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Nowadays, chemotherapy is one of the crucial and common therapies in the world. So far, it has been
revealed to be highly promising, yet patients suffer from the consequences of severe negative medical
dosages. In order to overcome these issues, the enhancement of photothermal chemotherapy with
reduced graphene oxide (rGO) as a photothermal agent (PTA) is widely utilised in current medical
technologies. This is due to its high near-infrared region (NIR) response, in vitro or in vivo organism
biocompatibility, low risk of side effects, and effective positive results. Moreover, rGO not only has the
ability to ensure that selective cancer cells have a higher mortality rate but can also improve the growth
rate of recovering tissues that are untouched by necrosis and apoptosis. These two pathways are specific
diverse modalities of cell death that are distinguished by cell membrane disruption and deoxyribonucleic
acid (DNA) disintegration of the membrane via phosphatidylserine exposure in the absence of cell
membrane damage. Therefore, this review aimed to demonstrate the recent achievements in the
modification of rGO nanoparticles as a PTA as well as present a new approach for performing
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1. Introduction

According to the World Health Organisation (WHO) data
regarding the burden of cancer, an estimated 9.6 million deaths
(ratio of 1 : 8 for men and 1 : 11 for women) were recorded in
2018 worldwide. Photothermal therapy (PTT) is a form of
nanotechnology and it is noted as the most significant thera-
peutic method in utilising heat and having strong absorption in
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photochemotherapy in the clinical setting.

the near-infrared (NIR) region for cancer ablation purposes.
Researchers have demonstrated the efficacy of many PTT agents
in destroying cancer cells, such as the use of carbon nano-
materials as a theragnostic agent. However, laser irradiation in
high doses can dramatically destroy the adjoining tissues.
Besides, carbon nanomaterials coated with noble metal nano-
particles (gold and silver) are not biodegradable and may cause
toxicity during treatment.

The development of nanoparticles with an abundance of
purposes has been the subject of research and clinical field in
recent decades. For cancer imaging and diagnosis, the usage of
nanoparticles in either intrinsic biological factors of cancer or
therapeutic functionalities are highly appreciated.>'* By
adopting nanoparticle materials in therapies, some toxic
chemicals (e.g., dyes and drugs) can be easily eliminated in
cancer diagnostics and treatments. Besides, fluorescent
molecular dyes are potentially an incorrect option for medical
purposes as they can cause various negative effects due to their
inherent toxicity. Recently, nanoparticles with functionalised
carbon family networks have shown great promise for cancer
targeting and drug delivery in specific chemotherapy treat-
ments, such as carbon dots, carbon nanotubes (CNTs), fuller-
enes, and graphene materials.""*® Among these carbon
nanomaterials, graphene is the most suitable and commonly
used material in a variety of applications due to its sheet
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flexibility. It is capable of generating heat by alternating the
magnetic field or through lasers of noble metals."”**

Nowadays, different specific structures of graphene oxide
(GO) have been numerously prepared via different ways and
with different extents of oxidation. In general, strong photo-
luminescence can be produced from GO with either wave laser
access, a pulsed laser (visible range), or NIR wavelength
conditions; the outcome will be dye-free labelling cells for
diagnostics. In fact, the concensus is that GO consists of many
functionalised groups, whereby a majority of them comprise
carboxylic and hydroxylic groups. This demonstrates their
surface functionalisation role for numerous applications, such
as drug delivery and biosensing.'** Specifically, graphene is
defined as a two-dimensional (2D) basal planar structure with
a one-atom thickness of approximately 0.35-1.6 nm per layer. It
shows a trigonal hybridisation of the carbon-carbon atom
bonds, which are firmly arranged into a honeycomb crystal
network.* Moreover, graphene exhibits doubled larger surface
area than CNTs, rendering it applicable as a drug carrier agent.
In addition, the graphene material is highly recommended as
a drug carrier agent due to its hydrophobic behaviour. Su et al.
revealed that preparing it by a chemical reduction method can
prevent its aggregation.>

