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Abstract: To date, the use of nanocarriers has been devel-
oped in various fields, especially in cancer treatment.
Graphene oxide (GO) is a novel drug delivery system
that eagerly attracts the attention of many researchers
due to its unique features. For the first time, a biocompa-
tible AS1411 APT-GO-COOH was synthesized for the
co-delivery of chemotherapeutics and herbal drugs.
Here, a human gastric adenocarcinoma cell line (AGS)
was targeted with aptamer-carboxylated graphene oxide
(APT-CGO) containing anticancer drugs (curcumin (CUR)
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and doxorubicin (DOX)). The current study aimed to
assess the anti-cancer effect of combination therapy, as
well as target genes and proteins interfering in the devel-
opment of gastric cancer. After attachment of APT to CGO,
the drugs (CUR and DOX) were loaded on the carrier, estab-
lishing a co-delivery system. Then, physical characteristics,
release profile, cytotoxicity assay, cellular uptake, expres-
sion rates of the genes (RB1, CDK2, AKT, and NF-KB) and
proteins (RB1, CDK2), and the apoptosis rate were deter-
mined. The designed co-delivery system for the drugs (CUR
and DOX) and APT showed a thermo- and pH-sensitive
drug release behavior that successfully reduced the expres-
sion of CDK2, AKT, and NF-KB while it enhanced RB1
expression at the gene and protein levels. Also, APT-CGO-
drugs were successfully targeted to the AGS cell line,
leading to a highly inhibitory property against this cell
line compared to CGO-drugs. It seems that the co-delivery
of CUR and DOX along with APT as a targeting agent was
more effective than CGO-drugs, suggesting a promising
candidate for the treatment of gastric cancer. The results
showed that this biofunctionalized nanocarrier could
reduce the cytotoxicity of the drugs in normal cells
and could increase efficiency.

Keywords: graphene oxide, curcumin, doxorubicin, aptamer,
cell culture, drug delivery, nanopatrticle

1 Introduction

Despite common strategies for the treatment of cancer
(surgery, chemotherapy, and radiotherapy), it remains a
major cause of morbidity and mortality worldwide [1,2].
Although the efficiency of chemotherapy has been proved
in recent years, the serious obstacle is its side effects on
normal cells and toxicity [3]. Also, extensive heteroge-
neity of tumor cells and drug resistance count as other
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obstacles in cancer treatment, which cause the efflux of
anticancer agents from cancer cells [4]. In fact, hetero-
geneity is derived from DNA instability and epigenetic
differences of tumor cells, leading to diverse responses
to therapy. Therefore, combination therapy can be applied
as an effective strategy due to targeting several pathways of
cancer cells [5]. Nanotechnology and bioactive nanomater-
ials established a revolution in biomedicine and biotech-
nology [6—-10]. Nanocarriers have attracted the attention of
many researchers in the last few years [11-13], owing to
their great advantages such as reducing the systemic toxi-
city of the loaded drugs, as well as their ability to deliver
several drugs, simultaneously [14-18].

Doxorubicin (DOX), a common chemotherapeutic agent
[19-21], causes DNA double-helical breaks that inhibit the
growth of tumor cells and induce apoptosis [22]. A single
use of free DOX in the elimination of cancer cells is ineffec-
tive due to its broad side effects including cardiotoxicity,
myelosuppression, elimination of the normal cells, and pre-
mature inactivation [23]. Owing to the anti-cancer proper-
ties of plant-derived compounds, they are widely used as
effective agents in the treatment of various cancers. Cur-
cumin (CUR) is a flavonoid found in herbal remedies and
dietary turmeric that possesses anti-inflammatory, anti-oxi-
dant, and anti-cancerous properties [24]. Moreover, CUR is
a polyphenol extracted from Curcuma longa in 1815, which
has acquired much consideration of researchers in the
world for its bioactivities including antiviral, antimicrobial,
anti-inflammatory, and antioxidant activities (for treatment
of several chronic diseases such as cancers, neurodegenera-
tive diseases, obesity, liver disease, metabolic syndrome,
arthritis, and inflammation). The antitumor capability of
CUR has been much discussed recently and still is still
widely researched [25]. CUR acts through several cell sig-
naling pathways, including inflammation (IL-1, IL-6, NF-KB,
COX-2, and 5-LOX), proliferation (HER-2, AP-1, and EGFR),
apoptosis (reduction of anti-apoptotic gene and activation
of caspases) and angiogenesis (VEGF) [26]. In response to
DNA damage, the RB1 gene activates cell cycle arrest by con-
trolling the transition from G1/GO- to S-phase in the cell
cycle [27].

