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Background: Exosomes, which are nanovesicles secreted by almost all the cells, mediate intercellular communication and are 
involved in various physiological and pathological processes. We aimed to investigate the effects of graphene oxide (GO) on the 
biogenesis and release of exosomes in human ovarian cancer (SKOV3) cells.
Methods: Exosomes were isolated using ultracentrifugation and ExoQuick and characterized by various analytical techniques. The 
expression levels of exosome markers were analyzed via quantitative reverse transcription-polymerase chain reaction and enzyme- 
linked immunosorbent assay.
Results: Graphene oxide (10–50 μg/mL), cisplatin (2–10 μg/mL), and C6-ceramide (5–25 μM) inhibited the cell viability, prolifera-
tion, and cytotoxicity in a dose-dependent manner. We observed that graphene oxide (GO), cisplatin (CIS), and C6-Ceramide (C6-Cer) 
stimulated acetylcholine esterase and neutral sphingomyelinase activity, total exosome protein concentration, and exosome counts 
associated with increased level of apoptosis, oxidative stress and endoplasmic reticulum stress. In contrast, GW4869 treatment inhibits 
biogenesis and release of exosomes. We observed that the human ovarian cancer cells secreted exosomes with typical cup-shaped 
morphology and surface protein biomarkers. The expression levels of TSG101, CD9, CD63, and CD81 were significantly higher in 
GO-treated cells than in control cells. Further, cytokine and chemokine levels were significantly higher in exosomes isolated from GO- 
treated SKOV3 cells than in those isolated from control cells. SKOV3 cells pre-treated with N-acetylcysteine or GW4869 displayed 
a significant reduction in GO-induced exosome biogenesis and release. Furthermore, endocytic inhibitors decrease exosome biogenesis 
and release by impairing endocytic pathways.
Conclusion: This study identifies GO as a potential tool for targeting the exosome pathway and stimulating exosome biogenesis and 
release. We believe that the knowledge acquired in this study can be potentially extended to other exosome-dominated pathologies and 
model systems. Furthermore, these nanoparticles can provide a promising means to enhance exosome production in SKOV3 cells.
Keywords: graphene, exosome, oxidative stress, endoplasmic reticulum stress, endocytic pathways, human ovarian cancer cells

Introduction
Extracellular vesicles (EVs) are nanosized membranous vesicles released from almost all cell types.1 The EVs can be 
classified into exosomes, microvesicles (MVs), and apoptotic bodies based on their biogenesis.2 They were originally 
believed to be a source of cellular clearance of waste materials, such as apoptotic bodies.2 However, EVs can carry 
various biological constituents, such as lipids, proteins, and nucleic acids, and are considered cargo delivery systems for 
long-distance communication between cells.2 Exosomes are nano-sized vesicles (30–100 nm) secreted by all cell types 
derived from the endomembrane system, containing intraluminal vesicles, fusing with the plasma membrane, releasing 
the intraluminal vesicles as exosomes for various types of signaling.3 These are formed by inward budding of the limiting 
membrane of multivesicular bodies (MVBs), leading to the generation of intraluminal vesicles (ILVs). Merging the 
multivesicular endosome and the plasma membrane involves Rab and SNARE proteins, similar to the membrane fusion 
events in exocytosis.4 EVs are critical mediators of intercellular communication and thus play significant roles in 
physiological and pathological processes, namely, stem cell maintenance, tissue repair, immune modulation, and tumor 
growth.5–8 The biogenesis of EVs is a sophisticated regulation process governed by a set of signaling molecules, also 
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discussed in several other reviews.3,9–12 Moreover, EVs play a pivotal role in intercellular communication by carrying 
bio-functional molecules, such as proteins, mRNAs, and miRNAs. EVs regulate various normal physiological activities, 
as well as participate in the initiation and progression of tumors. Ceramide, generated from sphingomyelin hydrolysis by 
neutral sphingomyelinase 2 (nSMase2), induces negative membrane curvature via its cone-shaped structure, leading to 
ILV budding into MVBs.13 Hence, the ceramide-dependent mechanism plays a critical role in exosome biogenesis.14 

Gurunathan et al15 reported that dynamin and clathrin are required for the biogenesis of a distinct class of secretory 
vesicles in yeast.

The endosomal sorting complex required for transport (ESCRT) machinery is required for MVB biogenesis, which is 
responsible for sorting ubiquitinated proteins into ILVs.16 This process is initiated by ESCRT-0, which recognizes and 
retains ubiquitinated proteins in the late endosomal membrane. After the initial involution of the limiting membrane into 
the MVB lumen triggered by ESCRT-I/II, ESCRT-III forms a spiral-shaped structure that constricts the budding neck and 
the ATPase vacuolar protein sorting-associated protein 4 (VPS4) drives membrane scission. The ESCRT mechanism is 
initiated by the recognition and sequestration of ubiquitinated proteins to specific domains of the endosomal membrane 
via ubiquitin binding subunits of ESCRT-0. The formation of ILVs is regulated by ESCRT complexes (0–III). Exosomal 
protein Alix is involved in endosomal membrane budding, abscission, and exosomal cargo selection via interaction with 
syndecan.17 In contrast, biogenesis and release of exosomes are regulated in an ESCRT-independent manner, which 
seems to depend on raft-based microdomains, highly enriched in sphingomyelinases, from which ceramides are 
formed.18 Besides lipid molecules, exosomal proteins such as tetraspanins are involved in exosome biogenesis and 
protein loading. Tetraspanin-enriched microdomains (TEMs) are involved in compartmentalizing receptors and signaling 
proteins in the plasma membrane.19

EV biogenesis and release are regulated by various factors such as cholesterol,20 cell detachment,21 cell type,22 

serum,23 Ca2+ ionophores,24 hypoxia,25 and oxidative stress.26 Oxidative stress-induced autophagy promotes exosome 
release.27 Recent studies suggest that platinum and palladium nanoparticles induce biogenesis and release of exosomes 
through stimulation of oxidative stress in human adenocarcinoma and leukemia monocytic cells, respectively.28,29 

Several factors are involved in controlling biogenesis and release of extracellular vesicles and exosomes, such as 
intracellular calcium concentration- and oxidative stress-induced Hb-oxidation.30 In cancer cells exposed to liposomes, 
such as neutral, cationic-bare, or PEGylated liposomes, the level of exosomes was significantly increased.31 Cellular 
stress alters EV number, activity, and composition, as well as the surface and intra-vesicular proteins.32–34 Serum 
withdrawal improves exosome activity and alters the lipid and protein compositions of mesenchymal stem cells.35 

Stress factors such as thermal, oxidative, and hypoxic conditions enhance exosome secretion from leukemia/lymphoma 
T-/ B-cell lines.36,37 Melphalan and/ or bortezomib increase exosome release in multiple myeloma cells.38,39 

Chemotherapeutic agents such as 5-fluorouracil, cisplatin, and doxorubicin enhance the amount of HSP70+ exosomes 
secreted from melanoma and colon cancer cell lines.40 Generally, nanoparticles induces oxidative stress, and endoplasmic 
reticulum stress and eventually leads to increases secretion of exosomes. For example, Silver nanoparticles (AgNPs) 
induce cytotoxicity, oxidative stress, and apoptosis in cancer and non-cancer cells. Park et al,41 reported that the iron 
oxide-based nanoparticles increase stem cell-derived exosomes by clathrin-mediated endocytosis. Furthermore, nano-
particles stimulated autophagy-related factors to release exosomes from the mesenchymal stem cells (MSCs). As a result 
of cytotoxic and oxidative stresses, exosome release were significantly facilitated in AgNPs-treated cells, which is 
strongly correlated with the AgNPs-induced oxidative stress.42

Ovarian cancer is a leading malignancy and the deadliest disease in women. Conventionally, ovarian cancer can be treated 
using different therapies such as radiation, immunotherapy, chemotherapy, and surgery. Exosome-mediated treatment of 
ovarian cancer has recently gained increased interest. Exosomes from ovarian cancer consist of bioactive molecules involved 
in tumor progression and invasion. Nanoparticles have dominated several applications, including drug delivery, bio-imaging, 
cell labeling, gene delivery, and targeted therapy. The biomedical applications of graphene and graphene-derived materials have 
generated significant interest over the last decade.43 Graphene is a two-dimensional atomic crystal. Owing to its unique 
properties, it has been used as an essential component in various biomedical components, including sensors, batteries, fuel cells, 
supercapacitors, transistors, components of high-strength machinery, as well as display screens in mobile devices. Furthermore, 
graphene reportedly exhibits antibacterial, antiplatelet, and anticancer activities.43 The prominent availability of OH and COOH 
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functional groups in the GO is easily cross-linked to various materials, such as quantum dots, DNA, protein, biomolecules, or 
polymers, which prevent aggregation in salt and other biological solutions and improve biocompatibility.44 GO functionalized 
with PEG exhibited high thermal stability, improved biocompatibility, and significant photothermal influence. These potential 
characters increased interleukin-4-induced M2 polarization of macrophages and regulated their antitumor potentials in human 
osteosarcoma. Chitosan-functionalized GO nanoplatforms were conjugated with folic acid potentially destroyed tumors under 
laser irradiation and other potential applications of GO were summarised in several reviews.43,44

Owing to its excellent biocompatibility, solubility, and selectivity, graphene and its derivatives have presented great 
potential applications in nanomedicine. Moreover, the unique physicochemical properties of graphene and its derivatives, 
such as large surface area, high purity, good bio-functional ability, easy solubility, and high drug loading capacity, 
conferred easy cell membrane penetration and exhibited anti-cancer effects in various types of cancer cells by inducing 
oxidative stress, increased level of lactate dehydrogenase, malondialdehyde, caspase-3 activation, DNA fragmentation, 
increased level of pro-oxidants, and decreased level of anti-oxidants.43,45–48 All these factors are responsible for 
increased biogenesis and release of exosomes. Thus, the focus of this study was to assess the effect of graphene oxide 
on biogenesis and release of exosome in human ovarian cancer cells.

Materials and Methods
Synthesis of Graphene Oxide
Graphene oxide (GO) were synthesized using Hummers’ method with slight modification.49,50 To obtain ultra-small 
uniform GO sheets, low-speed centrifugation at 5000 rpm was first used to remove the thick multilayer flakes until all 
visible particles were removed (15 min). The supernatant was further centrifuged at 8000 rpm for 10 min to obtain the 
GO sheets. To prepare size-controlled GO, 500 mg of as-synthesized GO powders were dissolved in 50 mL of deionized 
(DI) water and divided into two 20-mL vials. Each GO suspension (10 mg/mL in DI water) was subjected to 
ultrasonication using a probe-type sonicator (Vibra-Cell VCX-500, 500 W, 20 kHz, Sonics & Materials, Inc., 
Newtown, CT, USA) at 25% amplitude for 10 and 60 min to yield GO sheets with different small sizes. An ice bath 
was used to avoid increasing the temperature during probe sonication.

Cell Culture and Treatment
SKOV3 cell lines were maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS), 100 U/mL penicillin, and 100 μg/mL streptomycin and were maintained in a humidified incubator at 37 °C 
at 5% CO2. Cells were routinely grown in 100-mm plastic tissue culture dishes (Nunc, Roskilde, Denmark) and harvested 
in a solution of trypsin-EDTA while in a logarithmic growth phase. Experiments were performed in 96-, 24-, and 12-well 
plates, and 100-mm cell culture dishes, following the protocol. Cells were treated with the required doses of GO, CIS, 
C6-Cer, or GW4869.

