentration, exosome counts, acetylcholinester-
ase activity, and neutral sphingomyelinase activity. The expression levels of TSG101, CD9,
CD63, and CDS81 were significantly higher in PdNP-treated cells than in control cells.
Further, cytokine and chemokine levels were significantly higher in exosomes isolated
from PdNP-treated THP-1 cells than in those isolated from control cells. THP-1 cells pre-
treated with N-acetylcysteine or GW4869 showed significant decreases in PANP-induced
exosome biogenesis and release.

Conclusion: To our knowledge, this is the first study showing that PANPs stimulate
exosome biogenesis and release and simultaneously increase the levels of cytokines and
chemokines by modulating various physiological processes. Our findings suggest a
reasonable approach to improve the production of exosomes for various therapeutic
applications.
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Introduction

Leukemia is a cancer of early blood-forming cells caused
by a rise in the number of white blood cells. The exact
causes of leukemia are not well known; however, some of
these factors appear to be causative agents such as smoke,
radiation, chemotherapy, genetic disorders, and age.
Among all types of cancers, leukemia is estimated to
account for approximately 3.5%.' Treatment for leukemia
varies from person to person as well as with the type of
leukemia; however, common methods are adopted, includ-
ing chemotherapy, stem cell transplant, radiation therapy,
targeted therapy, watchful waiting, and supportive therapy.
Recently, exosome-based cancer therapy has gained
immense attention owing to its unique properties such as
non-toxicity, non-immunogenicity, robust delivery capa-
city, and targeting specificity. These features present exo-
somes as powerful nano-carriers for the delivery of anti-
cancer drugs.

Extracellular vesicles (EVs) are a significant class of
membrane-bound bodies that are involved in intercellular
communication in various physiological and pathological
processes. EVs are typically divided into three main cate-
gories based on biogenesis and size, which include exo-
somes, shed microvesicles and apoptotic bodies.>™
Exosomes, a subset of EVs, are secreted by virtually all
cells, including human leukemia monocytic (THP-1) cells,
into bodily fluids. Exosomes play significant roles in traf-
ficking macromolecules, including proteins, microRNAs,
and long non-coding RNAs among cells, and regulating
various cellular processes. They also serve as screening
biomarkers and potential therapeutic targets in leukemia.
Exosomes released from leukemia cells regulate drug
resistance, immune dysfunction, and microenvironment
manipulation.” Exosomes are released by the fusion of
multivesicular bodies with the plasma membrane and exhi-
bit a cup-shaped morphology with characteristic markers
such as tetraspanin proteins, including CD63, CD9, and
CDS81.°® Further, exosomes are carriers of cell-specific
cargos of proteins, lipids, and genetic materials and all
these cargoes transferred into neighboring or distant
cells. Almost all types of cells release exosomes; however,
the harbored cargoes differ from each other in terms of the
functions of the parent cells and their current states.”

Exosomes are formed from late endosomes by inward
budding of the limited multivesicular body (MVB) mem-
brane. Invagination of late endosomal membranes results

in the formation of intraluminal vesicles (ILVs) within

large MVBs and released into extracellular space.'®'

Several studies have shown that the formation of ILVs
requires the endosomal sorting complex required for trans-
port (ESCRT) function. The ESCRT mechanism is
initiated by the recognition and sequestration of ubiquiti-
nated proteins to specific domains of the endosomal mem-
brane via ubiquitin binding subunits of ESCRT-0. The
formation of ILVs is regulated by ESCRT complexes (0—
D). In particular, the typical exosomal protein Alix, which
is associated with several ESCRT (TSG101 and CHMP4)
proteins, is involved in endosomal membrane budding and
abscission, as well as exosomal cargo selection via inter-
action with syndecan.'? Other pathways are involved in
the biogenesis and release of exosomes in an ESCRT-
independent manner, which seems to depend on raft-
based microdomains, highly enriched in sphingomyeli-
nases, from which ceramides are formed.'> Ceramides
are known to induce lateral phase separation and coales-
cence of microdomains and also provide curvature of the
endosomal membrane, thereby promoting domain-induced
budding. Hence, a ceramide-dependent mechanism plays a
critical role in exosome biogenesis.'* The critical compo-
nents of exosomal proteins such as tetraspanins are
involved in exosome biogenesis and protein loading, and
tetraspanin-enriched microdomains (TEMs) are involved
in the compartmentalization of receptors and signaling
proteins in the plasma membrane. '’

EV biogenesis and release is regulated by various fac-
tors such as cholesterol,'® cell detachment,17 cell type,18
media and concentration of serum in the media,'” Ca*"
ionophores,*® hypoxia,”' and oxidative stress.”* Oxidative
stress-induced autophagy promotes exosomes release.”’
Intracellular calcium concentration- and oxidative stress-
induced Hb oxidation are major mechanisms involved in
EV formation.”* Liposomes, such as neutral, cationic-bare,
or PEGylated liposomes, increase the release of exosomes
in cancer cell lines.”> Serum removal induces cellular

26,28,29
5 and

stress,”® alter EV  number,®’ %’ activity,
composition,” as well as surface®® and intra-vesicular
proteins.?’ Further, serum deprivation improves exosome
activity and alters the lipid and protein compositions of
mesenchymal stem cells.>® Thermal, oxidative stress, and
hypoxic conditions enhance exosome secretion from leuke-
mia/lymphoma T-/B-cell lines.*'** Melphalan and/or bor-
tezomib increases exosome release in multiple myeloma

33,34

cells, and chemotherapeutic agents such as 5-fluorour-

acil, cisplatin, and doxorubicin have been reported to induce
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an increase in the amount of HSP70" exosomes secreted
from melanoma and colon cancer cell lines.*’

Considering the literature, environmental factors, cul-
ture media, serum, and other external factors significantly
affect EV production and quantity; however, the impact of
palladium nanoparticles (PdNPs) on exosome biogenesis
pathways directly or indirectly remains elusive. In parti-
cular, PdNP-induced oxidative stress-elicited changes or
release of exosomes has not yet been elucidated in THP-1
cells, which are valuable tools for investigating monocyte
structure and function in both health and disease. THP-1
cells have a stable genetic background and have a repro-
ducible treatment response.’® Hence, in this study, we
selected THP-1 cells as a model system to decipher the
effect of PANP-induced oxidative stress, endoplasmic reti-
culum stress, apoptosis, and immunomodulation on exo-
some biogenesis and release.

Materials and Methods
Synthesis and Characterization of PdNPs

PdNPs were prepared using nobiletin as previously
described.”” Nobiletin (5 mg) was suspended in 90 mL
of sterile distilled water, mixed for 5 min, and then used in
the synthesis of PANPs. The nobiletin solution was com-
bined with 10 mL of a 1-mM aqueous PdCl, solution and
then incubated for 6 h at 60°C with constant stirring.
Purification and characterization were carried out accord-
ing to a previously described method.*® Detailed metho-
dology given as Supplementary File.

Cell Culture Conditions and PdNPs

Exposure

The THP-1 cell line was obtained from the American Type
Culture Collection (ATCC; Manassas, VA, USA). THP-1
cells were cultured in RPMI-1640 cell culture medium
supplemented with 10% FCS, 2 mM L-glutamine, 10
mM HEPES, 1 mM pyruvate, 100 U/mL penicillin, and
0.1 mg/mL streptomycin (Sigma-Aldrich). The cells were
sub-cultured usually twice a week with 1 x 10° viable
cells/mL and incubated at 37°C in a 5% CO, atmosphere.
The medium was replaced the next day with 100-pL fresh
media, and the cells were incubated for 24 h prior to
PdANPs exposure. Experiments were performed in 96-,
24-, and 12-well plates and 100-mm cell culture dishes,
as required. Cells were treated with various concentrations
of PANPs, CSP, or GW4869 or the required dose.

Cell Viability Assay and BrdU Cell

Proliferation Assay

Cell viability was measured using the Cell Counting kit-8
(CCK-8; CKO04-01, Dojindo Laboratories, Kumamoto,
Japan). Briefly, THP-1 cells were plated in 96-well flat-
bottom culture plates containing various concentrations of
PdNPs (5.0-25.0 uM), CSP (5.0-25.0 uM), and GW4869
(5.0-25.0 uM), or PdNPs (15.0 uM), CSP (10.0 uM), and
GW4869 (20 uM). After 24-h culture at 37°C in a humi-
dified 5% CO, incubator, the CCK-8 solution (10.0 uL)
was added to each well, and the plate was incubated for
another 2 h at 37°C.

Assessment of Membrane Integrity and
Cell Mortality Assay

The membrane integrity of THP-1 cells was evaluated using
a lactate dehydrogenase (LDH) cytotoxicity detection kit.
Briefly, the cells were exposed to various concentrations of
PdNPs (15 uM), CSP (10 pM), or GW4869 (20 uM) for 24 h.
Subsequently, 100 pL of cell-free supernatant from each well
was transferred in triplicate into the wells of a 96-well plate,
and 100 pL of the LDH reaction mixture was added to each
well and intensity was determined using a microplate reader.
Cell mortality was evaluated using the trypan blue assay, as
described previously.*”

Determination of ROS, MDA, Nitric
Oxide (NO), Carbonylated Protein
Levels, Lipid Hydroperoxide, and 8-

Isoprostane

ROS were estimated as described previously.*” NO production
was quantified spectrophotometrically using Griess reagent
(Sigma-Aldrich).***' Carbonylated protein content was deter-
mined according to a previously described method.**** Lipid
hydroperoxide and 8-isoprostane levels were also measured as

previously described.*®*?

Measurement of Anti-Oxidative Marker

Levels

THP-1 cells were treated with PANPs (15 uM), CSP (10
uM), or GW4869 (20 uM) and incubated for 24 h. The
expression levels of anti-oxidant markers such as glu-
tathione (GSH), thioredoxin reductase (TRX), catalase
(CAT), superoxide dismutase (SOD), glutathione peroxi-
dase (GPx), and glutathione S-transferase (GST) were
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determined as described previously®® and per the assay
kits manufacturer’s instructions.

Mitochondrial Membrane Potential
(MMP) and Measurement of Caspase-9/3
Activity

MMP was measured using the JC-1 cationic fluorescent
indicator according to the manufacturer’s instructions
(Molecular Probes, Eugene, OR, USA). THP-1 cells
were treated with PANPs (15 pM), CSP (10 pM), or
GW4869 (20 uM) and incubated for 24 h, followed by
treatment with 10 uM JC-1 at 37°C for 15 min. Cells were
then washed and resuspended in PBS, and fluorescence
intensity was measured by measuring the ratio between
J-aggregates in intact mitochondria fluorescence red with
emission at 583 nm, and J-monomers in the cytoplasm
fluorescence green with emission at 525 nm and an excita-
tion wavelength of 488 nm. Mitochondrial membrane
potential was expressed as the ratio of the fluorescence
intensity of the JC-1 aggregates to that of the monomers.
The caspase-9/3 activity was measured according to a
previously described method.*®

Measurement of 4-Hydroxynonenal
(HNE), 8-Oxo-7,8-Dihydro-2'-
Deoxyguanosine (8-Oxo-dG), and 8-
Oxo-G Levels

THP-1 cells were treated with PANPs (15 uM), CSP (10 uM),

or GW4869 (20 uM) and incubated for 24 h. Afterward, 4-
hydroxynonenal (HNE), 8-OHDG, and 8-OHG levels were

determined as previously described*®*° and per the assay kits
manufacturer’s  instructions  (Trevigen,  Gaithersburg,
MD, USA).