Low absorption and solubility, fast metabolism, and
rapid removal of CUR from the body are some restrictions
in the administration of CUR [28,29]. Therefore, multiple
nanocarriers have been developed in the last decades to
overcome such limitations. The high capacity for the high
loading of different molecules, such as metals and bio-
molecules through the planar structure of graphene,
makes it a suitable nanocarrier. Graphene oxide (GO)
can not only carry small drug molecules and macromo-
lecules but also carry either hydrophilic or hydrophobic
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substances due to its bipolar groups. These excellent
properties and high biocompatibility made GO a promising
candidate for medical applications [30]. For enhancing the
biocompatibility and solubility of GO, the functionaliza-
tion of GO was conducted via the addition of some groups,
such as carboxyl [31]. Safety, efficacy and higher biocom-
patibility of drugs loaded onto GO-COOH have been shown
in previous studies [32,33].

Wu et al. showed more cytotoxicity of GO/DOX com-
pared to pure DOX against human multiple myeloma
cells [34]. Another study evaluated the release profile of
CUR from PEGylated GO, which was dependent on pH,
and the release increased in a basic environment [35].
Also, co-loading of CUR and Paclitaxel on polymer-func-
tionalized reduced GO showed a synergistic effect and
was highly potent against A549, MDA-MB-231, and lung
cancer cells [36].

This study aimed to target the AGS cell line by APT
AS1411 and to improve the cytotoxicity effect of CUR by
co-delivery with DOX. As a result, the cytotoxicity effect,
cellular uptake, expression rates of RB1, AKT, NF-KB, and
CDK2 genes, expression rates of RB1 and CDK2 proteins,
and flow cytometry analysis have been studied (Scheme 1).

2 Materials and methods

2.1 Reagents

PBS tablets, dialysis bag (MWY4 12kDa), MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide),
DMSO (dimethyl sulfoxide), and CUR (purity >65%) were
obtained from Sigma-Aldrich (St Louis, MO, USA). DOX
was supplied from Ebewe Pharma (Australia). DAPI (40,
6-diamidino-2-phenylindole) and DIL stain (1,10-diocta-
decyl-3,3,30,30-tetramethylindocarbocyanine perchlorate)
were purchased from Thermo Fisher Scientific (Waltham,
MA, USA). GO was purchased from GrapheneX. The sequences
of AS1411 was HEX-5-(GGTGGTGGTGGTTGTGGTGGTGGTGG)-
3’-NH, purchased from Pishgam (Iran). Actin, RB, and CDK2
mouse monoclonal antibody were supplied from Santa Cruz
(Texas, USA). Annexin V-FITC/propidium iodide (PI) apop-
tosis detection kit was supplied from Abcam (Cambridge, UK).

2.2 Morphological characterization

The zeta potential of CGO and APT-CGO was evaluated
by Brookhaven Corp Instruments (Holtsville, NY, USA).
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Scheme 1: Illustration of the synthesis procedure of the functionalized GO (APT-CGO) and its application in cancer therapy.

Also, a scanning electron microscope (SEM) was used to
observe the CGO structure. For this purpose, a thin layer
of film was required that was produced by pouring 5 pL of
suspension on a glass plate. Finally, the sample was
coated with a gold layer and the images were captured
by SEM (model EM3200, KYKY, China).

2.3 Preparation of GO-COOH

The following steps were applied to carboxylation of GO:
sonication of GO (2mg mL™) for 1h, addition of 72 mg of
NaOH, stirring at room temperature for 4 h, addition of
0.4 mL of HCl (37% v/v), washing the suspension with
deionized water, and centrifuging at 4,000 g for removing
the salts [37].

2.4 Conjugation of APT to CGO

AS1411 APT was linked to CGO by the amide formation
between —COOH group of GO and —NH, section of APT,
through coupling 1-ethyl-3-(3-dimethylaminopropyl)-car-
bodiimide (EDC) and N-hydroxysuccinimide (NHS). First,
1mg mL™" of CGO mixed with 5 mM EDC and 10 mM NHS in
PBS at pH 7.4 were stirred for 3h. Then, 500 pL of APT
(1 uM) was added to the solution and stirred overnight at

room temperature. Finally, APT-CGO was collected with
centrifugation and washed three times with deionized
water [38].