Cell Viability and Cell Proliferation
Cell viability was computed using a Cell Counting Kit-8 (CCK-8; CK04-01, Dojindo Laboratories, Kumamoto, Japan). 
Cell proliferation was determined according to the manufacturer’s instructions (Roche). Briefly, SKOV3 cells were plated 
in 96-well flat-bottom culture plates containing GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), or GW4869 (25 
µM). After a 24 h culture at 37 °C and 5% CO2 in a humidified incubator, CCK-8 solution (10 μL) was added to each 
well. The plate was incubated for another 2 h at 37 °C. Absorbance was measured at 450 nm using a microplate reader 
(Multiskan FC; Thermo Fisher Scientific Inc., Waltham, MA, USA).

Membrane Integrity and Assessment of Dead-Cell Protease Activity
Membrane integrity of SKOV3 cells was evaluated using an LDH Cytotoxicity Detection Kit. Dead-cell protease activity 
was assessed as previously described.51
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Trypan Blue Assay and Measurement of ATP
Cell mortality was evaluated using the trypan blue assay, as described previously.45 ATP level was measured in SKOV3 
cells according to the manufacturer’s instructions (Sigma-Aldrich Catalog Number MAK135, St. Louis, MO, USA). The 
cells were exposed to various concentrations of GO for 24 h, and the ATP level was measured.

Determining ROS, MDA, Nitric Oxide (NO), Carbonylated Protein Levels, Lipid 
Hydroperoxide, and 8-Isoprostane
ROS was estimated as described previously.52 MDA levels were determined using a previously described thiobarbituric 
acid-reactive substances assay with suitable modifications. NO production was quantified spectrophotometrically using 
Griess reagent (Sigma-Aldrich). Absorbance was measured at 540 nm, and nitrite concentration was determined using 
a calibration curve prepared with sodium nitrite as the standard.53,54 Carbonylated protein content was determined 
according to a previously described method.55 Lipid hydroperoxide and 8-isoprostane levels were also measured as 
previously described.52,56

Measurement of Anti-Oxidative Marker Levels
The expression levels of anti-oxidant markers such as glutathione (GSH), thioredoxin reductase (TRX), catalase (CAT), 
superoxide dismutase (SOD), glutathione peroxidase (GPx), and glutathione S-transferase (GST) were determined as 
described previously57 and per the manufacturer’s instructions.

JC-1 Assay and Measurement of Caspase-9/3 Activity
The change in mitochondrial transmembrane potential (MTP) was determined using the cationic fluorescent dye JC-1 (Molecular 
Probes, Eugene, OR). Measurement of caspase-9/3 activity was performed according to a method described earlier.58

Measuring 4-Hydroxynonenal (HNE), 8-Oxo-7,8-Dihydro-2′-Deoxyguanosine (8-Oxo- 
dG), and 8-Oxo-G Levels
SKOV3 cells were treated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), or GW4869 (25 µM) and incubated 
for 24 h. Subsequently, 4-hydroxynonenal (HNE), 8-OHDG, and 8-OHG levels were determined as previously 
described59 following the manufacturer’s instructions (Trevigen, Gaithersburg, MD, USA).

Isolation, Characterization, Concentration, Quantification of Exosomes
Exosomes were isolated and purified using ExoQuick (EXOQ5TM-1, System Biosciences, Palo Alto, CA, USA) 
following the manufacturer’s instructions. SEM analysis was performed according to a previously described method.60 

Sample preparation for TEM and analysis were performed according to a previously described method.60 The total 
protein concentration of exosomes was determined using the bicinchoninic acid (BCA) assay kit (Thermo Scientific, 
Waltham, MA, USA) following the manufacturer’s instructions. Exosome concentration was estimated using the 
EXOCETTM assay (System Biosciences), performed as described previously.28 Quantification of exosomes by fluores-
cence polarization (FP) was performed as described previously.61

RNA Isolation and mRNA Expression Analysis Using Quantitative Reverse 
Transcription-Polymerase Chain Reaction (qRT-PCR)
Exosomes were prepared from culture supernatants of SKOV3 cells either by differential centrifugation or ExoQuick kit. 
mRNA expression of exosome biomarkers was determined using quantitative reverse transcription-polymerase chain 
reaction (qRT-PCR).62 The sequences of the PCR primers are presented Supplementary Table 1.
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Measurement of Acetylcholinesterase (AChE) Activity and Sphingomyelinase Activity 
Assay
AchE activity was determined according to a previously described method.63 The sphingomyelinase activity assay was 
performed as previously described64 following the manufacturer’s protocol. The Amplex Red sphingomyelinase assay kit 
(Molecular Probes Inc, Eugene, OR, USA) was used to quantify neutral sphingomyelinase activity.

Measurements of Cytokines and Chemokines
SKOV3 cells were treated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 h in 
cell culture medium supplemented with 1% FCS for 24 h. Cytokine and chemokine contents of the exosomes were 
determined by ELISA.

Effect of Endocytosis Inhibitors on GO Enhanced Biogenesis and Release
The inhibitors were 30 µM chlorpromazine, 20 µM methyl-b-cyclodextrin, 4 µM cytochalasin D, 10 µM nocodazole, and 
10 µM dynasore. Each inhibitor dose was selected according to a previous study.65 SKOV3 cells were incubated with 
these inhibitors for 2 h, the culture medium was removed, and fresh medium containing GO (15 µg/mL) was added to the 
cells. These were maintained for 2 h, and exosomes were isolated and counted.

Results and Discussion
Synthesis and Characterization of Graphene Oxide
GO was prepared following Hummers’ method,66 oxidizing with strong oxidants and acids for a prolonged time. In this 
study, we prepared 100 nm-sized GO particles by mild oxidation and a two-step centrifugation approach.50 The prepared 
GO particles exhibited an absorption peak at 233 nm. These peaks correspond to π→π* transitions for C = C bonding, 
which is similar to that reported recently. A similar peak was also observed around 300 nm for GO, which is attributed to 
the n→π* transition of carbonyl groups (C = O) (Figure 1A).46,67 Consequently, we performed Fourier-transform infrared 
spectroscopy (FTIR), which can determine the GO functional groups. In the FTIR spectrum of GO, because of extensive 
oxidation, GO has a strong and broad O–H stretching vibration band at 3400 cm−1, carboxyl C=O stretching band at 1560 
and 1624 cm−1, O–H deformation vibration band at 1370 cm−1, C–O–C stretching at 1200 cm−1 and C–O stretching 
vibration at 1020 cm−1. The FTIR peaks corresponding to 2400 cm−1 and 2300 cm−1 are due the asymmetric and 
symmetric CH2 stretching of GO respectively. The FTIR spectra of GO indicated that characteristic features of bands 
were observed for the sonicated GO sample at 1624 cm−1 corresponding to C = O stretching vibrations of COOH groups 
and at 3400 cm−1 corresponding to C – O stretching vibrations of epoxy groups, arising from -OH stretching vibrations. 
Notably, GO exhibits the characteristic features of the stretching vibrations of C = O and OH groups. Other oxygen- 
containing functional groups in GO were also observed (Figure 1B).

X-ray powder diffraction (XRD) analysis was used to characterize the crystalline nature and phase purity of GO. The 
characteristic peak of sonicated GO was measured, and a strong peak appeared at 2θ = 11.2°, corresponding to an 
interlayer distance of 7.6 Å (d002). GO displayed peaks at 11.2° (Figure 1C), completely different from graphite which 
shows a diffraction peak at 2 h = 26.3°, corresponding to an interlayer spacing of approximately 0.34 nm.68 GO showed 
a broad peak that can be fitted using a Lorentzian function into single and sharp peaks centered at 2θ = 11.2°, 
corresponding to interlayer distances of 7.6 Å. These XRD results strongly suggest that graphite exfoliated significantly 
and converted into GO.67 The results exhibited that the appearance of a new peak at a lower diffraction angle starts to 
grow with increasing oxidation levels, corresponding to the diffraction pattern of GO.

DLS is a valuable alternative technique suited for estimating the size of spherical particles. Size distribution analysis 
is crucial to determine the cytotoxicity or biocompatibility of nanoparticles in aqueous solutions. Therefore, we 
determined the GO size using DLS, with a concentration of 250 μg/mL. The average hydrodynamic diameter of GO 
was 100 nm (Figure 1D). Graphene nanosheets synthesized by an ultrasound-assisted method indicate an average size of 
450 ± 14 nm.69 Size can be influenced by pH and temperature. For example, in the graphene oxide sample at pH 7, the 
size distribution varied between 250–570 nm. In contrast, the population was between 300–500 nm when the sample was 
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Figure 1 Synthesis and characterization of graphene oxide. (A) Ultraviolet-visible spectroscopy of graphene oxide (GO) (B and C) FTIR images of GO (C) x-ray diffraction 
(XRD) images of GO (D) dynamic light-scattering (DLS) spectra of GO (E) Raman spectroscopy images of GO (F) scanning electron microscope (SEM) images of GO (G) 
transmission electron microscope (TEM) images of GO. At least three independent experiments were performed for each sample and reproducible results were obtained. 
The data present the results of a representative experiment.
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titrated with NaOH to a higher pH. The stability of GO was influenced by NaOH, which acts as a hydrogenating agent for 
graphene oxide.70 Titration with HCl resulted in a large sheet size and poor stability. This can be attributed to the increase 
in H+ ions in the solution, which gradually increases the sheet size and reduces stability.71

Further characterization was carried out using Raman spectroscopy, a valuable technique for characterizing sp2 and 
sp3 hybridized carbon atoms, including those in graphite, fullerenes, carbon nanotubes, and graphene. As presented in 
Figure 1E, the classic Raman spectra of GO exhibited the D-mode and G-mode at approximately 1355 cm−1 and 
1580 cm−1, respectively. The other Raman modes were at 2720 cm−1 (2D-mode). The spectra consists of D, G, 2D and 
D + D bands located at 1355, ~1580, 2720 and 2920 cm −1, respectively. Raman spectra depicted that I D /I G ratio of 
GO is 1.1. The G-mode of approximately 1580 cm−1 was due to the E2g mode at the Γ-point. G-band arises from 
stretching the C – C bond in graphitic materials and is common to all sp2 carbon systems. The G-band is highly sensitive 
to strain effects in the sp2 system and can be used to probe modifications on the flat surface of graphene.72–74 The 
D-mode is caused by the disordered structure of graphene. Raman spectroscopy is one of the most sensitive techniques to 
determine the disorder in sp2-hybridized carbon systems. The D- and G-peaks are ascribed to structural imperfections of 
GO and the in-plane bond-stretching motion of sp2-hybridized carbon atoms, respectively, in the graphene/graphite 
lattice. In contrast, the 2D peak can be used to estimate the number of layers in the obtained graphene. Our findings are in 
significant agreement with previously prepared graphene by the process of oxidation49,75,76 and graphene oxide (GO) by 
ultrasonic-assisted electrochemical exfoliation of graphite rods.77

Figure 1F presents the FESEM micrographs of the GO that exhibit edge-corrugated sheet structures, which have 
a lateral dimension in the range of 100 nm to 1 μm. GO displays relatively thick, and the exfoliated sheets exhibited an 
increment in their domain size with larger platelets and irregular structures. The FESEM images of the GO samples 
clearly suggest that they are randomly arranged in crumpled nanosheets. The observed morphology of GO consists of 
randomly aggregated, transparent, flake-like sheets with wrinkles and folds on the surface, along with face-to-face 
stacking.51,78,79 Further characterization of graphene oxide was performed using transmission electron microscopy.The 
morphology and characteristic features of GO was illustrated in Figure 1G. GO with consisting of thin stacked flakes of 
shapes and having well defined multilayered structure at the edge. GO has the tendency to scroll and wrinkle.