Exosome lIsolation via Ultracentrifugation
THP-1 cells were treated with PANPs (15 uM), CSP (10 uM),
or GW4869 (20 uM) and incubated for 24 h. Exosomes were
prepared from culture supernatants of THP-1 cells by differ-
ential centrifugation according to a previously described
method.***

Exosome Isolation by Commercial
Extraction Kits

THP-1 cells were treated with PANPs (15 uM), CSP (10 uM),
or GW4869 (20 uM) and incubated for 24 h, after which the
exosomes were isolated and purified using ExoQuick

(EXOQS5TM-1, System Biosciences, Palo Alto, CA, USA)
according to the manufacturer’s instructions.

Morphological Analysis of Exosomes
Using Scanning Electron Microscopy
(SEM)

SEM analysis was carried out according to a previously
described method.*® Pellets containing exosomes were
vortexed and resuspended in 0.21 mL of PBS. SEM
images were obtained using a field emission scanning
(HITACHI SU8010, Hitachi

electron microscope

Corporation, Japan).

Size and Morphology Analysis of
Exosomes Using Transmission Electron
Microscopy (TEM)

Sample preparation and analysis were carried out accord-
ing to a previously described method.*” Freshly isolated
exosomes from cells were resuspended in cold PBS.
Exosome samples were prepared for TEM analysis using
the exosome-TEM-easy kit (101Bio, Palo Alto, CA, USA)
according to the manufacturer’s instructions.

Determination of Total Protein

Concentration of Exosomes

Total protein concentration of exosomes was determined
using the bicinchoninic acid (BCA) assay kit (Thermo
Scientific, Waltham, MA, USA) according to the manu-
facturer’s instructions.

Quantitation of Exosomes Using a

Colorimetric Assay

Exosome concentration was estimated using the
EXOCET™ assay (System Biosciences), performed as

described previously.*®

Quantification of Exosomes by

Fluorescence Polarization (FP)

Quantification of exosomes by fluorescence polarization
(FP) was performed as described previously.*’ Briefly, the
exosomes were mixed with 1.6-uM C12-FAM in a reac-
tion buffer composed of 1-mM HEPES (pH 8) and 1.6-
mM NacCl in a total reaction volume of 160 pL. After the
incubation of the reaction mixture for 20 min at room
temperature, fluorescence

polarization values were
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measured at excitation and emission wavelengths of 485
and 528 nm, respectively.

Particle Size and Concentration Analyses
Exosomes were resuspended in PBS, and particle size and
concentration were measured using a Nanoparticle
System 300 (NTA300, Malvern
Instruments, UK). Exosome size/diameter was estimated

Tracking Analysis

via DLS, as described previously.>”

Measurement of AChE Activity

AChE activity was determined according to a previously
described method.”! To measure the quantity of exosomes in
culture supernatants, cells were treated with PANPs (15 uM),
CSP (10 uM), or GW4869 (20 uM). AChE activity was
determined using a commercially available AChE activity
assay kit (Sigma).

Sphingomyelinase Activity Assay

THP-1 cells were treated with PANPs (15 uM), CSP (10 uM),
or GW4869 (20 uM) for 24 h. The sphingomyelinase activity
assay was performed as previously described” and according
to the assay kit manufacturer’s protocol. The Amplex Red
sphingomyelinase assay kit (Molecular Probes Inc, Eugene,
OR, USA) was used to quantify neutral sphingomyelinase
activity.

RNA Isolation and mRNA Expression
Analysis Using Quantitative Reverse
Transcription-Polymerase Chain Reaction
(gRT-PCR)

Exosomes were prepared from culture supernatants of
THP-1 cells either by differential centrifugation or
ExoQuick (EXOQ5TM-1, Palo
Alto, CA, USA) according to a previously described

System Biosciences,

method.** The sequences of the PCR primers are shown
in Supplementary Table 1.

Measurements of the Expression Levels
of TSGI101, CD9, CDé63, and CD8I via

ELISA
The expression levels of TSG101, CD9, CD63, and CD81
were determined via ELISA, as described previously.*’

Western Blot

Equal amount of exosomes were mixed with reducing
Laemmli-buffer and was loaded on 4-20% Tris-glycine
sodium dodecyl sulfate-polyacrylamide gels (Bio-Rad,
Hercules, CA, US), and electrophoresed. Proteins were
transferred to either polyvinylidene difluoride or nitrocel-
lulose membrane (Bio- Rad, Hercules, CA, US).
Membranes were blocked in 5% non-fat milk (Bio-Rad,
Hercules, CA, US) in Tris-buffered saline supplemented
with 0.05% Tween-20 (TBS-T) for 2h, and then blots were
incubated with primary antibodies such as anti-CD63 anti-
TSG101 for 16 h at 4°C. After 3 washes in TBS-T,
membranes were incubated with corresponding HRP-con-
jugated secondary antibodies for 2h at room temperature
and washed in TBS-T. Signals were visualized after incu-
bation with enhanced chemiluminescence kit.

Measurements of Cytokines and

Chemokines

THP-1 cells were incubated with THP-1 cells treated with
PdNPs (15 uM), CSP (10 uM), or GW4869 (20 uM) for
24 h. Cytokine and chemokine contents of the exosomes
were determined by ELISA.

Statistical Analysis

Independent experiments were repeated at least three times
such that data are represented as mean + standard devia-
tion (SD) for all duplicates within an individual experi-
ment. Data were analyzed using the t-test, multivariate
analysis, or one-way analysis of variance (ANOVA), fol-
lowed by Tukey’s test for multiple comparisons to deter-
mine the differences between groups (denoted by an
asterisk). GraphPad Prism was used for all analyses.

Results and Discussion
Synthesis and Characterization of

Palladium Nanoparticles

PdNPs were prepared using nobiletin, a citrus flavonoid.
Nobiletin (5 mg) was suspended in 90 mL of sterile dis-
tilled water and mixed for 5 min, followed by the addition
of 10 mL of a 1-mM aqueous PdCl, solution and incuba-
tion for 6 h at 60°C with constant stirring. The color of the
reaction mixture changed from yellow to dark brown,
indicating the formation of PdNPs.>” This was confirmed
using UV-visible spectroscopy (Figure 1A) by separate
comparisons with nobiletin solution and PdCl,. In UV-
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Figure | Synthesis and characterization of PANPs using nobiletin. (A) Absorption spectra of the nobiletin-mediated synthesis of PANPs; (B) XRD patterns of PANPs; (C)
FTIR spectra of PANPs; (D) size distribution analysis of PANPs using DLS; (E) TEM images of PANPs; and (F) histogram representing the average sizes of particles obtained
from TEM images. At least three independent experiments were performed for each sample, and reproducible results were obtained.

visible spectroscopy, the PdCl, solution showed a distinct
peak at approximately 425 nm, indicating the existence of
Pd*" ions. As shown in Figure 1A, at the beginning, a
strong characteristic absorption peak at ca. 420 nm was
present, corresponding to the [PdCL,] ion.”* During the
formation of PANPs, the peak of the Pd*" ions present at
420 nm disappeared and the ion was reduced to Pd°. When
the reaction proceeded, the peak at 420 nm disappeared
almost completely, and the absorption spectrum exhibited
a typical light-scattering phenomenon, thus indicating the
formation of PdNPs.>* During the process, the solution
color changed from light yellow to black because of the
[PdACl,] ion disappearance and formation of PdNPs, indi-
cating that nobiletin potentially reduced PdCl, ions to Pd’.
Silver and PdNPs were synthesized by the coffee and tea
extract-mediated green synthesis of silver and PdNPs at
room temperature.’> Similarly, several studies have
reported findings with various biological templates as
reducing agents, including Anacardium occidentale,™®
Pulicaria glutinosa leaf extract,”’ Evolvulus alsinoides
leaf extract,®” Origanum vulgare leaf extract.”® Other stu-
dies have also reported the use of pure biomolecules to
facilitate the synthesis of PdNPs such as saponin,®

R-phycoerythrin,®®  hesperidin,’  and  resveratrol.*®

Collectively, the data from this study suggest that nobiletin

acts as both a stabilizing and reducing agent, and these
biomolecules functionalize the surface of PANPs.

Next, we analyzed the XRD pattern of PdNPs using
nobiletin. As shown in Figure 1B, the XRD patterns of the
synthesized PANPs had prominent peaks. Polyphenol acts
as a reducing agent for PANPs, and the synthesized nano-
particles showed sharp and distinct crystallinity peaks in
XRD. A broad peak located at 26 = 40.10° corresponded
to the (111) lattice plane of palladium diffraction pattern.
Another two distinct reflections were present in the dif-
fraction at 46.60° (200) and 68.90° (220) (Figure 1B),
which represented the face centered cubic (fcc) structure
of PANPs.*’>%¢! The strong reflection at (111) may spe-
cify the desired development track of nanocrystals.*®¢
Based on the half -width of the (111) reflection, the aver-
age crystallite size (~25 nm) of PANPs was calculated
using the Debye—Scherer equation. The mean particle
size estimated using the Scherrer equation was slightly
larger than the real size obtained by TEM.

Further, FTIR analysis was performed to evaluate the
interactions of functional groups and nobiletin with palla-
dium (II) ions at room temperature. A typical FTIR spec-
trum of the PANPs is shown in Figure 1C. The spectra
displayed band at 3360 cm ' could be assigned to the
stretching vibration of OH groups related to nobiletin
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and 2090 cm '
However, the bands at 1090 cm ~ probably indicated the
vibration of C-O-C in nobiletin, and 1645 cm™ ! indicated
the existence of C=C stretching. Moreover, the absorbance
bands centered at 1220, 870, and 620 cm” ! can be assigned

to the vibration of —C=C (aromatic ring). By comparing
37,38,61

assigned to the stretching of C=O.
1

these results with earlier reports, we suggest that the
reduction of palladium ions may be performed by the
oxidation of hydroxyl groups to carbonyl groups that
may participate in the process of nanoparticle synthesis.
Similarly, previous studies have reported that using var-
ious biomolecules, such as saponin,” R-phycoerythrin,*

hesperidin,61 resveratrol,38

to mediate the synthesis of
PdNPs, the mechanism of the reduction of palladium
ions may be due to the presence of nobiletin, which play
important roles in the redox-type reaction taking place
during the reduction of Pd(Il) to Pd(0) nanoparticles.w’58
Collectively, these findings suggest that the presence of
these IR bands in the spectrum of PANPs suggests that the
organic compounds of nobiletin not only act as a bio-
reductant but also as capping ligands on the surface of
the PANPs.

