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Purpose: Expanded research on the biomedical applications of graphene has shown promis-
ing results, although interactions between cells and graphene are still unclear. The current
study aims to dissect the cellular and molecular effects of graphene nanocomposite in
photothermal therapy against cancer, and to evaluate its efficacy.

Methods: In this study, a reduced graphene oxide and iron oxide (rGO-Fe;04) nanocompo-
site was obtained by chemical synthesis. The nanocomposite was fully characterized by
Raman spectroscopy, TEM, VSM and thermal profiling. Cell-nanocomposite interaction was
evaluated by confocal microscopy and viability assays on cancer cell line HeLa. The efficacy
of the thermal therapy and changes in gene expression of Bcl-2 and Hsp70 was assessed.
Results: The resulting rGO-Fe;O4 nanocomposite exhibited superparamagnetic properties
and the capacity to increase the surrounding temperature by 18-20°C with respect to the
initial temperature. The studies of cell-nanocomposite interaction showed that rGO-Fe;0,4
attaches to cell membrane but there is a range of concentration at which the nanomaterial
preserves cell viability. Photothermal therapy reduced cell viability to 32.6% and 23.7% with
50 and 100 pg/mL of nanomaterial, respectively. The effect of treatment on the molecular
mechanism of cell death demonstrated an overexpression of anti-apoptotic proteins Hsp70
and Bcl-2 as an initial response to the therapy and depending on the aggressiveness of the
treatment.

Conclusion: The results of this study contribute to understanding the interactions between
cell and graphene and support its application in photothermal therapy against cancer due to
its promising results.

Keywords: reduced graphene oxide, iron oxide, photothermal therapy, cell viability, anti-
apoptotic genes, molecular effect

Introduction

Cancer has become one of the principal causes of death around the world.
According to WHO in its last report, in 2018, 18.1 million new cases of cancer
were estimated, along with 9.6 million related deaths. Furthermore, the
International Agency for Research in Cancer (IARC) estimates that, worldwide,
the number of new cases will rise to 43.8 million within the next five years.' Given
this situation, much work has gone into developing new, minimally invasive and
more efficient therapies that may reduce side effects in cancer patients. Some of
these alternative treatments involve immunotherapy,” epigenetic therapy,” miRNAs

and drug targets,”> and more recently, photothermal therapy. The latter relies on the
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ability of some materials to absorb light and convert it
into enough heat to destroy cancer cells®’ due to
a phenomenon known as the surface plasmon resonance
(SPR) effect.® SPR involves the induction of strong sur-
face fields over plasmonic materials due to excitation of
electrons caused by electromagnetic radiation. The relaxa-
tion of these excited electrons produces heating capable of
destroying surrounding cancer cells.’

Nanocomposites are the main plasmonic materials used
in photothermal therapy. Among them, gold and iron oxide
nanoparticles, and carbon nanotubes, have shown optical
absorption in the near-infrared (NIR) spectrum.’ This
property provides an advantage since tissues absorb
a limited amount of light in the NIR regions; furthermore,
NIR is able to penetrate biological tissues more deeply.®’
Likewise, the heating of the target region depends on the
nanoparticle concentration and on laser power.'’

Although many research efforts have focused on
designing those nanomaterials, the study of the nanocom-
posite-cell interactions and, more precisely, the molecular
mechanism involved with cellular death during the photo-
thermal therapy are still unknown. On one hand, it is
thought that temperature rising due to photothermal ther-
apy can induce greater Heat Shock Protein Hsp70° activ-
ity, which can assist the folding of denatured proteins
under conditions of environmental stress.'' On the other
hand, the activation of the intrinsic apoptosis pathway by
BCL-2 family proteins that triggers cell phagocytosis® has
been suggested as part of cellular response to therapy. The
BCL-2 family includes both pro-apoptotic and anti-
apoptotic groups of proteins involved in keeping the equi-
librium between apoptosis and homeostasis. Thus, the
activation of the Bcl-2 protein, a member of the anti-
apoptotic group, is a good indicator of the treatment effect
over cell viability.'