Upon oxidation, the stacked graphene sheets of a carbona-
ceous structure will break up and generate flaws that are visible
as clear stacked wrinkles, and which significantly increase the
adjacent sheet distance from 3.35 A to 6.8 A for graphite and
GO, respectively. The increased spacing is affected by its water
intercalation and results in the delamination of GO into
multiple individual GO sheets under low-power sonication in
water. For pH measurement, negatively charged oxygenated
functional groups on the GO surface will remain even though
they are produced in an aqueous solution. Besides, it promises
other outstanding properties, such as low production cost,
a large surface area for drug absorption and low toxic metallic
contaminations from the preparation process.> In addition, GO
and its composites have been shown to achieve a considerably
improved tumour targeting effect and higher tumour uptake
due to enhanced permeability and their retention effects
compared to CNTs, which are assumed to be due to their special
features of a 2D structure and thin lateral size.>**” Apart from
this, reduced graphene oxide (rGO) embraces a unique struc-
ture, which shows strong interaction between the carbon-
carbon interlayers and exhibits low energy photons in the
infrared region (i.e. approaching X-rays and gamma rays).

Remarkably, graphene has shown the capability to give
a good response under specific wavelengths, such as NIR, and
demonstrates plasmonic effects, which means it can generate
heat via the plasmonic photothermal energy conversion route.
When irradiated under NIR, graphene surface plasmons will
induce a random dipole, while its resonance will be trans-
mitted, which can be used to tune the thermal photon energy to
gain a better output. Therefore, graphene-based materials are
known as excellent photothermal agents (PTAs) for PTT. For
rGO, its photothermal conversion efficiency is derived by the
chemical reduction from GO, namely with the partially rein-
stated aromatic character of the graphene sheets. Interestingly,
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its NIR absorbance can be improved by up to six times
compared to GO due to its highly intact aromatic structure.”®
Goncalves and co-workers proved that an extremely small
amount of nano-GO (i.e. 0.0005 mg mL ") could transfer energy
from particles to a specific solution via radiation (i.e. under
irradiation at 980 nm laser with an intensity of 1.0 x 10° W
m 2).> In fact, rGO itself is rich of oxygenated atoms as it
approaches the site of defect, it still raises from the coupling of
electronic states against the asymmetric stretch mode and thus
considerably improves the infrared absorption for PTT.****

Commonly, cancer disease treatments via PTT facilities
involving photosensitising agents utilise their own cells to
produce heat from light absorption. Further harvesting for
photoablation will result in both the living cancer cells and
healthy cells being led to their death.**** In order to prevent
healthy cells from being heated, photosensitisers must be
developed for high NIR absorption and for selective cancer-
causing tumour cell death over healthy cells and tissues. The
sharp penetration and minor nonspecific and non-uniform
distribution of photothermal heating in the NIR window can
result in lower light absorption by the tissues and in greater
transparency within the optical window.** In particular, novel
materials with high optical absorbance in the NIR region for
PTT include gold nanoshells,** gold nanorods*~® and CNTs.*”*°
In Table 1, the photothermal therapies utilising different
materials and an 808 nm diode laser are demonstrated with the
effective laser intensity of 0.7-9.2 W cm 2.

This paper reviews the recent developments of metabolic
imaging systems for photochemotherapy using 2D carbon
materials of graphene and graphene-based conjugates for
cancer disease healing purposes. Briefly, the graphene strate-
gies are summarised into three main sections: (i) rGO prepa-
ration methods, (ii) photothermal chemotherapy applications
and (iii) future perspective of PTT using rGO. Furthermore, the
future perspective of PTT via graphene strategies for drug
carrier anticancer treatment is described accordingly. This work
addresses the use of graphene nanomaterials in a biomedical
perspective for bioimaging and theranostic tools over the last
couple of years (Table 1). In this comprehensive work, the
promising approaches, limitations and challenges in the field of
cancer treatment are assessed via graphene-incorporated
imaging tools/drugs delivery.