2.5 Preparation of a drug delivery system

For drug loading on the CGO, CUR (0.5 mg mL ™ in ethanol)
and DOX (0.5mgmL™" in PBS) were mixed with CGO
(1mgmL™), and stirred overnight at room temperature.
For co-loading of drugs, CGO (1mg mL™) was mixed with
CUR (0.5mg mL™) and DOX (0.5 mg mL™) at the same ratio
(1:1). Unbounded drugs were removed by centrifuging at
15,000g for 10 min, while a UV-Vis spectrophotometer
(Epoch Box 998 America) was used to calculate their con-
centration by assessing the absorption of CUR and DOX at
430 and 480 nm, respectively. Ultimately, entrapment effi-
ciency (EE%) was measured using the following equation:
EE% = (Loaded drug on GO-COOH (mg mL?)

/Total drug (mg mL:Y)) x 100.

2.6 Drug release assay

For assessing the release behavior of CUR and DOX from
CGO, a 12kDa cut-off dialysis tube containing drug loaded
onto CGO, was immersed in PBS at pH 7.4 and 5.5 at 37°C
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and 42°C, while stirring for 72 h. At different time intervals,
the dialysis solution (0.5 mL) was gathered for measuring
its absorbance by the UV-Vis spectrophotometer, and sub-
stituted with fresh PBS (0.5mL). According to the total
loaded drug concentration, the percentage of release was
evaluated at different times.

2.7 Cell culture assay

AGS cell line was supplied from Pasteur Institute (Tehran,
Iran). The cells were cultured in DMEM (Gibco, Grand
Island) containing penicillin—streptomycin (Gibco, Grand
Island) and 10% fetal bovine serum (FBS) (Gibco Grand
Island) under standard conditions (37°C and 5% CO).

2.8 In vitro evaluation of cellular uptake

Fluorescence intensity was measured for detecting the
distribution of the following formulations in the cells:
APT-CGO, CGO-CUR, APT-CGO-CUR, CGO-DOX, APT-CGO-
DOX, and APT-CGO-CUR-DOX. For this purpose, the cells
were cultured in a 6-well plate (1.5 x 10° per well). After
24 h, the cells were incubated with the listed formulations
for 3h. Then, the cells were washed and fixed with PBS
(pH 7.4) and 95% ethanol solution, respectively. Ultimately,
the cells were stained with DAPI (1 mg mL™), and the images
were recorded using a fluorescence microscope (Olympus,
Japan).

2.9 Cytotoxicity study

MTT assay was applied to measure ICso doses of blank
GO-COOH (62.5, 125, 250, 500, and 1,000 pM), free DOX,
APT-CGO-DOX (0.31, 0.625, 1.25, 2.5, 5, and 10 pgmL™),
free CUR and APT-CGO-CUR (3.9, 7.8, 15.6, 31.25, 62.5,
and 125 pg mL™") after 48 h. Also, ICs, of the combination

Table 1: The primer sequences of real-time PCR
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form of drugs on CGO was calculated at different concen-
trations (4.1, 8.125, 16.25, 32.5, 65, and 130 ug mL™"). The
content of wells was removed when incubation of each
well was executed with 90 pL of themedium and 10 pL of
MTT (5 mg mL™) for 3 h. Afterward, the formazan crystals
were dissolved in DMSO. Finally, an EPOCH spectrophot-
ometer (Bio-Tek, Winooski) was used for measuring the
absorbance of the samples at 570 nm.