Despite the numerous nanomaterials that have been
studied and applied in photothermal therapy, graphene is
one of the most extensively employed. Graphene is a two-
dimensional (2D) sheet of spz—bonded carbon'? that can be

Chemical
16,17

synthesized by micromechanical cleavage,'

Vapor Deposition (CVD)," liquid exfoliation, or by

Hummers method to obtain graphene oxide (GO), which
can be reduced and functionalized.'® The unique structure

of this nanomaterial can lead to some physicochemical

15,19

properties such as high electronic and thermal con-

ductivity, plasmonic properties, large specific surface area,

20,21

biocompatibility, and a great potential for multiple

functionalization.***® Hence, in this study, we developed

and characterized a graphene-based nanocomposite for
dual photothermal therapy and bioimaging. The nanostruc-
ture was composed by sheets of reduced graphene oxide
(rGO) as the photothermal agent, and iron oxide (Fe;O4)
nanoparticles formed in situ to provide magnetic proper-
ties used for magnetic resonance imaging. Thus, the aim of
this study was to evaluate nanocomposite-cell interaction
by establishing the cytotoxic effect on cervical cancer cell
line Hela, estimating photothermal therapy efficacy, and
determining the changes in the expression of Hsp70 and
Bcl-2 proteins as an approach to understanding the mole-
cular effects of the therapy.

Materials and Methods
Reagents and Apparatus

Graphite, sodium chloride, potassium ferrocyanide, potas-
sium ferricyanide, sulfuric acid 98%, and other chemical
reagents were purchased from commercial companies
(Merck or Sigma Aldrich) and used as received. Thiazolyl
blue tetrazolium bromide (MTT), DMEM with L-glutamine,
phosphate buffer saline (PBS), fetal bovine serum (FBS), and
cDNA Reverse Transcription kits were purchased from
Thermo Fisher Scientific. Cell and dye cell assay (Kat.
ADb115347) was supplied by Abcam. Specific primers for
Hsp70 and Bcl-2 proteins were synthetized from specific
sequences published elsewhere as follows: Hsp70: 5-AG
GCCAACAAGATCACCATC-3" (forward) and 5-TCG
TCCTCCGCTTTGTACTT-3' (reverse);'' Bcl-2: 5-TTGT
GGCCTTCTTTGAGTTCGGTG-3' (forward) and 5'-GGT
GCCGGTTCAGGTACTCAGTCA-3' (reverse);”’ B-actin:
5-CGGAACGGCTCATTGCC-3" (forward) and 5-AC
CCACACTGTGCCCATCTA-3' (reverse). The HeLa cells
were obtained from the ATCC.

TEM micrographs were performed using JEOL-
1400Plus Transmission electron microscopy. Elemental ana-
lysis EDS (Energy Dispersive Spectrometer) was carried out
using the Phenom ProX desktop scanning electron micro-
scope (SEM). Magnetic properties were measured with
a Vibrating Sample Magnetometer (VSM) LakeShore
model 7404. Raman spectroscopy was carried out using
a HORIBA Raman microscope instrument model XploRA.
Photothermal capacity of nanomaterial was recorded using
a Thermal imaging camera Micro-Epsilon model TIM 160.
Confocal micrographs of nanomaterial—cell interaction were
performed using an Olympus FluoView FV1000 confocal

microscope.
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Synthesis of GO

GO was prepared using a modified Hummer’s method
according to literature.”® One gram of graphite (1 g) pow-
der was ground with 50 g NaCl for 10 min. The mixture
was washed with water and graphite was recovered by
filtration. The remaining solid was stirred in 23 mL of
H,S0,4 (98%) for 8 h. Then, 3 g KMnO, was gradually
added in an ice bath. The mixture was then stirred at
35-40°C for 30 min, and then at 65-80°C for 45 min.
Next, 46 mL of water was added and the mixture heated at
98-105°C for 30 min. The reaction was stopped by adding
140 mL of distilled water and 10 mL of H,O, (30%). The
mixture was washed by repeated centrifugation and filtra-
tion, first with 5% HCI aqueous solution, and then distilled
water. The final product was dried under vacuum.