Additionally, experiments were performed to determine
the size of particles using DLS, which is an effective and
essential technique for particle sizing. This technique is
also used to measure the hydrodynamic diameter of the
particle under the influence of Brownian motion. The
average size of the PANPs was measured by DLS for
colloidal nanoparticles. The size distribution vs number
percentage graph is shown in Figure 1D. The average
size of PANPs synthesized by nobiletin was 20 nm, and
the size varied from 10 to 50 nm. DLS measured the total
size of the particles that included the bio-organic com-
pounds enveloping the core of the PANPs.

Next, we confirmed the size of the synthesized particles
by TEM. Figure 1E shows that the TEM images of the as-
prepared PANPs were mostly spherical, with a size range of
approximately 5-30 nm and an average size of 20 nm.
Figure 1F demonstrates the size distribution from various
images of TEM. Several studies have reported similar find-
ings using various biological templates to synthesize various
sizes of PdNPs. For example, dried leaf of Anacardium
occidentale produced PANPs within the size range of 2.5—
4.5 nm,”® pine needle extract produced PANPs with an aver-
age size of 11.18 nm,* R-phycoerythrin synthesized PANPs
with an average size of 25 nm, which were spherical in
shape,’’ E. alsinoides synthesized PANPs within the size
range of 1-10 nm, with an average size of 5 nm,*” and G.

pedunculata produced PANPs with an average size of 330
nm,** whereas polypyrrole-palladium nanocomposite parti-
cles showed an average diameter of 89 nm in an aqueous
dispersion.®> PANPs synthesized using hesperidin, saponin,
and resveratrol had average sizes of 10, 5, and 10,
respectively.’’?%! The size and shape of nanoparticles
mostly depend on various factors, such as the type of redu-
cing agent, concentration of reducing agent, and temperature
used for synthesis. Interestingly, the synthesized particles are
of small sizes, thus easily and rapidly enter cells or tissues.

Effects of Serum Concentration on Cell

Viability, Cell Proliferation, AChE Activity,
and Exosomal Protein Concentration of

THP-1 Cells

Generally, cells are grown in media supplemented with
serum. Normally, cell viability and proliferation occur at
a slower rate in low serum (1%) than in high serum (10%).
To eliminate the high serum effect on exosome production
and release, we first evaluated how these cells reacted to
the change in culture media to low and high serum con-
centrations over the course of 24 h. The results demon-
strated that the rate of cell viability started to decrease in
low serum at 12 h and in high serum at 24 h. These results
suggest that regardless of the media, the serum concentra-
tion in the media plays a vital role in cell survival. When
THP-1 cells were exposed to PANPs for 24 h, their viabi-
lity decreased in a time-dependent manner (Figure 2A).
Although the cells grown on 10% and 1% sera showed
similar trends, the cells grown on RPMI with 10% serum
showed 10% viability loss, whereas those grown on RPMI
with 1% serum showed 10-30% viability loss at 24 h. Cell
viability reduced significantly in a low-serum condition
and continuously decreased until 24 h (p <0.05), whereas
no significant effect was observed in cells grown in high-
serum condition. Similarly, the rate of cell proliferation
was significantly affected in cells grown in low-serum
medium (p <0.05). The loss of cell proliferation rate was
observed at rates of 10 and 30% in 10 serum and 1%
serum, respectively (Figure 2B). Particularly, the cell pro-
liferation loss was observed from 10 to 30% (p <0.05). Li
et al reported that the proliferation of Neuro2a (N2a, a
mouse neuroblastoma cell line) cells grown in a low-serum
medium was significantly affected compared to that in a
medium containing 10% serum.'® The cell viability and
morphology of human adenocarcinoma cells have also
been reported to be significantly affected in a low serum-
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Figure 2 Effects of serum on cell viability, proliferation, exosome protein, and AChE activity on THP-I cells. THP-I cells were grown in RPMI-1640 cell culture medium
supplemented with 10% fetal calf serum (FCS) or 1% FCS over a 24 h period. (A) Cell viability was determined using the CCK-8 assay. (B) Cell proliferation was determined
using BrdU. (C) Total protein concentration of isolated exosomes was determined using BCA. (D) AChE activity was determined from isolated exosomes using a
colorimetric method. The results are expressed as the mean * standard deviation of three independent experiments. The treated groups showed statistically significant
differences from the control group by the Student’s t-test; *p <0.05 was considered significant.

containing medium, and the cellular protein levels of
chloride intracellular channel protein 1, proteasome sub-
unit alpha type 2, and heat shock 70 kDa protein 5 were
dysregulated in A549.% Collectively, the data from these
studies suggest that serum has a significant effect on cell
viability and proliferation of THP-1 cells.

Next, to determine the correlation between AChE
activity and serum concentration in the media, THP-1
cells were grown in both media containing 1 and 10%
sera for 24 h, followed by exosome isolation and protein
quantification. As expected, a low serum concentration
produced a significantly higher amount of exosomal pro-
tein compared to that produced by a high concentration of
serum, and the exosomal protein concentration was time
dependent (Figure 2C). Similarly, Li et al found that
amounts of exosomes were significantly higher in cells
grown on low-serum media than in cells grown on high-
serum media.'” Additionally, Rashid and Coombs have
previously evaluated the effect of serum on the expression
of HSP45 in A549 cells.®® Consistent with these results,
we found that the total protein concentration of exosomes

was higher in low serum-containing media than in media

containing high serum, suggesting that low serum concen-
tration in a medium is suitable for producing a high
amount of exosomes in THP-1 cells.

Further, we investigated the correlation between protein
concentration of exosomes and AChE activity of exosomes
in THP-1 cells. The cells were grown in both 10 and 1%
serum concentrations, and AChE activity was determined.
AChE activity indirectly determines the quantity of exo-
somes because AChEs are localized to the membrane of
exosomes.”"®” Our results demonstrated that the activity of
AChE is dependent on time and serum concentration, show-
ing that media containing 1% serum exhibited high levels of
AChE activity compared to media containing 10% serum
(Figure 2D). AChE activity was significantly higher in lipo-
polysaccharide (LPS)-treated macrophages than in untreated
groups.”! The correlation between cell proliferation and
AChE activity has been previously demonstrated via the
inhibition of AChE activity, leading to an increase in cell
proliferation, which was associated with the downregulation
of p27 and cyclins in hepatocellular carcinoma cells.®®
Collectively, these findings indicate that decreased cell pro-

liferation owing to low serum concentration increases
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exosome biogenesis and AChE activity. Further we deter-
mined the concentration of exosomes isolated by ultracen-
trifugation (Supplementary Figure 1A) and ExoQuick

(Supplementary Figure 1B) from THP-1 cells using standard

ExoQuick reagents. The results depicted that the concentra-
tion of exosomes were isolated from ultracentrifugation
remarkably lower compared to exosomes were isolated
from ExoQuick. Therefore, further experiments were carried
out exosomes were isolated from ExoQuick.

Dose-Dependent Effects of PANPs, CSP,

and GW4869 on THP-1 Cells

To determine the cytotoxic effects of PANPs, CSP, and
GW4869 on THP-1 cells, the cells were treated with various
PANP concentrations (525 puM), CSP (5-25 uM), and
GW4869 (5-25 uM) for 24 h, and cell viability was deter-
mined using CCK-8 assay kit. PANPs showed a concentration-
dependent effect in THP-1 cells. The cell viability of THP-1
cells decreased significantly upon exposure to PANPs at con-
centrations ranging from 5 to 25 pM, and IC50 was found to
be 15 uM (Figure 3A). Similarly, while cells were exposed to
CSP, cell viability declined dose dependently, which was used
as a positive control, and IC50 was found to be 10 uM

(Figure 3B). Both PdANPs and CSP showed similar trends,
and the relative loss of cell viability appeared to be similar.
PdNPs potentially induce cell viability loss in a variety of cell
lines with different nanostructures. Cell viability reduction
was observed when HeLa cells were exposed to Pd—Au het-
erostructures irradiated with 808 nm laser light.*” PANPs
induce loss of cell viability in human ovarian cancer cells via
oxidative stress.®” Palladium(II) complexes such as [Pd(sac)
(terpy)](sac)-4H20 and [PdCl(terpy)](sac)-2H20 reportedly
showed dose-dependent cytotoxic effects against three
human leukemia cell lines including Jurkat, MOLT-4, and
THP-1.” Biologically synthesized PANPs have also shown
significant cytotoxicity in human cervical cancer cells,”® per-
ipheral lymphocytes non-cancer cells,”' and human lung car-
cinoma cells.*® In contrast, the cells treated with GW4869 (5—
25 uM), which were used as negative controls, exhibited no
toxic effect, and no significant reduction was observed in cell
viability (Figure 3C). Similarly, RAW264.7 macrophages
exposed to GW4869 up to 20 uM showed no toxic effect.
Next, we determined the dose-dependent effect of
PdNPs (5-25 uM), CSP (5-25 uM), and GW4869 (5-25
uM) on THP-1 cell proliferation. Although both cell via-
bility and proliferation are similar in that both are
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Figure 3 Dose-dependent effects of PANPs, CSP, and GW4869 on the viability and proliferation of THP-1 cells. THP-1 cells were treated with various concentrations of (A)
PdNPs (5-25 uM), (B) CSP (5-25 uM), and (C) GW4869 (5-25 pM) in RPMI-1640 cell culture medium supplemented with 1% FCS for 24 h, and cell viability was determined
using CCK-8. Cell proliferation was determined by BrdU in THP-1 cells exposed to (D) PdNPs (5-25 pM), (E) CSP (5-25 pM), and (F) GW4869 (5-25 pM). The results are
expressed as the mean * standard deviation of three independent experiments. The treated groups showed statistically significant differences from the control group by the

Student’s t-test; *p <0.05 was considered significant.
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measures of live cells, viability is a measure of cellular
activity and overall health, while proliferation is a measure
of the rate of growth and production of daughter cells of a
cell population. THP-1 cells were treated with various
PdANP concentrations (5-25 uM), CSP (5-25 uM), and
GW4869 (5-25 uM) for 24 h, and cell proliferation level
was determined using a BrdU assay kit. PANPs showed a
concentration-dependent effect in THP-1 cells, with a sig-
nificant decrease in THP-1 cell proliferation upon expo-
sure to PANPs at concentrations ranging from 5 to 25 uM
(Figure 3D). Similarly, cell proliferation declined follow-
ing exposure to CSP (Figure 3E). Gurunathan et al
reported that biomolecule-assisted PdNPs potentially
reduce the rate of cell proliferation in human ovarian and
human lung cancer cells.’’** Additionally, PANPs have
been reported to inhibit cell growth in a dose- and time-
dependent manner in fibroblasts and lung epithelial cells.”
In contrast, when cells were exposed to GW4869, no
significant effect on cell proliferation rate was observed
(Figure 3F). Our results are in significant agreement with
those of Cheng et al, who reported that cell proliferation
rate decreased when the concentration of GW4869 was
>40 pmol/L.** Collectively, both PANPs and CSP dose-
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dependently decreased the viability and proliferation of
THP-1 cells, whereas GW4869 had no effect on these
activities. Therefore, all our experiments were carried out
with specific concentrations of PANPs (15 uM) and CSP
(10 uM) because they produced the optimal effect of
approximately 50 + 5% survival after 24 h treatment. In
the case of GW4869, we used 20 uM because it is non-
toxic.

