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Abstract Graphene oxide (GO) nanosheet is a drug de-
livery system due to its structural properties, which can be
augmented in presence of folic acid (FA). This study aimed
to compare the efficacy of GO as a passive (GO/DOX) and
active (GO/FA/DOX) forms for delivering doxorubicin
(DOX). These two forms of conjugates were characterized
before and after loading of DOX to confirm the conjuga-
tion as well as their properties including size and thermal
stability. Using Ehrlich ascites carcinoma (EAC) cell line,
the antitumor effect was evaluated by MTT assay in vitro
and cell count; tumor cell cycle and apoptosis were eval-
uated by flow cytometry in vivo. The results showed that
the loading percentages of DOX onto GO (GO/DOX) and
GO/FA/DOX were 91% and 83%, respectively. TEM, FT-
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IR, and TGA confirmed the nano size, physical conjuga-
tion by shifted groups, and thermal stability. In vitro, the
conjugates induced similar decrease of EAC cell viability,
but still lower than those of free DOX. Treatment of EAC-
bearing mice with GO/DOX or GO/FA/DOX forms in-
duced significant decreases of the total numbers of EAC
cells by 79% and 97%, respectively, as compared with free
DOX (97%). DOX, GO/DOX, and GO/FA/DOX induced
cell cycle arrest at GO, G1, and S phase, respectively. These
conjugates also induced significant apoptosis with different
profiles on viable, early, and late apoptotic EAC cells. In
conclusion, loading DOX on GO nanosheet activated with
FA can induce antitumor effect similar to those of free
DOX but with different mechanisms.
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Introduction

Graphene oxide (GO), a form of graphene, belongs to
carbon nanoparticles family as graphite, fullerenes, and
carbon nano tubes (Geim and Novoselov 2007). GO
structure consists of a single atom thick sheet of sp
hybridized carbon atoms arranged in a hexagonal lattice.
The carbon atoms in GO are attached together via co-
valent bonds in the same plane, forming sheets arranged
through weak Van der Waal forces (Muazim and
Hussain 2017). This structure of GO provides remarkable
large surface area, physical, chemical, good thermal, and
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electrical conductivity properties, which make GO suitable
substrate for functionalization through covalent (Khan et al.
2017) and non-covalent methods (Siriviriyanun et al. 2015)
as hydrogen bonding, 7- 7t stacking, hydrophobic and
electrostatic interactions without chemical interactions
which may lead to critical manipulations of the structure.
GO has been used in several studies to deliver different
drugs including doxorubicin (DOX). Structurally, DOX
consists of a tetracyclic ring with the sugar daunosamine
attached by a glycosidic linkage and is considered a wide
spectrum of activity and is being used as standard chemo-
therapeutic agent against solid tumors (Minotti et al. 2004).
DOX belongs to the class of cycle-phase nonspecific drugs
which can kill tumor cells with a variety of cell cycles
(Coffelt and de Visser 2015). Taken together, the structure
and properties of GO and DOX, GO-based materials can
enhance the potential use of GO as a drug delivery carrier
especially for cancer therapeutic drugs.

The drug delivery properties of GO can be further
enhanced after its conjugation with a ligand that specifi-
cally bind to its receptor on the target cells. This form of
GO is considered an active form. The active forms of GO
are used as a target drug delivery system through receptor-
mediated endocytosis (Stella et al. 2000) with the main
goal to target cancer cells through certain receptors that are
rich on cancer cells but not healthy cells (Bhatia 2016).
With this regard, several ligands can be used as molecular
signatures on the surface of cancer cells (Kim et al. 2015),
including peptides (Nasongkla et al. 2004), transferrin
(Daniels et al. 2006), polysaccharides (Janes et al. 2001),
monoclonal antibodies (Dinauer et al. 2005), and folic acid
(FA) (Licciardi et al. 2006).

