#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue,

Inducing endoplasmic reticulum stress in cancer

i") Check for updates‘
cells using graphene oxide-based nanoparticlesy

Cite this: Nanoscale Adv., 2020, 2,
Shalini Pandey,? Aditi Nandi,? Sudipta Basu & *® and Nirmalya Ballav & *

The endoplasmic reticulum is one of the vital organelles primarily involved in protein synthesis, folding, and
transport and lipid biosynthesis. However, in cancer cells its functions are dysregulated leading to ER stress.
ER stress is now found to be closely associated with hallmarks of cancer and has subsequently emerged as
an alluring target in cancer therapy. However, specific targeting of the ER in a cancer cell milieu remains
a challenge. To address this, in this report we have engineered ER-targeted self-assembled 3D spherical
graphene oxide nanoparticles (ER-GO-NPs) encompassing dual ER stress inducers, doxorubicin and
cisplatin. DLS, FESEM and AFM techniques revealed that the nanoparticles were spherical in shape with
a sub 200 nm diameter. Confocal microscopy confirmed the specific homing of these ER-GO-NPs into
the subcellular ER within 3 h. A combination of gel electrophoresis, confocal microscopy and flow
cytometry studies revealed that these ER-GO-NPs induced ER stress mediated apoptosis in Hela cells.
Interestingly, the nanoparticles also activated autophagy which was inhibited through the cocktail
treatment with ER-GO-NPs and chloroquine (CQ). At the same time these ER-GO-NPs were found to be
efficient in prompting ER stress associated apoptosis in breast, lung and drug resistant triple negative
breast cancer cell lines as well. We envision that these ER specific self-assembled graphene oxide
nanoparticles can serve as a platform to exploit ER stress and its associated unfolded protein response
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Introduction

Cancer cells endure both oncogenic and environmental stresses
while they relentlessly proliferate. These stresses act as poten-
tial growth inhibiting factors for tumorigenesis."® To counter
them, cancer cells exploit an innate adaptive mechanism of the
unfolded protein response (UPR) launched by the endoplasmic
reticulum (ER) of cells.** The ER is a major regulator of various
metabolic processes including protein synthesis and folding.*”
A high proliferation rate of cancer cells requires increased
protein demands leading to ER stress, a condition characterized
by accumulation of unfolded or misfolded proteins in the ER
lumen.*® In response to such stresses, the cytoprotective UPR
mechanism is triggered and cells work in a coordinated fashion
to establish ER homeostasis.” ™

The baseline activity level of the ER stress response system in
normal and cancer cells differs.”> Cancer cells display chroni-
cally elevated ER stress levels hinting that they are already
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(UPR) as a target resulting in promising therapeutic outcomes in cancer therapy.

struggling to survive. The burden on the ER stress response
system when aggravated would lose its pro-survival feature. On
the other hand, its proapoptotic module is triggered.”* The
persistent activity of chronic ER stress in tumor cells may
constitute an Achilles heel and provide a window of opportunity
for development of therapeutic regimens. Growing interest in
the UPR as a therapeutic target in cancer has led to the devel-
opment of several pharmacological agents that induce cancer
cell death by impairing the UPR.**"® Bortezomib, 17-AAG, and
brefeldin-A are to name a few that have recently been added to
the list of promising UPR inhibitors."”*® Interestingly, several
in-clinic chemotherapeutics such as doxorubicin and cisplatin
have been explored to establish new targets in the ER. Doxo-
rubicin has been shown to inhibit the IRE1-o. arm of the UPR."®
On the other hand, cisplatin binds to proteins such as calreti-
culin and protein disulphide isomerase (PDI) residing in the ER
and induces stress.”**® In fact, various cancer cell lines have
shown increased sensitivity to cisplatin when it is used in
combination with other ER stress inducers.'* However, doxo-
rubicin and cisplatin exert off-target cytotoxicity especially
damaging topoisomerases and nuclear DNA respectively.”**®
Hence selectively delivering these stress inducers directly into
the subcellular ER in cancer cells is a daunting task due to
limited chemical tools present.

