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Background: Several studies have demonstrated various molecular mechanisms involved in 
the biogenesis and release of exosomes. However, how external stimuli, such as platinum 
nanoparticles (PtNPs), induces the biogenesis and release of exosomes remains unclear. To 
address this, PtNPs were synthesized using lutein to examine their effect on the biogenesis 
and release of exosomes in human lung epithelial adenocarcinoma cancer cells (A549).
Methods: The size and concentration of isolated exosomes were characterized by dynamic 
light scattering (DLS) and nanoparticle tracking analysis system (NTA). Morphology and 
structure of exosomes were examined using scanning electron microscopy and transmission 
electron microscopy (TEM), respectively. Quantification of exosomes were analyzed by 
EXOCETTM assay and fluorescence polarization (FP). The expression of typical markers 
of exosomes were analyzed by quantitative reverse transcription-polymerase chain reaction 
(qRT-PCR) and enzyme-linked immunosorbent assay (ELISA).
Results: A549 cells cultured with PtNPs enhance exosome secretion by altering various 
physiological processes. Interestingly, A549 cells treated with PtNPs increases total protein 
concentration, biogenesis and release of exosomes associated with PtNPs-induced oxidative 
stress. GW4869 inhibits PtNPs induced biogenesis and release of exosomes and also 
acetylcholinesterase (AChE), neutral sphingomyelinase activity (n-SMase), and exosome 
counts. A549 cells pre-treated with N-acetylcysteine (NAC) significantly inhibited PtNPs 
induced exosome biogenesis and release. These findings confirmed that PtNPs-induced 
exosome release was due to the induction of oxidative stress and the ceramide pathway. 
These factors enhanced exosome biogenesis and release and may be useful in understanding 
the mechanism of exosome formation, release, and function.
Conclusion: PtNPs provide a promising agent to increase exosome production in A549 cells. 
These findings offer novel strategies for enhancing exosome release, which can be applied in the 
treatment and prevention of cancer. Importantly, this is the first study, to our knowledge, showing 
that PtNPs stimulate exosome biogenesis by inducing oxidative stress and the ceramide pathway.
Keywords: exosome, platinum nanoparticle, cytotoxicity, oxidative stress, acetylcholinesterase 
activity, neutral sphingomyelinase activity

Introduction
Cancer is one of the complex disease and serious health issues arising from 
alterations in the cellular genome and affecting the expression and functions of 
oncogenes and tumor suppressor genes. It is widely accepted that the tumor 
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microenvironment plays an essential role in tumor devel-
opment and progression.1 Lung cancer is the most com-
monly diagnosed cancer in both males and females. 
However, the degree of mortality depends on the degree 
of economic development, social and lifestyle factors of 
individual countries.2 Although several types of therapies 
are available, such as radiation, stem cell, chemo, immuno, 
hormone, and targeted drug therapy, patients are getting 
undesired side effects and chemo-resistance. In addition, 
some natural products have shown potential in the preven-
tion and treatment of cancers3. However, conventional 
cancer therapies cause chemoresistance and undesired 
side effects. Therefore, studies on cancer and the antic-
ancer therapies are necessary, and great attention is 
required in the clinical arena. Recent studies have shown 
that cancer-derived exosomes can be beneficial in recruit-
ing and reprogramming of constituents correlated with the 
tumor microenvironment. The tumor microenvironment is 
vital in detection, treatment, and prevention of cancer. 
Therefore, understanding the molecular mechanisms, 
detection at an early stage, and development of safe and 
highly efficient targeted therapeutic methods are crucial 
for lung cancer treatment.4 Recently, extracellular vehicles 
(EVs) have shown immense beneficial effects in assisting 
early detection and diagnosis and improving treatment 
outcomes in cancer.5 In a previous study, the combination 
of exosomes derived from gefitinib-treated lung cancer 
cells and cisplatin considerably reduced the cisplatin sen-
sitivity of cancer cells, indicating a synergistic effect.6 

These findings underline the importance of exosomes in 
mediating the antagonistic effects of cisplatin and gefitinib 
in lung cancer.

Exosomes are nanovesicles with an average size 
between 30 and 150 nm and are secreted by normal and 
diseased cells are playing significant role in intercellular 
communication to transfer various biomolecules to 
a recipient cell.7,8 Tumor cells have been shown to secrete 
significantly higher number of exosomes than normal cells.9 

Several studies demonstrate that cell-released exosomes 
play a significant role in intercellular communication. 
Moreover, unique signatures of exosomes allow us to iden-
tify specific biomarkers for cancer identification and predict 
therapeutic outcomes through the transfer of bioactive 
molecules.10–12 Exosomes are serving as therapeutic tools 
and as diagnostic biomarkers for various diseases.10,13 The 
functions of exosomes depend on the origin of the cell type. 
Thakur et al reported that exosomes derived from lung 
tumor cells in culture reflected the mutational status of 

specific genes (EGFR) in the parental cell lines.14 

Microvesicles/exosomes derived from various lung cancer 
cell lines transferred activated EGFR from cancer cells to 
endothelial cells and transferred microvesicles/exosomes 
induced the mitogen-activated protein kinase (MAPK) and 
AKT pathways.15 Exosomal miRNAs from lung cancer 
cells serve as diagnostic and prognostic biomarkers.16 

Immune cells containing exosomes, which carry miR-21 
and miR-29a, activate endosomal TLR7 and TLR8 are 
responsible for pro-inflammatory phenotype.17

Exosomes are secreted in almost all cell types including 
prokaryotes, eukaryotes and almost all body fluids. Due to 
its unique properties which are immensely used in biome-
dical applications.18 Therefore, exosomes are efficient 
delivery agents and it can across different biological bar-
riers to target cells.19–21 Many different studies tried to 
increase the biogenesis and secretion of exosomes through 
various factors including intrinsic stresses, such as low pH-, 
hypoxia-, oxidative stress-, and thermal stress-induced 
alterations of melanoma exosomes, and their ability to 
transfer drug resistance.22,23 The biogenesis of exosomes 
depends on the percentage of confluency of approximately 
60–90%, which influences the yield and functions of EVs.24 

Exogenous stimulation, including Ca2+ ionophores25 and 
hypoxia,26,27 can influence the condition of the cells, 
including the phenotype, such as detachment of cells,28 as 
well as efficacy of secretion. Oxidative stress increases 
exosome secretion in retinal pigment epithelial cells.29 

Oxidative stress increases autophagy in retinal astrocytes 
and promotes these cells to regulate endothelial cell func-
tion by releasing exosomes.30

Stress playing a vital role in exosomes release. Various 
types of stress conditions such as thermal and oxidative 
stress aggravate increased exosome release from cancer 
cells including leukemia/lymphoma T and B cell lines.31 

Hypoxic conditions have been shown to be effective in 
enhancing Tex release from breast cancer cells.32 Sub- 
lethal doses of various chemotherapeutic agents stimulate 
exosome secretion in different tumor models.33,34 

Similarly, 5-fluorouracil, cisplatin, and doxorubicin are 
known to induce an increased amount of HSP70+ exosome 
release from melanoma and colon cancer cell lines.35 

However, nanoparticle-induced oxidative stress-elicited 
changes or release of exosomes have not been eluci-
dated yet.