2. Reduced graphene oxide
preparation methods

Generally, rGO is produced from GO or exfoliated graphite oxide
via chemical or thermal reductive approaches. Some of the
specific surface areas and capacitors that thermally and chem-
ically reduce GO are summarised and listed in Table 2. From the
short description, rGO is defined as an intermediate structure
between ideal graphene and partially oxidised GO.* It is not
only applicable to the biomedical field but also in other fields.
Further physicochemical properties of the materials containing
GO are listed in Fig. 1 and Table 3.

This journal is © The Royal Society of Chemistry 2020
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Table 1 Summary of some photothermal cancer therapy-based graphene materials

Power
Particle density
Modified sizes w Drug/imaging molecules

Nanoconjugates materials (nm)  Laser em™?)  used Model Performances References
Polydopamine MS-HA ~200 808nm 1.5 Doxorubicin (DOX) Invitro and Efficient synergistic 40
functionalised reduced NIR laser in vivo targeted chemo-PTT, has
graphene oxide (pRGO) minimal cytotoxicity.
with hyaluronic acid Good specificity to target
(HA) coated mesoporous tumour cells
silica (MS) pRGO@MS-
HA
Alanine incorporated Alanine — 808 nm 2.5 U87-MG In vitro Functional groups allow 41
functionalised graphene NIR laser more accurate targeting
oxide (ARGO) in PTT without

damaging tissue and

healthy cells
Nano graphite oxide Gluthathione ~50 808 nm 3.0 DOX In vitro Higher cancer cell death 42
(nGO) (GSH) NIR laser efficacy
Artesunate (ARS) ARS 182 808 nm 2.0 Reactive oxygen species In vitro and Faster tumour cure 43
modified PEGylated NIR laser (ROS) and peroxynitrite in vivo process
nanographene oxide (ONOO)
(nGO-PEG), nGO-PEG-
ARS
rGO rGO ~100 980 nm  0.5-0.75 Panc02-H7 Invivo Enable obtaining the 44

laser desired thermal

destruction effect on

mice pancreatic cancers
rGO-hyaluronic acid Amphiphile 108 £ 808nm 1.7 CD44 In vitro Induced cancer cell's 45
(HA)-based amphiphilic 51 NIR light ablation
polymer
Polyethylene glycol Au nanorods ~100 800 nm 0.7 Glioblastoma In vitro and Significant drop in 46
functionalised rGO with astrocytoma (US7MG) in vivo tumour size after 5 days
gold (Au) nanorods Au
NRs@rGO-PEG
Nanographene oxide MB >100 808 nm 9.2 NIH/3T3 and 4T1 Invitro and All tumours defeated 47
methylene blue platform NIR laser in vivo once PDT/PTT were
(NanoGO-MB) combined
Immobilised AAP10 ~300 808 nm 1.5 MCF-10A, MCF-7, and  Invitro and Improved the 48
antiarrhythmic peptide NIR laser 4T1 in vivo therapeutic efficiency
10 (APP10) decorated against the bystander
with dopamine-modified effect

rGO (AAP10-pDA/rGO)

Previously, Becerril et al.* tried to reduce GO films at 1000 °C  atmospheres are one of the essential factors of concern; for
by using the thermal annealing method and discovered the example, reducing hydrogen gas (H,) is typically provided to
ideal vacuum level was at <10° Torr for GO recovery. At that eliminate the residual oxygen. In addition, H, is especially used
particular moment, the film will rapidly disappear via a reaction  for its high reducing abilities for the reduction of GO, which can
with the residual oxygen throughout the system. Moreover, inert be achieved at a low temperature under a H, atmosphere.