Effect of PANPs on THP-1 Cell
Cytotoxicity

To evaluate the cytotoxic effect of PANPs on THP-1 cells,
we performed various types of assays such as cell viability,
cell proliferation, cell death, and leakage of LDH. The
cells were treated with PANPs (15 uM), CSP (10 uM), or
GW4869 (20 uM) for 24h. To know the potency of PdNPs,
we performed a CCK-8 assay. Cells were grown in low-
serum medium in the presence of PANPs. Media supple-
mented with PANPs have been shown to reduce cell via-
bility. After 24 h of PdNPs and CSP treatments, THP-1
cells showed significant loss in viability up to 50 and 55%,
respectively. In contrast, GW4869-treated THP-1 cells
showed no significant difference in viability (Figure 4A).
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Figure 4 Effect of PANPs on the cytotoxicity of THP-1 cells. THP-I cells were treated with PANPs (15 uM), CSP (10 pM), or GW4869 (20 uM) in RPMI-1640 cell culture
medium supplemented with 1% FCS for 24 h. (A) Cell viability was determined using the CCK-8 assay (B). Cell proliferation was determined by BrdU, (C) cell death rate
was determined using trypan blue, and (D) LDH leakage was measured at 490 nm using the LDH cytotoxicity kit. The results are expressed as the mean # standard deviation
of three independent experiments. The treated groups showed statistically significant differences from the control group by the Student’s t-test; *p <0.05 was considered

significant.
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These results clearly demonstrate that PANPs and CSP
have toxic effects and support the results of cell prolifera-
tion (Figure 4B). To substantiate the data derived from cell
viability and proliferation, trypan blue experiments were
carried out to determine cell death and membrane integrity
of the samples. Our findings further confirmed that PANPs
and CSP induced 55 and 50%, respectively (Figure 4C).
This is consistent with cell viability and proliferation data,
showing a strong direct correlation. The cytotoxic effects
of PANPs and CSP were evaluated by analyzing LDH
release from THP-1 cells for 24 h, as shown in
Figure 4D. LDH release was expressed as a fold increase
relative to LDH release from untreated cells. Our results
showed that treatment of THP-1 cells with PANPs and
CSP induced a significant release of LDH from THP-1
cells with 3.0 and 2.8 folds, respectively, indicating the
disruption of the cell membrane structure. The efficacy of
PdANPs depends on their size, shape, physical and chemical
properties, and cell type.’””* For instance, PANPs with an
average size of 5 nm potentially induce cytotoxicity by
inducing loss of cell viability, proliferation, and increasing
cell death rate and leakage of LDH. Similarly, several
studies have reported the cytotoxic effect of PANPs in

various types of cancer cells, including human ovarian
cancer cells.’”°" Further PANPs potentiate cytotoxicity
with histone deacetylase (HDAC) inhibitors. For example,
the combination of PANPs with tuastatin or trichostatin A
has been reported to significantly induce cytotoxicity and
apoptosis in various types of cancer cells, including human
ovarian cancer cells, human breast cancer cells, and human

lung epithelial adenocarcinoma cells.®->%-¢°

PdANPs Induce Oxidative Stress Markers
in THP-1 Cells

Generally, when nanoparticles enter cells, they produce
adverse effects. The most validated explanation for the cyto-
toxicity of nanoparticles is that oxidative stress is induced by
an ROS burst, which causes damage to cellular structures and
alters the normal physiological functions of cells by attacking
nucleic

various biomolecules, including carbohydrates,

acids, unsaturated fatty acids, and proteins.”* To determine
the influence of PANPs on oxidative stress in THP-1 cells, the
cells were incubated with PANPs (15 uM), CSP (10 uM), or
GW4869 (20 uM) for 24 h, and the level of ROS was
measured. As expected, treatment of THP-1 cells with either

PdNPs or CSP increased the production of ROS (Figure 5A),
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Figure 5 Effect of PANPs on oxidative stress markers. THP-1 cells were treated with PdNPs (15 pM), CSP (10 uM), or GW4869 (20 uM) in RPMI-1640 cell culture medium
supplemented with 1% FCS for 24 h. (A) Spectrophotometric analysis of ROS was performed using 2',7’-dichlorodihydrofluorescein diacetate (DCFH-DA). (B)
Malondialdehyde concentration was measured using a thiobarbituric-acid-reactive substances assay and expressed as nanomoles per gram of protein. (C) Lipid hydroper-
oxides were extracted and quantified as indicated using the Lipid Hydroperoxide Assay Kit (Catalog No. 705003; Cayman Chemical Company). (D) Nitric oxide production
was quantified spectrophotometrically using Griess reagent and expressed as micromoles per gram of protein. (E) Protein carbonylation content was determined and
expressed as micromoles per gram of protein. (F) 8-Isoprostane was quantified using the protocol described in the ELISA Kit (Catalog No.516351, Cayman Chemical
Company) manual. The results are expressed as the mean * standard deviation of three independent experiments. The treated groups showed statistically significant
differences from the control group by the Student’s t-test; *p <0.05 was considered significant.
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whereas GW4869-treated cells exhibited no change com-
pared to untreated cells. THP-1 cells treated with PdNPs,
CSP, and GW4869 produced 30, 25, and 10 pmol of ROS,
respectively, compared to that by untreated cells (15 umol).
Both PdNPs and CSP significantly induce ROS generation.
Similarly, metal nanoparticles such as silver induce oxidative
stress in male somatic and spermatogonial stem cells,”” F9
teratocarcinoma stem cells,”® mouse embryonic fibroblast
cells,”” and various types of human cancer cells including

78,79 80,81 via the

human breast and human lung cancer cells
generation of ROS. Similarly, platinum nanoparticles cause
oxidative stress in THP-1 cells,** and PdNPs induce oxida-
tive stress and eventual cell death in human ovarian cancer
cell lines A2780°” and SKOV3.®'

Next, we examined another oxidative stress marker called
malondialdehyde (MDA), which is a biomarker of widely
studied products of lipid peroxidation. Lipid peroxidation
plays a significant role as an important secondary messenger
in the process of adaptation/commitment to apoptosis.** Lipid
peroxidation products regulate pathways responsible for the
antioxidant protection system. The most commonly studied
secondary products of lipid peroxidation include MDA, pro-
panal, hexanal, and 4-hydroxynonenal (4-HNE). THP-1 cells
were incubated with PdNPs (15 puM), CSP (10 uM), or
GW4869 (20 uM) for 24 h, and MDA level was measured.
The levels of MDA were 15, 10, and 5 pumol, respectively
(Figure 5B). Because of ROS generation, cell destruction
could be observed by the final product of lipid peroxidation,
such as MDA. Increased levels of MDA are one of the main
results of lipid peroxidation. It has been reported that the
oxidative effect of metal nanoparticles is much more than
that of non-metal nanoparticles.*® Further, we have shown
that various metal nanoparticles stimulate toxicity, oxidative
stress, and DNA damage in various types of cancer cells,
which may be partly due to the dissolved ionic nature of
metal nanoparticles. For example, PANPs can induce signifi-
cant levels of MDA in human ovarian cancer cells.®’ The
combination of PANPs with tuastatin or trichostatin A has
also significantly induced MDA in various types of cancer
cells including human ovarian cancer cells, human breast
cancer cells, and human lung epithelial adenocarcinoma
cells 38:59:60

Measurement of lipid hydroperoxides (LHP) is a valu-
able method that is widely used to evaluate oxidative
catabolism of lipid membranes. To further prove the effect
of PdNPs on the oxidative catabolism of polyunsaturated
fatty acids, we measured the level of LHP. Oxidative stress
is the principal factor of lipid peroxidation, which

prompted us to measure the LHP after 24 h exposure to
PdNPs. Hence, we measured the level of LHP after 24 h
incubation with PdNPs (15 pM), CSP (10 pM), or
GW4869 (20 uM). An increased amount of LHP was
observed in cells grown under conditions of PdNPs and
CSP, exhibiting 20 and 15 pmol, respectively, whereas
GW4869-treated cells showed no remarkable changes
compared to controls (Figure 5C). AgNPs activate the
processes of lipid peroxidation and, owing to increases in
the levels of lipid peroxidation, lead to morphological
changes in human lymphocytes.®* Moreover, results from
the present study are in significant agreement with those of
previous studies suggesting that the toxicity of PdNPs is
mediated by ROS and oxidative stress. PANPs or a com-
bination of PdNPs and melatonin reportedly increased the
levels of LPH in human lung epithelial adenocarcinoma
cell lines A549 and H1229.°® Paciorek et al® have also
reported that silver nanoparticles increase the level of lipid
peroxides in AgNP-treated Hep G2 cells.

Further, we assessed the levels of NO in THP-1 cells
exposed to PdANPs (15 puM), CSP (10 uM), or GW4869
(20 uM) for 24 h. Our results showed that both PANPs and
CSP increased NO level. The level of NO was 6 and 5 umol,
respectively, whereas the level of NO in GW4869-treated cells
was 3 pumol compared to that in the control (2 pmol)
(Figure 5D). Effective anticancer activity and oxidative stress
have been associated with increasing NO levels, which were
observed in various types of cancer cells, including pancreatic,
colon, and ovarian cancer cells.*® Increased levels of NO
upregulate nitro-oxidative stress and cell death mediators.®”
Our previous study demonstrated an increase in NO level in F9
teratocarcinoma stem cells following retinoic acid treatment.®®
Additionally, platinum nanoparticles have been shown to
increase the levels of NO in THP-1* and human neuroblas-
toma cells,®® and PANPs and a combination of PANPs and
melatonin reportedly increased NO level in human lung epithe-
lial adenocarcinoma cells.*® The increased level of NO could
be a causative factor for cell death and the pro-inflammatory
effect of PANPs.