In recent years, nanoscale materials have been used to
address this challenge. Lipidic and polymeric nanoparticles,
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small molecule based supramolecular self-assemblies have
been developed to specifically navigate to the ER, induce stress
and impair the UPR.***” Graphene oxide (GO) based nanoplat-
forms have also emerged as a promising candidate owing to the
panoply of features they possess.”®* Apart from being
biocompatible and biodegradable, their unique aromatic -
system and surface modalities present allow for stacking of
drugs and conjugation of targeting moieties.**** Nonetheless,
there is a serious lack of effective nanoscale tools for impair-
ment of the adaptive UPR and induction of ER stress mediated
apoptosis in cancer cells.

To address this, in this manuscript we report easy and robust
engineering of self-assembled graphene oxide nanoparticles
(ER-GO-NPs), decorated with dansyl groups (for ER localiza-
tion), encompassing ER stress inducers (doxorubicin and
cisplatin) (Fig. 1a). These ER-GO-NPs were spherical in shape
with a sub-200 nm diameter confirmed by light scattering (DLS)
and electron microscopy (SEM and AFM). These ER-GO-NPs
specifically localized into the subcellular ER of HeLa cervical
cancer cells within 3 h and released their payload causing UPR
impairment as visualised by confocal laser scanning micros-
copy (CLSM) and gel electrophoresis (Fig. 1b). This nano-
particle-mediated ER stress led to the activation of autophagy
which was inhibited by autophagy inhibitor chloroquine in
a combination treatment.

Experimental
Materials

Graphene oxide, dansyl chloride, cisplatin, Nunc® Lab-Tek® II
chambered coverglass, sodium dodecyl sulfate (SDS) and silicon
wafers for FESEM were purchased from Sigma Aldrich. Doxo-
rubicin was bought from Selleck Chemicals. Analytical thin-
layer chromatography (TLC) was performed using 60 F254 pre-
coated silica gel aluminium sheets bought from EMD Millipore
Laboratories. UV-Visible spectra was recorded on Shimadzu.
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Fig. 1 (a) Synthetic scheme for engineering ER targeted GO-nano-
particles (ER-GO-NPs). (b) Schematic representation of ER stress
induction of ER-GO-NPs in cancer cells leading to autophagy and
apoptosis.
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DMEM and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were purchased from HiMedia. MitoTracker®
Deep Red, ER Tracker Green and LysoTracker Green DND-26
were purchased from Invitrogen. An Annexin-V-FITC staining
kit was purchased from Roche. Flow cytometry analysis was
performed on a BD-Accuri. Western blot analysis was performed
on a Las ImageQuant 400.

Synthesis of N-(2-aminoethyl)-5-(dimethylamino)
naphthalene-1-sulfonamide (2)

A dansyl-ethylene diamine conjugate (2) was prepared accord-
ing to a previously reported procedure.>®

Synthesis of graphene-oxide-dansyl-doxorubicin-cisplatin
nanoparticles (ER-GO-NPs)

ER-GO-NPs were synthesised according to a previously reported
procedure.** Briefly, graphene oxide (4 mg mL ') was dispersed
in distilled water (1 mL) and the dansyl-ethylene diamine
conjugate (2) was added in a 1 : 5 weight ratio in the presence of
EDC as a coupling agent to obtain a GO-Dan conjugate (3).
Doxorubicin (1 mg) dissolved in distilled water (1 mL) was then
added to this GO-Dan conjugate (3) at room temperature. The
reaction mixture was then allowed to stir for 24 h. To remove
unreacted doxorubicin, the reaction mixture was dialyzed
against distilled water through a dialysis membrane (MWCO =
1000 Dalton) for 6 h. Aquated cisplatin (5 mg mL~") was then
added to the GO-Dan-Dox conjugate (4) and stirred at room
temperature for 24 h. After the reaction was completed, the
mixture was dialyzed again to remove excess aquated cisplatin
to obtain ER-GO-NPs. The ER-GO-NPs were stored at 4 °C for
further use.