Preparation of rGO-Fe30O, Composite
The rGO-Fe;04 composite was synthesized as reported
previously.? Briefly, 0.7 g GO was dissolved in 450 mL
of water. Concurrently, 0.4055 g FeCl; and 0.1584 g FeCl,
were dissolved in 25 mL of water and the solution was
slowly added to the aqueous GO. Then, 30% ammonia
was added to this mixture to adjust pH to 10. The tem-
perature of this solution was raised to 90°C and 10 mL of
hydrated hydrazine was added under constant stirring
resulting in an rGO. The mixture was stirred for 4 h and
cooled to room temperature. The rGO-Fe;0,4 product was
washed and filtered with water and ethanol several times
and the final product was dry under vacuum.

Material Characterization

The morphology of rGO-Fe;04 was examined by TEM
dispersing the composite in water and a sample dropped
on a copper grid; meanwhile, the composition of the nano-
material was studied by means of an EDS analysis.
Magnetic properties and configurations were defined
using a VSM among — 1.5 x 10* to 1.5 x 10* G and
Raman Spectroscopy, respectively. In order to study the
thermal activity, two concentrations of the nanocomposite
(50 and 100 pg/mL) were irradiated with an 804 nm
optical laser at a power density of 1 W/cm? for 5 min.
The temperature was recorded with a thermal imaging
camera.

Cytotoxicity Assays
Cytotoxicity was measured in vitro using standard MTT,
trypan blue staining and Calcein AM assays. HeLa cells

were seeded into 96-well cell-culture plates at 2 x 10°
cells/mL and then cultured in Dulbecco’s Modified Eagle
Medium (DMEM) and supplemented with 10% of heat-
inactivated FBS and 1% of antibiotics. Cells were incubated
at 37°C with 5% of CO, in a humidified atmosphere for 24
h. After incubation, concentrations between 10 pg/mL and
1 mg/mL of nanomaterial-culture media solution were added
and incubated for a further 48 h. Cultured cells without rGO-
Fe;0, in the media were used as negative control. Then, the
standard MTT, Calcein AM assay and trypan blue exclusion
tests were conducted to determine the cell viability. The
results were expressed as the percentage of living cells
calculated assuming the results of control cells as 100%.
LD50 was estimated by fitting a polynomial regression
model to the results and evaluating the concentration of the
nanocomposite at which 50% of the cells remain alive.

Photothermal Therapy in vitro

For photothermal therapy, HeLa cells were incubated, as men-
tioned earlier, for 24 h. These cells were seeded in a culture
plate at 2-well intervals to avoid heating interference from the
other experiments. Then, 50 pg/mL and 100 pg/mL of rGO-
Fe;04 were added to the cultured cells and these were incu-
bated for 2 h. Next, the seeded wells were irradiated with an
804 nm laser, at a power density of | W/cm? for 5 min. Finally,
a standard MTT assay was conducted to determine the cell-
killing efficacy after therapy.

mRNA Quantification (qPCR)

HeLa cells were incubated in petri dishes (3.5 ¢m of dia-
meter) and exposed to 50 pg/mL and 100 pg/mL of rGO-
Fe;0,4 as described above. After treatment, total RNA was
extracted and purified using Trizol. The cDNA synthesis
was performed using a cDNA Reverse Transcription Kit
according to the manufacturer’s instructions. The qPCR
was conducted using Power SYBR Green PCR Master
Mix, and specific selected primers for Hsp70 and Bcl-2
were used. B-actin was the housekeeping gen. The thermal
protocol consisted of 10 min polymerase activation at 95°C,
40 cycles of denaturation (15 s at 95°C) and 1 min combined
stringed annealing/extension at 60°C. Data were evaluated
with the 2722¢T method® and analyzed statistically.

Statistical Analysis

Data were analyzed in GraphPad Prism 8.4.1 using one or
two-way ANOVA with Dunnet’s or Sidak’s multiple compar-
ison to establish the difference between the treatments and
control. For all tests the significance level a was 0.05.