The main goal of this study was to compare the antitu-
mor effects of GO loaded with DOX in a passive (GO/
DOX) and an active (rGO/FA/DOX) forms with those of
free DOX as well as to explore whether they have different
or similar mechanistic effects on tumor cell apoptosis and
cell cycle as described in schematic diagram (Fig. 1). Our
results indicate that the passive and active forms of GO/
DOX conjugates induce similar antitumor effects but with
different profiles on cell cycle and apoptosis.

Materials and methods
Reagents and antibodies

Graphite power (~ 60 meshes, 98% purity) was purchased
from LOBA Chemie, India and was used as received.
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Potassium permanganate, potassium dihydrogen phos-
phate, sodium hydrogen phosphate, sulfuric acid (97—
99%), methanol, hydrogen peroxide (30%v/v) and
dimethylsulfoxide (DMSO), phosphoric acid, and hydro-
chloric acid (30-34%) were obtained from SDFCL, folic
acid from El-Nasr Pharma (Chem. Co, Egypt). Buffered
phosphate saline (PBS), complete RPMI-1640 medium
with amino acids, antibiotics, and MTT (3-(4, 5-dimethyl-
thiazol-2-yl)-2, 5-diphenyltetrazolium bromide) were pur-
chased from Sigma (Cairo, Egypt). Triton 100X, RNase,
Propodium iodide (PI), and annexin V, used for cell cycle
and apoptosis analysis, were purchased from BD biosci-
ences (CA, USA). Ehrlich ascites carcinoma (EAC) cell
line was purchased from the National Cancer Institute
(Cairo, Egypt) and maintained in the ascetic form by
sequential passages in female Swiss albino mice by means
of biweekly intraperitoneal (i.p.) injection of 2.5 x 10°
tumor cells/mouse suspended in 0.1 ml PBS.

Synthesis of GO

The Hammer’s improved method is utilized for the
synthesis of GO Marcano et al. (2010). Typically, 9:1
mixture of H,SO4/H;PO,4 (360:40 ml) was added to 3 g
of graphite powder. After a quiet stirring, 18 g KMnO4
was added gradually producing a slight exothermic ~
35-40 °C. The reaction was then warmed to 50-55 °C
and stirred continuously for 24 h. After the suspension
color change from black to brown, the reaction was
cooled to room temperature before it was transferred
onto cold water 500 ml with 5 ml of 30%v/v H,O,.
For work-up, the mixture was then washed in sequence
with 100 ml of 30% HCI, demineralized water numer-
ous times, and the supernatant was decanted away after
being checked for sulfate, phosphate, and chloride ions.
The remaining solid material was dried overnight at
60 °C, obtaining ~ 5 g of GO powder.

Loading FA on GO

One milligram of FA was dissolved into 10 ml of deion-
ized water having 4 drops of hydrazine monohydrate
and simply mixed with aqueous GO solution (I mg in
10 ml of deionized water), resulting in solution of GO/
FA mixture. Chemical reduction of GO/FA mixture with
4 drops of hydrazine monohydrate was performed at
80 °C for 4, 8, or 12 h. To remove excess hydrazine
and any nonconjugated FA from rGO/FA conjugate,
ultracentrifugation was performed at 12000 rpm,
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Fig. 1 Schematic diagram demonstrating the synthesis of GO/DOX (passive form; upper panel) and GO/FA/DOX (active form; lower panel)

forming precipitation of rGO/FA conjugate, which is
readily dispersible again in aqueous media.