Determination of the shape, size and morphology

The shape, size and morphology of the ER-GO-NPs were deter-
mined using dynamic light scattering (DLS) and electron
microscopy techniques such as field-emission scanning elec-
tron microscopy (FESEM) and atomic force microscopy (AFM).
The samples were prepared according to previously reported
procedures.?*

Quantification of the drug loading in the nanoparticles

The loading of doxorubicin and cisplatin in the ER-GO-NPs was
determined at A.x= 488 nm and 706 nm by UV-Vis spectros-
copy using a previously reported method.** The drug loading
efficiency was calculated using the formula:

Drug loading efficiency (%) = (amount of drug loaded in nano-
particles) x 100/(amount of drug used)

In vitro studies

Confocal microscopy, cell viability assay, flow cytometry anal-
ysis and western blot analysis were performed by previously
published methods.>**"%*

This journal is © The Royal Society of Chemistry 2020
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Results and discussion

Engineering ER specific GO-based nanoparticles

To specifically navigate the GO-based NPs to the subcellular ER,
we planned to conjugate the dansyl moiety to the GO surface via
the ethylene diamine linker. We have chosen the dansyl moiety
for ER targeting (a) as it has the necessary sulfonamide func-
tionality to interact with the sulphonamide receptors present on
the ER surface and (b) due to its fluorescent nature for sub-
cellular ER trafficking of the nanoparticles in cancer
cells.>*?”%37 We have capitalized upon the combination of
doxorubicin and cisplatin, clinically used to treat several
malignancies, to inhibit the UPR in cancer cells. Moreover,
fluorescent Dox will also help us to visualize the localization of
the nanoparticles into the sub-cellular ER through fluorescence
microscopy. The dansyl moiety was conjugated to the free
carboxylic acid (-COOH) groups of 2D GO sheets (1) using the
ethylene diamine linker via amide coupling by reacting GO and
the dansyl ethylene diamine conjugate (2) in a 1 : 5 weight ratio
in the presence of EDC as a coupling reagent in water for 24 h to
obtain the GO-dansyl conjugate (GO-Dan) (3) (Fig. 1a). Doxo-
rubicin was then stacked onto the two-dimensional GO-Dan (3)
surface by aromatic -7 interactions by incubating Dox and
GO-Dan in a 1 : 1 weight ratio in water for 24 h to obtain GO-
Dan-Dox (4). The presence of the dansyl moiety and Dox over
GO was confirmed by UV-Vis spectroscopy (Fig. S1a and b, ESIT).
The characteristic peaks at Ay = 350 nm and Ay = 480 nm
validated the presence of dansyl and doxorubicin respectively.
Furthermore, stacking of Dox on GO-Dan-Dox (4) was
confirmed by fluorescence microscopy. Drastic reduction in the
fluorescence emission intensity of Dox stacked on GO
compared to free Dox at Apax = 590 nm confirmed the incor-
poration of doxorubicin over the GO surface (Fig. Sic, ESIT).
GO-Dan-Dox (4) was further reacted with [(OH,),Pt(NH;),]*" in
a 1:5 ratio in water for another 24 h followed by dialysis to
afford the GO-Dan-Dox-CDDP conjugate (6). Conjugate 6 was
found to hierarchically self-assemble into spherical nano-
particles (ER-GO-NPs) which was in complete agreement with
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Fig. 2 (a—c) DLS, FESEM and AFM images of ER-GO-NPs. (d) Single
particle Raman spectra of ER-GO-NPs showing the presence of GO.
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our previous study.**?** The hydrodynamic diameter of the ER-
GO-NPs was found to be 145 nm by dynamic light scattering
(DLS) (Fig. 2a). The spherical morphology of ER-GO-NPs was
visualized by field emission-scanning electron microscopy
(FESEM) and atomic force microscopy (AFM) (Fig. 2b and c).
These shape and size are suitable for the accumulation of ER-
GO-NPs into tumor tissues through the enhanced permeability
and retention (EPR) effect.®** The presence of cisplatin in ER-
GO-NPs was confirmed by elemental mapping of Pt using
FESEM based energy dispersive X-ray spectroscopy (EDAX)
(Fig. S2, ESI{). The characteristic D and G bands in the single
particle Raman spectra confirmed the presence of GO in ER-GO-
NPs (Fig. 2d). We finally evaluated the loading of doxorubicin
and cisplatin in ER-GO-NPs using UV-Vis spectroscopy. It was
estimated that the ER-GO-NPs contained 196 ug mL ™" and 100
pg mL~" doxorubicin and cisplatin with 78% and 80% drug
loading efficiency respectively (Fig. S3, ESIT).