Table 2 Chemical and thermal production of graphene

Size obtained Conductivity

Type of graphene Reinforced materials Methods (nm) (Sm™) Application Ref.
rGO Epoxy resin polymer Chemical 60 — Electromagnetic interference shielding 50
and microwave-absorbing

rGO L-Ascorbic acid Chemical and mechanical 24.49 7640 — 51
rGO Titanium dioxide Chemical 47 112 p Dye-sensitised solar cells 52-55
rGO Glassy carbon Chemical — — Neurotransmitter 56
rGO Titanium dioxide Mechanical 25 — Fibre-shaped dye-sensitised solar cells 57
rGO — Mechanical 84.1 — Neural repair 58

This journal is © The Royal Society of Chemistry 2020 RSC Adv, 2020, 10, 12851-12863 | 12853
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Fig. 1

Layers, N

(a) Schematic diagram of a highly oxidised rGO sheet, (b) photograph of aqueous solutions of graphene sheets reduced in the absence

(left) and presence (right) of poly(sodium4-styrenesulfonate) (PSS),*® (c) image of a graphene sheet,®° (d) cross-sectional view of graphene paper
layered structure,®* (e) morphological view of aggregated graphene sheets in the form of graphene powder,? (f) transparent conductive gra-
phene thin film fabricated via Langmuir—Blodgett assembly with plot results.®®

Furthermore, Wu et al. reported that GO was easily reduced
under an Ar/H, mixture (1 : 1) access for 2 h at 450 °C with a C/O
ratio of 14.9, ultimately achieving a conductivity of up to
~1100 S cm ™. Besides, Li et al.®* demonstrated that GO could
be synthesised in low-pressure ammonia mixture (i.e. 2 Torr
NH;/Ar (10% NHj3)) via the thermal annealing technique. In
other preparatory methods, GO can also be reduced through
photochemical reactions with the assistance of an active metal

Table 3 Physicochemical properties of various types of graphene

oxide photocatalyst (i.e. titanium dioxide (TiO,)). Recently,
Williams et al. demonstrated reducing GO via integrated TiO,
particles under ultraviolet (UV) irradiation, whereby the indi-
cator colour immediately changed from bright brown to dark
brown and then to black.®® This tuned colour suggests the
partial restoration of the conjugated network in the respective
carbon basal planes, similar to with the chemical reduction
processes.

Monolayer
Properties graphene GO rGO
Young's modulus 1 TPa 207.6 GPa —
Tensile strength 130 GPa 37.9 MPa —
Optical transmittance 97.7% 24.8% (60-90% depending on the reduction agent and
synthesis method)
Charge carrier density 8.7 x 10" — —
em?
Charge mobility (ambient 200 000 cm*> — 372em’ v 'sT?
temperature) vits?
Thermal conductivity 2000-5000 W 2000 W m K" for uncontaminated 600 Wm K ' on 8.8 W m K *
mK* Si/SiO, substrate
Electrical conductivity 700 S em™! <1pScem ! 200-35 000 S cm ™!
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Meanwhile, An and co-workers®” employed the electropho-
retic deposition method (EPD) to produce GO films. During the
EPD process, they aimed to reduce the GO sheets for the anode
surface, which was counter-intuitive to the assumption that
oxidation occurred at the anode as an electrolysis cell. Although
the reduction reaction is yet to be fully discovered, assembling
the films and simultaneously reducing them may be particularly
attractive in some electrochemical applications. In another
research, Dubin et al.*” reported that the reduction of graphene
while applying the N-methyl-2-pyrrolidinone (NMP) solvent as
a modification may be done for the solvothermal approach. The
method is totally different from the common synthesis route in
which the reduction of graphene is performed in a non-sealed
container. In addition, the samples were heated at the
temperature of 200 °C, which was 2 °C lower than the actual
boiling point of NMP (202 °C, 1 atm). In this comprehensive
experiment, no further additional pressure was needed in the
reduction process. The established deoxygenation of GO notes
that the NMP solvent can be combined with its's moderate
thermal annealing and oxygen-scavenging properties at high
temperature. Nonetheless, the electrical conductivity perfor-
mance and subsequent vacuum filtration of the rGO films was
measured as 3.74 S cm ' for the solvothermal reduction
method, which was exactly one order of magnitude smaller than
for the hydrazine solvent reduction method (82.8 S cm™*). The
carbon to oxygen (C : O) ratio via solvothermal-reduced GO was
just 5.15, which was also inferior to other results. Thus, the
solvothermal reduction method is considered a moderate
reduction method for GO. Regardless, it has shown much more
suitable results by creating a stable dispersion of rGO sheets,
which is worthwhile for usable applications.