2.10 Real-time PCR

Assessment of the expression of RB1 and CDK2 genes
involved in the cell cycle, AKT1 involved in the signal
transduction, and NF-KB involved in the cell survival,
was performed by Real time PCR. The AGS cell line
was seeded in a 6-well plate, and 150,000 cells per well
were incubated with free CUR, free DOX, free CUR-DOX,
APT-CGO-CUR, APT-CGO-DOX, and APT-CGO-CUR-DOX.
The medium was removed after 48 h and washed with
PBS. RNX-Plus extraction kit was used for extraction of
total RNA. Consequently, cDNA synthesis was performed
using the Parstous cDNA synthesis kit. Then, quantitative
real-time PCR was performed through specific primers
for CDK2, AKT1, RB1, NF-KB genes and Beta-actin (a
housekeeping gene), and Yekta-tajhiz master mix. The fol-
lowing protocol was used for the synthesis of cDNA (for
40 cycles): 95°C for 1 min, 95°C for 55, 60°C for 20 s, 72°C
for 10 s, and 72°C for 2 min. Finally, the rate expression of
CDK2, AKT1, RB1, and NF-KB genes was assessed using the
27T method. The primer sequences of the related genes
are shown in Table 1.

2.11 Western blot analysis

AGS cells were seeded in a 6-well plate and allowed to
reach 80% confluence. Then, the cells were treated with
free APT, free CUR, free DOX, free CUR-DOX, APT-CGO,
CGO-CUR, APT-CGO-CUR, CGO-DOX, APT-CGO-DOX, and
APT-CGO-CUR-DOX for 48 h. The cells were lysed with

Gene Forward (5’-3’) Reverse (5’-3’) Product length (bp)
Beta-actin CGCGAGAAGATGACCCAGATC GATAGCACAGCCTGGATAGCAAC 77

RB1 CAGAAGCCATTGAAATCTACCTC GGTGTGCTGGAAAAGGGTCC 147

CDK2 GCTTTTGGAGTCCCTGTTCG GGTCCCCAGAGTCCGAAAGA 111

AKT1 TCTATGGCGCTGAGATTGTG CTTAATGTGCCCGTCCTTGT 113

NF-KB TACTCTGGCGCAGAAATTAGGTC CTGTCTCGGAGCTCGTCTATITG 157
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RIPA buffer, and their protein concentration was calculated
by Bradford assay. Then, 10% SDS-PAGE was applied for
50 pg of samples. After at least 2h, the bands were trans-
ferred into a nitrocellulose membrane that was incubated
with 5% BSA for 1 h at room temperature to stop nonspecific
binding. Then, 1:1,000 dilution of every B-actin, RB, and
CDK2 primary antibody were incubated with the mem-
branes overnight at 4°C. A horseradish peroxidase-conju-
gated secondary antibody (1:2,000) was applied for probing
the bands for 2h at room temperature. Ultimately, the ECL
kit (GE Healthcare) was used for the visualization by a che-
miluminescence visualization system (Syngene GBOX Gel
Documentation 680X).

2.12 Flow cytometry analysis

Cell apoptosis was evaluated with an Annexin V-FITC/PI
apoptosis analysis kit. For this purpose, after culturing
the cells in 6-well plates and reaching 80% confluence,
the cells were treated with free APT, free CUR, free DOX,
free CUR-DOX, APT-CGO, CGO-CUR, APT-CGO-CUR, CGO-
DOX, APT-CGO-DOX, and APT-CGO-CUR-DOX. After 48 h,
total cells were collected by trypsinization, centrifuged,
and washed with PBS. Then, 100 uL of binding buffer
was added and stained with Annexin V-FITC and PIL
After 15min, the rate of apoptotic cells was quantified
with a flow cytometer (BD Biosciences, USA).

3 Results and discussion

3.1 Characterization

The surface morphology of CGO is depicted in Figure 1a,
which shows the sheet layer and broad surface of CGO
[39,40]. In the physiological system, surface charge expressed
as zeta potential plays a key role in cellular interactions that is
determined by dynamic light scattering (DLS). Indeed, the
amount of zeta potential determines repulsion or attraction
between the particles [41]. A higher positive or a negative
value of zeta potential indicates greater stability (particles
are dispersed). In contrast, at a lower value of zeta potential,
aggregation is formed [42,43]. The negative zeta potential of
CGO (-75.0mV) was attributed to the presence of —-COOH
group on its surface (Figure 1b). After binding of APT, the
charge level of CGO was increased from 75 to —42.9, which
confirmed the binding of APT. Also, energy-dispersive X-ray
analysis (EDX) was performed for determining the elemental
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compositions of CGO and APT-CGO. Due to the presence of
nitrogen and phosphate elements in APT, the amount of these
elements increased 3.5 and 10 times, respectively, in
APT-CGO, rather than CGO, confirming successful binding
of APT (Table 2).