ER homing

We hypothesized that the dansyl group will facilitate the inter-
nalization of the ER-GO-NPs into the sub-cellular ER due to the
presence of sulphonamide receptors. To validate our hypothesis,
we treated HeLa cervical cancer cells with ER-GO-NPs at different
time points (3 h, 6 h, 12 h and 24 h) and co-stained them with ER-
Tracker Green. We then visualised the live cells using confocal
laser scanning microscopy (CLSM). The fluorescence microscopy
images revealed that the ER-GO-NPs started internalizing in the
ER within 3 h and the accumulation gradually increased with
time (Fig. 3). Further quantification by CLSM using Pearson's and
Mander's coefficients confirmed that the ER-GO-NPs localized
into the ER with Pearson's coefficient of 0.72 and 0.86 and
Mander's coefficients of 0.92 and 0.97 at 3 h and 6 h respectively
(Table S1, ESIt). The confocal images of incubation at higher
time points (12 h and 24 h) revealed that the ER-GO-NPs were
retained in the ER with Pearson's coefficient of 0.73 and 0.86 and
Mander's coefficients of 0.972 and 0.97 respectively.

E
o
@
- 4
wi

Fig. 3 Confocal laser scanning microscopy images of Hela cells
treated with ER-GO-NPs (red fluorescent) at 3 h, 6 h, 12 h and 24 h.
The cells were counter stained with ER-Tracker-Green dye. Scale bar
=10 um.
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To evaluate the specific localization of ER-GO-NPs into the
ER compared to the other organelles, we also visualized the
localization of ER-GO-NPs in mitochondria. We treated the
HeLa cells with ER-GO-NPs for 12 h and 24 h followed by
staining mitochondria with MitoTracker Deep Red dye. The
cells were then visualized by confocal microscopy. From the
confocal images, we can clearly observe that even at 12 h and
24 h, very less yellow regions were visible by overlapping green
and red fluorescence from ER-GO-NPs and MitoTracker Deep
Red respectively (Fig. S4, ESIT). We also confirmed the lower
accumulation of ER-GO-NPs in mitochondria at 12 h and 24 h
from the lower value of Pearson's and Mander's coefficients
(Table S2, ESIY).

Our previous experience showed that GO nanoparticles
initially localize into lysosomes in cancer cells through clathrin
mediated endocytosis.**** To evaluate the homing into lyso-
somal compartments, we treated HeLa cells with ER-GO-NPs at
1 h, 3 h and 6 h time points and co-stained the lysosomes with
Lyso Tracker Green dye. The ER-GO-NPs showed inherent red
fluorescence due to the presence of doxorubicin. We visualized
the cells by confocal microscopy. We observed a considerable
number of yellow signals at 3 h (Fig. S5, ESIf) which showed
that the ER-GO-NPs localized into the lysosomes within 3 h.
However, at 6 h, we hardly visualized any colocalization. This
observation was also confirmed from the high value of Pear-
son's and Mander's coefficients at 3 h with very low values at
both 1 h and 6 h time points (Table S3, ESIf). It was previously
observed that dansyl-coated nanoparticles showed a positive
surface charge in an acidic milieu (in lysosomes) which we ex-
pected to be the reason behind the quick escape of dansyl-
coated ER-GO-NPs from lysosomes through electrostatic repul-
sion.”® Furthermore, from our earlier report, we found out that
doxorubicin and cisplatin loaded self-assembled GO nano-
particles released less than 10% of their payload in an acidic
medium of pH = 5.5 at 6 h.** This observation clearly indicated
that ER-GO-NPs would lose a minimum amount of ER stress
inducers in lysosomes due to their quick escape from the lyso-
somes within 3 h. Hence, from these confocal microscopy
studies, it was evident that ER-GO-NPs homed into the ER
within 3 h and hardly localized into mitochondria. These ER-
GO-NPs localized initially into lysosomes within 3 h, but slowly
escaped them to home into the ER.