Further, measurement of protein carbonylation content
(PCC) is a multipurpose and sensitive method to describe
NP-induced oxidative stress. Therefore, we measured the
level of PCC in THP-1 cells exposed to PANPs (15 uM),
CSP (10 uM), or GW4869 (20 uM) for 24 h. PCC levels in
PdNPs-and CSP-treated cells were 8 and 8 umol, respec-
tively, whereas the level of PCC was 2 uM in GW4869-
treated THP-1 cells, which was equivalent to that in the
control group (Figure 5E). Several studies have reported
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that metal nanoparticles such as AgNPs induce PCC in
THP-1 macrophages, primary neuronal cells,”® and a
human colon epithelial cell line.”’ Our previous studies
also demonstrated that platinum nanoparticles, doxorubi-
cin, cisplatin, and a combination of platinum nanoparticles
and doxorubicin induced PCC in human bone OS epithe-
lial cells (U20S),” and platinum nanoparticles increased
the level of PCC in THP-1 cells.*® Combination of PANPs
and melatonin elevates PCC level in human lung epithelial
adenocarcinoma cells.*® The amount of PCC is directly
correlated with the severity of oxidative stress, and ele-
vated PCC level in THP-1 macrophages exerts strong
cytotoxicity and oxidative stress.

Oxidative stress is caused by nanoparticle-induced
toxicity in cells and eventually leads to cell death. To
evaluate the role of PdNP-induced oxidative stress in
THP-1 cells, we measured 8-Isoprostane, which is a
dependable biomarker of oxidative stress, as it is produced
by the oxidation of phospholipids. To measure the level of
8-isoprostane, THP-1 cells were treated with PdNPs
(15 uM), CSP (10 uM), or GW4869 (20 uM) for 24 h.
Results indicate that 8-isoprostane levels were signifi-
cantly increased in treated cells compared to those in
untreated cells (Figure 5F). The levels of 8-Isoprostane
in PANP-, CSP-, and GW4869-treated cells were 40, 30,

significantly increased 8-Isoprostane level, whereas
GW4869 had no effect on the amount of 8-Isoprostane.
A previous study reported that HEp-2 cells exposed to
copper oxide nanoparticles induced a significant increase
in the level of 8-isoprostanes.” Additionally, rats exposed
to nano-aerosol showed a 1.8-fold increase in LDH activ-
ity and 8-isoprostane BALF.”

Combination of PANPs and melatonin also increased the

concentration  in

level of 8-isoprostane in human lung epithelial adenocar-
cinoma cells.*® Collectively, our findings suggest that
PdNPs potentially induce cytotoxicity, oxidative stress,
nitro-oxidative stress, lipid peroxidation, and protein car-
bonylation. These stress factors could eventually cause an

imbalance in pro and antioxidant levels.

Influence of PANPs on Antioxidants
Markers in THP-1 Cells

Since antioxidants balances free radical or reactive oxygen
species production, we measured various antioxidant sys-
tems in THP-1 cells treated with PdNPs (15 uM), CSP
(10 uM), or GW4869 (20 puM) for 24 h, such as glu-
tathione (GSH), thioredoxin (TRX), catalase (CAT), super-
oxide dismutase (SOD), glutathione peroxidase (GPx), and
glutathione S-transferases (GST), which are indispensable
molecules for anti-oxidative defense. GSH is an important

and 8 pmol, respectively. Both PdNPs and CSP intracellular molecule responsible for maintaining the pro
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Figure 6 Effect of PANPs on antioxidants. THP-1 cells were treated with PdNPs (15 pM), CSP (10 uM), or GW4869 (20 pM) in RPMI-1640 cell culture medium
supplemented with 1% FCS for 24 h. (A). GSH, (B) TRX, (C) CAT, (D) SOD, (E) GPX, and (F) GST concentrations are expressed as micromoles per milligram of protein.
The results are expressed as the mean * standard deviation of three independent experiments. The treated groups showed statistically significant differences from the

control group by the Student’s t-test; *p <0.05 was considered significant.
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and antioxidant buffer system and is the most abundant
cellular thiol compound.” Our results demonstrated that
PdNPs and CSP significantly decreased the level of GSH,
with levels 40 and 50 umol, respectively, compared to that
in the control group (80 pumol). GW4869-treated cells
showed slightly increased levels of GSH (90 pmol) when
compared to that in the control (Figure 6A). Similarly,
previous studies have reported decreases in GSH levels
in different types of cancer cells. For instance, graphene
oxide decreases the level of GSH in human embryonic
kidney cells,”® and THP-1 cells,”” and platinum and
PdNPs increase GSH levels in THP-1 and human lung
epithelial adenocarcinoma cells, respectively.®®*

Next, we measured the level of TRX in THP-1 cells
exposed to PdNPs (15 uM), CSP (10 uM), or GW4869
(20 uM) for 24 h. Results showed that PANPs and CSP
significantly decreased the level of TRX, with levels 60 and
40 umol, respectively, compared to that in the control group
(100 pmol). GW4869-treated cells showed slightly increased
levels of TRX (90 umol) when compared to that in the control
(Figure 6B). TRXs are ubiquitous antioxidant enzymes that
play significant roles in maintaining cellular redox balance in
cancer cells. F9 teratocarcinoma stem cells exposed to retinoic
acid showed a decrease the level of TRX.*® Ultra-small- and
medium-sized platinum nanoparticles decreased the levels of
TRX in THP-1 cells.**® TRX and GSH are major thiol-
dependent antioxidants involved in maintaining cell home-
ostasis and DNA synthesis and repair.”®

Further, we analyzed the status of CAT and SOD, which
are significant antioxidants for maintaining the level of ROS in
organisms and are used as bio-indicators of increased ROS
production.”® To determine the levels of CAT and SOD, THP-
1 cells were treated with PdNPs (15 pM), CSP (10 uM), or
GW4869 (20 uM) for 24 h. The concentration of CAT was 50
and 40 pmol in PANP- and CSP-treated cells, respectively,
whereas cells treated with GW4869 showed 80 pM CAT
concentration, which was equivalent to that of the control,
indicating that GW4869 has no effect on CAT activity
(Figure 6C). In contrast, PANPs and CSP significantly influ-
enced CAT activity. We have previously shown that different
shapes and sizes of platinum nanoparticles decrease CAT
activity in THP-1 cells.***? Similarly, the level of SOD was
significantly lower in cells treated with PANPs (10 pmol) and
CSP (8 umol) than in control cells, whereas GW4869-treated
cells showed no significant effect (18 umol) on CAT activity
compared to the control (20 umol) (Figure 6D). The concen-
trations of CAT and SOD were reportedly significantly com-
promised in PANP-exposed human ovarian cancer cells,’’

human cervical cancer cells,”® human breast cancer cells,*
cells.®®

Combination of graphene oxide-silver nanoparticle nanocom-

and human lung epithelial adenocarcinoma
posites and CSP decreases the level of SOD in human cervical
cancer cells.'® Nanoparticles can interfere with the expression
of antioxidant genes, such as SOD and GPX, and instability in
the expression of antioxidant genes leads to the accumulation
of ROS.

Further, we examined the levels of GPX and GST in THP-
1 cells exposed to PANPs (15 uM), CSP (10 uM), or GW4869
(20 uM) for 24 h and found that both PdNPs and CSP
decreased the intracellular concentration of GPX and GST.
The concentrations of GPX in PANP- and CSP-treated cells
were 10 and 10 pumol, respectively, whereas GPX concentra-
tion in GW4869-treated cells was equal to that in the control
(15 pmol) (Figure 6E). The concentrations of GST in PANP-
and CSP-treated cells were 20 and 15 umol, respectively,
whereas the cells treated with GW4869 had equal GST con-
centration to that of the control (30 umol) (Figure 6F). Niska
et al previously reported that exposure of mouse hippocampal
HT?22 cells to CuO nanoparticles decreased the levels of anti-
oxidant molecules such as GSH and detoxification enzymes
such as GPx, SOD, and GST, as well as the gene expression
levels of GPx and SOD in the cells.'” Collectively, the
possible reason for the decreased levels of all tested antiox-
idant markers including GSH, TRX, CAT, SOD, GPx, and
GST is the increased oxidation of thiol groups to overcome the
increased level of ROS in cells incubated with either PANPs or
CSP. Administration of AgNPs into rats has been shown to
decrease the levels of GSH, GST, and CAT.'> Moreover, the
concentrations of GPX and GST were significantly decreased
in PANP-exposed human ovarian cancer cells,”” human cervi-
cal cancer cells,”® human breast cancer cells,”® and human
lung epithelial adenocarcinoma cells,*® while the combination
of PANPs and tubastatin A decreased GST level in human
breast cancer cells.®” Altogether, due to the strong oxidation
potential of PANPs, excessive levels of pro-oxidants and low
levels of antioxidants lead to oxidative stress, protein oxidative
carbonylation, lipid peroxidation, DNA/RNA breakage, and
membrane structure destruction, eventually causing cell death.

PdNPs Induce ER Stress in THP-1 Cells

Environmental or nanoparticle-induced stress on cells causes
disturbances to various organelles, including the endoplasmic
reticulum (ER). ER stress ultimately induces apoptosis and is
involved in various pathological conditions. Because of ER
stress, a loss of homeostasis occurs in the ER and leads to
accumulation of misfolded proteins in the ER lumen. ER
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stress activates a series of adaptive mechanisms known as the
unfolded protein response'® and has been reported to pro-
mote the release of extracellular vesicles (EVs) carrying pro-
inflammatory damage-associated molecular pattern mole-
cules in BeWo choriocarcinoma cells.'® Hence, we investi-
gated the effect of PANPs and CSP on ER stress and the
induction of the UPR. Six well-known ER stress markers
including IRE, PERK, ATF-6, ATF-4, GRP78, and CHOP
were assessed. THP-1 cells were exposed to PANPs (15 uM),
CSP (10 uM), or GW4869 (20 uM) for 24 h, followed by
quantification of IRE, PERK, ATF-6, ATF-4, GRP78, and
CHOP mRNAs. PdNPs led to a strong induction of all tested
genes (from 2 to 5 fold) in treated cells compared to those in
the control. Similarly, CSP strongly induced all tested genes
(from 2 to 4 fold), while GW4869-treated cells exhibited no
induction of these genes (Figure 7A—F). Among all the genes,
PERK showed the strongest expression, and CHOP showed a
moderate expression. These data suggest that exposure to
PdNPs leads to ER stress and the associated induction of
UPR. CSP induces various ER stress-related genes in SH-
SYSY cells.? Several studies have reported that various
metal nanoparticles such as ZnONPs increase the phosphor-
ylation of RNA-dependent PERK, and eukaryotic initiation
factor 2 decreased protein translation and synthesis.'” The
activation of IRE, PERK, ATF-6, ATF-4, GRP78, and CHOP
in THP-1 cells by PANPs was consistent with the results of

previous studies performed using various nanoparticles, such
as those of titanium dioxide'®® and zinc oxide.'®> We have
previously shown that platinum nanoparticles induce the
expression of ER stress-related genes in THP-1 cells.*
Additionally, the combination of platinum nanoparticles and
retinoic acid induces the expression of ER stress-related
genes in human neuroblastoma cells.*® Two different sizes
of silver nanoparticles reportedly induced ER stress breast
cancer cells by the accumulation and aggregation of mis-
folded proteins and activation of the unfolded protein
response UPR. AgNPs have also been shown to activate the
three main ER sensors, PERK, IRE-1o and ATF-6,'7 and
silica.'”'% Severe ER stress resulting in CHOP upregulation
and cell death resulted in the production of EVs carrying pro-
inflammatory damage-associated molecular pattern.'® These
findings clearly suggest that PANP-induced ER stress is pos-
sible for apoptosis.