Due to its unique physical and chemical properties, 
nanoparticles represent an increasingly important material 
in the development of novel nano-devices, including silver 
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nanoparticles, which are used as antimicrobial agents,36 

gold nanoparticles as anticancer agents,37 and platinum 
nanoparticles used in various applications.38 Nanoparticles 
induce cell toxicity and cell death by generating oxidative 
stress. It was previously reported that ultra-small platinum 
nanoparticles induce cytotoxicity by inducing oxidative 
stress in the human monocytic THP-1 cell line.39 Platinum 
nanoparticles (PtNPs) increase the apoptotic potential of 
doxorubicin through the generation of reactive oxygen spe-
cies in human bone OS epithelial cells (U2OS).40 Moreover, 
PtNPs have been shown to induce apoptosis in neuroblas-
toma cancer cells by triggering loss of cell viability, prolif-
eration, endoplasmic reticulum-mediated stress, and 
apoptosis by activation of p53, Bax, and caspase-3 and 
downregulation of BCl-2.41 However, whether platinum 
nanoparticles influence exosome biogenesis and release by 
altering cell survival, cytotoxicity, and apoptosis in human 
lung epithelial adenocarcinoma cells (A549) remains 
unclear. In this study, we investigated the platinum nano-
particle-mediated effects on the cellular and exosomal func-
tions of human lung epithelial adenocarcinoma cells (A549) 
cells cultured in Dulbecco’s modified Eagle medium 
(DMEM) supplemented with 10% EVs-depleted serum 
and in serum-free Opti-MEM. We first analyzed how cell 
viability, cell proliferation, total exosome protein concen-
tration, acetylcholine esterase activity and exosomes secre-
tion was affected by media and incubation time. Our 
findings show that serum-free conditions lead to an increase 
in EVs release, and the protein concentration of exosomes 
differ to those derived from cells grown in serum- 
containing media. Further, we evaluated the effect of plati-
num nanoparticles induced oxidative stress on exosomes 
release using series of parameters and released exosomes 
were characterized by nanoparticle tracking analysis and 
dynamic light scattering, scanning electron microscopy, 
transmission electron microscopy and also we analyzed 
the expression of typical biomarkers of exosomes such as 
TSG101, CD81, CD63 and CD9. Finally, for mechanistic 
investigation, we analyzed the possible links between oxi-
dative stress and ceramide-dependent pathways for biogen-
esis and release of exosomes.

Materials and Methods
Synthesis and Characterization of PtNPs
PtNPs synthesis and characterization were performed as 
described previously.39 PtNPs were synthesized by the 
reduction of PtCl6 2- ions into PtNPs by mixing 10 mL 

of 1 mg/mL lutein with 90 mL of 1 mM aqueous H2 

PtCl6.6H2O (Sigma-Aldrich, St. Louis, MO, USA). The 
mixture was maintained at 100°C (on a hotplate) in 
a sealed flask to avoid evaporation, for 1 h, since tempera-
ture catalyzes the reduction process. The detailed metho-
dology is given as supplementary file 1.

A549 Exposure to PtNPs, C6-Cer, CSP 
and GW4869
A 100 μL aliquot of cells at a density of 1 × 105 cells/mL 
was then plated in each well of the 96-well plates. After 
24 h, the culture medium was replaced with a medium 
containing concentrations of PtNPs (10 µM) or C6-cer 
(10 µM), or CSP (10 µM) or GW4869 (20 µM). A dose- 
dependent effect was observed upon using various con-
centrations of PtNPs, C6-cer, CSP and GW4869 for 
24 h. Cells were pre-incubated with GW4869 (20 µM) 
or 1 mM NAC for 12 h prior to PtNPs or C6-cer or CSP 
exposure.

Cell Viability
Cell viability was measured in A549 cells exposed to PtNPs 
(10 µM) or C6-cer (10 µM) or CSP (10 µM) or GW4869 
(20 µM) or various concentrations of PtNPs (2.5–40 µM) or 
C6-cer (2.5–40 µM) or CSP (2.5–40 µM) or GW4869 
(2.5–40 µM). After incubation for 24 h at 37°C and 5% 
CO2 in a humidified incubator, 10 μL of the CCK-8 solution 
was added to each well. The plates were then 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).

Cell Proliferation
Cell viability was measured in A549 cells exposed to PtNPs 
(10 µM) or C6-cer (10 µM) or CSP (10 µM) or GW4869 
(20 µM) or various concentrations of PtNPs (2.5–40 µM) or 
C6-cer (2.5–40 µM) or CSP (2.5–40 µM) or GW4869 
(2.5–40 µM). After incubation for 24 h at 37°C and 5% 
CO2 in a humidified incubator and then cell proliferation 
was measured according to the manufacturer’s instructions.

Cellular Uptake of PtNPs and 
Quantification of Pt Ions
Cellular uptake of PtNPs was determined as described 
previously.42 Pt ion concentration was determined by induc-
tively coupled plasma mass spectrometry (ICP-MS) ICP-MS 
was performed to measure the Pt contents in the PtNPs 
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exposed cells. Cells were treated with 10 µM of PtNPs for 24 
h, and then cells were collected by Trypsin/EDTA treatment. 
Silver ions in the cells by ICP-MS. Briefly, 1 x 106 A549 cells 
were cultured on the each 6-well cell culture plate, after 
treating PtNPs, the cells were collected by trypsin/EDTA, 
and silver ions were measured.

Membrane Integrity
We evaluated the membrane integrity of A549 cells using the 
LDH Cytotoxicity Detection Kit. Briefly, the cells were 
exposed to PtNPs (10 µM) or C6-cer (10 µM) or CSP (10 
µM) or GW4869 (20 µM) for 24 h. After 3 h of incubation 
under standard conditions, the optical density of the final 
solution was determined at a wavelength of 490 nm, using 
a microplate reader.

Estimation of ROS
ROS production was estimated as described previously.41 

A549 cells were exposed to PtNPs (10 µM) or C6-cer (10 
µM) or CSP (10 µM) or GW4869 (20 µM) and the cells 
were incubated for 24 h. The cells were supplemented with 
20 μM of DCFH2-DA and incubation continued for 30 
min at 37°C. The fluorescence intensity was determined 
using a Gemini EM spectrofluorometer.

Estimation of Caspase-3 Activity
Caspase-3 activity was measured as described 
previously.43 The cells were treated with PtNPs (10 µM) 
or C6-cer (10 µM) or CSP (10 µM) or GW4869 (20 µM) 
for 24 h, and subsequently the activity of caspase-3 was 
measured using a kit from Sigma-Aldrich Co., according 
to the manufacturer’s instructions.

Exosome Isolation
The cells were treated with PtNPs (10 µM) or C6-cer (10 
µM) or CSP (10 µM) or GW4869 (20 µM) for 24 
h. Exosomes were prepared from culture supernatants of 
A549 cells by differential centrifugation according to 
a previously described method.44,45 Exosomes were also 
isolated and purified using ExoQuick (EXOQ5TM-1, 
System Biosciences, Palo Alto, CA, USA) according to 
the manufacturer’s instructions.

Scanning Electron Microscopy (SEM) and 
Transmission Electron Microscopy (TEM)
The SEM analysis was carried out according to 
a previously described method.46 Briefly, the pellets 

containing exosomes were vortexed and resuspended in 
0.21 mL of PBS. SEM images were obtained using 
a field emission scanning electron microscope (HITACHI 
SU8010, Hitachi Corporation, Japan). TEM analysis were 
performed according to a previously described method.47

Determination of Total Protein 
Concentration of Exosomes
Total protein concentration of exosomes was determined 
using the bicinchoninic acid (BCA) assay kit (Thermo 
Scientific, Waltham, MA, USA) according to the manufac-
turer’s instructions. In addition, we followed a previously 
described protocol.47

Quantitation of Exosomes Using 
a Colorimetric Assay
Exosome concentration was estimated using the 
EXOCETTM assay (System Biosciences), performed as 
described previously.48 Quantification of exosomes by 
fluorescence polarization (FP) was performed as described 
previously.49

Particle Size and Concentration Analyses
The particle size and concentration were measured using 
the Nanoparticle Tracking Analysis System 300 (NTA300, 
Malvern Instruments, UK). The exosome size/diameter 
was estimated by dynamic light scattering (DLS) as 
described previously.50

Measurement of Acetylcholinesterase 
(AChE) Activity
AChE activity was determined according to a previously 
described method.51 To measure the quantity of exosomes 
in culture supernatants, cells were treated with PtNPs (10 
µM) or C6-cer (10 µM) or CSP (10 µM) or GW4869 
(20 µM).

Sphingomyelinase Activity Assay
The sphingomyelinase activity assay was performed as 
described previously,52 using a kit and following the 
manufacturer’s protocol. The Amplex Red sphingomye-
linase assay kit (Molecular Probes Inc., Eugene, OR, 
USA) was used to quantify neutral sphingomyelinase 
activity.
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Quantitative Reverse 
Transcription-Polymerase Chain Reaction 
(qRT-PCR)
Total RNA was isolated using the TRI reagent protocol, 
and cDNA synthesis was performed using oligo (dT) pri-
mers. qRT-PCR was performed using the SYBR Green 
Master Mix (Life Technologies) according to the manu-
facturer’s instructions on Applied Biosystems 7300 
Sequence Detection System. The expression levels of tar-
get genes were quantified and normalized to glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH). The list of 
primers used in this study mentioned in supplementary 
Table 1.