International Journal of Nanomedicine 2020:15

submit your manuscript

6423

Dove


http://www.dovepress.com
http://www.dovepress.com

Barrera et al

Dove

Results and Discussion
Characterization of rGO-Fe;O4

Nanocomposite

The rGO-Fe;0,4 was synthesized by precipitation of iron
oxide nanoparticles onto water-soluble GO sheets and
coupled reduction to rGO. Raman spectroscopy data
(Figure 1A) confirmed the structure of rGO reported in the
literature for graphene composites reduced by different
methods and decorated with magnetic nanoparticles.”*'=
As expected, an intense D band was found at 1340 cm ™' and
a characteristic G band was found at 1585 cm 1. The D band
is associated with structural defects, amorphous carbon,
functional groups or edges that can break the symmetry,
while the G band is related to the vibrational mode of sp*
hybridized carbon atoms.”***>> As studied previously, in
contrast with GO, rGO exhibits a higher D band which can
be expressed in terms of the ratio Ip/I; used as a measure of
the level of defects and disorder.”® In this case, the Ip/Ig
ratio for the rGO-Fe;0, is 1.3, as expected, which indicates

the presence of localized sp> defects within the sp? carbon

network upon reduction of the exfoliated GO and the Fe;O4
nanoparticles embedded in the rGO sheets.*’** Furthermore,
a 2D peak was found around 2680 cm ™' as a second-order
Raman process that results from a two phonon lattice vibra-
tional process.*® These results provide the presence of
defects relative to strong redox processes. Moreover,
width, position and ratio of 2D and G bands indicate the
configuration of a graphene with few disorder layers.*’
The morphology of nanocomposite was also character-
ized by TEM. Micrographs showed iron oxide nanoparti-
cles with a diameter of 4-20 nm deposited on the rGO
surface, and sheets with a size of around 0.8 and 2.5 pm
with 2-5 layers (Figure 1B and C) as predicted by Raman
Spectroscopy. Additionally, the results of the EDS analysis
demonstrated that rGO-Fe;0, was composed by almost
4.825% Fe, 25.05% O and 70.125% C, as expected.
Magnetic properties of rGO-Fe;0,4 were initially proved
with the exposure of nanocomposite in aqueous solution to
an external magnetic field (Figure 1D). As shown, the mate-
rial becomes magnetized immediately at the external field
exposure, but once it is removed, the nanocomposite no
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Figure | Results of the characterization test for the nanocomposite (A) Raman spectroscopy of rGO-Fe;Oy4, (B) TEM micrographs before and (C) after reduction of
graphene oxide and simultaneous attaching of Fe3O4 nanoparticles. Red arrows point Fe3O4 (D) Visual response of the nanocomposite dissolved in water and exposed to an
external permanent magnetic field. (E) Magnetic characterization by VSM at room temperature. The inset shows close view of hysteresis loop.
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longer exhibits any residual magnetism. This result was
confirmed with the VSM test, which suggests a minimal
hysteresis loop with a low remnant magnetization (Mg)
and coercivity (Hc) (Figure 1E) similar to other graphene-
iron nanocomposites produced using different methods
(Table 1). By comparison, those nanocomposites with
more metals embedded in the graphene matrix exhibit higher
coercivity. However, the rGO-Fe;O,4 produced in this work
shows a high saturation magnetization (Mg) similar to
those nanocomposites with cobalt.**>%*° According to this
observation, the nanocomposite could be considered
a superparamagnetic material as it can result in a magnetic
response on application of an external magnetic field and
negligible remanence and coercivity in absence of the
field.** Such characteristics make this material a promising
target as magnetic resonance contrast agent for MR imaging.

Cytotoxicity Assessment of rGO-Fe3;O4

Numerous studies have demonstrated that nanomaterials
may potentially affect the results of cytotoxicity assays due
to their high adsorption and optical activity.***® To prevent
false evaluation of cell viability, both MTT, trypan blue, and
Calcein AM assays were used to assess cytotoxicity within
a range of concentrations from 10 pg/mL to 1 mg/mL of the
nanocomposite. For all assays and after 48 h of exposure, cell
viability decreased in a dose-dependent manner (Figure 2).
A statistically significant difference was found between con-
trols and concentrations of above 50 pg/mL for all tests, as
well as significant differences between the various assays.
Thus, the viability results obtained using Trypan blue stain-
ing appear to be higher than those obtained using the other
methods. This can be due to the fact that while Trypan blue
exclusion test only considers the integrity of the cell mem-
brane to differentiate between live and dead cells, the other
methods also assess the metabolic activity of the cell. It is
therefore possible that cells that maintain an integer cell

membrane might have a reduced or even null metabolic
activity. These results are in line with previously reported
studies, which established that rGO causes less membrane
damage because it has a low oxidation state and few reactive
surface groups.*’**