3. Photothermal chemotherapy and
the biomedical applications of rGO

rGO has been widely used for biomedical applications across
a wide range over the past few years. For instance, photo-
responsive indocyanine green-loaded GO nanosheets are known
as a theranostic nanoplatform for photoacoustic imaging
guiding and synergistic PTT treatments. They have the ability to
enhance the PTT efficiency with cancer-targeting by increasing
the photostability in the presence of folic acid (FA) conjugation
for cancer therapies. Nevertheless, it has been revealed that
fluorescent methods using organic dyes have several limita-
tions, including dye degradation, photobleaching and a set
limitation beyond clinical applications. To date, further in vitro
imaging of NIH/3T3 cells has been tested under oleylamine-
functionalised GO hybrid nanocomposites on zinc-doped
AgInS quantum dots (QDs).®® The confocal imaging illustrated
the accumulation of nanocomposites in the cytoplasm or
protoplasm within a living cell, which were seen to be circulated
around the nucleus. Nanocomposites QDs have displayed
brighter fluorescence, lower photobleaching, a thinner photo-
luminescence spectra, and improved anticorrosion against
chemical degradation. Besides, they have demonstrated
a higher toxicity level without the therapeutic functions for

This journal is © The Royal Society of Chemistry 2020
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biomedical applications.®® To overcome these issues, novel
research has created QD-decorated rGO nanocomposites for
fluorescent cell imaging and PTT.” These nanocomposites have
addressed several critical issues, such as QDs toxicity being
reduced by surfactant coating and the precise control of the
space between the QDs with the rGO. The latter issue is asso-
ciated with the prevention of fluorescence quenching. Notice-
ably, QDs-rGO can absorb the NIR irradiation for PTT and cell
death, while the absorbed heat simultaneously increases the
temperature and decreases the QDs brightness. This becomes
a condition allowing the in situ measurement of the heat and
can indicate the PTT progress. Meanwhile, active targeting and
enhanced cell internalisation by conjugated QDs-rGO with tar-
geting or internalisation ligands are demonstrated in Fig. 2. The
integration of these astonishing features turns this remarkable
nanocomposite into a greater candidate for cancer diagnosis,
imaging and treatment via drug molecule delivery and PTT.*

Nowadays, chemotherapy treatment is the core clinical
therapeutic method for curing up to 100 types of cancer,
including lung cancer, prostate cancer, lymphoma cancer and
breast cancer. However, low therapeutic positive results happen
due to drug allergies and limited cellular uptake, as well as
other brutal side effects, such as liver and kidney malfunction,
a drop in the fertility rate, nerve and muscle effects and cardiac
toxicity. These issues will limit the clinical applications of
chemotherapy for patients.”

PTT mainly works by using laser irradiation, whereby it
produces heat elevations and induces the hyperthermia mode
towards the tumour tissues. This leads to the denaturation of
proteins and disruption of the cell membrane, finally resulting
in the irreversible destruction of cancer cells.”> However, the
non-selectivity of tumour tissues and high power density of
laser therapy may cause severe side effects to the patient.” The

—

Therapy and Monitoring

rGO-QD

(Quenching)

Dead Cells

Fig. 2 QDs-rGO nanocomposites implemented against targeted
tumour cells can directly indicate bright fluorescence (blue dots)
under the assistance of the QDs (top), while NIR radiation was har-
vested and absorbed on the rGO surface and thus converted into heat,
resulting in cancer/healthy cell death together with a reduction of
fluorescence (bottom).3°7°

RSC Adv, 2020, 10, 12851-12863 | 12855
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abilities of PTA to enhance the selectivity of laser absorption is
crucial for the heat factor to be easily provided within the
microenvironment of a selected tumour tissue that requires
a relatively low power density laser signal.”*®* In this context,
GO and rGO materials have been broadly nominated as PTAs for
both the in vitro and in vivo photothermal ablation of cancer
cells, which is attributed to their strong light absorbance in the
NIR window of the wavelength (i.e. in the range of 700-1300
nm).**** Since biological tissues are transparent to such NIR
window, a high photothermal conversion efficiency into the
tumour tissues will occur due to high-depth light penetration
and low tissue-induced light absorption.®*