ELISA Assay
The expression of TSG101, CD9, CD63, and CD81 was 
determined with ELISA, as described previously47 and 
also we followed according to manufacturer instructions 
(Thermo Fisher Scientific and system biosciences).

Statistical Analysis
All experiments were repeated at least thrice (triplicate). 
Data were analyzed with the Student’s t-test or ANOVA, 

as required. To assess the differences between two 
groups, Student’s t-test (paired or unpaired, 2-tailed) 
was performed, as applicable. Differences were consid-
ered as significant when the p value was less than 0.05 
(p < 0.05).

Results and Discussion
Synthesis and Characterization of PtNPs 
Using Lutein
Bio-reduction of Pt ions to PtNPs was carried out using 
a biomolecule called lutein as a reducing and stabilizing 
agent. PtNPs synthesis was monitored by tracking the 
color change from pale yellow to brown. Upon completion 
of the reaction, the color changed from brown to black. 
The conversion rate was rapid at high temperatures, such 
as 100°C. The conversion of Pt (IV) into Pt (0) indicates 
formation of PtNPs.39,53,54 UV/VIS spectra exhibited 
a peak at 300 nm, which is attributed to the excitation of 
surface plasmon vibrations, indicating the synthesis of 
PtNPs (Figure 1A). The disappearance of the original 
peak corresponding to H2PtCl6 and appearance of typical 
peak at 300 nm indicated the reduction of Pt (IV) ions into 
Pt (0) nanoparticles.

Figure 1 Synthesis and characterization of PtNPs using lutein. (A) Absorption spectra of lutein-mediated synthesis of PtNPs. (B) X-ray diffraction patterns of PtNPs. (C) 
FTIR spectra of PtNPs. (D) Morphology analysis by SEM. (E) Size distribution analysis of PtNPs using DLS. (F) TEM images of PtNPs. The data represent the results of 
a representative experiment.
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The crystal nature of PtNPs corresponding XRD peaks 
were shown in Figure 1B. The XRD spectrum of the 
prepared PtNPs exhibited five different intense peaks at 
2θ = 39.9°, 46.7° and 67.7° corresponding to the indexed 
planes (111), (200) and (220) respectively, which were 
consistent with the fcc structure of platinum.55 The crystal-
lographic plane of platinum is face-centered cubic (fcc) 
(JCPDS #87-0644). The broadening of the Bragg peaks 
indicated the purity and formation of nanoparticles. Our 
results are in good agreement with those of biologically 
synthesized PtNPs using Ocimum sanctum53 and are con-
sistent with our previous reports.39,41

The FTIR spectrum of lutein-functionalized PtNPs 
showed strong peaks at 3,370 cm-1, which is attributed to 
the hydroxyl group in polyphenolic compounds (Figure 1C). 
In addition, other characteristic peaks were observed in the 
spectrum of PtNPs, in agreement with our previous 
reports.39,41 Sharp peaks at 2,140, 1,640, and 1,025 cm-1, 
associated with C–H stretching, N–O stretching in the nitro 
group, and C–C stretching, respectively, have been 
reported.39,53 The presence of almost all the characteristic 
peaks of PtNPs indicated the stabilization of nanoparticles by 
lutein due to the coating of biomolecules. Overall, the data 
suggest that lutein plays a key role in reducing metal ions to 
their corresponding metallic nanoparticles.

TGA was performed to determine the weight loss 
between lutein and lutein functionalized PtNPs. As 
shown in supplementary Figure 1, The TGA spectra of 
the PtNPs show a weight loss of 10% between 100°C and 
200°C due to the loss of adsorbed moisture. The weight 
loss of 20% between 400°C and 500°C and 40–70% 
weight loss was observed between 500°C and 800°C, it 
shows the stability of lutein functionalized PtNPs. The 
lutein curve exhibits an 80%–90% weight loss between 
100°C and 400°C, which is the characteristic decomposi-
tion temperature of the organic molecules. While compar-
ing the thermogram of PtNPs-lutein with those of lutein 
provides the formulation’s composition and chemical mod-
ifications. The weight loss of PtNPs-lutein significantly 
lower than lutein, which suggests reduction of the lutein 
during the functionalization. The lower percentage of 
weight loss between 200°C and 400°C indicates the pre-
sence of the PtNPs-lutein complex, and implies that 
PtNPs-lutein contains at 20% by weight.

The size and shape of the PtNPs were evaluated using 
scanning electron microscopy (SEM). SEM images of the 
PtNPs prepared using lutein are shown in Figure 1D. The 
size of the platinum nanoparticles was approximately 40 

nm. The morphology of the synthesized particles showed 
a flower-like structure, which is similar to that in pre-
viously published reports.39,41

We next determined the size of the PtNPs, using DLS. 
DLS is a simple and feasible technique for understanding 
the diffusion behavior, which is affected by the size and 
shape of macromolecules.56 The size of the particles was 
found to be 50 nm (Figure 1E), slightly larger than the size 
of the particles analyzed with SEM. The size of the parti-
cles is slightly larger than that obtained with other biomo-
lecule-assisted synthesis of PtNPs, such as Ocimum 
sanctum-, apigenin-, and beta carotene-functionalized 
PtNPs.39,41

Furthermore, we determined the size, shape, and morphol-
ogies of the lutein-reduced nanoparticles using TEM analysis. 
The TEM micrograph image showed various morphologies, 
such as spherical, triangular, cubic, oval, hexagonal, and rod- 
shaped (Figure 1F). The lutein-functionalized particles were 
not agglomerated and were well scattered, indicating that 
PtNPs were stabilized in the matrix of the biomaterial. The 
average size of the particles was found to be 40 nm. Pal et al57 

reported that PtNPs obtained by microwave irradiation- 
mediated synthesis were spherical in shape. We have pre-
viously reported obtaining similar shaped platinum nanoparti-
cles, which were synthesized using apigenin.39 Conversely, 
Sheny et al58 reported the synthesis of crystalline and irregular 
rod-shaped nanoparticles using dried leaf powder of 
Anacardium occidentale. We also obtained similar shaped 
platinum nanoparticles, which were synthesized using beta- 
carotene.41 It is well known that the concentration of reducing 
agents plays a significant role in the size and morphology of 
metal nanoparticles. The size and morphology of the synthe-
sized PtNPs can be correlated with the interactions between 
lutein and platinum atoms. The merits of these multifaceted 
shapes of nanoparticles are that they can easily enter into 
tissues and cells rapidly.59 The various shapes of nanoparticles 
play critical roles in biotechnology and biomedical applica-
tions, including therapeutic delivery processes, such as particle 
adhesion, distribution, and cell internalization.39,41

Effect of Serum on the Viability and 
Proliferation of A549 Cells
Understanding the cellular responses to serum starvation 
conditions is critical for biogenesis and secretion of exo-
somes. Therefore, we first investigated how these cells 
reacted to changes in culture media, by culturing them in 
DMEM containing 10% serum and Opti-MEM with low 
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serum. Since A549 cells are normally grown in a medium 
supplemented with low serum, cell viability is low and rate 
of cell proliferation is generally slow in medium contain-
ing low serum concentration compared to those in medium 
containing 10% serum. Opti-MEM is a well-accepted 
reduced-serum medium used for transfection experiments. 
To understand the impact of Opti-MEM on cell viability 
and cell proliferation, A549 cells were grown in Opti- 
MEM for 36 h and cell viability and proliferation were 
monitored. As a control of optimal growth conditions, 
A549 cells were also grown in DMEM with 10% FBS. 
There was no remarkable change observed in cells cul-
tured in DMEM for 24 h; however, after 24 h, a slight 
reduction in cell viability was observed, but it was not 
significant. Conversely, a significant change in cell viabi-
lity was observed in Opti-MEM cultured cells compared to 
those cultured in DMEM. The cell viability started to 
decrease in Opti-MEM at 12 h and continuously decreased 
up to 36 h, indicating that it was significantly reduced in 
Opti-MEM compared to DMEM (Figure 2A). 
A significant effect of Opti-MEM on cell viability was 
observed between 18 and 36 h.