On the other hand, the differential results between the
MTT and Calcein AM assays can be related to the inter-
ference of the rGO-Fe;04 nanocomposite with the reac-
tants of the test. In relation to this observation, most
authors coincide with the idea that the alterations in
MTT assays are associated to three factors: adsorption,
electron transfer, and optical interferences caused by the
graphene. The large surface area of GO and its capability
to adsorb surrounding compounds through n-n and elec-
trostatic interaction might facilitate the attachment of MTT
to the rGO-Fe;0,.%° As a result, if the nanocomposite
concentration is sufficiently high, it could adsorb a broad
percentage of MTT which will be less available for cells
altering the viability results to high concentrations. This
can explain the elevated results of cell viability tested with
MTT after 100 pg/mL compared with Calcein AM.
Moreover, given the insufficient reduction of the GO and
the interaction with the functional groups in the surround-
ings, there may be electrons in its matrix. These electrons
can react with the cation [MTT]" to produce an intermedi-
ate radical [MTT]® that can react with the surrounding
protons, generating a protonated cation[MTTH]". This
intermediate product reacts with other electrons in the
nanocomposite and produces [FORMH] which, following
an additional protonation, results in[FORMH]", as
explained Liao and collaborators.*> Consequently, forma-
zan could be produced by the nanocomposite which also
increases the viability results. Finally, it was stated that the
optical properties of graphene, such as absorption and
reflection, can augment due to the configuration of more

46,49

layers as in this case.

Table | Parameters of the Hysteresis Loop for rGO-Fe;O4 and Similar Nanocomposites from Other Studies

Nanocomposite Production Method M, [emu/g] | Mg [emu/g] | Hc [Oe] | Ref.
rGO-Fe;04 Chemical reaction with magnetite and reduction with hydrazine | 51.1 9.8 88.1 (this work)
M-RGO Chemical reaction with magnetite and reduction with hydrazine 22.3 0.3 12.0 [29]
CFO/rGO Solvothermal method 535 12.9 3475 [32]
GO-Fe30,4 Inverse chemical co-precipitation 69.3 13.2 114.0 [41]
RGO-CoFe,O4 Simple reaction with NaBH,4 53.6 25.3 768.0 [38]
rGO/Fe;04 NC Solvothermal method 19.7 1.4 60.4 [42]
CoOx@C-rGO Solvothermal method and calcination with glucose 70.6 14.1 399.9 [39]
RGO/Sr,CuMgFe,g0.4¢ Green sol-gel method 18.6 10.9 4803.0 [43]
International Journal of Nanomedicine 2020:15 submit your manuscript 6425
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Figure 2 Cytotoxicity evaluation. Relative cell viability evaluated by trypan blue, MTT and Calcein AM assays. Statistical analysis was conducted using two-way ANOVA and
a Dunnet’s multi comparison test. * is used for p-value < 0.05, ** for p-value < 0.01, *** for p-value < 0.001 and **** for p-value < 0.0001. Error bars depict SD of data.

Although these factors might explain the increased
values of the MTT assays when compared to those of the
Calcein AM test, a steep decrease is observed for both
assays after 100 pg/mL and a relatively stable behavior
after 300 ug/mL. This drastic reduction in cell viability
could be explained by the use of toxic reagents, such as
hydrazine or sulfuric acid, of which traces remain in the
nanocomposite, increasing cytotoxicity.’® As a solution to
this issue, many authors have proposed the use of an eco-
friendly graphene oxide reduction to avoid the use of toxic
reagents.’'>? The LD50 found was 84.2 pg/mL and 236.2
pug/mL for the Calcein and MTT assays, respectively. No
LD50 was analyzed using the trypan blue test.