FTIR spectra of the prepared nanomaterials are shown
in Figure 1c. The broad band of OH appeared at ~3,240 cm ™,
as well as a functional group of GO-COOH (C=C) appeared
at ~1,631cm™ [44]. Covalent conjugation of APT was con-
firmed by FTIR (Figure 1c). After conjugation with APT,
the amide bond was formed at 1,725cm™ (C=0) and
1,382cm™ (C-N).

Figure 1d-e displays the UV-Vis spectra of free APT,
free CUR, free DOX, APT-CGO, APT-CGO-CUR, CGO-DOX,
and APT-CGO-DOX. The characteristic absorption peaks
of free CGO, APT, and CUR appeared at 230, 260, and
430 nm, respectively, which were in good agreement
with previous studies [38,39]. After conjugation of APT,
an absorption peak appeared at 255 nm, while the related
peak for CGO was absent, verifying the conjugation of Al
with GO. In APT-CGO/CUR, the specific peak of CUR
appeared at 430 nm. Also, in APT-CGO/DOX, the max-
imum absorbance of DOX was observed at 480 nm.

3.2 Loading assay

The potency of CGO as sheet-like nanoparticles for co-
delivery of the hydrophobic drug (CUR) and hydrophilic
drug (DOX), which have shown an anticancer effect, was
assessed [45,46]. The loading of CUR and DOX, in sepa-
rate or combined form, was conducted by simple mixing
of APT-CGO with CUR and DOX overnight. Then, unbound
drugs were removed by centrifugation while loaded ones
were measured by UV-vis absorbance at 430 and 480 nm
for CUR and DOX, respectively. Although the loaded CUR
and DOX were visible according to their colors (yellow and
red, respectively), in fact, CUR and DOX were linked to
APT-CGO via n—n stacking interactions, as reported pre-
viously [45,47]. The pH of CGO has a key role in the max-
imum loading of drugs. The pH of drugs is close to the pH
of CGO (5.5-6) and so the higher loading is achieved. The
% EE values of CUR and DOX were 80.8 and 88.4% in the
separate form, while in the combined form, was 81.6 and
92.8%, respectively.

3.3 Release assay

The release profiles of CGO-CUR and APT-CGO-CUR or
CGO-DOX and APT-CGO-DOX were similar, verifying
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Figure 1: (a) SEM images of CGO. (b) Zeta potential of CGO and APT-CGO. (c) FTIR of CGO and APT-CGO. (d) UV-Vis spectra of CUR, CGO, APT,
APT-CGO, and APT-CGO-CUR. (e) UV-Vis spectra of DOX, CGO, APT, APT-CGO, and APT-CGO-DOX.

that there was no effect of APT on the release rate of CUR
and DOX. In general, cancerous cells have higher tem-
peratures and lower pH than normal cells [48]. Indeed,
the pH and temperature of the surrounded environment
of nanocarriers have an impact on the rate of drug
release. Therefore, pH 7.5/temperature 37°C and pH 5.5/
temperature 42°C were selected for normal and cancer
cells, respectively. Based on the obtained results, the

designed formulation has shown thermo- and pH-sensi-
tive properties. The highest release rates of CUR and DOX,
in an acidic condition at pH 5.5 and a temperature of
42°C, were 14.97 and 81.36%, respectively (Figure 2). In
fact, acidic pH enhances the solubility of CUR resulting in
decreased interactions between the drug and CGO [49]. In
contrast, the lowest release rate was attributed to physio-
logical conditions. High temperatures weaken the m — m*
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Table 2: Zeta potential and EDX analysis of CGO and APT-CGO

Zeta potential (mV) EDX analysis

% N % P
CGO -75.0 3.6 0.06
APT-CGO -42.9 12.8 0.6

bonds and at acidic pH, the amine (—-NH,) groups of DOX
would be protonated resulting in the decrease of hydrogen-
bonding interaction [44]. As shown in Figure 2(c and d), the
release of CUR and DOX renders in the combined form
compared to the separate form. The obtained results were
similar to those of Omidi et al., Malekmohammadi et al., and
Pourjavadi et al. [43,50,51]. This thermo- and pH-sensitive
drug release profile suggested a good advantage to enhance
the drug release from nanocarriers for anticancer drug
delivery applications, leading to increased therapeutic effi-
ciency of the designed system.
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3.4 Cellular uptake assay