Induction of ER stress and DNA damage

Once ER-GO-NPs internalized into the ER of the HeLa cells, we
anticipated that the carboxylesterases present in the ER** will
cleave the coordinate bond between Pt and the carboxylic acid
of GO to release cisplatin followed by disintegration of the self-
assembled ER-GO-NPs. This carboxylesterase mediated frag-
mentation of the nanoparticle will also release GO-stacked
doxorubicin.** This simultaneous release of cisplatin and
doxorubicin would further induce ER stress impairing the UPR.
The onset of ER stress leads to increased expression of CHOP,
a marker for ER stress induced apoptosis.**** We visualized the
increase in CHOP expression by immunofluorescence assay. We
incubated HeLa cells with ER-GO-NPs for 24 h followed by
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treatment with CHOP specific primary antibody. The primary
antibody was further detected using an Alexa Fluor 594 tagged
secondary antibody (red fluorescent). The nuclei of the cells
were stained with blue fluorescent DAPI and then visualized
using confocal microscopy. The confocal images showed that
the cells treated with ER-GO-NPs showed a significant increase
in red fluorescence intensity as compared to the control
(Fig. 4a). Confocal microscopy-based quantification showed
that ER-GO-NP treatment increased the expression of CHOP by
3.8 fold compared to that in the control non-treated cells
(Fig. S6, ESIT). Induction of ER stress leads to increase in the
levels of CHOP as well as its accumulation in the nucleus. The
overlap of red fluorescence signals with blue fluorescence
signals of DAPI leading to purple fluorescence confirmed that
CHOP accumulated in the nucleus upon ER stress induction by
ER-GO-NPs, which was absent in the control cells.

We also evaluated the expression of CHOP by gel electro-
phoresis. We treated HeLa cells with ER-GO-NPs for 24 h fol-
lowed by their lysis and then separated the proteins to perform
western blot analysis. We observed an increase in CHOP
expression by 1.6 fold compared to that in the non-nanoparticle
treated control cells (Fig. 4b and S7at). We expected this lower
increase in CHOP expression as doxorubicin inhibits XBP1
protein which prevents upregulation of CHOP.** To further
estimate the ER stress, we evaluated the expression level of
GRP78, one of the key markers for triggering of ER stress
induction by western blot analysis.****” It was observed that
while the control cells hardly showed any expression of GRP78,
the ER-GO-NP treated cells showed increased levels of GRP78
(1.5 fold) indicating the onset of ER stress (Fig. 4c and S7bf).

(a)

Control

ER-GO-NP

(b)  control GO-ER-NP

(€©)  control GO-ER-NP

CHOP

GAPDH GAPDH | S S—

Fig. 4 (a) Fluorescence confocal images of Hela cells treated with
ER-GO-NPs for 24 h followed by treatment with CHOP-primary
antibody and Alexa Fluor 594-tagged secondary antibody (red). Nuclei
were stained with DAPI (blue). Scale bar =10 um. (b and c) The western
blot images of Hela cells after treatment with ER-GO-NPs for 24 h to
evaluate the expression of CHOP and GRP78 as ER stress markers
respectively.
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The proto-oncogene CHOP also known as growth arrest and
DNA damage 153 (GADD 153) encodes for DNA damage as
well.**** Therefore, we expect that induction of ER stress by ER-
GO-NPs will lead to damage of nuclear DNA. We validated the
DNA damage by ER-GO-NPs by immunofluorescence assay. We
incubated HeLa cells with ER-GO-NPs for 24 h and then treated
the cells with YH2AX specific primary antibody followed by
Alexa Fluor 594 tagged secondary antibody (red fluorescence).
We also stained the nucleus of the HeLa cells with blue fluo-
rescent DAPI. We then visualized the cells by confocal micros-
copy and observed an enhanced red fluorescence in the treated
cells as compared to the control (Fig. 5a). Furthermore, purple
fluorescence observed due to the overlap of red and blue fluo-
rescence signals confirmed that the ER-GO-NPs damaged the
nuclear DNA. We also evaluated the ER-GO-NP-mediated DNA
damage by western blot analysis. We treated HeLa cells with ER-
GO-NPs for 24 h, extracted the proteins and performed gel
electrophoresis. From the western blot image, it was clear that
the control cells showed negligible expression of YH2AX.
However, the ER-GO-NP treated cells showed a significant
increase (3 fold) in the expression of YH2AX (Fig. 5b and S7c,
ESIT). These confocal imaging and western blot analyses
revealed that ER-GO-NPs induced ER stress and DNA damage in
HelLa cells.