PdNPs Induce Mitochondrial Dysfunction,

Caspase Activation, and DNA Damage

Although ROS play important roles in physiological pro-
cesses, excessive ROS cause redox imbalance, which can
lead to apoptosis. Oxidative stress and mitochondrial
damage are interrelated physiological processes in various
diseases. Oxidative stress and ER are known to induce

damage to the mitochondrial respiratory chain, alter
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Figure 7 Effect of PANPs on ER stress. THP-1 cells were treated with PdNPs (15 uM), CSP (10 pM), or GW4869 (20 uM) in RPMI-1640 cell culture medium supplemented
with 1% FCS for 24 h. The mRNA expression of ER stress markers including IRE, PERK, ATF-6, ATF-4, GRP78, and CHOP (A-F) were estimated via qRT-PCR. The results
are expressed as the mean * standard deviation of three independent experiments. The treated groups showed statistically significant differences from the control group by

the Student’s t-test; *p <0.05 was considered significant.
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membrane permeability, and influence Ca** homeostasis
and mitochondrial defense systems. Therefore, to determine
the effect of PANPs on mitochondrial dysfunction, THP-1
cells were treated with PANPs (15 uM), CSP (10 uM), or
GW4869 (20 uM) for 24 h, and the loss of mitochondrial
membrane potential was assessed by the JC-1 assay. The
cells treated with PANPs and CSP showed significant reduc-
tion in MMP activity up to 30 and 40%, respectively,
compared to the control. In contrast, cells treated with
GW4869 had no effect on MMP activity (Figure 8A).
Several studies have shown that metal nanoparticles induce
loss of membrane potential in several types of cancer cells,
including human cervical cancer cells,”” human breast can-
cer cells,60 human alveolar basal epithelial cells,“o human
ovarian cancer cells,''! human osteosarcoma cells,”” human
lung epithelial adenocarcinoma cells A549 and H1229,%
and human neuroblastoma cells.** Collectively, PANPs
induce mitochondrial dysfunction.

Apoptotic pathways are mainly regulated by caspases.
Major caspases consist of upstream initiators such as cas-
pases-8, —10, =2, and —9 and downstream effectors such as
caspases-3, —6, and —7. To determine the activation of
caspases by PdNPs, we selected caspase-9 and —3 and
measured the levels of caspases in THP-1 cells exposed
to PANPs (15 uM), CSP (10 uM), or GW4869 (20 uM) for
24 h. The cells treated with PdNPs and CSP showed

significant activation of caspase-9 up to 3.5 and 3.0 folds
and caspase-3 up to 4.0 and 3.0 folds, respectively, com-
pared to those in the control. Conversely, cells treated with
GW4869 had no effect on both caspase-9 and caspase-3
(Figure 8B and C). Several studies have provided support
for the activation of caspases by various metal nanoparti-
cles. PANPs induce caspase-3 activation in human ovarian

*7 and AgNPs have shown dose-dependent

cancer cells,
cytotoxicity through the activation of the caspase 3 in
DLA cells,112 human breast cancer cells,39 and human
ovarian cancer cells.''> Combination of PANPs with tri-
chostatin A or tubastatin A can activate caspase-3 activa-

3900 while platinum

tion in human breast cancer cells,
nanoparticles reportedly induce caspase 3 in various
types of cancer cells, including prostate,''* human neuro-
blastoma cancer cells,*” and THP-1 cells.®

Further, 4-hydroxynonenal (4-HNE) is a destructive oxi-
dized by-product of lipid peroxidation, and the level of 4-
HNE determines the level of oxidative stress in a cell. The
concentration of 4-HNE is produced within the range of 0.1
3 uM under physiological conditions and under oxidative
stress conditions. The concentration of 4-HNE that accumu-
lates in membranes ranges from 10 pM to 5 mM.""” Protein
dysfunction can be induced by 4-HNE, which induces cellu-
lar apoptosis and death. To determine whether PdNPs induce
elevated 4-HNE levels, we first measured the production of
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Figure 8 Effect of PANPs on MMP, caspase 9/3, HNE, 8-OHDG, and 8-OHG in THP-1 cells. THP-I cells were treated with PANPs (15 pM), CSP (10 pM), or GW4869
(20 pM) in RPMI-1640 cell culture medium supplemented with 1% FCS for 24 h. Levels of (A) MMP, (B) caspase-9, (C) caspase-3, (D) HNE, (E) 8-Oxo-dG, and (F) 8-
Oxo-G were determined. The results are expressed as the mean * standard deviation of three independent experiments. The treated groups showed statistically
significant differences from the control group by the Student’s t-test; *p <0.05 was considered significant.
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4-HNE- in THP-1 cells treated with PANPs. Compared to
control, THP-1 cells exposed to PANPs showed a significant
increase in the levels of 4-HNE up to 300 ng (Figure 8D)
Similarly, CSP-exposed THP-1 cells showed significant
levels of 4-HNE up to 200 ng. Conversely, the cells treated
with GW4869 for 24 h did not show a significant difference
in 4-HNE relative to that in the control. Paciorek et al
reported that the Hep G2 cell line increases the level of 4-
HNE depending on AgNP-induced oxidative stress and
affects the metabolic state of the cell. These results suggest
that the production of toxic peroxidized lipids in response to
PANPs induces the production of 4-HNE.®

Additionally, 8-OHdG and 8-OHG are the predominant
forms of free radical-induced oxidative lesions and serve as
biomarkers for oxidative stress and carcinogenesis. These
two molecules are crucial markers for measuring the effect
of endogenous oxidative damage to DNA. The estimation of
these biomarkers is used to estimate DNA damage in cells.
Guanine is mostly susceptible to oxidative stress. Hence, we
aimed to measure the levels of §-OHdG and 8-OHG in
PdNP-exposed THP-1 cells. THP-1 cells were treated with
PdNPs (15 uM), CSP (10 uM), or GW4869 (20 uM) for 24 h,
and cells treated with PANPs and CSP had an 8-OHdG
accumulation rate of up to 600 and 500 ng/mL, respectively,
which were significantly higher than that of the control,
whereas GW4869-treated cells had no accumulation
(Figure 8E). Similarly, THP-1 cells treated with PANPs and
CSP had an 8-OHG accumulation rate of up to 800 and 600
ng/mL, respectively, which were significantly higher than
that in the control group, whereas GW4869-treated cells
showed no accumulation of 8-OHdG (Figure 8F). PDNPs
have been shown to induce DNA damage in human adeno-
carcinoma cells (A375)"'® and in Rat-1 and A549 cell lines.”
Di Guglielmo et al reported that BALB/c 3T3 fibroblast cells
treated with gold nanoparticles increased the accumulation of
8-OHdG.""” Other metal nanoparticles such as AgNPs and
TiO, increase the accumulation of both 8-OHdG and 8-OHG
and cause DNA damage in embryonic fibroblast cells of mice
and HEK-293 cells, respectively.””'"® Platinum nanoparti-
cles and a combination of platinum nanoparticles and doxor-
ubicin induced the accumulation of 8-OHdG and 8-OHG in
osteosarcoma cancer cells and human monocytic THP-1
cells.**** Recently, we reported that cells exposed to
PdNPs and MLT separately and cells exposed to a combina-
tion of PANPs and MLT exhibited severe oxidative damage to
both DNA and RNA through the accumulation of 8-OHdG
and 8-OHG in human lung epithelial adenocarcinoma cell
lines A549 and H1229.%® These findings suggest that PANPs

potentially induce mitochondrial dysfunction, caspase9/3
activation, increased 4-HNE levels, and accumulation of
OHAG and 8-OHG. All these factors ultimately cause DNA
damage and cell death.

PdNPs Increase AChE Activity,
n-Sphingomyelinase Activity, and
Exosomes Counts
Thus far, the results obtained from the above experiments
indicate that oxidative stress plays a critical role in various
cellular functions. Similarly, oxidative stress plays a sig-
nificant role in the increased yield of exosomes. AChE
activity has been developed as a marker for extracellular
vesicles, which can be assayed easily, rapidly, and eco-
nomically. The level of AChE activity determines the
quantity of exosomes in culture supernatants or sera
because AChEs are localized in the membranes of
exosomes.”’ To determine the expression of AChE activ-
ity, THP-1 cells were treated with PdNPs (15 uM), CSP
(10 uM), or GW4869 (20 uM) for 24 h, and AChE activity
was subsequently analyzed. Our results suggest that
PdNPs increase AChE activity up to 60 U/mL, as the
cells treated with CSP increased AChE activity up to
40 U/mL (Figure 9A). Interestingly, AChE activity in
cells treated with GW4869 was remarkably lower than
that in PANPs and CSP-treated cells, which was less than
that found in the control cells. Ibrahim et al have reported
that low concentrations of carbon nanoparticles increase
AChE activity compared to high carbon nanoparticle
concentrations.''” The oxidative stress induced by PdNPs
decreases cell viability and cell proliferation of THP-1
cells; however, it induces AChE activity, which is similar
to a previous report. Pérez-Aguilar et al reported that
decreased levels of cell proliferation led to increased levels
of AChE activity, which was associated with the down-
regulation of p27 and cyclins, indicating that AChE has a
tumor suppressor role in the hepatocellular carcinoma cell
line.®® AChE can induce apoptosis through the termination
of cell cycle progression by facilitating apoptosome
assembly and eventually induce apoptosis.'**'** Our find-
ings suggest that PANPs increase AChE activity through
oxidative stress-induced apoptosis. Comprehensively, the
findings from these studies suggest the possibility of
increasing levels of AChE activity through oxidative stress
and apoptosis induced by PdNPs.