A targeted drug-delivery system must be able to target
specific tumor cells. Nucleolin overexpressing cells, such
as AGS, were targeted by AS1411, which was evaluated
by a cellular uptake assay in vitro. In the current study,
free DOX and CUR as well as loaded ones on APT-CGO
were co-cultured with the AGS cell line. DIL, DiIC18, and
DAPI (#,6-diamidino-2-phenylindole) dyes were used for
staining CGO and the nuclei of cancer cells, respectively.
The successful delivery of APT-CGO, CGO-CUR, APT-CGO-
CUR, CGO-DOX, APT-CGO-DOX, and APT-CGO-CUR-DOX
are depicted in Figure 3. CUR, DOX, and APT were mon-
itored as green, red, and orange fluorescence, respectively.
The free form of the drugs showed fluorescence intensity
similar to that of the loaded form. The free forms pass into
the cells by two pathways: diffusion mechanism through
the cell membrane, and endocytosis that is counted as a
key route for the loaded drugs [52]. When the drugs are

90
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o 950
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Figure 2: The drug release profile of (a) CUR from APT-CGO-CUR, (b) DOX from APT-CGO-DOX, (c) CUR from APT-CGO-CUR and APT-CGO-CUR-
DOX, and (d) DOX from APT-CGO-DOX and APT-CGO-CUR-DOX at pH 7.5, 37°C.
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Figure 3: Cellular uptake images of AGS cells, incubated with (a) APT-CGO, (b) APT-CGO-CUR, (c) APT-CGO-DOX, and (d) APT-CGO-CUR-DOX

for 180 min. DAPI (blue) was used for nucleus staining.

linked to CGO, weak fluorescence intensity is emitted
because of quenching the property of CGO [53]. Although
the solubility of CUR as a hydrophobic drug was enhanced
through CGO, its release was low leading to weak fluores-
cence. These results are in good agreement with the results
of Zhao et al., which have shown a similar cellular uptake
for free CUR and CUR-loaded lipid-polymer hybrid nano-
particles [54].

3.5 Cytotoxicity assay

Although the use of chemotherapeutic agents plays a key
role in the treatment of tumor cells, its efficacy has been
limited due to broad side effects on noncancerous cells
and drug resistance. In fact, cancer cells target multiple
pathways to overcome chemotherapy. As a result, combina-
tion therapy is a good strategy to overcome drug resistance
by targeting several pathways in tumorigenesis [5]. In the
current study, CUR and DOX were loaded simultaneously
on APT-CGO. The inhibitory effects of free CUR, free DOX,

free CGO, APT-CGO, APT-CGO-CUR, APT-CGO-DOX, and
APT-CGO-CUR-DOX on the AGS cell line were investigated
using MTT assay (Figure 4). Figure 4a shows negligible
cytotoxicity of CGOin a dose-dependent manner in the treat-
ment of AGS (all formulations). As shown in Table 3, free
CUR and DOX have lower IC5, values than that of the loaded
form on CGO, while the ICs, values of APT-CGO-CUR, APT-
CGO-DOX, and APT-CGO-CUR-DOX were very similar to
those of free CUR and DOX. When CUR was accompanied
with DOX, the cytotoxicity was increased demonstrating an
enhancement in cancer treatment efficiency. Interestingly,
the current result of the MTT assay was inconsistent with
the result of release profiles, that is the cytotoxicity of free
CUR and DOX was higher than those of CGO-CUR, CGO-DOX,
and CGO-CUR-DOX. In the presence of APT, the toxicity of
APT-CGO-CUR, APT-CGO-DOX, and APT-CGO-CUR-DOX
was increased due to the targeting property of APT.
Although nucleolin is not overexpressed on the surface
of all kinds of tumor cells, developing a targeted drug
delivery system based on GO, especially for carrying hydro-
phobic agents, maybe a good option for increasing the
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Figure 4: Cytotoxicity analysis of (a) free CGO and APT-CGO in AGS after 48 h. (b) Different concentrations of free CUR and APT-CGO-CUR in
AGS after 48 h. (c) Different concentrations of free DOX and APT-CGO-DOX in AGS after 48 h. (d) Different concentrations of free CUR-DOX

and APT-CGO-CUR-DOX in AGS after 48 h.