Effect of Serum Concentration on Cell Viability, Cell Proliferation, Exosome Protein, 
and AchE Activity of SKOV3
Fetal bovine serum is one of the most commonly used supplements in eukaryotic cell culture media.80 Serum is a critical 
factor in maintaining cell viability, whereas high serum concentration leads to inconsistent or opposing results during 
bioassays.81,82 Removal of known factors in the serum can reduce analytical interference and provide reproducible 
experimental conditions.83 Serum starvation, or “environmental stress”,84 reduces basal cellular activity.85 Hence we 
examined the effects of high and low serum concentrations, 10 and 1%, respectively, on cell viability and proliferation of 
SKOV3 cells. The viability of the cells growing in the 1% serum was significantly low throughout the experiment 
compared to those grown in DMEM with 10% serum, from 24–120 h (Figure 2A and B). Serum starvation causes 
apoptosis-induced cell death in different human cell lines.29,86–89 This results in the arrest of A549 cells in the G1 phase 
without inducing apoptosis.90 These results suggest that serum concentration plays a vital role in cell survival regardless 
of the media. While the cells grown on 10% and 1% sera presented different trends, the cells grown on DMEM with 10% 
serum exhibited no viability loss. Additionally, the cells grown on DMEM with 1% serum demonstrated 50% viability 
loss at 120 h. Cell viability reduced significantly in a low-serum condition and continued to decrease until 120 h, whereas 
no significant effect was observed in cells grown in a high-serum condition. Similarly, the rate of cell proliferation was 
significantly affected in cells grown in a low-serum medium. The rate of loss of cell proliferation was 50% in 1% serum 
(Figure 2B). The proliferation of Neuro-2a cells grown in a low-serum medium was significantly affected compared to 
that of the medium containing 10% serum.91 Low-serum concentration influences the expression of HSP45 in A549 
cells.92 The cell viability and morphology of human adenocarcinoma cells were also significantly affected in a low 
serum-containing medium; the cellular protein levels of chloride intracellular channel protein 1, proteasome subunit 
alpha type 2, and heat shock 70 kDa protein 5 were dysregulated in A549 cells.29,52,92 Collectively, these data suggest 
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that serum has a significant effect on the viability and proliferation of SKOV3 cells. Cell viability and proliferation 
decreased in a time-dependent manner after the cells were grown in serum-reduced media.

Subsequently, to determine the effect of serum concentration in the media, SKOV3 cells were grown in both media 
containing 1% and 10% sera for 120 h, followed by exosome isolation and protein quantification of exosomes. 
Concordantly, a low-serum concentration produced a significantly higher amount of exosomal protein compared to 
that produced by a high serum concentration. The exosomal protein concentration was time-dependent (Figure 2C). Our 
findings, consistent with previously published reports, suggest that the number of exosomes was significantly higher in 
cells grown on low-serum media than in cells grown on high-serum media in different types of cells, namely, Neuro-2a 
9,93 A549,52,92 and THP-1 cells.28 Consistent with the previous findings, we discovered that the total protein concentra-
tion of exosomes was higher in low serum-containing media than in media containing high serum. This indicated that the 
protein concentration was higher at 72 h and subsequently declined. Therefore, these studies suggest that low serum 
concentration in a medium is optimal for producing a high amount of exosomes in SKOV3 cells.

Further, we investigated the correlation between the protein concentration and AchE activity of exosomes in 
SKOV3 cells. The cells were grown in 10 and 1% serum concentrations, and AchE activity was determined. AchE 
activity indirectly determines the number of exosomes because AchEs are localized to the exosome membranes.63,94 

Our results demonstrated that the activity of AchE is dependent on time and serum concentration, suggesting that 
media containing 1% serum exhibited high levels of AchE activity compared with media containing 10% serum 
(Figure 2D). Macrophages treated with endotoxins, such as lipopolysaccharides (LPS), exhibited higher AchE activity 
than that in untreated groups.63 Increasing cell proliferation was directly associated with AchE activity and was also 
associated with the downregulation of p27 and cyclins in hepatocellular carcinoma cells.95 Therefore, these findings 
indicate that low serum concentration-induced decreased cell proliferation increases exosome biogenesis and AchE 
activity.

Figure 2 Effect of serum concentration on cell viability, cell proliferation, exosome protein, and AChE activity of SKOV3. SKOV3 cells were grown on 10% serum and 1% 
serum over a 120 h. (A) Cell viability was determined using CCK-8. (B) Cell proliferation was determined using BrdU. (C) The total protein concentration of exosomes was 
determined using the bicinchoninic acid (BCA) assay kit. (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.

https://doi.org/10.2147/IJN.S385113                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2022:17 5704

Gurunathan and Kim                                                                                                                                                Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Dose-Dependent Effect of GO on Cell Viability and Proliferation
The dose-dependent effects of GO on cell viability and cell proliferation were tested in SKOV3 cancer cells using the 
CCK-8 assay and BrdU assay. Cells were treated with GO (10, 20, 30, 40, 50 µg/mL) for 24 h. The results revealed that 
GO was cytotoxic and inhibited cell viability, which agreed with findings reported in different types of cancer cells, 
namely, human breast cancer,46 ovarian cancer,47 cervical cancer,51 human neuroblastoma,48 human ovarian cancer stem 
cells,96 prostate cancer,97 and human germ cells such as Leydig (TM3) and Sertoli (TM4) cells.50 As presented in 
Figure 3A, GO displayed cytotoxicity in a concentration-dependent manner. These findings also suggest that GO 
inhibited the growth of SKOV3 cells in a dose-dependent manner. The IC50 value of GO was 25 µg/ mL. Similarly, 
cell proliferation was significantly inhibited in a dose-dependent manner (Figure 3B). Mukherjee et al98 reported that GO 
enters neutrophils and interacts with the plasma membrane of the cells. We previously reported that GO could inhibit cell 
viability in a dose-dependent manner in MCF-7 cells. GO exerts significant cytotoxicity at a dose > 60 μg/mL.45 Zhou 
et al99 evaluated the toxicity of GO in different cancer cell lines, such as mouse melanoma B16F10, prostate cancer PC3, 
and breast cancer MDA-MB-231 cells. The results exhibited that GO was cytotoxic to these cancer cells in a dose- 
dependent manner. GO and rGO exhibit dose-dependent toxicity in glioma cells.100 Therefore, our study revealed the 
toxic effects of GO on SKOV3 cells.

The dose-dependent effects of CIS on cell viability were tested in SKOV3 cancer cells using the CCK-8 assay. Cells 
were treated with CIS (2, 4, 6, 8, 10 µg/ mL) for 24 h. The results identified that CIS was cytotoxic and inhibited cell 
viability, which agreed with findings reported in different types of cancer cells. As presented in Figure 3B, CIS displayed 
cytotoxicity in a concentration-dependent manner. These findings suggested that CIS inhibited the growth of SKOV3 
cells in a dose-dependent manner. The IC50 value of CIS was 6 µg/ mL. Increasing cisplatin doses significantly inhibited 
both cisplatin-sensitive SKOV3 and cisplatin-resistant SKOV3/DDP cells. Among these two cell lines, viability was 
significantly inhibited in SKOV3 cells compared with cisplatin-resistant SKOV3/DDP cells. These results indicated that 
the cytotoxicity of cisplatin is more apparent in SKOV3 cells than in SKOV3/DDP cells. As presented in Figure 3B, cell 

Figure 3 Dose-dependent effects of GO, CIS, C6-Cer and GW4869 on the viability and proliferation of SKOV3 cells. Cell viability was determined using CCK-8 in SKOV3 
cells were exposed to various concentrations of (A) GO (10–50 µg/mL), (B) CIS (2–10 µg/mL), (C) C6-Cer (5–25 µg/mL) and (D) GW4869 (5–25 µM) in cell culture 
medium supplemented with 1% FCS for 24 h. Cell proliferation was determined by BrdU in SKOV3 cells were exposed to various concentrations of (E) GO (10–50 µg/mL), 
(F) CIS (2–10 µg/mL), (G) C6-Cer (5–25 µg/mL) and (H) GW4869 (5–25 µM). 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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proliferation is significantly affected in a dose-dependent manner. These results indicate that the cytotoxicity of CIS is 
more apparent in both cell viability and cell proliferation.

The dose-dependent effect of C6-Cer on cell viability was tested in SKOV3 cancer cells using the CCK-8 assay. Cells 
were treated with C6-Cer (5, 10, 15, 20, 25 µg/ mL) for 24 h. The results identified that C6-Cer was cytotoxic and 
inhibited cell viability, which agreed with findings reported in different types of cancer cells. C6-ceramide had 
a significant effect on SKOV3 cell viability and markedly enhanced C6-Cer induced cell death in a dose-dependent 
manner. These findings suggest that C6-Cer inhibited the growth of SKOV3 cells in a dose-dependent manner. The IC50 

value of C6-Cer was 15 µg/ mL (Figure 3C). Zhu et al101 reported that when cells are cultured in 10% FBS, either C6- 
ceramide or TSA had moderate effects on tumor cell death even at high doses. However, combination treatment strongly 
induced CaOV3 and L3.6 cancer cell death. Increasing the concentration of C6-Cer decreased the percentage of cell 
proliferation in a dose-dependent manner in SKOV3 cells (Figure 3C). Cheng et al102 reported that C6 ceramide in 
a dose-dependent manner inhibited cell proliferation and promoted apoptosis in the human multiple myeloma (MM) 
OPM2 cell line, which was associated with elevated caspase 3/9 and PARP cleavage.

The effects of GW4869 on the viability of SKOV3 cells were assessed using the CCK-8 assay. Cells were treated with 
GW4869 at increasing concentrations (5, 10, 15, 20, 25 µM) for 24 h. As presented in Figure 3D, no effect on cell 
viability of GW4869 was observed at 25 µmol/L. Increasing the GW4869 concentration slightly increased the cell 
viability rate, although this change was not significant. A similar trend was observed in cell proliferation after GW4869 
treatment in SKOV3 cells (Figure 3D). GW4869 significantly decreased exosome generation and increased the prolif-
eration of human hepatocellular cancer cells.63,103 Cheng et al102 observed that C6-Cer in a dose-dependent (1.25–40 
μM) manner inhibited MM cell proliferation (5–80%), whereas GW4869 promoted proliferation (1- to 2-fold) in the 
same concentration range. The similar trend was observed in cell proliferation when cells were exposed to various 
concentration of GO, CIS, C6-Cer, and GW4869 (Figure 3E–H). Therefore, our findings are consistent with previous 
reports demonstrating the effects of C6-Cer and GW4869 on the proliferation of ovarian cancer, breast cancer, human 
lung epithelial adenocarcinoma, and THP-1 cells.28,29,104

Effect of GO on Cytotoxicity
To determine the effect of GO, CIS, C6-Cer, and GW4869 on the cytotoxicity of SKOV3 cells, the cells were incubated 
with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 h. We subsequently measured 
various parameters, including cell viability, cell proliferation, LDH leakage, cell mortality, cytotoxicity, and ATP levels. 
The results depicted that GO, CIS, and C6-Cer inhibit 50% of cell viability and proliferation, whereas GW4869 promoted 
both cell viability and proliferation (Figure 4A and B). GO potentially inhibited both cell viability and proliferation of 
various types of cancer cells, including human breast cancer,46 ovarian cancer,47 cervical cancer,51 human 
neuroblastoma,48 human ovarian cancer stem cells,96 prostate cancer cells,97 and human germ cells such as Leydig 
(TM3) and Sertoli (TM4) cells.50 Lactate dehydrogenase (LDH) leakage is a cell death indicator in vitro and in vivo. The 
release of LDH into the tissue culture medium accurately reflects cell viability in vitro. SKOV3 cells treated with GO, 
CIS, and C6-Cer significantly increased LDH leakage (Figure 4C). Trypan blue measurement indicates that GO increases 
the death rate and decreases the viability of SKOV3 cells (Figure 4D). Furthermore, dead cell protease activity confirmed 
that GO induces cytotoxicity (Figure 4E).97 CIS induces cytotoxicity by inhibiting cell viability and proliferation through 
induction of oxidative stress and altering intracellular Ca²⁺ concentration, including cytosolic and mitochondrial Ca2+ in 
cisplatin-sensitive SKOV3 cells, but not in cisplatin-resistant SKOV3/DDP cells.105 CIS and C6-Cer induce cytotoxicity 
by decreasing cell viability and increasing death rate, indicated by trypan blue and dead cell protease activity, 
respectively. CaOV3 and L3.6 cancer cells were cultured in 10% FBS, where either C6-Cer or TSA alone inhibited 
cell viability.101 Notably, GW4869-treated SKOV3 cells promoted both cell viability and proliferation.