Sphingomyelinases hydrolyze sphingomyelin into phos-
phorylcholine and ceramide. Ceramide regulates various
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Figure 9 Effect of PANPs on AChE activity, neutral sphingomyelinase activity, exosomal protein level, and exosome count. THP-| cells were treated with PdNPs (15 puM),
CSP (10 uM), or GW4869 (20 uM) in RPMI-1640 cell culture medium supplemented with 1% FCS for 24 h. (A) AChE activity was determined from isolated exosomes using
a colorimetric method. (B) Neutral sphingomyelinase activity was estimated using the Amplex Red sphingomyelinase assay kit. (C) Total protein concentration of exosomes
was determined using BCA. (D) Exosomes were isolated by ExoQuick and exosomes counts were determined fluorescence polarization. (E) Exosomes were isolated by
ExoQuick and exosomes counts were determined by NTA. (F) Exosomes were isolated by ExoQuick and exosomes counts were determined by EXOCET. The results are
expressed as the mean * standard deviation of three independent experiments. The treated groups showed statistically significant differences from the control group by the

Student’s t-test; *p <0.05 was considered significant.

physiological processes such as growth, proliferation, apopto-
sis, and EV biogenesis. In addition, inhibition of n-sphingo-
myelinases by GW4869 potentially reduces biogenesis and
secretion of EVs by blocking the ceramide-dependent budding
of ILVs into the lumen of MVBs.'?* However, the effect of
PdNPs on the involvement of n-sphingomyelinases on biogen-
esis and release of exosomes in THP-1 cells has not yet been
explored. To determine the influence of PANPs on n- sphingo-
myelinase-mediated exosome biogenesis and release, THP-1
cells were treated with PANPs (15 uM), CSP (10 uM), or
GW4869 (20 uM) for 24 h. Results showed that both PANPs
and CSP increased n-n-sphingomyelinase activity compared to
the control (Figure 9B). The cells treated with GW4869 (20
uM) significantly decreased sphingomyelinase activity. These
findings suggest that PANPs either directly or indirectly
involve the activation of sphingomyelinase, which is a possible
factor involved in exosome release via the control of exosome
budding into multivesicular endosomes.'**'** Oxidative stress
increases the activity of sphingomyelinases through posttran-
slational modification, and sphingomyelinase play a critical
role in the development of apoptosis and organ failure in
sepsis.'? Alessenko et al'*® reported that activation of n-sphin-
gomyelinase in mice liver and brain coincided in time with

increased levels of peroxide products and also ceramide

induced peroxide oxidation. Further, several studies have
shown that various cellular stresses play critical roles in EV
production, number, activity, composition, surface, and intra-
vesicular proteins.>**?’ Hence, oxidative stress induces
n-sphingomyelinases, which are mostly involved in the bio-
genesis and release of vesicles.

According to previous experiments, increased levels of
n-sphingomyelinases could increase the level of exosomes,
and the protein concentration of exosomes directly corre-
lated with the number of exosomes. PANPs induce oxida-
tive stress, activate caspases, leading to apoptosis, and
eventually lead to cell death.’”>*%° Hence, we examined
the influence of PANPs on the total protein concentration
of exosomes. First, THP-1 cells were treated with PANPs
(15 uM), CSP (10 uM), or GW4869 (20 uM) for 24 h. We
then isolated exosomes and quantified the protein concen-
tration. Our results showed that compared to the control,
PdNPs and CSP increased the total protein concentration
of exosomes up to 70 pg/uL and 60 pg/pL, respectively.
Additionally, THP-1 cells treated with GW4869 had a
significant effect on protein concentration (Figure 9C),
and the concentration of protein was dramatically reduced
compared to that of the control. These findings suggest
that oxidative stress and lipid peroxidation increase the
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quantity of exosomes, indicating that the number of exo-
somes may increase in PANP-treated cells.

The activation of AChE and n-sphingomyelinase activ-
ities as well as increasing protein concentration of exo-
somes support the hypothesis that PANPs could potentially
induce the number of exosomes. To further validate these
results, exosomes were isolated using ExoQuick from
THP-1 cells grown 1% serum condition and then the
concentration of exosomes were determined using various
methods including fluorescence polarization (Figure 9D),
NanoTrack (Figure 9E), and EXOCET (Figure 9F). The
exosomes data suggest that the quantity of exosomes sig-
nificantly higher in ExoQuick method compared to ultra-
centrifugation. Hence, further experiments were carried
out in exosomes derived from ExoQuick. All these meth-
ods consistently indicated that there was a significant
increase in the number of exosomes in PANPs and CSP-
treated cells compared to that in the control cells. In
contrast, cells treated with GW4869 showed significant
decrease in the number of exosomes compared to that in
the control. Among all the test methods, including fluor-
escence polarization, NanoTrack and EXOCET, for quan-
EXOCET displayed more
sensitivity, is dependable, and exhibits a high number of

tification of exosomes,
exosome counts. It seems to be a better method than other
techniques. The promotion of exosomes is governed by the
cytoskeletal regulatory protein cortactin,'*’ and various
types of stresses including hypoxia,?' acidosis,'*® thermal
31 cytotoxic drugs,'* and CSP.'*°

Oxidative stress increases exosome secretion from retinal

and oxidative stress,

pigment epithelial cells, while adipocytes exposed to lipo-
toxic stress show enhanced release of extracellular
vesicles."*! Collectively, PANPs-induced oxidative stress
could be a possible mechanism for the increased number
and release of exosomes in THP-1 cells.

Size, Size Distribution, and Surface

Morphology Analyses of Exosomes

DLS and nanoparticle tracking analysis (NTA) are used to
measure dispersed particles in a liquid as a function of
Brownian motion and to characterize isolated exosomes,
which are membrane vesicles with cell diameters of approxi-
mately 20-150 nm. It provides a high-throughput and fully
repeatable measurement methodology for isolated exosome
particles in solution, thereby confirming their particle size
and concentration. To analyze the size distribution of exo-
somes, we isolated exosomes from THP-1 cells exposed to

PdNPs (15 uM), CSP (10 pM), or GW4869 (20 uM) for 24 h,
and the size distribution of exosomes was analysed by DLS
and the results were found to be 60, 50, and 60 nm, respec-
tively, whereas the size distribution of exosomes by NTA was
found to be 80, 70, and 80 nm, respectively (Figure 10A and
Supplementary Figure 2). When examined with conventional

SEM, the surfaces of exosomes appeared homogenously sphe-
rical in shape in both treated and control cells (Figure 10B).
The number of exosomes significantly agreed with the data
obtained from fluorescence polarization, NanoTrack, and
EXOCET. These results indicated that the cells treated with
PdANPs and CSP showed numerous exosomes compared to
those in the control group.

TEM was performed to confirm the results obtained from
DLS and NTA for the presence of exosomes in both control
and treated samples. While observing all micrographs, exo-
somes were surrounded by a single lipid bilayer. The dia-
meter of the exosomes ranged from 30 to 60 nm
(Figure 10C). They were uniformly distributed and some-
times formed aggregations or were present in the form of
single vesicles. In most of the tested samples, the exosomes
were spherical in shape. TEM microscopic images of both
control and treated groups from various samples exhibited a
high number of exosomes in treated compared to control
cells, which shed a low number of EVs (Figure 10C), con-
sistent with previous reports that control cells do not shed
EVs in high proportions as compared to treated cell types.'*
In contrast, THP-1 cells released exosomes approximately
5-6 folds. Cytostatic-, heat-, and oxidative stress-induced
alterations have been reported in BI6F1 mouse melanoma
cell-derived small EVs."**> Ag-TiO, nanoparticles increased
the number of exosomes in BI6F1 mouse melanoma cells
through oxidative stress. Chemo or radiotherapy has also
been shown to increase the amount of circulating tumor-
derived EVs."**'*> Additionally, chemotherapeutic agents
such as paclitaxel and doxorubicin enhance the production
of pro-metastatic breast cancer-derived EVs."*® Collectively,
PdNP-induced oxidative stress plays a critical role in enhan-
cing the level of exosome biogenesis and release. The possi-
bility of increasing exosome release entails that cells might
communicate with neighboring cells about intracellular
stress.

mRNA and Protein Expression Levels of
TSGI101, CD9, CDé3, and CD8I

To corroborate the results obtained from protein quantifi-
cation and total exosomes, we analyzed the expression
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Figure 10 Size, size distribution, and morphological analyses of exosomes. THP-1 cells were treated with PANPs (15 uM), CSP (10 uM), or GW4869 (20 M) in RPMI-1640
cell culture medium supplemented with [% FCS for 24 h. (A) Size distribution of exosomes was determined using DLS and NTA. (B) SEM images of exosomes. (C) TEM
images of exosomes. At least three independent experiments were performed for each sample, and reproducible results were obtained.
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patterns of typical exosome markers such as TSG101,
CD9, CD63, and CD81 using qRT-PCR. THP-1 cells
were treated with PANPs (15 uM), CSP (10 puM), or
GW4869 (20 uM) for 24 h. THP-1 cells treated with
PdNPs (15 uM) or CSP (10 uM) exhibited significantly
increased expression levels of exosome markers, including
TSG101, CD9, CD63, and C81, when compared to control
cells. Compared to the expression of corresponding mar-
kers in the control cells, that of these in PANP-treated cells
increased by five-, four-, six-, and six-fold, respectively,
whereas that of those in CSP-treated cells increased by
four-, six -, three-, and five-fold. Conversely, GW4869-
treated THP-1 cells exhibited very low levels of mRNA
expression compared to that in the control cells (Figure 11-
upper panel). These results suggest that the exosomes
released from THP-1 cells also carry information at the
mRNA level, which can be helpful in understanding can-
cer prevention and therapy.'?’

Next, we measured the expression levels of TSG101 and
tetraspanin (CD9, CD63, and CDS81) using ELISA. Our
results showed increased expression of TSG101, CD9,
CD63, and CDS81 in the exosomes released from PdNPs-
and CSP-treated THP-1 cells compared to that of these in
the control cells. The expression of these exosomal proteins
confirmed the release of exosomes from THP-1 cells. These
observations support that PANPs potentially induce exosome
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secretion. The expression levels of TSG101, CD63, CDS81,
and CD9 in PdNP-treated cells increased by five-, six-, six-,
and ten-fold, respectively, whereas their expression levels in
CSP-treated cells increased by seven-, six-, six-, and six-fold,
respectively, compared to that of these in the control cells. In
contrast, THP-1 cells treated with GW4869 exhibited very
low levels of protein expression compared to that in the
control (Figure 11, lower panel). For example, low-serum
condition-induced cytotoxic stress enhances the expression
of PDC6I/Alix, CD9, and TSG101 compared to the induction
by high serum condition.'"’ Results from qRT-PCR and
ELISA showed that the expression levels of exosome mar-
kers were higher and significant in PANP-treated group com-
pared with those in the control group. The mRNA and protein
levels of TSG101, CD63, CD81, and CD9 were upregulated
in PANP-treated group compared with those in other groups.
These data suggest that THP-1 cells have the ability to
release exosomes carrying TSG101, CD63, CDS81, and
CD9 in the presence of PANPs. Further, we analysed the
expression of TSG101 and CD63 by Western blot. The
results showed that the expression of TSG101 and CD63
were significantly high expression was observed in PdNPs
and CSP treated cells compared to either GW4869 treated or
control (Supplementary Figure 3). Altogether, all these find-

ings suggest that PANPs potentially increase the expression
of exosome markers in THP-1 cells.
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Figure 11 mRNA and protein expression levels of exosomal markers TSG101, CD81, CDé3, and CD9. THP-1 cells were treated with PdNPs (15 pM), CSP (10 uM), or
GWA4869 (20 uM) in RPMI-1640 cell culture medium supplemented with 1% FCS for 24 h. (A) The mRNA (upper panel) and (B) protein (lower panel) expression levels of
TSGI101, CD8I, CDé63, and CD9 were analyzed using ELISA. The results are expressed as the mean fold change + standard deviation from three independent experiments.
The treated groups showed statistically significant differences from the control group by the Student’s t-test; *p <0.05 was considered significant.
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NAC and GW4869 Decrease PdNPs-
Induced AChE Activity,
n-Sphingomyelinase Activity, Exosomal
Protein Count, and Exosome Count
Lipid-anchored AChE-E is a marker of reticulocytes and
erythrocytes of EVs.'*®'* Studies have reported higher
AChE-E enzyme activity in “nanovesicles” pelleted at
100,000 x g compared with that in microvesicles pelleted
at 16,000 x g or bulk plasma membrane.'**'*' Therefore,
we investigated the effect of NAC and GW4869 on the
influence of PANPs on AChE activity. THP-1 cells were
treated with PANPs (15 uM), CSP (10 uM), or GW4869
(20 uM) for 24 h, and AChE activity was determined.
PdNPs and CSP increased the activity of AChE compared
to that in the control, whereas THP-1 cells pre-treated with
NAC or GW4869 showed decreases in the activity of
AChE, which was equal to that observed in the control
(Figure 12A). Essandoh et al have also reported that
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lipopolysaccharide induces several folds of AChE activity,
which could be associated with the exosome membrane.
When macrophages were pre-treated with 10 uM
GW4869, a 22% reduction in AChE activity was
observed.”! Metal nanoparticles, such as silver nanoparti-
inhibited AChE activity in

cles, dose-dependently

ZebraFish larvae.’"'*?