effectiveness of cancer treatment in nucleolin overexpres-
sing cancer cells [55]. Previous studies have improved the
efficacy of GO-conjugated PEG used for the delivery of pacli-
taxel in prostate cancer, nonsmall cell lung cancer (A549),
and breast adenocarcinoma (MCF-7) [56,57]. Most antic-
ancer drugs are not able to act on cancer cells specifically,
leading to side effects on normal cells; subsequently, tar-
geted drug delivery systems have been designed [58].
AS1411 has reached clinical trials (phases I and II) [59].
After attaching to nucleolin with high affinity, the targeted

Table 3: 1C5 values of DOX and CUR on AGS cells after 48 h

system can penetrate into some cancer cells such as
breast, colorectal, prostate, AGS, and NSCLC [60-62]

3.6 Real-time PCR

The current study evaluated the expression of RB1, CDK2,
AKT1, and NF-KB genes, which were involved in different
pathways, regulating the survival of cancer cells. As
shown in Figure 5, all formulations of free CUR, free

1Cs0 (UM) CUR DOX CUR-DOX

APT-CGO-CUR APT-CGO-DOX APT-CGO-CUR-DOX

AGS 38.15 + 3.69 0.88 + 0.97 17.52 + 2.80

44.50 £ 4.79 0.64 + 0.70 14.02 + 2.86
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Figure 5: Effect of free CUR, APT-CGO-CUR, free DOX, APT-CGO-DOX, free CUR-DOX, and APT-CGO-CUR-DOX on the expression of (a) RB1 (b) CDK2
(c) NF-KB (d) AKT1 in the AGS cell line after 48 h. Results are expressed as mean + standard deviation: *p < 0.05; **p < 0.01; ***p < 0.001.

DOX, and APT-CGO-drugs reduced the expression of
CDK2, AKT1, and NF-KB genes and increased the expres-
sion of RB1 in the treated cells. APT-CGO-CUR, APT-CGO-
DOX, and APT-CGO-CUR-DOX have shown similar results
to free CUR, free DOX, and free CUR-DOX, respectively.
Increased expression of RB1 along with reduced expres-
sion of CDK2 monitors the arrest of cells at the G1 phase
of the cell cycle. Previous studies displayed that CUR
enhanced apoptotic cell death through downregulation
of survivin and Bcl2 and upregulation of Bax [63,64].
Also, CUR can induce cell death by induction of ROS
[65], suppressing NFKB [66], and activation of death

receptors [67]. In another study, CUR decreased the expres-
sion of CCNE1, E2F1, and CDK2 while it increased the
expression of PTEN inducing cell cycle arrest in the cells
treated with CUR. Earlier studies have demonstrated a
strong link between the upregulation of CDK inhibitors
(p16, p21, and p27) and induction of cell cycle arrest and
apoptosis [68,69]. Also, CUR has shown an anti-prolifera-
tive effect on Y79 RB cells via modulation of miR-26a and
upregulation of Rb1 [70]. DOX can motivate two models
of cell death by regulating Cdk2 kinase and Cdc2. A low
dose of DOX induces cell death by transient activation of
Cdk2 kinases, cyclin A, cyclin B, and Cdc2 1-day after the
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Figure 6: Effect of different formulations on the protein levels of (a) RB1 and (b) CDK2.

treatment. On the other hand, a high dose of DOX causes
apoptosis by reducing Cdc2, Cdk2 kinase, cyclin A and
cyclin B [71]. The phosphatidylinositol 3-kinase (PI3K)/AKT
pathway involved in various cellular processes, including
proliferation, survival, metabolism, growth, angiogenesis,
and metastasis, was demonstrated in previous research stu-
dies [72]. This hyperactivated pathway plays a significant
role in the pathogenesis of breast cancer and resistance to
chemotherapy [73]. AKT activates NF-kB as its own subset by
phosphorylating IkB kinase (IKK), resulting in the release of
transcription factor NF-xB from IkB [74]. The hyper-activa-
tion of NF-kB has been diagnosed in many types of cancer,
such as breast cancer and gastric cancer that suppresses
apoptosis [75,76]. In the current study, downregulation of
NF-kB in all treated cells may contribute to apoptosis.