Mitochondria are the primary source of ATP essential for cellular metabolic activities, including cell survival. Hence, 
we investigated the impact of GO, CIS, C6-Cer, and GW4869 on ATP levels in SKOV3 cells. The results indicate that 
GO, CIS, and C6-Cer remarkably decreased the level of ATP, whereas GW4869 did not show any significant effects 
(Figure 4F). The findings of these studies agreed with findings reported in different types of cancer cells. For example, 
graphene oxide quantum caused significant toxicity in human lymphocytes due to mitochondrial dysfunction.106 
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Graphene oxide directly inhibited electron transport chain (ETC) complexes I, II, III, and IV, and eventually caused 
mitochondrial depolarization and impaired ATP production in MDA-MB-231 human breast cancer, PC3 human prostate 
cancer, B16F10 mouse melanoma cells, and human embryonic kidney cells.99,107 GO significantly decreased the 
proliferation of MDA-MB-231, MDA-MB-436, and SK-BR-3 breast cancer cells via down-regulation of oxidative 
phosphorylation (OXPHOS) activity without any alterations in glycolysis.99 Disrupted OXPHOS significantly reduces 
ATP production and cytoskeletal function, consequently affecting the migratory and invasive activity of cancer cells.108 

Graphene oxide downregulates the mRNA expression of nuclear genes and mitochondrial oxidative phosphorylation 
(OXPHOS) of complexes I, III, IV, and V.109 Therefore, these findings suggest that GO potentially inhibits ATP 
production, which is essential for cellular metabolic activity.

Effects of GO on Oxidative Stress Markers
Oxidative stress is an imbalance between oxidants and antioxidants and causes disruption of redox signaling and control. 
The presence of excessive oxidants causes damage to biomolecules. Therefore, we evaluated the effects of GO on 
oxidative stress in SKOV3 cells. SKOV3 cells were treated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), 
and GW4869 (25 µM) for 24 h. Subsequently, we measured various oxidative stress markers, including ROS generation, 
malondialdehyde, lipid hydroperoxide, nitric oxide, protein carbonyl content, and isoprostanes.

Generally, GO induces cytotoxicity by generating oxidative stress and causes damage to cellular structures. It alters 
the normal physiological functions of cells by attacking various biomolecules, namely, carbohydrates, nucleic acids, 
unsaturated fatty acids, and proteins, both in prokaryotic and eukaryotic cells.49,76,110 To determine the influence of GO 
on oxidative stress in SKOV3 cells, the cells were incubated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), 
and GW4869 (25 µM) for 24 h. The level of ROS was measured. The treatment of SKOV3 cells with GO, CIS, and C6- 
Cer increased the production of ROS (Figure 5A), whereas GW4869-treated cells exhibited no change compared with 
untreated cells. SKOV3 cells treated with GO, CIS, C6-Cer, and GW4869 produced 25, 30, 25, and 10 µmol of ROS, 

Figure 4 Effect of GO on the cell viability, cell proliferation, LDH leakage, cell death, cytotoxicity and ATP levels on SKOV3 cells. SKOV3 cells were treated with GO (25 µg/ 
mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 h in cell culture medium supplemented with 1% FCS for 24 h. (A) Cell viability was determined using 
CCK-8 (B) cell proliferation was determined by BrdU. (C) Membrane integrity was measured at 490 nm using the LDH cytotoxicity kit. (D) Cell death rate was determined 
using trypan blue. (E) Cytotoxicity was determined using dead cell protease activity. (F) ATP levels. 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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respectively, whereas that in untreated cells was 10 µmol. ROS production by microscopic analysis using H2DCFDA 
staining shown in Supplementary Figure 1. Similarly, GO induces oxidative stress and, in turn, produces a higher level of 
ROS in various cells, namely, human breast cancer,46 ovarian cancer,47 cervical cancer,51 human neuroblastoma,48 human 
ovarian cancer stem cells,96 prostate cancer,97 and human germ cells, such as Leydig (TM3) and Sertoli (TM4) cells.50 

GO causes imbalance of mitochondrial homeostasis, the released cytochrome c (CytC) induces caspase-dependent cell 
apoptosis and it also leads to mitochondrial-dependent apoptosis by activating ROS-p53 pathway in cancer cells.51,52

Subsequently, we examined another oxidative stress marker, malondialdehyde (MDA a biomarker of widely studied 
lipid peroxidation products. MDA is the most frequently used biomarker of oxidative stress in various diseases. Lipid 
peroxidation plays a significant role as a key secondary messenger in the adaptation/commitment to apoptosis.111 Lipid 
peroxidation products regulate pathways responsible for the antioxidant protection system. The most commonly studied 
secondary lipid peroxidation products include MDA, propanal, hexanal, and 4-hydroxynonenal (4-HNE). SKOV3 cells 
were incubated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 h. The level of 
MDA was measured. The treatment of SKOV3 cells with GO, CIS, and C6-Cer increased the production of MDA, 
whereas GW4869-treated cells exhibited no change compared with the untreated cells. SKOV3 cells treated with GO, 
CIS, C6-Cer, and GW4869 produced 20, 20, 15, and 5 µmol of MDA, respectively (Figure 5B). GO causes cytotoxicity 
in human fibroblasts and lung epithelial cells at concentrations >20 μg/mL after 24 h and eventually induces ROS, 
malondialdehyde (MDA), and LDH.112,113 Graphene family nanomaterials cause toxicity through lipid peroxidation and 
oxidative stress. GO treatment significantly increases ROS levels, decreases SOD activity, and induces MDA production 
in HeLa cells.114 GO and rGO can induce oxidative stress by increasing the production of ROS in HepG2, which may be 
the major cause of cytotoxicity.115

Figure 5 Effect of GO on oxidative stress markers. SKOV3 cells were treated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 h in 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 
hydroperoxides were extracted and quantified as indicated using the Lipid Hydroperoxide Assay Kit. (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 EIA 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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Lipid hydroperoxides (LHP) are prominent non-radical intermediates of lipid peroxidation. LOOHs perturb mem-
brane structure/function and can be deleterious to cells.116 Measurement of lipid hydroperoxides (LHP) is a valuable 
method widely used to evaluate oxidative catabolism of lipid membranes. To measure the level of LHP, SKOV3 cells 
were incubated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 h, and the LHP 
levels were measured. The treatment of SKOV3 cells with GO, CIS, and C6-Cer increased LHP production, whereas 
GW4869-treated cells exhibited no change compared to that in the untreated cells. SKOV3 cells treated with GO, CIS, 
C6-Cer, and GW4869 produced 30, 30, 25, and 10 µmol of LHP, respectively (Figure 5C). GO significantly alters the 
composition of plasma membrane lipids, including a decrease in cholesterol and an increase in the oxidized cholesterol 
species levels.117 GO causes a disruption of lipid raft domains in the plasma membrane of neutrophils, thus eliciting 
pronounced alterations of plasma membrane lipids, including cholesterol.117

Lipopolysaccharide (LPS) triggers an increased generation of nitric oxide (NO) and subsequently induces the release 
of exosomes from platelets during sepsis. These LPS-induced platelet-derived exosomes contain higher levels of NADPH 
oxidase, nitric oxide synthases (NOS), and protein disulfide isomerase (PDI) than healthy exosomes.118 Therefore, we 
determined whether GO can induce nitric oxide. SKOV3 cells were incubated with GO (25 µg/mL), CIS (6 µg/mL), C6- 
Cer (15 µg/mL), and GW4869 (25 µM) for 24 h, and the NO levels were measured. Our results indicated that SKOV3 
cells treated with GO, CIS, C6-Cer, and GW4869 produced 10, 8, 6, and 4 µmol of NO, respectively (Figure 5D). 
Increased ROS and RNS levels promote DNA breakage and impair the antioxidant potential.119 Combination of silver 
nanoparticles and histone deacetylase inhibitors increased the NO level in adenocarcinoma cells.120

Protein carbonylation, the oxidation of amino acids by ROS, is a major hallmark for oxidative damage to proteins. 
Detection and quantification of protein carbonyls are commonly performed to identify the level of oxidative stress in 
cellular damage, aging, and several age-related disorders.121 SKOV3 cells were incubated with GO (25 µg/mL), CIS (6 
µg/mL), C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 h. The level of NO was measured. Our results demonstrated 
that SKOV3 cells treated with GO, CIS, C6-Cer, and GW4869 produced 12, 10, 10, and 4 µmol of PCC, respectively 
(Figure 5E). The degree of GO oxidation increases the interaction with the changes in the protein. Thus, the interaction of 
the protein with GO can be modulated by tuning the degree of oxidation.122 The binding of GO with biomolecules may 
involve electrostatic, hydrophobic, covalent and non-covalent, hydrogen bonding, and π–π stacking interactions depend-
ing upon the surface charge, energy, and hydrophobicity of the interacting groups.123 The toxicity of graphene oxide 
depends upon the type of functional groups at the surface and the extent of the degree of oxidation.124

A biomarker of oxidative stress is 8-Isoprostane and its increasing concentration. We measured the level of 
8-isoprostane in SKOV3 cells by exposing them to GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), and 
GW4869 (25 µM) for 24 h. The level of 8-isoprostane was measured. Our results indicated that SKOV3 cells treated 
with GO, CIS, C6-Cer, and GW4869 produced 50, 40, 45, and 10 µmol of 8-isoprostane, respectively (Figure 5F). Rats 
exposed to silica nanoparticles (SiNPs) doped with Cd (SiNPs-Cd, 1 mg/rat), soluble CdCl2 (400 μg/rat), or SiNPs (600 
μg/rat). Pulmonary total F2-isoprostane was increased by 56 and 43% in CdCl2 and SiNPs-Cd groups, respectively, 
compared to that in the controls.125 Therefore, GO potentially induces various oxidative stress markers in SKOV3 cells.