Nanocomposite-Cell Interaction

Nanocomposite-cell interaction was studied using confocal
fluorescent micrographs and Live and Dead Cell Assay
such as fluorescent dye, which labels viable cells green.
Images reveal two cases, one where rGO-Fe;0,4 flakes can
be seen as dark aggregates grounded to the cell mem-
branes and another where the location of nanocomposite
corresponds with intense fluorescent zones (Figure 3 and
Supplementary data Figure S1). The latter may be related

to the fact that GO has an excellent absorption capability
and can exhibit optical properties (such as light absorption
and reflection) that increase with the number of layers of
the conjugate, as explained above.*’ As seen, most of the
graphene flakes attach to the cell membrane suggesting
that this material could be an excellent drug carrier;
furthermore, a possible penetration of the nanocomposite

can be mediated for the irregular boundaries of the gra-
phene and the spontaneous interaction between the hydro-
phobic matrix and the non-polar inner membrane.*’=>?
However, it was not possible to observe cell uptake of
the nanocomposite and no membrane damage or change in
the morphology was found (Figure 3 and Supplementary
data Figure S2). These results were confirmed using the
Trypan blue viability test (Figure 2), as mentioned earlier,
and are in line with previous studies that attribute the
negative interactions between graphene oxide and lipids
in the cell membrane to the electrostatic charge between
them,’* when compared to the more hydrophilic surface of
rGO."

Photothermal Behavior of rGO-Fe;Oy4

In order to investigate the photothermal activity of rGO-
Fe;04, two different concentrations of nanocomposite solu-
tion (50 pg/mL and 100 pg/mL) were irradiated with an 804
nm optical laser at a power density of 1 W/cm? for 5 min,
and compared with water and PBS as controls (Figure 4A
and Supplementary Video S1). Temperatures in all treat-

ments were normalized on the same initial temperature
(room temperature) to allow comparison. The temperature
change of both rGO-Fe;0,4 concentrations rapidly increased
by around 18°C with respect to the initial temperature.
Meanwhile, the results for temperature change for water
and PBS were almost negligible. The fact that temperature
changes were independent of concentration could be asso-
ciated with the insoluble nature of the conjugate. Thus, the
final irradiated zone may not be at the initial concentration
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Calcein AM

rGO-Fe;04 Control

Zoom

Figure 3 Interaction between cells and graphene nanocomposite. Fluorescent confocal micrographs of Hela cells with the nanocomposite pointed with yellow arrows for
dark aggregates and rounded in red for intense fluorescent deposits. The area enclosed in white squares is zoomed in the last row. Scale bar is 5 pm.

due to solution precipitation. However, a comparison with
similar graphene-based materials (Table 2) reveals that the
rGO-Fe;0,4 produced can increase the temperature to values
close to the other nanocomposites under similar irradiation
conditions and concentrations. More importantly, the
synthetized nanocomposites can present a temperature
increase of over 18°C in just 5 minutes and with no extra
photosensitizing agents. Therefore, taking into account that
normal tissue temperature is around 37°C, the rGO-Fe;0,4
can reach 50°C, which is considered a cell-killing
temperature.””

Furthermore, images captured with the thermal camera
demonstrated two important results. The first is that photo-
thermal capacity is provided by the graphene solution
alone and not by the container (Figure 4B and
Supplementary Video S2). The second refers to the foca-

lized photothermal response of the material to irradiation
which will allow the use of the nanocomposite for cellular
ablation with minimal side effects in the neighboring cells.

Photothermal Therapy Efficacy

Having evaluated the in vitro cytotoxicity of the nanocom-
posite and established a concentration interval of mini-
mum toxicity, the photothermal therapeutic response was
examined. HeLa cells were treated with rGO-Fe;0y4
(50 pg/mL and 100 pg/mL) for 2 h, and then exposed to
an 804 nm laser, at a power density of 1 W/cm? for 5 min.
Viability was determined by an MTT assay. Results show
that photothermal therapy with the nanocomposite reduces
cell viability to 32.6% and 23.7% with 50 and 100 pg/mL,
respectively (Figure SA). Untreated cells were not notice-
ably affected, and even under laser exposure, viability was
maintained over 83%. Additionally, the rapid temperature
increase from 21.9°C to 43.1°C (Figure 4B) reveals the
enhanced cancer cell-killing efficacy of rGO-Fe;0,.
A significant difference was found for 100 pg/mL when
compared to the control. Analysis was conducted using
a one-way ANOVA and a Dunnet’s multiple comparison
test.