Therefore, the incorporation of drug delivery and PTT can
enhance the effectiveness of the chemotherapeutic route. So far,
the local heterogeneous distribution of heat induced by PTT is
not a suitable method to encompass cancer cell death, espe-
cially for light-omitted areas.”” As such, the graphene-based
nanomaterial is a brilliant light absorbance agent with a high
surface area and can be applied with various therapeutic
molecules in order to absorb or conjugate with a tumour. To
this end, photothermal chemotherapy is done using DOX-
loaded rGO-PEG, which exhibits a higher therapeutic efficacy
for in vivo cancer treatments in comparison with chemotherapy
or PTT alone.*” Therefore, the epidermal growth factor receptor
(EGFR) antibody reinforced PEGylated nano-sized GO (PEG-
NGO) was established to deliver epirubicin (EPI) for tumour
targeting and triple therapeutics (i.e. growth signal blocking,
chemotherapy and PTT). This synergistic targeted therapy
boosted the local drug concentration by 6.3-fold and yielded
ultra-efficient tumour suppression to prolong the survival in
mice specimens (>50 days).>**?

Recently, a one-pot synthesis route was employed for a rela-
tively new class of photosensitive inorganic nanocomposites
that rival liposomes with a combination of hydrophilic and
hydrophobic characteristics and have shown superior biocom-
patibility properties.®® In general, the useful nanocomposites
are made of rGO, mesoporous silicon and amorphous carbon,
which are credited with the photon-thermal conversion
improvement, active transport drug absorption and -cells
biocompatibility/penetrability, respectively. The uptake of rGO-
based material nanocomposites with a high photothermal
conversion efficiency of MDA-MB-231 cells provided a large
loading for the hydrophobic drug, (S)-(+)-camptothecin (CPT)
delivery. According to the current body of knowledge, nano-
cookie-CPT doses accumulatively remain in liver organ for 24 h
after an entire treatment. With the well-assembled rGO-MDA-
MB-231 cells nanocomposite, the cancer cell were destructed
efficiently without any further side effects in vitro and in vivo,
specifically for both localised drug release and PTT. The results
in Fig. 3 confirm the synergistic effect of PBS + NIR as the
benchmark (control), CPT + NIR and nanocookie-CPT + NIR,
which were compared to the fundamental CPT and NIR. Lastly,
the combination of CPT + NIR with nanocookies with a varia-
tion of heating temperatures was also evaluated towards
tumour-bearing mice via MDA-MB231 cell lines.””

Recently, the innovative method of the one-pot hydro-
thermal synthesis of copper sulfide (CuS) nanoplates
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incorporated rGO (rGO-CuS composite) was employed as a PTA
for the ablation of cancer cells.”® Here, the CuS nanoplates were
loaded onto the rGO surface during the hydrothermal process.
Consequently, the synthesised rGO-CuS composites dramati-
cally increased the typical optical absorbance in the NIR region,
thus improving the photothermal conversion efficiency
compared to GO composite and raw CuS nanoplates. Here,
researchers attempted to destroy the cancer cells at a relatively
high concentration (200 ¢ mL™") and under 980 nm laser irra-
diation. Then, the in vitro cytotoxicity of CuS and rGO-CuS
materials on the cancer cells by using the MTT assay for
assessing cell metabolic activity was investigated accordingly. In
this comprehensive work, the researchers applied CuS and
rGO-CuS at various concentrations, while HeLa cells were
incubated without any significant toxicity at a low concentration
for 24 h. The results showed that the cytotoxicity was directly
proportional to the HeLa cell ratio; whereby, when the CusS/
rGO-CuS concentration increased, the cytotoxicity also
increased. Moreover, the cellular viabilities were estimated to be
greater than 80% when the concentrations of CuS and rGO-CuS
were increased to 200 g mL ™", The results thus suggested that
the materials did not impose considerable toxicity to the cancer
cells. As shown in Fig. 4, the rGO-CuS composite exhibited
higher cytotoxicity in HeLa cells compared to the raw CuS
sample, indicating that the former is an effective PTA for cancer
treatment.