DOX loading performance of GO and rGO/FA
conjugate

DOX (1 mg ml™") in H,O was added to GO or rtGO/FA
(1 mg mI™") conjugate solution (0.05 mg/ml™") in phos-
phate buffered saline (PBS) at pH 7.4 under vigorous
stirring for 12 h under dark condition. Unconjugated
DOX was removed by centrifugation at 12000 rpm.
The DOX concentration after centrifugation was calcu-
lated from a calibration curve which is obtained by
measuring the absorbance at A\, =480 nm in UV-Vis
spectrophotometer of several DOX solutions with
known concentrations. Subtraction of the DOX concen-
tration from the initial concentration of DOX added into
the solution of GO or rGO/FA conjugate provides DOX
loading efficiency of rGO/FA conjugate. The DOX
loading percentage was measured via the absorbance
at Amax =490 nm and calculated using Eq. (1):

Co—C
Loading% = ——** x 100 (1)
maGo

where C, represents the concentration of DOX, Cg,p, the
concentration of DOX in the supernatant after reaction,
and mgo, the mass of GO. The calculated dose—
response curve of DOX content according to the

standard curve of absorbance versus DOX concentration
was plotted.

Experimental animals

Female Swiss albino mice (6-weeks old and weighed
20+ 3 g) were obtained from Company for Biological
Products and Vaccines (VACSERA), Cairo, Egypt. All
mice were housed at animal unit, Zoology Department,
Faculty of Science, Tanta University, Egypt upon the
approval of the institutional ethical committee. All ani-
mals were housed under the same environmental condi-
tions for 1 week before experimentation for acclimati-
zation. Mice were housed under standard laboratory
conditions (temperature 22 °C+2 °C; 12 h light-dark
cycle) and kept in plastic cages with free access to the
commercial basal food and water.

In vitro cytotoxicity of conjugates

In vitro, cytotoxicity of EAC cells was done using MTT
assay. Briefly, EAC cells suspended in complete RPMI-
1640 medium then, seeded in 96 well plates at a density of
1 x 10* cells per well. After 24 h, GO, GO/DOX, or rGO/
FA/DOX conjugates were added to the cultured cells at the
concentration of 50 pg/ml for 48 h. Then, the supernatants
were removed and the 10 ul MTT was added and kept for
further 4 h. After discarding the supernatant, the formazan
crystals were solubilized with 200 ul DMSO for 15—
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30 min. The optical density (OD) of solutions was then
read at 540 nm by spectrophotometer (ELx 808 ultra-
microplate reader, Bio-Tek instruments, USA). Triplicate
of each sample was done and untreated cells were served
as negative control. A blank was performed in parallel to
monitor the influence of RPMI-1640 medium on the as-
says. The cell viability was calculated as follows:

Tumor cell viability% = OD (test)—OD (blank)/OD

(control)—OD (blank) x 100

In vivo antitumor effects of conjugates

Naive female mice were implanted with i.p. injection of
2.5x10° EAC cells/mouse and then divided randomly
into designated groups (n=9/group). One day later,
EAC-bearing mice were treated with PBS, 300 ul DOX
(15 mg/kg), GO/DOX, and rGO/FA/DOX. While DOX
concentration in the conjugates was adjusted at 15 mg/kg
(Osman et al. 2013). All mice were sacrificed on day 10
post EAC inoculations by cervical dislocation.

Measuring cell cycle of EAC cells by flow cytometry

EAC cells were harvested from EAC-bearing mice, which
were treated with PBS, DOX, GO/DOX, or rGO/FA/
DOX, washed twice with ice-cold PBS, and fixed with
70% ethanol at 4 °C overnight. The fixed cells were
resuspended in 300-500 pl Pl/riton X 100 staining solu-
tion (1000 pl of 0.1% triton + 40 ul PI+ 20 ul RNAse), for
30 min at 37 °C in the dark. The cells were then centri-
fuged at 1000xg and the number of cells at the different
phases of the cell cycle was analyzed using flow cytometry
(BD FACSCanto II flow cytometry (BD Biosciences,
USA) and the data were analyzed using the BD FACS
Diva software).