Next, we examined the impact of NAC and GW4869 on
n-sphingomyelinase activity in PdNPs (15 pM)-, CSP
(10 uM)-, or GW4869 (20 uM)-exposed THP-1 cells. PANP-
and CSP-treated cells showed 6-and 5-fold increases in
n-sphingomyelinase activity, respectively. In contrast, THP-1
cells pre-treated with NAC or GW4869 showed decreases in
the activity of n-sphingomyelinase, this decrease was equal to
that observed in the control. Moreover, GW4869-treated cells
showed no significant effect, similar to the control cells
(Figure 12B). Yoshimura et al previously reported that GSH
and NAC dose-dependently inhibited n-sphingomyelinase
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Figure 12 Effects of NAC and GW4869 on the influence of PANPs on AChE and n- sphingomyelinase activities, exosomal protein level, and exosome count. THP-1 cells
were treated with PANPs (15 uM), CSP (10 uM), or GW4869 (20 pM) in RPMI-1640 cell culture medium supplemented with 1% FCS for 24 h. The cells were pre-treated
with either NAC or GW4869. (A) AChE activity was determined in exosomes using a colorimetric method. (B) Neutral sphingomyelinase activity was estimated using the
Amplex Red sphingomyelinase assay kit. (C) Total protein concentration of exosomes was determined using BCA. (D) Exosome counts were determined by EXOCET. The
results are expressed as the mean fold change * standard deviation from three independent experiments. The treated groups showed statistically significant differences from

the control group by the Student’s t-test; *p <0.05 was considered significant.
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n-sphingomyelinase pathway in exosome biogenesis and
packaging of Prion protein into vesicles.'** Inhibition of this
pathway using GW4869 demonstrated that n-sphingomyeli-
nase plays a critical role in both exosome formation and PrP
packaging. Further studies reported that the knockdown of
n-sphingomyelinase 1 and n-sphingomyelinase 2 in mouse

neurons decreased exosome release. Back et al'®®

reported
that starvation activates n-sphingomyelinase 2 and regulates
autophagy and increases ceramide formation in the Golgi
apparatus. Bioglass ion products could significantly promote
exosome biogenesis and release from mesenchymal stem cells
(MSCs) via the enhancement of the n-sphingomyelinase and
Rab GTPases pathways.'*® Our findings suggest that Pd ions
could activate n-sphingomyelinases either by oxidative stress,
apoptosis, or serum starvation, and that these pathways reg-
ulate the biogenesis and release of exosomes.

Further, to corroborate the increased level of AChE and
n-sphingomyelinase activities, we measured the total protein
concentration of exosomes and exosome counts. As expected,
THP-1 cells treated with PANPs (15 pM) or CSP (10 uM)
increased both total protein concentration and exosome counts,
whereas cells treated with GW4869 (20 uM) significantly
decreased these parameters. In addition, there was a significant
difference in exosome protein concentration and counts
between the control and the GW4869- or NAC-treated THP-
1 cells. Similarly, THP-1 cells pre-treated with NAC or
GW4869 showed decreased total protein concentration and
exosome counts (Figure 12C and D). These indicate that
NAC and GW4869 are critically involved in the biogenesis
and release of exosomes via the suppression of oxidative stress
induced by Pd ions and n-sphingomyelinase activity by
GW4869. Reductions in both exosome protein concentration
and counts were possibly due to the decreased levels of
n-sphingomyelinase  activity —and  oxidative  stress.
Collectively, these findings suggest that PANPs induce exo-
some biogenesis and release through the induction of oxidative
stress and simultaneous activation of n-sphingomyelinase
activity, which has significant importance in ceramide forma-
tion, triggering the budding of exosome vesicles into multi-

vesicular bodies.'*

PdNPs-Induced Secreted Exosomes

Contain Elevated Levels of Cytokines

Cytokines secreted by macrophages play a crucial role
both in inflammation progression and immune state.'*’
Cytokines may be packaged into EVs, and the packaging

of cytokines into EVs, along with their ultimate secretion,

may also be regulated by cytokines.'*® Hence, to examine
the influence of PANPs on inflammatory responses through
exosomes, exosomes were isolated from THP-1 cells trea-
ted with PANPs (15 uM), CSP (10 uM), or GW4869 (20
puM) for 24 h, and cytokine levels were determined using
the 13-plex human suspension cyto/chemokine assay kit
multiplex ELISA. The expression level of each cytokine is
different from each other. We found that the expression
levels of cytokines were significantly elevated in exo-
somes isolated from PdNP-treated or CSP-treated cells;
however, PANPs induced stronger expression than that of
CSP. In contrast, GW4869-treated cells exhibited signifi-
cantly lower cytokine expression levels than those in the
control cells. In general, the levels of all tested pro-inflam-
matory cytokines in the treated groups were higher than
those in the control group. The relative concentrations of
IL-1B, TNF-0, GM-CSF, IL-8, and IL-6 and MCP-1 were
300, 400, 400, 500, 1500, and 600 pg/mL, respectively, in
PdNP-exposed cells, whereas they were 250, 370, 360,
500, 1300, and 500 pg/mL in CSP-exposed cells. In con-
trast, the relative concentrations of IL-1p, TNF-a, GM-
CSF, IL-8, IL-6, and MCP-1 were 30, 50, 50, 20, 20, and
20 pg/mL, respectively, in GW4869-treated cells. Among
all levels of cytokines tested, IL-6 level was significantly
higher, followed by MCP-1, IL-8, GM-CSF, TNF-q, and
IL-1P (Figure 13). Bretz et al previously found that body
fluid exosomes promote the secretion of inflammatory
cytokines such as IL1 B, TNF -a, and IL-6 in monocytic
cells via Toll-like receptor signaling.'*® Tumor-derived
exosomes have also been reported to trigger the release
of cytokines, including IL-6, TNF-a, and TGF-p, in human

O and exosomes derived from RAW

blood monocytes,'”
264.7 mouse macrophages stimulated with LPS showed
increased levels of ten different cytokines.'”' IL-6 is one
of the critical cytokines in the tumor microenvironment
and is highly expressed in most cancers. This cytokine can
regulate almost all hallmarks of cancer and is involved in
multiple signaling pathways. These findings suggest that
PdNPs potentiate increased levels of cytokine secretion
from exosomes and that these cytokines could act as
extracellular ligands for specific membrane receptors pre-
sent on responsive target cells. The increase yield of exo-
somes can be used in various applications. For example,
cellular-nanoporation method produced large quantities of
exosomes containing therapeutic mRNAs and targeting
peptides. In orthotopic phosphatase and tensin homologue
(PTEN)-deficient glioma mouse models displayed mRNA-
containing exosomes restored tumour-suppressor function,
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Figure 13 Effects of PANPs on pro-inflammatory cytokines and chemokines. The expression levels of IL-1f3, TNF-a, GM-CSF, IL-8, IL-6, and MCP-1 were measured in
exosomes isolated from THP-I cells exposed to PdNPs (15 yM), CSP (10 uM), or GW4869 (20 uM) in RPMI-1640 cell culture medium supplemented with 1% FCS for 24 h.
The results are expressed as the mean * standard deviation of three independent experiments. The treated groups showed statistically significant differences from the

control group by the Student’s t-test; *p <0.05 was considered significant.

enhanced inhibition of tumour growth and increased
survival.'*? Bioinspired exosomes are effective and safe
materials, which are significantly utilized in various appli-
cations such as therapeutics and delivery and cancer
immunotherapy.'>>'>* Previously, a study demonstrated
sulfisoxazole can inhibits the secretion of small extracel-
lular vesicles in breast cancer cells by targeting the
endothelin receptor A. Mouse model of breast cancer
xenografts showed sulfisoxazole reduced expression of
proteins involved in biogenesis and secretion of SEV.'>
Collectively, PANPs induced oxidative stress is one of the
possible factor to increase biogenesis and release of
exosomes.

Conclusion

To our knowledge, this is the first study demonstrating that
PdNPs induce THP-1 cells to release exosomes. We eval-
uated the effects of PANPs on the biogenesis and release of
exosomes in THP-1 cells and found that treatment of THP-
1 cells with PdNPs significantly increased exosome pro-
duction by multiple folds. The released exosomes were
characterized via DLS, NTA system, SEM, TEM,
EXOCET™ assay, and FP. The expression of exosome
markers was analyzed by qRT-PCR and ELISA. The levels

of released exosomes strongly correlated with oxidative
stress, endoplasmic reticulum stress, apoptosis, and immu-
nomodulation. The mechanism of exosome biogenesis and
release possibly involves AChE and n-sphingomyelinase,
which played critical roles in PANP-treated cells, enhan-
cing cell exosome production. In addition, we demon-
strated enhanced exosome biogenesis and release by the
analysis of exosomes via a series of assays, including
measuring total protein concentration, exosome counts,
and expression levels of TSG101, CD9, CD63, and
CD8I. Interestingly, NAC and GW4869 suppress PANP-
induced AChE activity, n-sphingomyelinase activity, exo-
somal protein level, and exosome count; all these results
indicate that PANPs indeed modulate oxidative stress and
ceramide pathways, which play critical roles in the biogen-
esis and release of exosomes. GW4869 not only decreased
PdANP-promoted exosome count but also the levels of
cytokines and chemokines in the exosomes of THP-1
cells. Exosomes obtained from THP-1 cells could be
used for therapeutic benefits by attenuating or stimulating
immune response. Thus, PANPs could be used to enhance
exosome secretion from THP-1 cells for practical applica-
tion, which could be a useful strategy to increase exosome
yield. However, further studies are necessary to find out
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the precise mechanism of PdNP-mediated elevation of

exosome production.
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