In Fig. 5, the rGO-CuS composite was observed under
confocal microscopy with NIR irradiation of 5 min, specifically
under 980 nm NIR at 1 W cm 2. The red-coloured dots represent
the dead cells at a power density of 1 W cm™?, which mediated
the highest rate of cell death. Here, almost all the cancer cells
were destroyed, as indicated by the laser spot (red colour).
Unfortunately, limited dead cells were observed by the raw CuS
treatment, thereby the results suggest that the rGO-CuS
composite was a more efficient PTA for the ablation of cancer
cells.”®

Similarly, decorated nano-rGO with bovine serum albumin
(BSA) was recently developed for use as a PTT system. NS was
successfully utilised to suppress breast cancer cells both in vitro
and in vivo.*® Similar to other photoacoustic NSs,* the in vitro
effect of nano-rGO was tested against MCF-7 cells subjected to
an NIR laser at a wavelength of 808 nm and caused apoptosis in
the cancer cells in a concentration-dependent manner, as
schematically illustrated in Fig. 6. Additionally, the mice
administered with the nano-rGO showed thermal cell necrosis.

Obviously, nano-rGOs functionalised with BSA have shown
excellent PTT impacts, upon which the NS with an improved
passive targeting capacity is introduced for the eradication of
different types of solid tumours. The results obtained towards
GO-based NS were in agreement with other research works that
have shown the detrimental impacts of PEG-rGO on cancer
cells.’ Previously, some in vivo studies have shown the value of
covalent PEG-GO systems and their impact in large part was
based on PTT after high-dosage injections (20 mg kg~ ') and the
implementation of an NIR laser (2 W cm™2).**

Interestingly, non-covalent PEGylated nano-rGO can absorb
noticeably higher NIR than those that are not reduced

This journal is © The Royal Society of Chemistry 2020
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covalently.'” Researchers have also revealed that the absor-
bance volume in the NIR may be a result of recovering p-
conjugations in nGO. Besides, the high NIR absorbance of low
concentration (20 mg L™ ') rGO through the use of a low-power
laser (i.e. 808 nm and 0.6 W cm ™) may be regarded as a strong
indicator of the nano-rGO's high photothermal capacity.
Moreover, the researchers demonstrated that grafting the tri-
peptide Arg-Gly-Asp (RGD) peptide ligands to nano-rGOs could

Time (s)

Fig. 4
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lead to active targeting results, thus yielding a better/higher
photothermal ablation of the infected cells. In addition, nano-
rGO has been proven to be able to load non-covalent DOX
molecules through p-stacking. Thus, in addition to its capability
for surface modifications, nano-rGO has a great potential for
combined targeted PTT and chemotherapy.

Recently, Yang and other researchers demonstrated in vivo
PTT by injecting PEGylated nano-rGO and PEGylated nano-GO

(b)
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>
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(a) Temperature changes for CuS incorporated with rGO and (b) cell viability of rGO-CuS as compared with raw CuS.%®
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into 4T1 tumour-bearing mice intravenously. Following this, In the histological examination of various tissues, no clear toxic
they revealed that the tumour size was significantly reduced, effects were found in mice treated with PEGylated nano-rGO.'*
while the survival index was highly improved in the PEGylated In another study, non-covalent PEGylation of the nano-rGO
nano rGO-treated group that also underwent laser irradiation. sheet was established, derived via chemical reduction in order