Effect of GO on Antioxidants Markers
Since antioxidants regulate the level of reactive oxygen species production, we measured various antioxidant systems, 
such as glutathione (GSH), thioredoxin (TRX), catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase 
(GPx), and glutathione S-transferases (GST) in THP-1 cells treated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/ 
mL), and GW4869 (25 µM) for 24 h. These are indispensable molecules for anti-oxidative defense. GSH is a vital 
intracellular molecule responsible for maintaining the pro and antioxidant buffer system and is the most abundant cellular 
thiol compound.126 Our results revealed that SKOV3 cells treated with GO, CIS, C6-Cer, and GW4869 produced 60, 50, 
40, and 110 µmol of GSH, respectively (Figure 6A). GW4869-treated cells exhibited slightly increased levels of GSH 
(110 μmol) compared to that in the control (100 μmol). GO increased cytotoxicity and inhibited cell proliferation by 
inducing intracellular oxidative stress. Glutathione (GSH) is one of the main reductive intracellular substances, which 
regulate oxidative stress levels to maintain normal cellular functions. GO induced cellular toxicity in human embryonic 
kidney cells and acute monocytic leukemia cell line (THP-1) by increasing the level of LDH leakage and ROS 
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generation, decreasing levels of reduced glutathione (GSH), and increasing levels of oxidized glutathione.54,127 Ma 
et al128 demonstrated that oxidation of GSH to GSSG by GO led to the formation of reduced graphene oxide. GSH 
depletion influenced the intracellular reductive oxidative balance and increased ROS concentration. Thus, increased ROS 
levels consequently inhibit cell viability and proliferation. Hence, the reaction between GO and GSH could be a possible 
mechanism of cytotoxicity that eventually leads to biogenesis and release of exosomes.

SKOV3 cells were exposed to GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 
h. Our results demonstrated that SKOV3 cells treated with GO, CIS, C6-Cer, and GW4869 produced 50, 45, 55, and 100 
µmol of GSH, respectively (Figure 6B). GW4869-treated cells exhibited slightly increased levels of GSH (100 μmol) 
compared to that in the control (90 μmol). TRXs are ubiquitous antioxidant enzymes that play crucial roles in 
maintaining cellular redox balance in cancer cells.29 Retinoic acid and platinum nanoparticles decreased the level of 
TRX in F9 teratocarcinoma stem cells and human monocytic THP-1 cells.127,129 TRX and GSH are major thiol- 
dependent antioxidants involved in maintaining cell homeostasis and DNA synthesis and repair.130

To determine the levels of CAT and SOD, SKOV3 cells were treated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer 
(15 µg/mL), and GW4869 (25 µM) for 24 h. Our results indicated that SKOV3 cells treated with GO, CIS, C6-Cer, and 
GW4869 produced 30, 40, 45, and 75 µmol of CAT, respectively (Figure 6C). GW4869-treated cells presented slightly 
increased levels of CAT (75 μmol) compared to that in the control (60 μmol). The influence of GO in the response of 
biomarkers of oxidative stress was assessed through the expression and activities of the antioxidant enzymes superoxide 
dismutase (SOD). The results suggested that SKOV3 cells treated with GO, CIS, C6-Cer, and GW4869 produced 20, 18, 
18, and 35 µmol of SOD, respectively (Figure 6D). GW4869-treated cells presented slightly increased levels of SOD (35 
μmol) compared to that in the control (30 μmol). Gurunathan et al131 reported that vanillin-functionalized GO decreased 
the level of CAT and SOD in THP-1 cells. Human cervical cancer cells exposed to graphene oxide-silver nanocomposite 
decreased the level of SOD.51 Zhang et al132 reported that both GO and rGO increased the contents of MDA and ROS, 
decreased the activities of SOD, CAT, and GSH-Px, and lowered the mitochondrial membrane potential in H9C2 cells.

Figure 6 Effect of GO on antioxidants. SKOV3 cells were treated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 h in 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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Glutathione peroxidase (GPX) is one of the critical antioxidant enzymes involved in maintaining ROS homeostasis in 
the cellular system, which regulates intracellular H2O2 levels, maintains GSH/GSSG balance, and promotes antioxidant 
enzyme activity. We examined the levels of GPX in SKOV3 cells treated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer 
(15 µg/mL), and GW4869 (25 µM) for 24 h. Our results indicated that SKOV3 cells treated with GO, CIS, C6-Cer, and 
GW4869 produced 10, 10, 15, and 25 µmol of GPX, respectively (Figure 6E). GW4869-treated cells presented slightly 
increased levels of GPX (25 μmol) compared to that in the control (20 μmol). Retinoic acid and platinum nanoparticles 
decreased the level of GPX in F9 teratocarcinoma stem cells and human monocytic THP-1 cells.127,129

Glutathione S-transferases (GSTs) protect cells from oxidative stress cell damage by quenching reactive molecules by 
adding glutathione (GSH). GST is an isozyme and detoxifying enzyme known to catalyze the conjugation of GSH to the 
miscellany of electrophilic and hydrophobic substrates. To determine the effects of GO on GST, SKOV3 cells were 
treated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 h. Our results presented 
that SKOV3 cells treated with GO, CIS, C6-Cer, and GW4869 produced 20, 15, 20, and 40 µmol of GST, respectively 
(Figure 6F). GW4869-treated cells displayed slightly increased levels of GST (40 μmol) compared to that in the control 
(30 μmol). These findings are in significant agreement with previous reports such as retinoic acid and platinum 
nanoparticles and decreased the level of GST in F9 teratocarcinoma stem cells and human monocytic THP-1 
cells.127,129 High-level ROS generations can influence the stability of DNA and RNA, decrease the activities of SOD, 
CAT, and GSH-Px, and increase MDA content, thereby resulting in cell oxidative damage.133 Chitosan-glutathione 
nanoparticles induced a significant decrease in glutathione peroxidase activity in MDA-MB-231 cells after treatment with 
doxorubicin.134

GO Induces the Expression of ER Stress Genes
The endoplasmic reticulum (ER) plays a significant role in the nucleation site for translation and cargo sorting into 
exosomes and endosomes. Accumulating evidence suggests that GO plays a pivotal role in the treatment of 
cancers.45,135–137 Moreover, evidence showing the relationship between GO and endoplasmic reticulum stress and the 
pathogenesis of ovarian cancer is lacking. To evaluate the effects of GO on the endoplasmic reticulum, SKOV3 cells 
treated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 h. The mRNA 
expression of IRE, PERK, ATF6, ATF4, GRP78, and CHOP were analyzed by quantitative real-time PCR. As shown 
in Figure 7A–F, compared to that in the control group, the cells treated with GO, CIS, and C6-Cer increased several folds 
of expression of IRE, PERK, ATF6, ATF4, GRP78, and CHOP. Xiao et al138 reported that cells in the GO-administrated 
group increased the mRNA expression of GRP78 and LC3B in the nasopharyngeal carcinoma cells. ER stress is due to 
the accumulation of newly synthesized, unfolded, or misfolded proteins in the ER and leads to various dysfunctions. ER 
stress could mediate the expression of PERK and IRE1/X-box binding protein-1 and, subsequently, activate transcription 
factor-6 (ATF6) signaling pathways. However, excessive or abnormal ER stress can result in cell injury or death by 
activating apoptotic pathways.139–141 GRP78 is associated with the occurrence and development of ER stress. Our results 
demonstrated that GO significantly promoted the expression of GRP78 in SKOV3 cells. Thus, GO promoted the 
apoptosis of SKOV3 cells through ER stress. Chemotherapeutic agents such as cisplatin and doxorubicin-induced ER 
stress impair the UPR. The onset of ER stress leads to increased expression of CHOP, a marker for ER stress induced 
during apoptosis.142,143 Pandey et al144 engineered ER-targeted self-assembled 3D spherical graphene oxide (ER-GO- 
NPs) and induced ER stress and apoptosis in cervical cancer cells. These ER-GO-NPs alone and in combination with 
chloroquine (CQ) exhibited remarkable cell-killing efficacy in breast, lung, and drug-resistant triple-negative breast 
cancer cells. Different types of NPs, including silver, gold, silica, and graphene, have been used to enhance cytotoxicity 
by promoting ER stress-mediated cell death.145 The redox-state of ER is closely linked with its protein-folding home-
ostasis. Oxidizing and reducing reagents disrupt the protein folding by disrupting disulfide bond formation within the ER 
lumen.146 The possible mechanism of GO-induced ER stress is redox imbalance by the generation of oxidative stress.

A consequence of ER stress is mitochondrial dysfunctions and increasing ROS levels, ultimately leading to the 
interference of cellular functions and activating pro-apoptotic signaling.147 IREIα can promote cell death by activating 
c-Jun N-terminal kinase (JNK). The IRE1α kinase domain binds with the adapter molecule TRAF2, which leads to the 
activation of apoptosis signal, regulating kinase (ASK1) that phosphorylates and activates JNK. The activation of JNK 
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triggers cell death in response to UV irradiation or TNFα receptor activation.148,149 Studies on mice suggest that silver 
nanoparticles activate ER stress sensor proteins, including PERK, IRE1, and CHOP, suggesting the possible induction of 
apoptosis.150 GOPs loaded with doxycycline (DOX) and cisplatin are internalized within the ER, which increased the 
CHOP expression many-fold and activated the expression of GRP78, indicating the onset of ER stress.151,152 The pro- 
apoptotic transcription factor CHOP/GADD153 can suppress the transcription level of Bcl-2 induced by the joint ATF6 
and PERK/ATF4 pathways.153,154 Therefore, these results demonstrate that GO can modulate ER stress signaling for 
apoptosis.

Effect of GO on Mitochondrial Dysfunction, Caspases Activation, and DNA Damage
In various diseases, oxidative stress and mitochondrial damage are interrelated physiological processes. A consequence 
of increased ROS is redox imbalance, which causes apoptosis.97 Oxidative stress and ER are known to induce damage to 
the mitochondrial respiratory chain, altering membrane permeability, and influencing Ca2+ homeostasis and the mito-
chondrial defense systems. Therefore, the mitochondrial membrane potential was used to evaluate mitochondrial damage 
and measure the effects of oxidative stress and increased levels of ROS on mitochondrial dysfunctions. SKOV3 cells 
treated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 h. The loss of 
mitochondrial membrane potential was assessed using the JC-1 assay. The cells treated with GO, CIS, and C6-Cer 
exhibited a significant reduction in MMP activity up to 50, 60, and 60%, respectively, compared to that in the control. In 
contrast, cells treated with GW4869 did not affect MMP activity (Figure 8A). Mitochondrial activity is an essential 
property of GO that induces cell apoptosis or necrosis.155 Our previous results demonstrate that graphene can destroy the 
mitochondrial membrane potential and increase intracellular ROS, thereby triggering cell apoptosis through the mito-
chondrial pathway in human breast cancer,46 ovarian cancer,47 cervical cancer,51 human neuroblastoma,48 human ovarian 
cancer stem cells,96 prostate cancer,97 and human germ cells, such as Leydig (TM3) and Sertoli (TM4) cells.50 Similarly, 
graphene-silver nanocomposites induce mitochondrial dysfunctions in human neuroblastoma cancer48 and human ovarian 

Figure 7 Effect of GO on ER stress. SKOV3 cells were treated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 h in cell culture 
medium supplemented with 1% FCS for 24 h. The mRNA expression of ER stress markers including IRE (A), PERK (B), ATF-6 (C), ATF-4 (D), GRP78 (E), and CHOP (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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cancer stem cells,96 and graphene-platinum nanocomposites cause mitochondrial dysfunctions in human prostate cancer 
cells (LNCaP).97 Thus, GO treatment increased the ROS concentration and reduced the mitochondrial membrane 
potential in SKOV3 cells.