Next, we examined the effect of serum concentration 
on the proliferation of A549 cells. The cell proliferation 
assay results showed that the proliferation rate of cells 
growing in Opti-MEM was significantly lower throughout 
the experimental period from 12 to 36 h, than that of the 
cells grown in DMEM (Figure 2B). Serum starvation sig-
nificantly influences the growth of cells and causes apop-
tosis-induced cell death in different human cell lines, 

including human neuroblastoma cells60 and human adeno-
carcinoma lung cancer cells.61 Serum starvation arrests the 
growth of A549 cells in the G1 phase without inducing 
apoptosis.62 Our findings suggested that cell death was 
increased after growing the cells in reduced-serum med-
ium. As the use of low serum medium can reduce the 
undesired effects of serum in cell culture experiments 
and also determine the specific effect of PtNPs on exo-
some biogenesis and secretion, we selected the reduced- 
serum medium for further experiments.

Effect of Serum on Exosome Protein 
Expression and AChE Activity
Before studying PtNPs-induced exosome secretion in detail, 
selection of media is crucial, as it plays a critical role in 
different cellular signaling events. Thus, we next investigated 
the effect of DMEM and Opti-MEM on exosome protein 
expression and AChE activity. A549 cells were grown in 
DMEM containing 10% serum and Opti-MEM for 36 h, and 
exosome protein expression and AChE activity were deter-
mined with colorimetric method, after harvesting the cells. In 
addition, the cells were grown in DMEM supplemented with 
10% FBS as a control, to determine the normal expression 
patterns of proteins in A549 cells. Expression of exosome 
proteins in DMEM-cultured cells increased until 24 h, and 
high expression levels were observed at 24 h, which subse-
quently started to decrease. This suggested that the expression 
of exosome proteins was time-dependent (Figure 3A). In con-
trast, cells treated with Opti-MEM showed higher expression 

Figure 2 Effect of serum on cell viability of A549 cells. A549 cells were grown on DMEM and Opti-MEM over a 36 h. (A) Cell viability was determined using CCK-8. (B) 
Cell proliferation was determined using BrdU. The results are expressed as 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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levels of exosome proteins than those treated with DMEM. 
Although the pattern of expression of exosome proteins 
seemed to be similar, the protein content was higher in Opti- 
MEM-grown cells than in DMEM-cultured cells. Rashid and 
Coombs61 reported serum-dependent effect of HSPA5 expres-
sion in A549 cells, and found that HSPA5 expression was 
significantly increased after 2 days of incubation in Opti- 
MEM. Li et al60 compared the effect of pre-spun medium 
(high serum) and Opti-MEM (low serum) on the concentration 
of exosome particles in human neuroblastoma cells. The find-
ings from this study suggested that substantially increased 
number of particles were released in Opti-MEM than in pre- 
spun medium. Our findings also confirmed that the total 
protein concentration of exosomes was higher in Opti-MEM 
than in DMEM, which is suitable for producing increased 
number of exosomes in A549 cells.

Next, we examined AChE activity, which is 
a parameter used to indirectly determine the quantity 
of exosomes in culture supernatants, since acetylcholi-
nesterase are localized in the membrane of 
exosomes.51,63 The results indicated that AChE activity 
increased until 24 h under both conditions (Figure 3B). 
Subsequently, the AChE activity began to decrease at 30 
h in both DMEM- and Opti-MEM-cultured cells. 
However, AChE activity was significantly higher in 
Opti-MEM throughout the incubation period than that 
in DMEM. Essandoh et al51 reported that a significantly 
high AChE activity was observed in the supernatants of 

LPS-treated macrophages compared to that in the super-
natants of the controls. Similarly, the protein concentra-
tion of exosomes isolated from LPS-treated 
macrophages (LPS exosomes) was significantly higher 
than the protein quantities in ‘non-LPS exosomes’. Our 
data showed that cells cultured in Opti-MEM expressed 
more enzymes, indicating that enzyme activity is 
directly proportional to the quantity of exosomes. Pérez- 
Aguilar et al64 demonstrated a clear relationship 
between AChE expression and cell cycle progression. 
Inhibition of AChE activity led to an increase in cell 
proliferation, which was associated with the downregu-
lation of p27 and cyclins in hepatocellular carcinoma 
cells. Therefore, Opti-MEM is more suitable than 
DMEM to produce more yield of exosomes.

Dose-Dependent Effect of PtNPs, 
C6-Cer, CSP and GW4869 on the 
Viability of A549 Cells
To determine the effects of PtNPs, C6-cer, CSP and 
GW4869 on cell viability, A549 cells were treated with 
PtNPs or C6-cer or CSP or GW4869 at increasing 
concentrations (0, 2.5, 5, 10, 20, and 40 μmol/L) for 
24 h and then cell viability was assessed using the 
CCK-8 assay. Herein, CSP and C6-cer served as 
a positive control and GW4869 served as a negative 
control. As shown in Figure 4, the viability of A549 
cells was dose-dependently inhibited by PtNPs, C6-cer 

Figure 3 Effect of serum on exosome protein concentration and AChE activity of A549 cells. A549 cells were grown on DMEM and Opti-MEM over a 36 h. (A) Total 
protein concentration of isolated exosomes were determined by bicinchoninic acid (BCA). (B) The AChE activity was determined from isolated exosomes by colorimetric 
method. After incubation, the colorimetric product was read at 412 nm on a microplate reader and expressed as AChE activity (units/mL). The results are expressed as 
mean ± standard deviation of three independent experiments. The treated groups showed statistically significant differences from the control group by the Student’s t-test; 
*p < 0.05 was considered significant.
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and CSP (Figure 4A–C). In contrast, the cell viability 
rate did not change after GW4869 treatment 
(Figure 4D). Consistent with this finding, Cheng et al65 

have previously reported that the cell proliferation rate 
was increased after GW4869 treatment. The inhibition 
of cell viability and proliferation was significant only 
when the concentration of GW4869 was 40 μmol/L or 
higher. Previously, several studies have reported that 
PtNPs dose-dependently inhibit the viability of several 
types of cancer cells, including human ovarian cancer 
cells,66 osteosarcoma cells40 and human neuroblastoma 
cancer cells.41 C6-cer inhibited the viability of human 
multiple myeloma cells in a dose-dependent manner.65 

CSP dose-dependently inhibited cell viability of A549 

cells.67 In our study, we observed that GW4869 did not 
alter both viability as well as proliferation of A549 
cells. PtNPs were functionalized with lutein, the lutein 
bound with PtNPs could have effect on cell viability, 
and therefore we analyzed dose-dependent effect of 
lutein on cell viability of A549 cells. The cells were 
incubated with various concentrations of lutein (0.2 
−1.0 mg/mL) for 24 h. The results show that there is 
no significant effect on cell viability of A549 cells at 
tested concentrations (supplementary Figure 2). Hence, 
the concentration (1mg/mL) taken for synthesis of 
PtNPs is non-toxic to the cells and also there is no 
further cytotoxic effects to the cells, the effect to the 
cells is due to PtNPs.