Autophagy induction

ER stress is also a potent trigger for autophagy, a self-degrada-
tive process with adaptive functions.*®** To validate if auto-
phagy was activated upon treatment with ER-GO-NPs, we
evaluated the expression level of LC3B as an autophagy
marker.”> We validated the expression of LC3B using

Control

ER-GO-NP

(b)

yH2AX

GAPDH

Fig. 5 (a) Confocal images of the Hela cells treated with ER-GO-NPs
for 24 h and stained with YH2AX selective primary antibody followed
by Alexa Fluor 594-tagged secondary antibody (red). Nuclei were
stained with DAPI (blue). Scale bar = 10 um. (b) western blot analysis
after treating Hela cells with ER-GO-NPs for 24 h to show the
expression of yH2AX as a DNA damage marker.
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immunofluorescence assay. HeLa cells were treated with ER-
GO-NPs for 24 h and incubated with LC3B primary antibody
followed by secondary antibody tagged with Alexa Fluor 488 dye
(green). We stained the nucleus with DAPI (blue). We observed
the formation of puncta (autophagosomes) in the ER-GO-NP-
treated cells as compared to the control cells (Fig. 6a). This
formation of autophagosomes is a hallmark of autophagy.*> We
further validated the expression of LC3B by western blot anal-
ysis. We treated HeLa cells with ER-GO-NPs for 24 h and the
cellular proteins were subjected to gel electrophoresis. From the
western blot image, we observed that ER-GO-NPs increased the
expression of LC3B in HeLa cells compared to the control cells
(Fig. 6b). Further quantification also confirmed that ER-GO-NPs
increased the expression of LC3B by 11 fold compared to that in
the control cells (Fig. S7d, ESIT). We also evaluated the level of
Beclin, another autophagy marker via immunofluorescence
assay.> We incubated HeLa cells with ER-GO-NPs for 24 h. We
then treated HeLa cells with Beclin specific primary antibody
followed by incubation with Alexa Fluor 594 tagged secondary
antibody (red). We also counter stained the nucleus of the cells
with DAPI (blue). We then visualized the cells using confocal
microscopy. The increased red fluorescence in the treated cells
as compared to the control indicates that Beclin expression has
indeed increased to trigger autophagy (Fig. 6¢). These immu-
nofluorescence assays and western blot analysis thus showed
that ER-GO-NPs induced ER stress in HeLa cells. Prolonged ER
stress triggered autophagy as an adaptive response to it. Inter-
estingly, to induce autophagy the ER-GO-NPs needed to escape
the lysosomes quickly and localize into the ER to trigger ER
stress. Prolonged lysosomal homing of ER-GO-NPs would
release the ER stress inducers prematurely into the cytosol

Control ER-GO-NP Control ER-GO-NP

(a) (c)

DAPI
DAPI

Merge
Beclin

Merge

Fig. 6 (a) Confocal images of Hela cells after treatment with ER-GO-
NPs for 24 h and stained with primary antibody specific for LC3B,
followed by Alexa Fluor 488 tagged secondary antibody (green). (b)
Western blot analysis of LC3B after incubation of Hela cells with ER-
GO-NPs for 24 h. (c) Confocal images of the Hela cells after treatment
with ER-GO-NPs for 24 h. The cells were stained with primary anti-
body specific for Beclin followed by Alexa Fluor 594 tagged secondary
antibody (red). Scale bar = 10 pm.
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leading to non-specific effects in other organelles such as the
nucleus towards direct apoptosis. We anticipate that this
induction of autophagy could be due to specific degradation of
the endoplasmic reticulum through ER-phagy which is
currently an elusive field of study.>>*®

Apoptosis and cell death

Finally, we expected the ER-GO-NPs to induce ER stress medi-
ated apoptosis in HeLa cells. We estimated the apoptosis
induced by ER-GO-NPs by flow cytometry analysis. We treated
HeLa cells with ER-GO-NPs and then stained the apoptotic and
necrotic cells with Annexin V-FITC (green) and propidium
iodide (PI) (red) followed by flow cytometry. We found that ER-
GO-NPs triggered early and late apoptosis in 61.3% and 35.7%
of the cells respectively (Fig. 7a). Since autophagy is triggered
upon treatment with ER-GO-NPs, we anticipated it to help the
cells escape apoptosis. Hence, we performed the flow cytometry
study in combination with chloroquine (CQ). We treated HeLa
cells with ER-GO-NPs and 50 uM CQ and incubated them for 24
h. The flow cytometry data revealed that co-treatment with ER-
GO-NPs and CQ indeed resulted in 27.5% and 60.5% of the cells
in early and late apoptotic stages respectively (Fig. 7a). These
flow cytometry data confirmed that ER-GO-NPs triggered early
apoptosis and combination treatment with the autophagy
inhibitor induced late apoptosis.