International Journal of Nanomedicine 2020:15

submit your manuscript

6427

Dove


http://youtu.be/aJ2YjqU4fwk
http://www.dovepress.com
http://www.dovepress.com

Barrera et al

Dove

A

45 ‘
——rGO-Fe,0, [100 ug/ml]
——rGO-Fe,0, [50 ug/mL]
H,0
L 2
ol —PBS
o
'535
=
o
[0]
[=%
£30
]
25
20 : :
0 1 2 3 4 5
B Time [min]
I +
o O Q I
O0s 10s 120s 300s

Figure 4 Photothermal behavior of the nanocomposite. (A) Temperature profile of
the rGO-Fe;0, dissolved in water and increasing the surroundings temperature
while it is irradiated with an 804 nm optical laser (I W/cm? for 5 minutes).
Temperatures in all treatments were normalized to the same initial room tempera-
ture (21.1°C). (B) Thermal images of the nanocomposite (100 pg/mL) contained in
a petri dish (35 mm) and under the same irradiation conditions. The temperature
described is the highest temperature in the dish.

It is noteworthy that even if the rGO-Fe;0,4 produced
does not reach the highest rise of temperature among
similar graphene-based materials (Table 2), it is able to
reach one of the best results of cellular ablation after
photothermal therapy in only 5 minutes and at a low con-
centration. This, considering that nanocomposites such as
GO/MnWO,/PEG>® or GO-PEG(TP),** which show the
lowest cell viabilities after photothermal treatment, use
concentrations of 200 pg/mL and 1 mg/mL, respectively,

as well as irradiation times of 10 minutes.

Photothermal Effect on Anti-Apoptotic

Gene Expression

According to mRNA quantification, the results show no
patterns related to the concentration of the rGO-Fe;0,4 and
the expression of the studied genes. However, it is possible
to observe that for all treatments both genes are overex-
pressed in comparison with the control, except for Bcl-2
with 50 pg/mL which is underexpressed. Statistical analysis
displays significant differences between 100 pg/mL treat-
ment in the Bcl-2 gene and the control and 50 pg/mL

treatments (Figure 5B). No significant differences were
found for any other treatments or among genes, although
remarkable overexpression of the genes was observed under
laser irradiation without nanocomposite. This reflects that
the effect of NIR light is not as negligible for cells as
expected, and it activates anti-apoptotic pathways to avoid
cell death.

Previous studies related to the molecular mechanism of
apoptosis during photothermal therapy demonstrated that
the principal factor involved in this process is the
increased level of Reactive Oxygen  Species
(ROS).*®%¢¢ ROS induces apoptosis pathway, avoiding
necrosis and consequently an inflammatory response.
Although, on in vitro models, the apoptosis signals are
ignored because of the absence of phagocytic cells, the
initial primary apoptosis becomes secondary necrosis.®
Hence, it is reasonable to infer that the first responses of
cell to the therapy will be guided to control stress induced
by rising temperature and apoptosis.

Hsp70 has attributed pleiotropic activities such as
molecular chaperon and anti-apoptotic protein,®’ and its
pattern of expression reflects this hypothesis. Thus, the
Hsp70 gene is overexpressed when the treatment is more
aggressive to counteract the therapy effect during or
immediately after its application. Thus, some studies
have used this gene as an indicator of treatment efficacy
because it is upregulated under extreme heat stress.®®
A number of studies have also included inhibitors of the
HSP family to prevent initial thermal resistance of the
cancer cell and enhance photothermal therapy.®*%° Other
studies, however, reveal that some time after treatment, the
expression levels decay as this protein is insufficient in
compensating the damage caused by the rising
temperature.9

On the other hand, the expression of Bcl-2 decreased at
50 pg/mL and increased at 100 ug/mL probably because of
the following two factors: the unknown expression of pro-
apoptotic protein and the activity of other anti-apoptotic
proteins of the BCL-2 family. With respect to the first factor,
the study of pro-apoptotic proteins (as Bak or Bax) would
make it possible to define the activation of an apoptotic
cascade based on the pro-apoptotic/anti-apoptotic protein
relationship.”® " In fact, most studies agree with the result
that photothermal therapy upregulates pro-apoptotic genes
and downregulates anti-apoptotic genes.®*’® On the other
hand, the BCL-2 family involves 6 anti-apoptotic proteins:
Bcl-2, Bel-xL, Bcel-B, Bel-W, Bfl-1and Mcl-1, with Mcl-1
being the most expressed in HeLa cells.” Thus, it is possible
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Table 2 Irradiation Condition, Maximum Temperature Difference, and Cell Viability After Photothermal Therapy with Different