Measuring apoptosis of EAC cells by flow cytometry

EAC cells were collected from EAC-bearing mice that
were previously treated with PBS, DOX, GO/DOX, or
rGO/FA/DOX. EAC cells were washed twice with ice-
cold PBS, the cell density was calculated, and the cells
were resuspended in 1X annexin-binding buffer to ob-
tain a final density of 1 x 10° cells/ml. One hundred
microliter of the cell suspension was placed into 1.5-
ml eppendorf tubes and 5-uL annexin V-fluorescein
isothiocyanate (FITC), and 1 puL PI (100 pg/ml)
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working solution was added. Stained EAC cells were
then incubated at room temperature for 15 min followed
by addition of 400 puL of 1X annexin-binding buffer
with gentle mixing then the samples kept on ice. The
cells were then analyzed by flow cytometry.

Statistical analysis

The data were presented as mean + standard error of the
mean. Statistical comparisons among prospective groups
were analyzed using the one-way analysis of variance
(ANOVA) as part of the SPSS software package (v.16.0
for Windows, 2007; SPSS, Inc., Chicago, IL). Statistical
significance was determined by a post hoc test followed by
Dunnett’s multiple comparison tests to compare treatment
means with respective controls. P values less than 0.05
were considered significant.

Results

Loading capacity of GO/DOX and rGO/FA/DOX
conjugates

The loading percentage of DOX onto GO as the passive
form (GO/DOX) was 91%. In the active form (rGO/FA/
DOX)), the loading percentage of DOX and FA was 83%
and 54% (Fig. 2a).

FT-IR spectra of the conjugates

Typical FT-IR spectrum of GO is presented in (Fig. 2b).
The characteristic peaks of GO are observed as broad peak
at 3430 cm 'confirming the stretching of O-H group,
However, the peak at 2904 cm ! indicated a O-H of
carboxylic acid group and the peak at 1733 cm ™ 'showed
the stretch C=0 of ketone and aldehyde groups. Charac-
teristic peaks at 1633 cm ' depicted the presence of amino
groups (-NH bands) and aldehyde C=O0 stretches onto GO
surface explaining the loading of DOX. The alcoholic
group was shifted to 3446 cm ', strong stretch C=O band
of ketone and the aldehyde groups was shifted to
1741 ecm™', and bend N-H band of amine and amide
groups shifted to 1617 cm ', The presence of 1393 cm ™'
band indicated to alkyl halide group of stretch C-O band of
alcoholic group shifted to 1069 cm ' due to DOX capping
onto GO sheets via weak electrostatic interactions. The
band at 605 cm ' showed aromatic C-H band arising out
of hydrophobic benzene rings in the DOX molecule.
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Fig. 2 a Loading capacity percentage of DOX onto GO to form GO/DOX and onto rGO/FA to form rGO/FA/DOX conjugates. b FT-IR
characteristic FT-IR peaks of DOX loaded on GO and rGO/FA/DOX. ¢ TGA analysis of GO/DOX and rGO/FA/DOX conjugate

Finally, the characteristic peaks of tGO/FA/DOX observed 280 and 320 °C, possibly due to the loss detachment of FA.
as stretch hydrogen—bond, O-H band of alcoholic group These results revealed that the thermal properties of DOX-
shifted to 3451 cm ', stretch C=0 band of ketone and loaded GO were dominated by the DOX content.
aldehyde groups shifted to 1645 cm ™.

TEM measurements of the conjugates
Thermogravimetric analysis of the conjugates

The morphological analyses of pristine GO, GO/DOX,
Thermogravimetric analysis (TGA) curves of the pure GO/ and rGO/FA/DOX were examined by TEM measure-
DOX and rGO/FA/DOX are shown in (Fig. 2c). The curve ments. Figure 3 displays the images of GO, GO/DOX,
GO/DOX showed a weight loss in 5 steps with total weight and r-GO/FA/DOX, where it clearly shows the two-
loss (83 wt %). The first weight loss (14 wt %) is at low dimensional structure with some wrinkles on the surface
temperature (< 100 °C) and it can be assigned to the loss of and a sheet nature which ensures that morphology of
the residual adsorbed solvent. The major weight loss at the GO was stable (Fig. 3).
onset of 511 °C with (34 wt %) and this could be attributed
to the breakdown of the carbon-oxygen contents. When In vitro antitumor effects of free DOX versus conjugates
the temperature reached 800 °C, the remained 17 wt % and
almost no weight loss occurred after this temperature. For As shown in (Fig. 4a), when GO/DOX or rGO/FA/DOX
the rGO/FA/DOX, the weight loss displayed on four steps conjugates was added to EAC cell culture, they were