Caspases are involved in cellular apoptosis. Caspase-9 is required to activate mammalian intrinsic apoptosis, which 
cleaves and activates the effector caspases to execute cell killing.156 Caspases consist of upstream initiators such as 
caspases-8, −10, −2, and −9 and downstream effectors such as caspases-3, −6, and −7. The activation of caspase-3 
mediated by activated caspase-9 entails a single proteolytic cleavage between the large and small subunits of caspase- 
3.157 To determine the effect of caspase-9, SKOV3 cells were exposed to GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 
µg/mL), and GW4869 (25 µM) for 24 h. The cells treated with GO, CIS, and C6-Cer exhibited significant activation of 
caspase-9 up to 4.0-, 3.0-, and 4.5-folds, respectively, compared to those in the control. Conversely, cells treated with 
GW4869 did not affect both caspase-9 and caspase-3 (Figure 8B). Caspase-3 plays a significant role in apoptosis by 
activating both intrinsic and extrinsic apoptosis pathways. Therefore, caspase-3 is the most common target to detect 
apoptosis.158,159 Caspase-3 is one of the indispensable executioner caspases; PARP is activated by mitochondrial 
pathways that initiate pristine graphene-mediated apoptosis.160,161 To evaluate the effect of GO on caspase-3, SKOV3 
cells were treated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 h and caspase- 
3 activity was assessed. The cells treated with GO, CIS, and C6-Cer exhibited significant increments in caspase-3 activity 
up to 4.0-, 3.5-, and 3.0-fold, respectively, compared to that in the control (Figure 8C). Graphene layers induced 
apoptosis by activating caspase-3 in a time-dependent manner.162 Both in vitro and in vivo studies demonstrated that 
the injection of GO and rGO decreased the mass and volume of tumors and induced apoptosis by the up-regulation of 
caspase-3 and membrane leakage.67,100 Ceramide activates pro-apoptotic isoforms of Bcl-x and caspase-9.163,164 Our 
previous studies have demonstrated that GO induces caspase activity in various cancer cells, including human ovarian 
cancer cells.165 Our previous studies have indicated that graphene increase caspase activation in human breast cancer,46 

human embryonic kidney,99,107 and THP-1 cells.127 Similarly, graphene-silver nanocomposites induce mitochondrial 
dysfunctions in human neuroblastoma cancer48 and human ovarian cancer stem cells,96 and graphene-platinum 

Figure 8 Effect of GO on JC-1, caspase 9, caspase-3, HNE, 8-OHDG, and 8-OHG in THP-1 cells. SKOV3 cells were treated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 
µg/mL), and GW4869 (25 µM) for 24 h in cell culture medium supplemented with 1% FCS for 24 h. Levels of (A) JC-1, (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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nanocomposites cause mitochondrial dysfunctions in human prostate cancer cells (LNCaP).97 Wang et al166 reported that 
polyethylene glycol (PEG) and polyethylenimine (PEI), co-conjugated with ultra-small nano-GO (NGO-PEG-PEI) and 
loaded with C6-ceramide (NGO-PEG-PEI/Cer), significantly increased the activation of caspases-3, −8, and −9, and 
increased PARP cleavage in NGO-PEG-PEI/Cer-treated cells during apoptosis. Thus, GO treatment increased caspase-9/ 
3 activity and eventually induced apoptosis in SKOV3 cells.

4-hydroxynonenal (4-HNE) is a product of lipid peroxidation and the second messenger of oxidative/electrophilic 
stress. HNE affects major signaling pathways and the life and death of cells, particularly during oxidative and ER 
stress.167 To determine whether GO induces elevated 4-HNE levels, we first measured the production of 4-HNE in 
SKOV3 cells treated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 h. The 
cells treated with GO, CIS, and C6-Cer displayed significant increments in HNE up to 400, 300, and 500 ng/100 µg 
lysate, respectively, compared to that in the control (Figure 8D). Conversely, the cells treated with GW4869 for 24 h did 
not exhibit a significant difference in 4-HNE relative to that in control. HepG2 cell line treated with silver nanoparticles 
increases the level of 4-HNE through oxidative stress and affects the metabolic state of the cell.168 Increasing the lipid 
peroxidation levels is inversely related to cell proliferation in various types of cells.169 HNE reduced the proliferative 
capacity of K562 human erythroleukemic and HL-60 human promyelocytic cells.170 These findings suggest that the 
generation of 4-HNE mediates signaling and can largely influence the fate of the cell by modulating the major cellular 
processes, such as autophagy, inhibition of proliferation, and apoptosis.

Oxidative damage is suggested to play a crucial role in the pathogenesis of various diseases. The by-products of 
nucleoside oxidation, 8-OHdG and 8-OHG, are two of the most prominently characterized forms of DNA and RNA 
oxidation.171 Therefore, we evaluated the effects of GO on 8-OHdG and 8-OHG in SKOV3 cells when exposed to GO 
(25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 h. The cells treated with GO, CIS, and 
C6-Cer significantly increased the level of 8-OHdG up to 500, 600, and 700 ng/mL, respectively, compared to that in the 
control (Figure 8E). The levels of 8-OHG attained were 900, 700, and 800 ng/mL, respectively (Figure 8F). Consistent 
with our results, a majority of in vitro and in vivo studies have indicated increased levels of 8-OHdG and 8-OHG in 
various types of nanoparticle treatments, such as TiO2, NiO, ZnO, and CeO2.172 We demonstrated that silver nanopar-
ticles treated mouse embryonic fibroblast cells produced high levels of 8-OHdG and 8-OHG.54 Combination of melatonin 
and palladium-nanoparticle-induces high levels of 8-OhdG and 8-OHG in human lung epithelial adenocarcinoma cells, 
A549 and H1229. The combination of platinum nanoparticles and retinoic acid increases the level of 8-OHdG and 
8-OHG in human neuroblastoma cancer cells.52 Therefore, these findings suggest that GO potentially induces mitochon-
drial dysfunction, caspase9/3 activation, increases 4-HNE levels, and increases the level of OHdG and 8-OHG 
accumulation, eventually leading to cell death.

Effect of GO on AChE Activity, n-Sphingomyelinase, Exosome Protein, and Exosome 
Numbers
Neurons and red blood cells produce an enormous amount of AChE. AChE and butyrylcholinesterase (BChE) hydrolyze 
the neurotransmitter acetylcholine (ACh) into acetic acid and choline.173 AChE is predominantly associated with 
exosomes. AChE activity was first identified in exosomes released from reticulocytes, localized in the membranes of 
exosomes, which are markers of exosome release.174 Oxidative stress plays a crucial role in various cellular functions, 
including the production of AChE activity. AChE activity was developed as a marker for extracellular vesicles for easy, 
rapid, and economical assay.175 To evaluate the expression of AChE activity in SKOV3 cells, the cells were exposed to 
GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 h. The cells treated with GO, CIS, 
and C6-Cer significantly increased the AChE activity up to 40, 40, and 45 U/mL, respectively, compared to that in the 
control (Figure 9A). Similarly, the AChE activity was more in low concentrations of carbon nanoparticles than in high 
concentrations of carbon nanoparticles.176 We demonstrated that platinum and palladium nanoparticles-induced oxidative 
stress inhibits cell viability and proliferation and increases AChE activity in human adenocarcinoma and THP-1 cells, 
respectively.28 Cell proliferation inhibition is directly proportional to the increased AChE activity, which was associated 
with the down-regulation of p27 and cyclins, indicating that AChE has a tumor suppressor role in the hepatocellular 
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carcinoma cell line.95 AChE can induce apoptosis through the termination of cell cycle progression by facilitating 
apoptosome assembly and eventually induce apoptosis.177–179 Our findings suggest that platinum nanoparticles (PtNPs) 
and palladium nanoparticles (PdNPs) increase AChE activity through oxidative stress-induced apoptosis. Therefore, 
these studies suggest that the increasing levels of AChE activity are due to oxidative stress and apoptosis induced by GO.

Sphingomyelinases hydrolyze sphingomyelin into phosphorylcholine and ceramide. Ceramide regulates various 
physiological processes such as growth, proliferation, apoptosis, and EV biogenesis. Sphingomyelinase inhibitor, 
GW4869, inhibits biogenesis and secretion of EVs by blocking the ceramide-dependent budding of ILVs into the 
lumen of MVBs.13 Neutral sphingomyelinase pathway plays a significant role in the synthesis and packaging of the 
cargo protein into exosomes. For example, Guo et al180 reported the role of the nSMase pathway in exosome biogenesis 
and packaging of PrP into these vesicles. They confirmed that inhibition of the nSMase pathway using GW4869 revealed 
a role for the nSMase pathway in both exosome formation and PrP packaging. However, the effect of GO on the 
involvement of n-sphingomyelinases in the biogenesis and the release of exosomes in SKOV3 cells has not yet been 
explored. Hence, we determined the effects of GO on neutral sphingomyelinase activity in SKOV3 cells. The cells were 
treated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 h. The neutral 
sphingomyelinase activity was measured. The cells treated with GO, CIS, and C6-Cer significantly increased the level 
of sphingomyelinase activity up to 15, 10, and 15 U/mL, respectively, compared to that in the control. The cells treated 
with GW4869 remarkably decreased the level of neutral sphingomyelinase activity (Figure 9B). These findings suggest 
that GO-induced oxidative stress-mediated activation of sphingomyelinase is likely involved in exosome release via the 
control of exosome budding into multivesicular endosomes.13,181 Claus et al182 reported that oxidative stress increases 
the activity of sphingomyelinases through post-translational modification. Additionally, sphingomyelinases play a critical 
role in the development of apoptosis and organ failure during sepsis. Increased levels of peroxide activate n-sphingo-
myelinase activity in mice liver and brain tissues.183 Consistent with previous reports, GO generates various peroxide 

Figure 9 Effect of GO on AChE activity, neutral sphingomyelinase activity, exosomal protein level, and exosome count. SKOV3 cells were treated with GO (25 µg/mL), CIS 
(6 µg/mL), C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 h in 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) Exosome counts were determined via fluorescence polarization. (E) Exosomes counts were determined by 
NTA and (F) 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.
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products such as MDA, LHP, and 4 HNE. All these products could facilitate the activation of n-sphingomyelinase 
activity. Further, several studies have demonstrated that various cellular stresses play critical roles in EV production, 
number, activity, composition, surface, and intra-vesicular proteins. Hence, GO-induced oxidative stress activates 
n-sphingomyelinases, which are involved in the biogenesis and release of vesicles.

To correlate the AChE and neutral sphingomyelinase activity, we determined the protein concentration of isolated 
exosomes by the BCA method. This is a simple, easy, dependable, and probably the most frequently used method for 
total protein determination. Wiśniewski and Gaugaz184 compared the sensitivity and reproducibility of the BCA method 
with other assays. They observed that the sensitivity and reproducibility of protein determination by the BCA method 
were similar to that of other methods. Moreover, the main advantage of these assays is the ability to measure the EV 
proteins in a simple, reliable, and high-throughput manner using a plate reader.185 To evaluate the effects of GO on the 
protein concentration of exosomes, SKOV3 cells were treated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), 
and GW4869 (25 µM) for 24 h. The protein concentration of exosomes was measured. The cells treated with GO, CIS, 
and C6-Cer significantly increased the level of AChE activity up to 50, 40, and 50 µg/µL, respectively, compared to that 
in the control. However, GW4869-treated SKOV3 cells presented a significant reduction in protein concentration 
(Figure 9C). Our studies demonstrated that PtNPs and PdNPs increase protein concentration in isolated exosomes 
from human adenocarcinoma and THP-1 cells through oxidative stress-induced apoptosis.