3.7 Western blot analysis

Real-time PCR and western blot analyses were conducted
to measure the expression of RB1, CDK2, AKT1, NF-KB, RB1,
and CDK?2 at the levels of gene and protein, respectively. The

effect of free APT, APT-CGO, free CUR, free DOX, free CUR-
DOX, CGO-CUR, CGO-DOX, APT-CGO-CUR, APT-CGO-DOX,
and APT-CGO-CUR-DOX on the expression level of RB1 and
CDK2 were evaluated after 48 h (Figure 6). APT-CGO and
CGO-CUR did not change the level of RB1 and CDK2 mark-
edly, while free CUR, free DOX, free CUR-DOX, CGO-DOX,
APT-CGO-CUR, APT-CGO-DOX, and APT-CGO-CUR-DOX
remarkably increased the expression of RB1 compared to
untreated controls. Also, the level of RB1 was not changed
by free APT compared to APT-containing CGO. Co-delivery
of free CUR-DOX by APT-CGO resulted in an enhanced level
of RB1 compared to single- and free-form of CUR or APT.
Interestingly, the results of western blot analysis were in
agreement with the obtained result of RT-PCR (Figure 7).

3.8 Apoptosis analysis

In the current study, the cytotoxicity of the drugs and
APT-CGO delivery system was assayed not only by the
MTT method but also by an alternative method, Annexin
V-FITC/PI double staining. Before probing the cells with
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Figure 7: Cell apoptosis evaluated with an Annexin V-FITC kit, after the treatment of cells for 48 h.

flow cytometry analysis, the cells were stained with Annexin
VFITC or PI Figure 7 shows the apoptotic rate of AGS cells.
The living cells (FITC™/P~ or double negative), late apoptotic
cells (FITC*/PI" or double-positive), early apoptotic cells
(FITC*/PI") and necrotic cells (FITC™/PI*) are depicted as
Q4, Q3, Q2, and Ql, respectively, in the flow cytometry chart.
The apoptosis rates of the cells treated with free APT and
APT-CGO were 0.85 and 0.6%, respectively, which were
similar to those of the untreated cells (0.79%) because, in
this research, a low concentration of biocompatible GO was
used. Therefore, the apoptotic effect of this system was neg-
ligible. Also, the apoptosis rates of the cells treated with free
CUR and free DOX were 8.52 and 7.95% higher than those
treated with CGO-CUR (0.89%) and CGO-DOX (4.42%),
respectively. However, the apoptosis rate was increased
to 9.12 and 13.5%, when the cells were treated with APT-
CGO-CUR and APT-CGO-DOX, respectively. When DOX
was co-delivered with CUR in free CUR-DOX, the rate of
apoptosis was enhanced to 18.34%. Ultimately, the highest
cell death rate in all groups was 20.82%, which belonged
to APT-CGO-CUR-DOX. These results are consistent with

the results of the MTT method. Ramasamy et al. co-deliv-
ered DOX and quercetin (QC) through pH-sensitive poly-
peptide-based nanocarriers. The results showed that QC
increased the cytotoxic effect of DOX and induced cell
apoptosis [77].

4 Conclusion

In this research, CGO as a suitable nanoparticle was
selected due to its broad surface and bipolar properties,
establishing the co-delivery of CUR and DOX in the AGS
cell line. Although the release rate of CUR was less than
15%, the loading efficiency of CUR and DOX was favor-
able. The release profile was influenced by pH and tem-
perature, which differentiated normal and cancer cells.
MTT assay displayed that the ICso values of the drugs
loaded on CGO were higher than the free forms, resulting
in more capability of drug loading and controlled release,
as well as localized delivery, which, in turn, causes fewer
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side effects on noncancerous cells. When APT was added
to CGO-drugs, the cytotoxicity was increased implying suc-
cessful targeting of APT to cancer cells. The upregulation of
RB1 and downregulation of CDK2, AKT1, and NF-KB genes
displayed that cell cycle arrest occurred at the G1 phase.
Therefore, the presented results suggested that APT-CGO-
CUR-DOX was a promising platform for targeting and com-
bination therapies to enhance the expression of RB1, and to
decrease the expression of CDK2, AKT1 and NF-KB genes,
and to induce apoptosis. Therefore, this thermosensitive
and controlled release of the drug delivery system may be
a great option for the treatment of gastric cancer. For enhan-
cing the release rate of CUR and DOX, photodynamic and
photothermal therapy can be used in future research work.
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