with total weight loss 78 wt %. The slow weight loss, precipitated as dark aggregations as indicated by
9.88 wt %, at low temperature < 100 °C can be attributed inverted microscope. We then used MTT assay to assess
to evolved adsorbed solvent. The large weight loss was the viability of EAC tumor cells after their treatment

observed at the onset of 588 °C with weight loss (42 wt %) in vitro with 50 pg/ml of DOX or GO/DOX or rGO/FA/
that may be referred to the breakdown of the —-COO. A DOX conjugates for 48 h. The viability of EAC cells
weight loss of approximately 50% was observed between was decreased by 24%, 68%, and 75% after treatment
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GO/DOX

Fig. 3 TEM images of conjugates showing GO (left), GO/DOX (middle), and rGO/FA/DOX (right)

with free DOX, rGO/FA/DOX, and GO/DOX, respec-
tively, relative to the PBS-treated EAC cells (Fig. 4b).

In vivo antitumor activities of free DOX versus
conjugates

EAC-bearing mice were i.p. injected with DOX or conju-
gates. The results revealed that treatment of EAC-bearing
mice with DOX, GO/DOX, or rtGO/FA/DOX significantly
induced reduction in the total number of tumor cells by 46-
fold, 5-fold, and 28-fold, respectively comparing with
PBS-tread mice (Fig. 5), indicating that rGO/FA/DOX
conjugate is more effective than GO/DOX.

Effects of free DOX versus conjugates on EAC cell
cycles

When EAC-bearing mice were treated with free DOX,
EAC cell cycle was arrested at GO phase (80.8%). In case

EAC Free DOX

a Y

GO/DOX r.GO/FA/DOX

Dark aggregation

Fig. 4 Effect of GO/DOX and rGO/DOX/FA conjugates on tu-
mor cell viability. EAC cells were cultured in vitro for 48 h and
then assessed under inverted microscope and then stained with
trypan blue for viability assay. a The culture with the conjugates
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of treatment with GO/DOX and rGO/FA/DOX forms,
EAC cell cycle was arrested at G1 phase (50.9%) and S
phase (46.2%), respectively (Fig. 6).

Effects of free DOX versus conjugates on apoptosis
of EAC cells

Evaluation of apoptosis of EAC tumor cells collected
from EAC-bearing mice treated with free DOX, GO/
DOX, and rGO/FA/DOX was assessed by annexin/PI
staining by flow cytometry. The results showed that
active form rGO/FA/DOX induced significant increase
of early apoptotic percentage (7%) compared with free
DOX (4%). rGO/FA/DOX induced significant increase
of late apoptotic percentage (70%) compared with free
DOX (44%). When treatment with GO/DOX passive
form induced a significant increase in necrotic cell per-
centage (26%) as compared with free DOX (4%) and
rGO/FA/DOX active form (7%) (Fig. 7).

150 - I ok 1
] x | b
1 . 1
1004
504
0-

DOX. GO.DOX. r.GO.FADOX.

displayed dark aggregations (lower panel). Data are represented as
mean =+ SE (n=3). * P<0.05, ** P<0.01, **** P<0.0001 sta-
tistically significant comparison of control group and other treated
groups
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Fig. 5 Antitumor effects of GO/DOX and rGO/DOX/FA conjugates
on tumor cell viability. CD1 mice (n = 8) were challenged intraperito-
neally with 2.5 x 10° viable EAC cells. After 24 h of tumor challenge,
EAC-bearing mice were treated with GO/DOX, rGO/FA/DOX, free
DOX, or PBS. The dose of DOX in conjugated was adjusted. Mice
were sacrificed on day 10 and EAC cells were harvested from the
peritoneal ascites. The total numbers of EAC cells were counted by
hemocytometer using trypan blue assay. Data are represented as mean