Figure 4 Dose-dependent effect of PtNPs, C6-cer, CSP and GW4869 on cell viability of A549 cells. A549 cells were treated with various concentrations of (A) PtNPs 
(2.5–40 µM), (B) C6-cer (2.5–40 µM), (C) CSP and (D) GW4869 (2.5–40 µM) in Opti-MEM for 24h. Cell viability was determined using CCK-8. The results are expressed as 
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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Dose-Dependent Effect of PtNPs, 
C6-Cer, CSP and GW4869 on the 
Proliferation of A549 Cells
To determine the effect of PtNPs, C6-cer, CSP and GW4869 
on cell proliferation, A549 cells were treated with PtNPs or C6- 
cer, or CSP or GW4869 at increasing concentrations (0, 2.5, 5, 
10, 20, and 40 μmol/L) for 24 h and then the cell proliferation 
rate was assessed using the BrdU incorporation assay. As 
shown in Figure 5A–C, the rate of proliferation of A549 cells 
was dose-dependently inhibited by PtNPs, C6-cer and CSP. 
We found that PtNPs dose-dependently (2.5–40 μmol/L) inhib-
ited cell proliferation (10%–80%). Similar trend was observed 
with both CSP and C6-cer treated cells. In contrast, the cell 
proliferation rate did not change after GW4869 treatment 

(Figure 5D). Previous studies have demonstrated that PtNPs 
dose-dependently inhibit the proliferation of several types of 
cancer cells, including human ovarian cancer cells,66 osteosar-
coma cells,40 and human neuroblastoma cancer cells.41 C6-cer 
inhibited the viability of human multiple myeloma cells in 
a dose-dependent manner.65 We found that C6-cer dose- 
dependently (2.5–40 μmol/L) inhibited cell proliferation 
(15%–80%), whereas GW4869 did not affect cell proliferation 
at the same concentration range. Similarly, CSP dose- 
dependently inhibits proliferation of A549 cells. These results 
are consistent with previous reports, which showed the effects 
of C6-cer and GW4869 on the proliferation of breast cancer 
cells.68,69 Interestingly, GW4869 increased the proliferation of 
human multiple myeloma cells.65 Taken together, data from 

Figure 5 Dose-dependent effect of PtNPs, C6-cer, CSP and GW4869 on cell proliferation of A549 cells. A549 cells were treated with various concentrations of (A) PtNPs 
(2.5–40 µM), (B) C6-cer (2.5–40 µM) (C) CSP and (D) GW4869 (2.5–40 µM) in Opti-MEM for 24h. Cell proliferation was determined using CCK-8. The results are 
expressed as 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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the above experiments suggest that PtNPs, C6-cer and CSP 
potentially inhibit cell viability and proliferation in a dose- 
dependent manner.

Cellular Uptake of PtNPs and 
Quantification of Pt Ions
Cellular uptake studies were carried out to determine the 
fate of PtNPs in terms of internalization and cell attach-
ment. The A549 cells were exposed to the PtNPs dose 
(10 μM) for 24 h, fixed, and prepared for TEM analysis. 
The A549 controls appeared normal (Figure 6A). After 
24 h exposure, PtNPs were internalized and it induces 
cellular morphological changes which suggest that oxida-
tive stress induced autophagy had occurred in the treated 
cells. PtNPs were localized within membrane-bound cyto-
plasmic vacuoles and in enlarged lysosomes (Figure 6B).

Next, we quantified the internalized PtNPs into the cells 
by ICP-MS. ICP-MS is a conventional approach to quantify 
NPs uptake. Generally, cellular uptake of NPs is size depen-
dent. The amount of Pt associated with the A549 cells was 
determined by ICP-MS. After incubation with 10 µM PtNPs 
for 24 h, the Pt–ion concentration after 24 h of incubation 
with PtNPs was about 100 nM/106 cells, whereas the cells 
untreated shows there is no Pt ion concentration (Figure 6C).

Dose-Dependent Effect of PtNPs, 
C6-Cer, CSP and GW4869 on the 
Expression of Exosome Proteins
To validate the data obtained from cell viability and prolifera-
tion assays of A549 cells and to determine whether PtNPs can 

stimulate the secretion of exosomes in Opti-MEM, the cells 
were treated with various concentrations of PtNPs or C6-cer or 
CSP (0, 2.5, 5, 10, 20, and 40 μmol/L) for 24 h, and then total 
protein concentration of PtNPs, C6-cer and CSP-treated sam-
ples was determined. Treatment with PtNPs, C6-cer and CSP 
at the tested concentrations increased exosome release signifi-
cantly in a dose-dependent manner (Figure 7A–C), which 
could possibly be due to the oxidative stress induced by 
PtNPs, C6-Cer and CSP. Conversely, the cells treated with 
GW4869 significantly decreased exosome production in 
a dose-dependent manner (Figure 7D). Furthermore, increas-
ing concentrations of PtNPs or C6-cer or CSP increased exo-
some protein concentration, thereby implying that at higher 
concentrations of PtNPs or C6-cer or CSP, ROS production 
was significantly higher than that at lower concentrations. 
Therefore, at least a minimum level of oxidative stress is 
required to induce biogenesis and release of exosomes. 
Emam et al70 reported the enhancement of exosome yield by 
incubating various types of liposomes, including neutral, 
cationic-bare, or PEGylated liposomes, with four different 
tumor cell lines, including Colon 26 (C26) murine colorectal 
cancer cell line, B16BL6 murine melanoma cell line, MKN45 
human gastric cancer cell line, and DLD-1 human colorectal 
cancer cell line, and subsequently estimating the total protein 
concentration of isolated exosomes. The results showed that 
both neutral and cationic-bare liposomes enhanced exosome 
secretion in a dose-dependent manner. Among the tested lipo-
somes, fluid cationic liposomes exhibited the strongest stimu-
lation. Unexpectedly, the PEGylation of bare liposomes 
diminished exosome secretion. Collectively, our findings sug-
gest that increasing the concentration of PtNPs potentially 

Figure 6 Cellular uptake of PtNPs and quantification of Pt ions. A549 cells were treated with PtNPs for 24 h and then processed for transmission electron microscopy 
(TEM) sections. (A) TEM images of ultramicrotome slices of A549 cells without PtNPs (B), internalization of PtNPs and (C) quantification of Pt ions by ICP-MS.
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induces exosome release in a dose-dependent manner. Based 
on all the above optimization parameters, in order to reduce 
the undesired effects of serum in cell culture experiments and 
minimize the toxicity of high concentration of PtNPs, C6-cer 
and CSP, we selected Opti-MEM media, 24-h incubation time, 
and concentrations of PtNPs, C6-cer, CSP and GW4869 as 
10 µM, 10 µM, 10 µM and 20 µM, respectively, for further 
experiments.

PtNPs Enhance Exosome Protein 
Concentration and Exosome Counts
To determine the effect of PtNPs on exosome protein 
concentration and exosome counts, cells were treated 
with concentration of PtNPs (10 µM) or C6-cer (10 µM) 

or CSP or GW4869 (20 µM) for 24 h. Then, we isolated 
the exosomes from PtNPs-, C6-cer-, CSP and GW4869- 
treated cells. The total protein concentration of exosomes 
was determined. The quantity of exosomes was indirectly 
determined by measuring the protein concentration of the 
isolated exosomes. Among the four tested compounds, 
PtNPs, C6-cer and CSP significantly induced exosome 
protein concentration, whereas GW4869 significantly low-
ered the level of protein concentration (Figure 8A). These 
data suggest that the number of exosomes secreted by 
PtNPs is directly related to concentration of protein and 
it is slightly higher to that secreted by C6-cer-treated cells. 
CSP treated cells show equivalent to PtNPs treated cells. It 
is well known that ceramide plays a critical role in 

Figure 7 Dose-dependent effect of PtNPs, C6-cer, CSP and GW4869 on total protein concentration of isolated exosomes. A549 cells were treated with various 
concentrations of (A) PtNPs (2.5–40 µM), (B) C6-cer (2.5–40 µM), (C) CSP (2.5–40 µM) and (D) GW4869 (2.5–40 µM) in Opti-MEM for 24h. Total protein concentration 
of isolated exosomes were determined by bicinchoninic acid (BCA). The results are expressed as 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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exosome secretion and function in cancer cells. The results 
confirmed that PtNPs, C6-cer and CSP significantly 
increased protein concentrations. To further demonstrate 
the consistency and interpretation of results, we deter-
mined the quantity of exosomes using various methods, 
including fluorescence polarization (Figure 8B), 
NanoTrack (Figure 8C), and EXOCET (Figure 8D). 
Analysis using all these techniques consistently indicated 
that there was a significant increase in exosome number in 
the PtNPs, C6-cer and CSP treated cells compared to that 
in the control cells.