To further validate these results, exosomes isolated from SKOV3 cells were treated with GO (25 µg/mL), CIS (6 µg/ 
mL), C6-Cer(15 µg/mL) and GW4869 (25 µM) for 24 h using ExoQuick. The concentration of exosomes was 
determined using various methods, including fluorescence polarization (Figure 9D), NanoTrack (Figure 9E), and 
EXOCET (Figure 9F). Computation of exosome data suggests that the number of exosomes was significantly higher 
in cells treated with GO, CIS, and C6-Cer than in the control. These findings indicated a significant increase in the 
number of exosomes in the GO-treated cells compared to that in the control cells. In contrast, cells treated with GW4869 
presented a significant decrease in the number of exosomes compared to that in the control. Among the various test 
methods for quantification of exosomes, including fluorescence polarization, NanoTrack, and EXOCET, EXOCET 
displayed more sensitivity and dependability. Furthermore, it could quantify a high number of exosomes and appeared 
to be a better technique. The increased level of exosome concentration is due to GO-induced oxidative stress and other 
stress-induced factors. Various factors are involved in promoting exosome release, including hypoxia,25 cytoskeletal 
regulatory protein cortactin,186 acidosis,187 thermal and oxidative stress,36 cytotoxic drugs,188 cisplatin,189 platinum,29 

and palladium nanoparticles.28 Furthermore, oxidative stress increases exosome secretion from retinal pigment epithelial 
cells, whereas adipocytes exposed to lipotoxic stress exhibit enhanced release of extracellular vesicles.190 Therefore, GO- 
induced oxidative and endoplasmic reticulum stress could be a possible mechanism for the increased number and release 
of exosomes in SKOV3 cells.

Size and Morphology Measurement of Exosomes by DLS, SEM, and TEM
Dynamic light scattering is now widely used to characterize isolated exosomes, which are membrane vesicles with cell 
diameters of approximately 20–150 nm. Therefore, we first utilized DLS to measure the size of exosomes. The 
exosomes derived from the SKOV3 cells were treated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), 
and GW4869 (25 µM) for 24 h. The cells treated with GO, CIS, C6-Cer, and GW4869 exhibited a size of 100 ± 10.0, 
50 ± 5.3, 80 ± 7.0, and 120 ± 12.0 nm, respectively, compared to that of the control (130 ± 15.0 nm). NTA 
measurements revealed that the cells treated with GO, CIS, C6-Cer, and GW4869 exhibited a size of 120 ± 20.0, 70 
± 8.0, 100 ± 10.0, and 140 ± 12.0 nm, respectively, compared to that of the control 150 ± 10.0 nm (Figure 10A). The 
size of all the tested samples matched with SEM and TEM. Our findings are consistent with that of Sokolova et al,191 

which suggests that the size of the exosomes measured by NTA was approximately 120 nm, 110 nm, and 110 nm for 
exosomes derived from HEK, ECFC, and MSC, respectively. As shown in Figure 10B, exosomes derived from GO-, 
CIS-, C6-Cer-, and GW4869-treated samples had a spherical shape with a diameter of approximately 100, 50, 80, and 
120 nm, respectively. The control group showed an average size of 130 nm. Notably, no agglomeration was observed in 
all the tested samples. The size of the samples treated with GO, CIS, C6-Cer, and GW4869 was similar when measured 
with DLS and NTA.
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Figure 10 Continued.
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Transmission electron microscopy (TEM) is a valuable technique used to visualize the morphology and 
general size of the vesicles. TEM was performed to further confirm the results obtained from DLS and NTA. 
While observing all micrographs, exosomes were surrounded by a single lipid bilayer. The diameter of the exo-
somes ranged from 50–120 nm. TEM microscopic images of exosomes displayed cup-shaped structures. 
Exosomes showed round-shaped structures.1 To elucidate the more natural structure of exosomes from GO-, 
CIS-, C6-Cer- and GW4869-treated samples showed typical cup-shaped structures. They were uniformly dis-
tributed and occasionally formed aggregations or existed in the form of single vesicles. In most of the tested 
samples, the exosomes were spherical. TEM microscopic images of all treated samples exhibited a high number 
of exosomes compared to that in the control cells, which shed a low number of EVs (Figure 10C), consistent 
with previous reports that control cells do not shed EVs in high proportions as compared to that by the treated 
cell types.192 The results indicated the vesicles were circular, consistent with the morphology of exosomes.12 In 
contrast, SKOV3 cells released exosomes in approximately 5–6 folds. Cytostatic-, heat-, and oxidative stress- 
induced alterations have been reported in B16F1 mouse melanoma cell-derived small EVs.193 Ag-TiO2 nano-
particles increased the number of exosomes in B16F1 mouse melanoma cells through oxidative stress. Chemo or 
radiotherapy also increases the amount of circulating tumor-derived EVs.194,195 Additionally, chemotherapeutic 
agents such as paclitaxel and doxorubicin enhance the production of pro-metastatic breast cancer-derived EVs.196 

Therefore, GO-induced oxidative stress plays a critical role in enhancing the level of exosome biogenesis and 
release. The increased possibility of exosome release suggests that cells might communicate with neighboring 
cells during intracellular stress.

Figure 10 Size, size distribution, and morphological analyses of exosomes. SKOV3 cells were treated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), and GW4869 
(25 µM) for 24 h in cell culture medium supplemented with 1% 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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GO Induces mRNA and Protein Expression TSG101, CD9, CD63, and CD81
GO-induced oxidative stress and ER stresses are associated with an increased level of exosome biogenesis and release. 
Therefore, we examined inter-relationships between oxidative stress and expression of exosome markers, such as 
TSG101, CD9, CD63, and CD81 in SKOV3 cells, using qRT-PCR and ELISA. SKOV3 cells treated with GO (25 µg/ 
mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 h. The cells treated with GO, CIS, and C6-Cer 
exhibited significantly increased expression levels of exosome markers, including TSG101, CD9, CD63, and C81, 
compared to that in the control cells. The expression of corresponding markers in the GO, CIS, and C6-cer-treated 
cells increased by 3-, 3-, and 3.5-fold, respectively. Conversely, GW4869-treated cells exhibited low mRNA expression 
levels compared to that in the control cells (Figure 11A–D). These results suggest that the exosomes released from 
SKOV3 cells also carry information at the mRNA level, which can be helpful in cancer prevention and therapy.197

The expression of the tetraspanin family of proteins such as CD9, CD63, and CD81 is significant. These are 
predominantly located on the surface of exosomes, thereby serving as a potential marker. We measured the expression 
levels of TSG101 and tetraspanins (CD9, CD63, and CD81) in SKOV3 cells exposed to GO (25 µg/mL), CIS (6 µg/mL), 
C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 h using ELISA. Our results indicated that the expression of TSG101, 
CD9, CD63, and CD81 increased in the exosomes released from GO-, CIS-, and C6-Cer-treated cells compared to that in 
the control cells. Exosome markers were significantly increased, and the expression of these exosomal proteins confirmed 
the release of exosomes from cells. These observations support that GO potentially induces exosome secretion. The 
expression levels of TSG101, CD9, CD63, and CD81 in GO-treated cells increased several-fold. However, GW4869- 
treated SKOV3 cells exhibited low protein levels compared to that in the control (Figure 11E–H). Stress factors induce 
the expression of exosomal marker proteins. Li et al23 reported that 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 demonstrated that the expression levels of exosome markers were higher and more 
significant in the GO-treated group compared with the control group. The mRNA and protein levels of TSG101, CD63, 

Figure 11 Effect of GO on mRNA and protein expression levels of exosomal markers TSG101, CD81, CD63, and CD9. SKOV3 cells were treated with GO (25 µg/mL), CIS 
(6 µg/mL), C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 h in cell culture medium supplemented with 1% FCS for 24 h. (A) The mRNA expression levels of TSG101 (A), 
CD9 (B), CD63 (C) and CD81 (D) were analyzed quantitative reverse transcription-polymerase chain reaction. The protein expression levels of TSG101 (E), CD9 (F), 
CD63 (G) and CD81 (H) 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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CD81, and CD9 were upregulated in the GO-treated group compared to that in the other groups. These data suggest that 
SKOV3 cells can release exosomes carrying TSG101, CD63, CD81, and CD9 in the presence of GO.

NAC and GW4869 Decrease GO-Induced AChE, n-Sphingomyelinase Activity, 
Expression of Exosomes Protein, and Exosomes Numbers
Oxidative stress is a condition where the imbalance between pro-oxidants and antioxidants occurs due to abnormally high 
levels of free radicals or a decline in antioxidant defense mechanisms.198 Oxidative stress is strongly associated with 
increased ROS and free radical formation leading to cell cytotoxicity, damage, and death.199,200 Therefore, excessive 
oxidative stress should be treated with antioxidants to achieve an anti-inflammatory response. N-Acetyl Cysteine (NAC) 
is a glutathione (GSH) precursor. NAC exhibits anti-inflammatory activity by moderating the synthesis of inflammatory 
and pro-inflammatory cytokines. It reduces cellular oxidative stress response by scavenging free radicals, thus restoring 
cell viability and protecting cells from apoptosis.201,202 GW4869, an n-sphingomyelinase inhibitor, inhibits exosome 
generation. It blocks ceramide-mediated inward budding of multivesicular bodies (MVBs) and the release of mature 
exosomes from MVBs. Therefore, we investigated the effects of NAC and GW4869 on GO-induced AChE, nSMase 
activity, expression of exosome proteins, and exosomes numbers exposed to GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 
µg/mL), and GW4869 (25 µM) for 24 h, in SKOV3 cells. The results revealed that AChE activity was significantly 
increased in cells exposed to GO, CIS, and C6-Cer and reached a 6-, 5-, and 6-fold activity, respectively, compared to 
that in the control. In contrast, SKOV3 cells pre-treated with NAC or GW4869 significantly decreased GO-induced 
activity of AChE, which was equal to that observed in the control. Studies revealed that NAC potentially decreased 
AChE activity in mouse brain tissue.203 Similarly, GW4869 decreased the GO-induced activity of AChE (Figure 12A). 
Our findings, consistent with previous reports, indicate that lipopolysaccharide increases AChE activity by several folds, 
which could be associated with the exosome membrane.63 Metal nanoparticles, such as silver nanoparticles, dose- 
dependently inhibited AChE activity in Zebra Fish larvae,204 and carbon nanoparticles increased AChE activity.176

We examined the impact of NAC and GW4869 on nSMase activity. GO, CIS, and C6-Cer treatment resulted in a 7-, 
5-, and a 10-fold increase in nSMase activity, respectively. In contrast, SKOV3 cells pre-treated with NAC or GW4869 
exhibited a decrease in the activity of nSMase. This decrease was equal to that observed in the control. Moreover, 
GW4869-treated cells showed no significant effects, similar to the control cells (Figure 12B). GSH and NAC dose- 
dependently inhibited n-sphingomyelinase activity.205 Ceramide is involved in multivesicular endosome production and 
release of exosomes.13 N-sphingomyelinase activity is critically involved in exosome biogenesis and packaging prions 
into vesicles. GW4869 inhibits n-sphingomyelinase-mediated exosome formation and PrP packaging. Further, studies 
demonstrated that the knockdown of nSMase1 and nSMase2 in mouse neurons decreased exosome release.180 Treatment 
of cells with GW4869 could block the promotion of apoptosis in cancer cells.206 Stress factors play an important role in 
the activation of n-sphingomyelinase. Starvation activates nSMase 2, regulates autophagy, and increases ceramide 
formation in the Golgi apparatus.207 NSMase and Rab GTPase pathways play a significant role in increased exosome 
biogenesis and release from mesenchymal stem cells (MSCs) by ion products of bioglass.208 Our findings suggest that 
GO could activate n-sphingomyelinases either by oxidative stress, apoptosis, or serum starvation and that these pathways 
regulate the biogenesis and release of exosomes.