Graphene-Based Nanocomposites

Nanocomposite | Concentration | Irradiation Conditions (Wavelength, Maximum | Cell | % Cell Viability Ref.
[mg/mL] Power or Power Density, Duration) AT[°C] line After Treatment

rGO-Fe;0,4 50 804 nm, | W/ecm?, 5 min 18.0 Hela | 32.6% (this
100 18.3 23.7% work)

mGO-CS/SA 50 808 nm, | W/cm?, 5 min 18.0 A549 | 26.9% [56]
100 23.5 27.4%

N-O-CDs 200 808 nm, 0.8 W/cm?, 5 min 322 Hela | 13.0% [57]

GO-IONP-CS 50 808 nm, | W/cm?, 5 min 17.5 A549 | 28.1% [58]

/DEX

GO/MnWO,/PEG | 200 808 nm, 0.6 W/cm?, 15 min 26.5 4TI 11.09%* [59]

GQDs-Fe/Bi NPs | 50 808 nm, 1.7 W/cm?, 10 min 15.0 Hela | 68.0% [55]
100 285 50.0%

Cu,—xSe@rGO 50 980 nm, 1.0 W, 10 min 235 HEp- | 70.0% [60]

2

MGBP 100 808 nm, | W/cm?, 10 min 35.0 Hela | 22.0% [61]

GO-PEG(TP) 50 980 nm, 0.5 W/cm?, 10 min 21.5 4TI 16.0%** [62]

9T-GQDs 100 1064 nm, 1.0 W/cm?, 5 min 18.0 4TI 43.0% [63]

GO/BaHoFs/PEG 100 808 nm, 0.4 W/cm?, 10 min 12.8 Hela | 35.0% [64]

Notes: *Irradiation duration for cell viability assay was 10 min. **Concentration of nanocomposite for cell viability assay was GO-PEG = | mg/mL and TP = | mmol/L.

that for the treatment with the lowest concentration of the
nanocomposite, the anti-apoptotic activity is controlled by
the constitutive Mcl-1 protein, while with more aggressive
treatment this protein could require the help of Bcl-2 to
counteract the therapy effects.

Conclusion

In this study, an rGO-Fe;O4 nanocomposite was success-
fully produced using the modified Hummers method and
functionalized with the deposition of iron oxide nanopar-
ticles. This material exhibits superparamagnetic properties
due to the presence of Fe;O,4 and is able to increase the
temperature of the surroundings when irradiated with an
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804 nm optical laser. Both characteristics make this mate-
rial a promising option for use as a contrast agent in MR
imaging and thermal ablation of cancer cells. Although
cytotoxicity assays compared using three different meth-
ods show that viability decreases in a dose-depended
manner, the reduction rate obtained in the different tests
was not consistent. This could be due to the working
principles of each assay and the interferences caused by
the graphene nanocomposite, some of them related to its
physicochemical characteristics and to the cell-graphene
interaction. Further, the test conducted on photothermal
activity demonstrated a promising efficacy of the treat-

ment as it was able to reduce cancer cell viability to
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Figure 5 Effect of the photothermal therapy. (A) Efficacy of the therapy evaluated as the relative cell viability. Analysis was conducted using one-way ANOVA and a Dunnet’s
multiple comparison test. (B) Relative expression of mMRNA of Hsp70 and Bcl-2 genes using B-actin as housekeeping gen. Statistical analysis was conducted using two way
ANOVA with Sidak’s multiple comparison test. * refers to a p-value < 0.05. Error bars depict SD of data.
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32.6% and 23.7% with nanocomposite concentrations of
50 pg/mL and 100 pg/mL, respectively. Additionally, the
effect of the therapy on gene expression seems to be
involved in initial overexpression of anti-apoptotic pro-
teins as an initial defense mechanism. Nonetheless,
further studies on gene expression levels after treatments
are necessary involving pro-apoptotic proteins and time
monitoring. Finally, it was found that rGO-Fe;O, tends to
aggregate on the cell membrane but further research is

required, which focuses on nanocomposite-cell
interactions.
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