All these methods confirmed that the PtNPs-treated 
cultures produced slightly higher number of exosomes 
than C6-cer-treated cells, which is due to high level of 
oxidative stress produced by PtNPs. Interestingly, 
GW4869-treated cells showed significantly decreased exo-
some counts compared to the control, PtNPs-, or C6-cer or 

CSP-treated cells. Sinha et al71 reported that the actin 
cytoskeletal regulatory protein cortactin promotes exo-
some secretion. Among all the tested techniques, such as 
fluorescence polarization, NanoTrack and EXOCET, for 
quantification of exosomes, EXOCET displayed more sen-
sitivity and exhibited a high number of exosome counts, 
and seems to be a better method compared to other tech-
niques. Previous studies have reported that various types 
of stresses, such as hypoxia,27 acidosis,72 thermal and 
oxidative stress,31 radiation,73 and cytotoxic drugs74–76 

release a higher amount of exosomes, including tumor 
cells. Our findings consistent with previous report suggest 
that CSP induces extracellular vesicles in human ovarian 
cancer cells.77 Previously several studies were reported 
increased level of EVs by various types of stress such as 
radiation, oxidative stress, ionizing radiation, senescence 
and CSP29,77–80 Li et al81 found that EV markers, such as 

Figure 8 Effect of PtNPs on exosome protein concentration and exosomes counts. A549 cells were treated with PtNPs (10 µM) or C6-cer (10 µM) or CSP (10 µM) or 
GW4869 (20 µM) in Opti-MEM for 24h. (A) Total protein concentration of isolated exosomes were determined by bicinchoninic acid (BCA). (B) Exosomes counts were 
determined by fluorescence polarization. (C) Exosomes counts were determined by NTA. (D) Exosomes counts were determined by EXOCET. The results are expressed 
as 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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PDC6I/Alix, CD9, and TSG101, were consistently 
detected a day earlier in Opti-MEM-cultured cells than in 
serum-rich medium. In addition, the expression of cal-
nexin was observed in serum-free medium earlier than in 
serum-rich medium. Phuyal et al82 reported the involve-
ment of glycosphingolipids and flotillins in the release of 
exosomes from PC-3 cells and indicated that the role of 
ceramide in exosome formation may be cell-dependent. 
Altogether, PtNPs-induced oxidative stress could be the 
possible mechanism for the increased release of exosomes 
in PtNPs-treated cells.

Size, Size Distribution, Zeta Potential and 
Surface Morphology Analysis of 
Exosomes
After the confirmation of exosome isolation by determin-
ing protein concentration and exosome counts, we set out 
to determine the size of the particles using the NTA and 
DLS. Both techniques are simple, feasible, and depend-
able, and can detect the overall nanoparticle concentration 
and size using the Stokes–Einstein equation.83,84 The size 
distribution of the isolated exosomes was determined 
using the NTA and DLS, as shown in Figure 9A.

The exosomes released from the control, PtNPs-, C6- 
cer, CSP and GW4869-treated cells exhibited average 
sizes of 120, 125, 120, 120 and 125 nm, respectively, as 
ascertained with NTA, whereas the exosomes released 
from control, PtNPs-, C6-cer-, CSP and GW4869-treated 
cells exhibited average sizes of 102, 104, 99, 100 and 103 
nm, respectively, as determined by DLS. The sizes of 
majority of the particles fit between 100 −120 nm 
(Figure 9A). Interestingly, the same pattern was observed 
in all the samples tested exclusively with PtNPs-, C6-cer-, 
CSP and GW4869-treated A549 cells; there was no sig-
nificant size change between the treated samples and the 
control. The NTA measures slightly larger mean sizes of 
exosomes than the DLS. However, the sizes obtained 
using both NTA and DLS were slightly larger than those 
obtained using TEM, because both techniques measure the 
size in solution. The sizes of the particles are consistent 
with a previous report suggesting that CSP-treated A549 
cells release round vesicles measuring 30–100 nm in 
diameter.85 However, the sizes of exosomes were larger 
than those determined by SEM and TEM. The reason for 
the larger sizes of the particles is that the NTA and DLS 
measure Brownian motion. Serrano-Pertierra et al sug-
gested that EVs isolated from plasma contain a range of 

particle populations with different average sizes, and NTA 
measurement indicated larger mean sizes of EVs than 
those obtained using DLS.81 As shown in Table 1 A549 
cell-derived exosomes exhibited size distribution profile 
with a peak at 102 nm for control, at 104 nm for PtNPs 
treated cells, at 99 nm for C6-ceramide treated cells, at 100 
nm for CSP treated cells and at 103 nm for GW4869 
treated cells. Further, to obtain information about the sta-
bility of the particles in terms of dispersion, aggregation or 
flocculation, we measured the zeta potential of exosomes 
isolated from the cells treated with PtNPs, C6-ceramide, 
CSP and GW4869. The zeta potential ranged from 14.8 to 
11.4 mV (Table 1), suggesting a good and significant 
nanoparticle stability.

Exosomes are released by cells and can be distin-
guished based on their morphology and size distribution. 
Electron microscopy (EM) is a vital technique to charac-
terize the morphology of exosomes, which are smaller 
than 300 nm.86 SEM images showed that PtNPs, C6-cer 
and CSP-treated cells exhibited a round and uniform mor-
phology, spherical with unimodal size distribution that was 
consistent (Figure 9B). The size of exosomes released 
from control cells was mostly found to be 50–100 nm. 
The cells treated with PtNPs or C6-cer or CSP released an 
increased number of exosomes compared to the control 
cells under the same conditions, with sizes ranging from 
50 to 100 nm. In contrast, cells treated with GW4869 
released significantly reduced number of exosomes com-
pared to either PtNPs- or C6-cer-or CSP treated cells. We 
observed that the SEM images of exosomes derived from 
all treated samples were consistently spheroidal, similar to 
exosomes isolated from human adenocarcinoma cells.85 

Based on SEM observations, PtNPs release significantly 
increased numbers of exosomes compared to the control. 
Interestingly, GW4869 significantly inhibited the release 
of exosomes from A549 cells.

TEM was performed to determine the size as well as 
for the qualitative assessment of the morphology of iso-
lated exosomes. TEM images showed a typical cup-shaped 
morphology of exosomes, whereas SEM images showed 
exosomes as round spheroids. TEM analysis indicated that 
both PtNPs, C6-cer and CSP-treated A549 cells released 
exosomes that are spherical, membrane-encapsulated par-
ticles with a cup-shaped morphology, characteristic of 
exosomes (Figure 9C). The majority of exosomes released 
from PtNPs- or C6-cer-treated cells were in the size range 
of 80–100 nm. This finding was confirmed by the NTA, 
which showed similar size distribution profiles for PtNPs- 
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Figure 9 Size, size distribution and morphological analysis of isolated exosomes. A549 cells were treated with PtNPs (10 µM) or C6-cer (10 µM) or CSP (10 µM) or 
GW4869 (20 µM) in Opti-MEM for 24h. (A) Representative size distribution of isolated exosomes determined using DLS and NTA. (B) SEM images of exosomes isolated 
from control, PtNPs, C6-cer, CSP and GW4869 treated cells. (C) TEM images of exosomes isolated from control, PtNPs, C6-cer, CSP and GW4869 treated cells.
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or C6-cer or CSP-treated A549 cell-released exosomes, 
indicating that PtNPs, C6-cer and CSP can produce exo-
somes that exhibit homogenous size distribution. 
Altogether, these results suggested that, while SEM and 
TEM showed similarity regarding the size of the exo-
somes, they slightly differed with respect to the morphol-
ogy of exosomes. Exosome particle counts from TEM 
were found to be lower than those measured with the 
NTA, which is due to the incomplete adhesion of vesicles 
to the surface of EM grids.87

mRNA and Protein Expression of 
TSG101, CD9, CD63 and CD81
To corroborate the results obtained from protein quantifi-
cation, exosome counts, and exosome quantification, we 
determined the mRNA and protein expression levels of 
TSG101, CD9, CD63, and CD81. A549 cells were treated 
with PtNPs (10 µM), C6-cer (10 µM), CSP (10 µM) or 
GW4869 (20 µM) for 24 h and the expression of TSG101, 
CD9, CD63, and CD81 was analyzed with qRT-PCR 
(Figure 10A). The A549 cells treated with PtNPs or C6- 
cer or CSP exhibited significantly increased levels of exo-
somes than the untreated cells. These results suggest that 
the exosomes released from A549 cells also carry informa-
tion at the mRNA level, which could be helpful in under-
standing cancer prevention and therapy.88 TSG101, CD63, 
CD81, and CD9 are typical markers for exosomes.89