+SE (n=3), **** P<0.0001 statistically significant comparison of
control group and other treated groups

Discussion

Our results showed that the active form of GO conjugate
(rGO/FA/DOX) induced higher antitumor effect than
the passive form. Interestingly, the passive and active
form (GO/DOX) showed different trans on tumor cell
cycle and apoptosis.

Given the applicability of GO as a potential drug
delivery system, we compared in this study the antitu-
mor efficacy of free DOX and conjugated DOX with
GO alone (passive) or in combination with FA (active).
Our results showed that conjugation of DOX with GO
alone or in the presence of FA did not interfere with the
antitumor effect of DOX both in vitro and in vivo. Taken
together, our results indicate to the potential of conjuga-
tion of GO with anticancer chemotherapeutic drugs in
particular aromatic structure drugs.

In our study, we found that the loading capacity
of DOX on GO reached 91% which is consistent
with the previous study which recorded over 90%
conjugation of GO with DOX (Chen et al. 2014).
This conjugation on one hand could be explained
mainly through 7t-7t stacking interaction (Zhao et al.
2011). On the other hand, it could be explained as
the -NH, groups of DOX is expected to form addi-
tional hydrogen bonding with GO which was con-
firmed by FT-IR spectrum. However, in the presence
of FA, the loading of DOX reached only 83%. This
reduction in the loading capacity could be explained
by chemical manipulation of GO during its reduc-
tion to form rGO when the majority of the oxygen-
ated functional groups are removed to make a space

A EAC DOX
g Apoptosis G0/G1 G2M G0/G1 N G2M
pop
4.8% 7.2% 4.8% 6.9%
g g
8
g =2
=
- - & ERSTHVN SN TWN. "W SYreee.s
= 100 150 200
5 1] 100 130 200 )
&) GO/DOX.
p=
2 Apoptosis S G2M 8 Apoptosis G2M
8 13.5% 8.2% 8 3.3% 129
s g
b=
= 8
- g
= 2
o =1 —_—
50 100 150 200 200
T 200 AR
Nuclear DNA content

Fig. 6 Effects of GO/DOX and rGO/DOX/FA conjugates on
tumor cell cycle. CD1 mice (n = 8) were challenged intraperitone-
ally with 2.5 x 10° viable EAC cells. After 24 h of tumor chal-
lenge, EAC-bearing mice were treated with GO/DOX, 1/GO/FA/
DOX, free DOX, or PBS. The dose of DOX in conjugated was
adjusted at 15 mg/kg. Mice were sacrificed on day 10 and EAC

cells were harvested from the peritoneal ascites. Equal numbers of
EAC cells were used for cell cycle assay using flow cytometry
after their staining with propidium iodide (PI). Cells were analyzed
by flow cytometry for the marker indicated on the representative
histograms
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for FA (Akhavan et al. 2012) or the competition
between FA and on GO surface.

To compare the antitumor efficacy of free DOX and
conjugated DOX, we used in vitro and in vivo systems.
We used the in vitro system to address whether the conju-
gates possess direct antitumor effect as free DOX. As
expected, DOX showed strong antitumor effect as mea-
sured by MTT cell viability. In line with previous studies
which reported that GO/DOX conjugates had antitumor
effects on different cancer cell lines (Fong et al. 2017), our
in vitro results also showed that DOX conjugation with
GO resulted in appreciated antitumor effects on EAC cells.
However, both the passive (GO/DOX) and active GO/
FA/DOX) conjugates showed lower cytotoxic effect on
EAC as compared with free DOX. Although it is not clear
why conjugates of DOX resulted in this lower antitumor
effect, it could be suggested due to different mechanisms.
One possible mechanism could be that the release of DOX
from GO takes longer time than free DOX. Additionally,
conjugates behave as a colloid and may react with the
culture media and form protein corona (McCallion et al.
2016) which may disturb the culture microenvironment
such as nutrients and PH (Mahmoudi et al. 2010). This is
likely to be a working hypothesis, as we found dark
aggregations between the cultured cells. (Fig. 4a).