To correlate the inter-relationship between AChE and n-sphingomyelinase activities and the total protein concentra-
tion of exosomes and exosome numbers, SKOV3 cells were treated with GO (25 µg/mL), CIS (6 µg/mL), and C6-Cer 
(15 µg/mL). Both total protein concentration and exosome count increased, whereas this was significantly decreased in 
cells treated with either NAC or GW4869. Furthermore, a significant difference was observed in exosome protein 
concentration and number between the control and the GW4869- or NAC-treated SKOV3 cells. Similarly, SKOV3 cells 
pre-treated with NAC or GW4869 showed decreased total protein concentration and exosome counts (Figures 12C and 
D). These results indicate that NAC and GW4869 are critically involved in the biogenesis and release of exosomes via 
the suppression of oxidative stress induced by GO and n-sphingomyelinase activity by GW4869. Reductions in both 
exosome protein concentration and numbers were possibly due to the decreased levels of n-sphingomyelinase activity 
and oxidative stress. Previous studies reported that GW4869, a sphingomyelinase inhibitor, reduced ceramide generation 
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and inhibited small extracellular vesicles (sEV) formation.209 Therefore, these findings suggest that GO induces exosome 
biogenesis and release through the induction of oxidative stress and simultaneous activation of n-sphingomyelinase 
activity. This has significant importance in ceramide formation, triggering the budding of exosome vesicles into multi-
vesicular bodies.13 In vitro and in vivo models demonstrated that simvastatin, an HMG-CoA inhibitor, can alter exosome 
formation and secretion.210 Silver nanoparticles enhance the biogenesis and secretion of exosomes in SHSY5Y cells 
growing on a serum-free medium.211 Platinum nanoparticles and palladium nanoparticles increase biogenesis and release 
of exosomes in A549 and THP-1 cells, respectively, by the increased level of oxidative stress and ceramide 
pathways.28,29

GO Induces Pro-Inflammatory Cytokines in Secreted Exosomes of SKOV3 Cells
Pro-inflammatory cytokines play a significant role in cellular signaling and inflammatory responses. Cytokines may be 
packed into EVs. The packaging of cytokines into EVs regulates various inflammatory responses. To examine the 
cytokines level in exosomes, SKOV3 cells were treated with GO (25 µg/mL), CIS (6 µg/mL), and C6-Cer (15 µg/mL) 
for 24 h. Subsequently, cytokine levels were determined using the 13-plex human suspension cyto/chemokine assay kit 
multiplex ELISA.28 We observed that the expression levels of cytokines were significantly elevated in exosomes isolated 
from GO, CIS, and C6-Cer treated cells. In contrast, GW4869-treated cells exhibited significantly lower cytokine 
expression levels than that in the control cells. This indicates that low levels of cytokines result from the blockade of 
biogenesis and release of exosomes by GW4869. In general, the levels of all tested pro-inflammatory cytokines in the 
treated groups were higher than those in the control group. The relative concentrations of interleukin (IL)-1β, tumor 
necrosis factor (TNF)-α, granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-8, IL-6, and monocyte 
chemoattractant protein-1 (MCP-1) were 400, 500, 300, 600, 1000, and 500 pg/mL, respectively, in GO-exposed cells. 
In contrast, in the CIS-treated cells, the concentrations of IL-1β, TNF-α, GM-CSF, IL-8, IL-6, and MCP-1 were 350, 400, 

Figure 12 Effects of NAC and GW4869 on the influence of GO on AChE and n- sphingomyelinase activities, exosomal protein level, and exosome counts. SKOV3 cells 
were treated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), and GW4869 (25 µM) for 24 h in 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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350, 500, 1100, and 400 pg/mL, respectively. In the C6-Cer-treated cells, concentrations of IL-1β, TNF-α, GM-CSF, IL- 
8, IL-6, and MCP-1 were 400, 450, 400, 500, 1200, and 600 pg/mL, respectively. In GW4869-treated cells, the relative 
concentrations of IL-1β, TNF-α, GM-CSF, IL-8, IL-6, and MCP-1 released were 50, 50, 40, 25, 50, and 50 pg/mL, 
respectively (Figure 13A–F). Breast cancer cell-derived exosomes stimulate the activation of tumor-associated macro-
phages (TAMs), resulting in NF-kB activation and secretion of pro-inflammatory cytokines.212 Exosomes derived from 
the body fluids promote the secretion of inflammatory cytokines such as IL1 β, TNF-α, and IL-6 in monocytic cells via 
Toll-like receptor signaling.213 Tumor-derived exosomes trigger the release of cytokines, including IL-6, TNF-α, and 
TGF-β, in human blood monocytes.214 LPS stimulates various types of cytokines in exosomes derived from RAW 264.7 
mouse macrophages.215 IL-6 is a critical cytokine involved in ovarian cancer and the tumor microenvironment.216 IL-6 
increases anchorage-independent growth, proliferation, adhesion, and invasion.217 IL-6 released from tumor-associated 
macrophages (TAMs) stimulated the expression of PD-L1 at the surface of HO8910 and SKOV3 ovarian cancer cells 
suggesting a potential mechanism involved in immune cell evasion.218 Exosomes isolated from patients with ovarian 
cancer and ovarian cancer cells induced pro-inflammatory cytokines, such as IL-1β.219 Exosomes from ovarian cancer 
cells consist of bioactive molecules, which are significantly involved in tumor progressions, such as immune regulation- 
related molecules, miRNA involved in tumor invasion, and drug resistance-related molecules.220 Therefore, these 
findings suggest that GO enhances the release of pro-inflammatory cytokines from exosomes. Additionally, these 
cytokines could act as extracellular ligands for specific membrane receptors on responsive target cells.

Effect of Endocytic Inhibitors on GO-Induced Exosomes in SKOV3 Cells
To investigate the effect of endocytic inhibitors on biogenesis and the release of exosomes on SKOV3 cells, we examined 
the effect of endocytic inhibitors on the viability of SKOV3 cells. The cells were treated with various types of inhibitors, 
including chlorpromazine (30 µM), methyl-beta-cyclodextrin (20 µM), cytochalasin (4 µM) D, nocodazole (10 µM), and 

Figure 13 Effects of GO on pro-inflammatory cytokines and chemokines. SKOV3 cells were treated with GO (25 µg/mL), CIS (6 µg/mL), C6-Cer (15 µg/mL), and GW4869 
(25 µM) for 24 h in cell culture medium supplemented with 1% FCS for 24 h. The expression levels of IL-1β (A), TNF-α (B), GM-CSF (C), IL-8 (D), IL-6 (E), and MCP-1 (F) 
were measured using ELISA. 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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dynasore (10 µM) for 2 h. The culture medium was removed, and fresh medium containing GO (15 µg/mL) was added to 
the cells, which were maintained for another 24 h. Cell viability was determined using the CCK-8 assay. The results 
indicated that cells exposed to GO inhibited 50% of cell viability compared to that in the control. No evident reduction in 
viability was observed after incubation with the endocytic inhibitors (Figure 14A).

To elucidate the involvement of endocytic mechanisms on exosome biogenesis and release, endocytosis inhibitors 
were added to the culture medium before and after the GO treatment. Exosomes were isolated and counted using 
EXOCET. The results indicated that the cells treated with GO, chlorpromazine, methyl-beta-cyclodextrin, cytochalasin 
D, nocodazole, and dynasore released 1000, 550, 450, 300, 500, and 400×109 exosomes (Figure 14B). The five inhibitors 
could block exosome biogenesis and release by blocking the endocytic mechanism. These results indicated that these 
inhibitors inhibit endocytic pathways by regulating microfilament action, microtubule function, caveolin-mediated 
endocytosis, and fission of vesicles.65 Different MVs inhibitors, such as BAPTA, cytochalasin D, and Y27632, reportedly 
inhibited the formation of microvesicles. Cytochalasin D can bind the edges of actin filaments preventing subunit 
association or dissociation, thus, inhibiting and avoiding actin polymerization. Eventually, it is involved in blocking and 
release of budding MVs or MVB trafficking towards the cell membrane. Salma Khan et al221 reported that Cytochalasin 
D treatment reduced exosome release, reducing the amount of survivin present in the tumor environment. Methyl-beta- 
cyclodextrin treatment reduced the number of exosome-sized vesicles by 58% compared to that in the untreated control. 
Further, they reported that peptidylarginine deiminase (PAD) inhibition using Cl-amidine significantly reduced cellular 
EMV release, targeting both MVs as well as demonstrating a novel inhibitory effect on exosome release.222 Manumycin- 
A (MA) reportedly inhibited small extracellular vesicles (sEV) biogenesis and secretion via the Ras/Raf/ERK1/2 
signaling in castration-resistant prostate cancer cells but not in normal prostate epithelial cells.223 Nocodazole binds to 
tubulin, blocking microtubule polymerizations, which is essential in clathrin-mediated endocytosis.224,225 Dynasore is 
commonly used to block dynamin, a key protein for vesicle fission.226,227 Dynamin reportedly regulates clathrin- 
mediated endocytosis in yeast;15 thus, we expected dynasore to reduce the biogenesis and release of exosomes. We 
observed that dynasore inhibits biogenesis and release of exosomes. Therefore, these inhibitors can alter endocytic 
signals to form and release ILV and MVBs.

Figure 14 Effect of endocytosis inhibitors on GO enhanced biogenesis and release. (A) Cell viability was measured in SKOV3 cells were incubated with chlorpromazine (30 
µM), methyl-b-cyclodextrin (20 µM), cytochalasin D (4 µM), nocodazole (10 µM), and dynasore (10 µM) for 2 h, then the culture medium was removed, and fresh medium 
was added supplemented with 1% FCS containing GO (25 µg/mL). (B) Exosomes were isolated and measured in SKOV3 cells were incubated with chlorpromazine (30 µM), 
methyl-b-cyclodextrin (20 µM), cytochalasin D (4 µM), nocodazole (10 µM), and dynasore (10 µM) for 2 h, then the culture medium was removed, and fresh medium was 
added supplemented with 1% FCS containing GO (25 µg/mL). 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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Conclusion
Exosomes can mediate long-distance communication between cells by delivering various types of cargo molecules 
such as lipids, proteins, and nucleic acids. They play a vital role in a wide variety of processes within the human 
body. We demonstrated that GO-stimulated exosome secretion in SKOV3 cells is associated with loss of cell 
viability and proliferation, increased cytotoxic, oxidative, and ER stress, immunomodulatory effects, and 
a decrease in the mitochondrial membrane potential and ATP levels. Also, the variation in exosome biogenesis 
and release by modulating the expression levels of acetylcholine esterase, neutral sphingomyelinase activity, total 
exosome protein concentration, and exosome numbers were demonstrated. The expression levels of TSG101, CD9, 
CD63, and CD81 significantly increased in GO-treated cells. Therefore, our findings suggested that GO has 
significant effects on exosome biogenesis and composition. To the best of our knowledge, this is the first study to 
demonstrate that GO stimulates exosome biogenesis through the modulation of oxidative and ER stress, cytotoxicity, 
and immunomodulatory effects. Cytotoxic stress leads to the activation of acetylcholine esterase, neutral sphingo-
myelinase activity, total exosome protein concentration, and exosome numbers. In addition, endocytic inhibitors 
decrease GO-induced biogenesis and release of exosomes. However, further investigation is warranted to explore the 
specific underlying mechanism(s). Overall, we identified GO as novel molecular machinery that regulates the 
formation and release of exosomes. We believe that our findings will contribute to future developments of 
a graphene-based technology to increase the yields of exosomes released from human cancer cells.
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