We next measured the expression of TSG101 and tetra-
spanin (CD9, CD63, and CD81) in the exosomes released 
by the control as well as PtNPs-, C6-cer or CSP or 
GW4869-treated cells. The results showed increased 
expression of TSG101, CD9, CD63, and CD81 in the exo-
somes released from PtNPs- C6-cer and CSP treated A549 

cells compared to that in the exosomes of untreated control 
cells (Figure 10B). The expression of CD9, CD63, and 
CD81 proteins confirmed the release of exosomes by 
A549 cells. These observations support that PtNPs poten-
tially induce exosome secretion. Interestingly, high optical 
density was observed in the expression of all tested proteins, 
including TSG101, CD9, CD63, and CD81. Among the 
four proteins, CD81 and CD63 showed significantly greater 
optical density compared to that of TSG101 and CD9. The 
results indicated that ELISA-based approach offers an 
accessible, versatile, and flexible method for exosome char-
acterization. Willms et al reported that proteomic analysis 
showed enrichment of the transmembrane tetraspanin pro-
teins CD63, CD9, and CD81 in both low-density and high- 
density fractions of exosomes compared to microvesicles 
(MVs).90 Li et al81 found that EV markers, such as PDC6I/ 
Alix, CD9, and TSG101, were consistently detected a day 
earlier in Opti-MEM than in pre-spun medium, and the 
expression of calnexin was significantly higher in Opti- 
MEM-cultured cells than in serum-rich medium-cultured 
cells.

NAC Inhibits Oxidative Stress-Induced 
Exosome Release
Oxidative stress is involved in nanoparticle-mediated cytotoxi-
city and apoptosis. We aimed to address the role of oxidative 
stress and the mechanism involved in the release of exosomes 
in A549 cells. To determine the effects of cytotoxicity, oxida-
tive stress, apoptosis, and AChE activity on exosome release 
from A549 cells, the cells were treated with PtNPs (10 µM) or 
C6-cer (10 µM) or CSP (10 µM), GW4869 (20 µM) for 24 h, 
and subsequently LDH, ROS, caspase-9, and AChE activity 
were measured (Figure 11A–D). First, to test the possible 
toxicity of PtNPs, C6-cer, CSP and GW4869, we measured 
the levels of lactate dehydrogenase (LDH), a marker of cell 
injury. Our results showed that LDH levels were threefold 
higher in PtNPs- or C6-cer- or CSP-treated cells than in the 
untreated control (Figure 11A). Our findings are in agreement 
with a previous report, which showed that PtNPs increase the 
leakage of LDH and enhance toxicity in various types of 
cancer cells, including osteosarcoma cells40 and human neu-
roblastoma cancer cells.41 Conversely, no significant effect 
was observed in either the GW4869-treated cells or NAC- 
treated cells compared to the control. Interestingly, cells pre- 
treated with NAC showed that the LDH levels were equal to 
those of the control, indicating that NAC inhibits the PtNPs- or 
C6-cer-or CSP induced toxicity. Essandoh et al51 observed that 

Table 1 Physical Characterization of Exosomes Derived from 
A549 Cells. A549 Cells Were Treated with PtNPs (10 µM) or 
C6-Cer (10 µM) or CSP (10 µM) or GW4869 (20 µM) in Opti- 
MEM for 24h and Then Size and Zeta Potential Were Measured 
from Isolated Exosomes

Name of 
Samples

Size 
Determined by 
DLS (nm)

Size 
Determined 
by NTA (nm)

Zeta 
Potential 
(mV)

Con 102 120 −13.8
PtNPs 104 125 −11.4

C6-ceramide 99 120 −13.6

CSP 100 125 −12.6
GW4869 103 125 −14.8
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Figure 10 mRNA and protein expression of exosomal markers TSG101, CD81, CD63 and CD9. A549 cells were treated with PtNPs (10 µM) or C6-cer (10 µM) or CSP 
(10 µM) and GW4869 (20 µM) in Opti-MEM for 24h. (A) The mRNA expression of TSG101, CD81, CD63 and CD9. (B) Protein expression of TSG101, CD81, CD63 and 
CD9 was analyzed. The results are expressed as 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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LDH levels were similar in 0.005% DMSO, 10 μM GW4869, 
20 μM GW4869, and non-treated cells. This suggests that 
0.005% DMSO and GW4869 do not have toxic effects on 
macrophages. Similarly, we found that GW4869 treatment 
was not toxic to the cells.

Next, we determined the level of ROS in cells treated 
with PtNPs (10 µM), C6-cer (10 µM), CSP (10 µM), or 
GW4869 (20 µM) for 24 h, by measuring the fluorescence 
intensity. Our results showed that ROS levels were four-
fold higher in PtNPs- or C6-cer-or CSP-treated cells than 
those in the untreated control (Figure 11B). Surprisingly, 
no significant difference was observed between either 
GW4869-treated cells or NAC-treated cells compared to 
the control. Interestingly, cells pre-treated with NAC 
showed similar ROS levels as those of the control, indicat-
ing that NAC inhibits the PtNPs- C6-cer and CSP-induced 
oxidative stress. For instance, NAC potentially mitigates 
AgNPs-induced ROS generation in male Leydig cells 
(TM3) and Sertoli cells (TM4).91 Carver and Yang92 

reported that N-acetylcysteine amide (NACA) protects 

against H2O2 oxidative stress-induced microparticle 
release from human retinal pigment epithelial cells. 
NACA protects ARPE-19 cells against oxidative stress- 
induced cell death and decreases cellular GSH levels. 
A previous study demonstrated that NACA serves as 
a protective agent against oxidative stress under numerous 
pathological conditions both in vitro and in vivo, including 
in a mouse model of retinal degeneration.93

To determine whether NAC can protect cultured A549 
cells against the PtNPs- or C6-cer-or CSP induced cas-
pase-3 activity and prevent caspase-mediated cell death, 
we pre-treated A549 cells with NAC and analyzed cell 
apoptosis by estimating the caspase-3 activity. Pre- 
treatment of A549 cells with NAC significantly reduced 
the PtNPs- or C6-cer-or CSP induced caspase-3 activity. 
Our results showed that caspase-3 levels were threefold 
higher in PtNPs- or C6-cer-or CSP treated cells than in the 
untreated control (Figure 11C). Surprisingly, no significant 
difference was observed between either GW4869-treated 
cells or NAC-treated cells compared to the control. 

Figure 11 Effect of NAC on PtNPs induced toxicity, oxidative stress, caspase-3 and AChE activity. A549 cells were treated with PtNPs (10 µM) or C6-cer (10 µM) or CSP (10 µM) or 
GW4869 (20 µM) in Opti-MEM for 24h in the presence or absence of NAC. (A) Leakage of LDH was measured at 490 nm using the LDH cytotoxicity kit. (B) Spectrophotometric 
analysis of ROS using DCFH-DA. (C) Caspase-3 activity was determined by colorimetric method. (D) The AChE activity was determined from isolated exosomes by colorimetric 
method. The results are expressed as 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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Interestingly, cells pre-treated with NAC showed that cas-
pase-3 levels were equal to those in the control, indicating 
that NAC inhibits the PtNPs- or C6-cer-or CSP induced 
apoptosis. Previous studies have demonstrated that PtNPs 
or platinum nanocomposites induce apoptosis through the 
activation of caspase-3 in various types of cancer cells, 
including prostate cancer cells,39 human acute monocytic 
leukemia cells94 human hepatic cancer cells,95 and human 
neuroblastoma cancer cells.41 Ceramide triggers caspase-3 
activation and induces apoptosis in A549 lung cancer 
cells.96 Cheng et al65 reported that C6 ceramide inhibited 
proliferation and promoted apoptosis in human multiple 
myeloma cells, which were associated with elevated cas-
pase 3/9 and PARP cleavage.