Finally, to evaluate the effect of apoptosis induced by ER-GO-
NPs on cancer cells, we treated HeLa cells with ER-GO-NPs at
different concentrations for 24 h and quantified the cell viability
by MTT assay. It was observed that on treatment with ER-GO-
NPs, HeLa cells exhibited cell death with IC5, = 5 uM (Fig. 7b).
We also treated HeLa cells with a combination of ER-GO-NPs in
a dose dependent manner with CQ at 50 uM concentration for
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Fig.7 (a) Flow cytometry analysis of ER-GO-NPs and CQ in HelLa cells
to evaluate the induction of apoptosis. (b) Dose dependent viability of
Hela, MDA-MB-231, MCF-7 and A549 cells after treatment with ER-
GO-NPs, 24 h post incubation. (c) Cell viability of Hela cells after co-
treatment with ER-GO-NPs and 4-PBA, 24 h post incubation.
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24 h. The cell viability assay revealed that the combination of
ER-GO-NPs and CQ showed much lower IC;, = 1.25 uM
(Fig. 7b). Inspired by these data, we also validated the effect of
the ER-GO-NPs and CQ combination on other cancer cells such
as A549 (human lung carcinoma), MCF-7 (human breast cancer)
and MDA-MB-231 (drug resistant triple negative breast cancer)
by MTT assay. At 24 h post incubation, it was found that ER-GO-
NPs demonstrated IC5o = 5 uM, 0.8 uM and 4 pM in A549, MCF-
7 and MDA-MB-231 cells respectively (Fig. 7b). Interestingly, in
the combination treatment with CQ, the ICs, value reduced to 1
UM in A549 and MDA-MB-231 cells. However, the combination
treatment did not change the ICs, value in MCF-7 cells. It is
intriguing to note that ER-GO-NPs and combination treatment
with CQ lead to nearly 25% cell viability in all the cancer cell
lines tested at the highest concentration (50 pM). We anticipate
that the cell killing ability of the ER-GO-NPs alone or in
combination could be improved by either increasing the expo-
sure time to 48 h or using a more potent autophagy inhibitor
bafilomycin A1.>” Moreover, without the ER targeting dansyl
moiety, doxorubicin and cisplatin containing self-assembled
GO nanoparticles would localize mainly into lysosomes and
release the dual drugs at acidic pH followed by nuclear DNA
damage leading to direct apoptosis and improved cell killing
(ICso = 2 uM) in HeLa cells without autophagy.**

To ascertain our hypothesis that the apoptosis induced in
HeLa cells by ER-GO-NPs was ER stress mediated, we treated
HeLa cells with ER-GO-NPs and 4-phenyl butyric acid (4-PBA),
a well-known chemical chaperone to alleviate both toxicity and
proteomic alterations induced by an ER stress inducer, by aid-
ing in protein folding in the ER.**** We co-treated HeLa cells
with ER-GO-NPs along with 15 uM PBA for 24 h and then per-
formed the cell viability assay. We observed that co-treatment
with 4-PBA drastically reduced the cell death as compared to
treatment with ER-GO-NPs alone (Fig. 7c). 4-PBA augmented
protein folding and thereby helped HeLa cells survive. This
proved that apoptosis induced by ER-GO-NPs in HeLa cells was
indeed ER stress mediated.

Conclusions

In conclusion, we have engineered dansyl (ER targeting
moiety) decorated graphene oxide (GO) based nanoparticles
simultaneously encompassing ER stress inducers doxorubicin
and cisplatin through m-m stacking and coordinate linkage,
respectively. We demonstrated specific homing of ER-GO-NPs
into the subcellular ER of the HeLa cells, released their
payload and induced ER stress as well as autophagy as
a cellular defence mechanism. Further, ER-GO-NPs were
employed to induce ER stress associated apoptosis in cervical
cancer cells. Finally, these ER-GO-NPs alone and in combina-
tion with CQ showed remarkable cell killing efficacy in breast,
lung and drug resistant triple negative breast cancer cells. We
envision that these graphene oxide-based ER specific nano-
particles can be used as an effective tool in simultaneously
impairing multiple targets in the unfolded protein response
(UPR) signalling pathway in the ER thereby leading to better
cancer therapeutics in the future.

This journal is © The Royal Society of Chemistry 2020
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