Opposite to the in vitro results, our in vivo studies
showed that the antitumor effects of the conjugates are
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harvested from the peritoneal ascites. Equal numbers of EAC cells
were used for apoptosis assay using flow cytometry after their
staining with annexin-V and PI. Statistical analysis of viable cells
(upper left), early apoptotic cells (upper right), necrotic cells
(lower left), and late apoptotic cells (lower right)

similar to those of free DOX as indicated by the decrease
in the total number of tumor cells after treatment. Of
note, we found in our study that the active form of the
conjugate (rGO/FA/DOX) showed higher antitumor effect
than its passive form (GO/DOX). The higher effect of
active versus passive form could be explained by the
possibility of binding of FA to its membrane-bound recep-
tor (FA receptor) which acts as cellular transporter for FA
(Kamen and Capdevila 1986), where FA is uptaken into
the cytosol through endocytosis (Low et al. 2008). Our
results are in line with the previous studies which showed
overall that the antitumor effect of the active GO is superior
to its passive form against several tumors. For instance, the
encapsulated hyaluronic acid-chitosan-g-poly N-
isopropylacrylamide (HACPN) GO/FA/DOX/HACPN
showed higher antitumor efficacy against xenograft breast
tumor (MCF-7; MCEF-7/Luc cells) than its passive form
(Fong et al. 2017). Since, it was also found that tGO/FA/
DOX nanosheets coated with an antiangiogenic anticancer
derivative of low-molecular-weight heparin (LHT7)
showed the greatest antitumor effect in tumor bearing,
suggesting that the nano carriers conjugated with FA can
be targeted to tumor cells and internalized through
receptor-mediated endocytosis (Prabaharan et al. 2009;
Stella et al. 2000).

Anticancer compounds demonstrate their antitumor ef-
fect either by arresting the cell growth at a specific
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checkpoint of cell cycle or by induction of apoptosis
Gerard and Karen (2001). The efficacy of GO/FA/DOX
and GO/DOX to induce apoptosis of MCF7 cells and
multiple myeloma in vitro was reported (Fong et al.
2017; Wu et al. 2014). As such, we analyzed the impact
of treatments with conjugates on these two parameters.
Regarding cell cycle, we found that GO/DOX and rGO/
FA/DOX treatments arrested the cell cycle at G1 and S
phase, respectively. Treatment with free DOX, however,
induced tumor cell cycle arrest at sub-GO phase. Previous
studies showed that GO and rGO induce cell cycle arrest at
the GO/G1 phase suggesting that active GO causes more
potent toxic effects than reduced GO (Khan et al. 2016;
Matesanz et al. 2013). Consistent with this notion, previous
studies also showed that treatment with nanomaterials may
lead to cell cycle arrest at various phases (Liu et al. 2017;
Patel et al. 2016). With regard to apoptosis, the current
study showed that as compared with the anti-apoptotic
effects of free DOX, rGO/FA/DOX treatment induced
significant increases in the early and late apoptotic EAC
cells in contrast with GO/DOX which caused high induc-
tion of necrotic cells. Late apoptotsis is considered to be a
good marker to the antitumor effect of compound than
necrosis. These data suggest that the antitumor effects of
conjugates are mediated by both arresting tumor cell cycle
and induction of apoptosis.

In conclusion, the data of the current study indicate that
although conjugates had similar antitumor effects as free
DOX, their effects on cell cycle and apoptosis are different.
These results open new door for investing the cellular and
molecular mechanisms of these conjugates as well as to
compare its adverse effects with those of DOX.
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