Further, to confirm that PtNPs induced exosome quan-
tity and release, acetylcholinesterase activity assay was 
performed. Acetylcholinesterase enzyme is enriched in exo-
somes. Our findings suggest that AChE activity levels were 
3-fold higher in PtNPs- or C6-cer-or CSP treated cells than 
in the untreated control. Furthermore, NAC significantly 
suppressed the PtNPs, C6-cer and CSP induced AChE 
activity compared to the control (Figure 11D). No signifi-
cant difference was observed in AChE activity between the 
exosomes derived from untreated A549 cells and the exo-
somes derived from A549 cells treated with either GW4869 
or NAC. Altogether, these results demonstrate that NAC 
inhibits the PtNPs- or C6-cer-or CSP induced LDH activity, 
ROS generation, caspase-3 activity, and AChE activity, 
indicating that the PtNPs-induced oxidative stress could 
be a possible reason for increased exosome release in 
A549 cells. These findings were corroborated by 
a previous report showing that NAC inhibits ceramide- 
induced cell death by decreasing ROS generation from 
mitochondria.97 Exposure of bovine granulosa cells to 
H2O2 induced the accumulation of ROS, reduced mitochon-
drial activity, increased Nrf2 expression, altered cell cycle 
transitions, and induced cellular apoptosis. Conversely, 
granulosa cells exposed to oxidative stress released exo-
somes enriched with Nrf2 mRNA and candidate antioxi-
dants, such as CAT, PRDX1, and TXN1.98 Our studies good 
agreement with previous report suggest that CSP induces 
expression of AChE during apoptosis in a time- and con-
centration-dependent manner in human breast cancer cells. 
CSP induced apoptosis play significant role in for the upre-
gulation of AChE and p53.99 Collectively, these results 
suggest that NAC may function upstream of PtNPs and 
ceramide.

NAC Suppresses PtNPs-Induced Neutral 
Sphingomyelinase Activation
We next examined whether NAC inhibits neutral SMase 
activity directly or indirectly, which is mainly involved in 
ceramide formation. Ceramide plays a vital role in exosome 
secretion and function in cancer cells. Hence, we investigated 
the effects of NAC on neutral sphingomyelinase activity in the 
exosomes isolated from PtNPs- or C6-cer-or CSP treated 
A549 cells. When the cells were pre-incubated with NAC, 
neutral SMase activity was inhibited. Our findings suggest that 
sphingomyelinase activity levels were threefold, fivefold and 3 
fold higher in PtNPs, C6-cer and CSP treated cells, respec-
tively, than those in the untreated control. Furthermore, NAC 
significantly suppressed the PtNPs, C6-cer and CSP induced 
sphingomyelinase activity compared to the control. No sig-
nificant difference was observed in sphingomyelinase activity 
between the exosomes derived from untreated A549 cells and 
those derived from A549 cells treated with either GW4869 or 
NAC (Figure 12A). Furthermore, inhibition of PtNPs, C6-cer 
and CSP activated the nSMase pathway, and GW4869 treat-
ment revealed the involvement of the nSMase pathway in both 
exosome formation as well as release. Sphingomyelinase 
(SMase) is responsible for the conversion of SM to ceramide, 
and key signaling pathways of ceramide-induced apoptosis 
have been well documented.100,101 In this study, PtNPs could 
activate sphingomyelinase either directly or indirectly, via 
ceramide, which plays a major role in apoptosis. Cisplatin is 
known to induce apoptosis by targeting DNA. Studies have 
suggested that cisplatin induces apoptosis by signaling through 
plasma membrane lipid rafts that contain abundant sphingoli-
pids, which play critical roles in maintaining the structural 
integrity of cell membranes and in modulating apoptosis via 
gene regulation and signal transduction.102–104 Maurmann et -
al105 reported that CSP mediated apoptosis pathway is asso-
ciated with acid sphingomyelinase and FAS pro-apoptotic 
protein activation in ovarian cancer by alteration of various 
lipid profiles including increased level of phosphocholine, and 
glycerophosphocholine; elevated cellular energetics; and 
phosphocreatine and nucleoside triphosphate concentrations. 
Similarly, the possible mechanism of PtNPs could alter lipid 
profile of the membrane and it can influence n-sphingomyeli-
nase activity. Collectively, these findings suggest that PtNPs 
may activate sphingomyelinase; however, further studies are 
required to elucidate the molecular mechanism of sphingo-
myelinase activation by PtNPs.

Next, to determine whether NAC inhibits the PtNPs- or 
C6-cer-or CSP induced oxidative stress-mediated release 
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of exosomes through the activation of sphingomyelinase, 
the cells were pre-treated with either NAC or GW4869 
and exosome counts were analyzed. As expected, PtNPs- 
or C6-cer- or CSP treated cells induced exosome release. 
However, pre-treatment of cells with NAC in the presence 
of either PtNPs or C6-cer or CSP reduced the level of 
exosome counts compared to those in the untreated con-
trol. Furthermore, the inhibition of sphingomyelinase 
activity by NAC significantly suppressed the PtNPs- or 
C6-cer- or CSP mediated exosome release compared to the 
control. No significant difference was observed in exo-
some counts between the control and A549 cells treated 
with either GW4869 or NAC (Figure 12B). GW4869 is 
a specific inhibitor of nSMases that inhibits exosome 
release from cells.106 Furthermore, inhibition of the 
nSMase pathway using GW4869, which is activated by 
PtNPs or C6-cer or CSP, released reduced number of 
exosomes, which clearly indicates that exosome formation 
and release is mediated by sphingomyelinase (SMase) 
activation. Gills et al107 reported that exogenous ceramide 
increases nanovesicle release by stimulating the sphingo-
myelinase activity and generating ceramide. Interestingly, 
NAC inhibited PtNPs- or C6-cer- or CSP mediated exo-
some release. Altogether, these findings suggest that PtNPs 
induce exosome biogenesis and release by generating oxi-
dative stress and activating the ceramide pathway.

Conclusions
Exosomes are nanovesicles, with sizes ranging between 30 
and 150 nm in diameter that are secreted by numerous cell 
types, including cancer cells, and play a vital role in 

intercellular communication between the cells. A limitation 
in exosome application is limited secretion from cells, which 
is a major bottleneck for efficient exosome production and 
application. Here, we examined the ability of PtNPs in 
enhancing exosome secretion from human adenocarcinoma 
cells (A549). Treatment of A549 cells with PtNPs signifi-
cantly increased exosome production by sixfold, which was 
achieved by altering cell viability, proliferation, oxidative 
stress, and apoptosis. The PtNPs-induced exosomes exhib-
ited sizes ranging between 90 and 100 nm. The size, shape, 
and quality of exosomes were characterized with various 
analytical techniques, including dynamic light scattering, 
scanning electron microscopy, and transmission electron 
microscopy. The quantity of exosomes was determined 
with fluorescence polarization, Nanotrack analyzer, and 
EXOCET. The results from these studies indicate that 
PtNPs promote exosome secretion from cancer cells by 
modulating the oxidative stress. The increased level of exo-
some release was confirmed by adapting various methodol-
ogies, including examining the concentration of exosome 
proteins, numbers, size, and shape and expression levels of 
TSG101, CD63, CD81, and CD9. The expression of exo-
some markers was significantly elevated in the presence of 
PtNPs or C6-cer. In contrast, cells treated with GW4869 
remarkably decreased the expression levels of genes and 
proteins of exosome markers. Our data suggest that the 
modulation of oxidative stress by PtNPs is a critical control 
point for exosome secretion. In addition, we describe a novel 
connection between the ceramide pathway and exosome 
biogenesis, where PtNPs-induced exosome release was 
inhibited by GW4869, a specific inhibitor of nSMases, 

Figure 12 Effect of NAC on PtNPs on neutral sphingomyelinase and exosomes counts. A549 cells were treated with PtNPs (10 µM) or C6-cer (10 µM) or CSP (10 µM) or 
GW4869 (20 µM) in Opti-MEM for 24h in the presence or absence of NAC. (A) Neutral sphingomyelinase activity was estimated using Amplex Red sphingomyelinase assay 
kit. (B) Exosomes counts were measured by EXOCET. 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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which suppressed exosome release from A549 cells. PtNPs 
stimulation may be a useful strategy to increase exosome 
yield, by promoting the secretion of exosomes. Importantly, 
this is the first study, to our knowledge, showing that PtNPs 
stimulate exosome biogenesis by inducing oxidative stress 
and the ceramide pathway.
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