to conjugate a specific quantity of graphene sheets. This offered
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Fig. 6 In vivo photodynamic therapy of cancer using PEGylated rGO under 808 nm laser irradiation.*°4
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an increased NIR absorbance by up to 6-fold. Besides, a few of
the rGO sheets with amphiphilic surfactants displayed good
stability and biocompatibility in biological buffer solutions. The
optimised nano-rGO allowed the peptide conjugation of the
targeting cancer cells and selective photoablation at a low dose.
These are pioneering outcomes involving the reduced GO form
taking part in non-covalent PEGylation for biological applica-
tions, thereby resulting in a highly effective PTA with a signifi-
cant absorbance of NIR light towards carbon-based materials.**
Research has also developed biocompatible rGO sheets poten-
tially for PTT purposes. Here, the nano-rGO sheets were of
a smaller size, spanning ~20 nm, and were developed via
covalent PEGylation through the sonication route. Furthermore,
researchers have determined that the chemical reduction of
nano-GO can afford up to 6-fold increase in activity and more;
consequently, this improves the NIR absorbance for the PTA,
which is also comparable to CNTs and gold-based nano-
materials. Then, they demonstrated the functionalisation of
nano-rGO via specific targeting ligands for a selective type of
cancer cell with photothermal ablation in vitro. Attempts were
made to try systematic in vivo tests with a small dose of nano-
rGO for PTT on tumours present in mice bodies and at very
low laser power. The result showed that the high NIR absor-
bance of nano-rGO allowed for the efficient photothermal
heating of solutions at low concentrations of nano-rGO (Fig. 7).
Additionally, a small concentration of the nano-rGO
(~20 mg L") exhibited rapid photothermal heating, which
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Fig. 7
curves of (c) nano-rGO and (d) nano-GO solutions.3?
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occurred upon its irradiation by a low-power laser at 0.6 W cm 2

(Fig. 8).

4. Future perspectives of PTT

A short time after finding the bulk quantity of graphene, its
derivatives, such as GO, CNTs and other graphene-based
nanomaterials, were considered as low-cost building blocks
for advanced methodologies and for the development of
medical applications, which are unlimited in imagination. For
example, the variety possible with of GO reduction and its
incorporation with different materials for building composites
and new novel functional materials are indeed endless. Note
that polymers and composites have already been added to GO
additives, either in their nanoparticle forms for mechanical
stabilisation or to facilitate the processing itself. Similarly,
graphene is highly compatible biologically and able to function
as an active support for mouse fibroblast cells, thus suggesting
its use in encapsulating enzymes, serving as a template for DNA-
based therapy, or culturing cells.

Furthermore, the uniqueness of both the physical and
chemical properties (i.e. strong NIR absorption with conjugated
m-1 surface stacking) of nanographene oxide has led to
a dedicated and major amount of works utilising rGO in PTT,
yielding a synergistic effect in cancer cell destruction. The
assumption is that a similar strategy may also be applied in
advanced graphene-based chemotherapies, drug delivery and
gene transfection. As graphene, GO and rGO are great drug
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pellet heating temperature against irradiation time curves and (c) cell viability after 24 h irradiation.3?

carriers for anticancer treatments, it is anticipated that in the
near future, it will be convenient to combine chemotherapy with
PTT for targeted drug delivery and treatment, without the need
to use additional drug carriers. Regardless, the low toxicity of
nano-GO and rGO has been proven in various research works,
rendering the inherent nonbiodegradability of graphene-based
materials as the last major concern in clinical applications.

5. Conclusion

rGO has attracted great attention for its outstanding properties,
and because it can be easily synthesised via chemical or
mechanical approaches. In contrast, PTT is capable of under-
taking thermal ablation against targeted cancer cells. Moreover,
numerous established ideas have been suggested regarding
graphene-based nanomaterials and their derivatives as aggres-
sively promising and active PTT agents, especially in combina-
tion therapies for cancer treatment. Several key ideas were thus
reviewed in designing a graphene-based nanostructure with
multifunctional PTT or combination therapy abilities in order
to achieve efficient treatment for future and advanced clinical
purposes. For instance, the combination of physical properties
related to a stimuli-responsive targeted drug carrier with a high
concentration of PTT is needed in order to develop other
treatments. Indeed, graphene could act as a PTA agent and
exhibited strong NIR absorbance towards defeating cancer cells.
Due to its novelty as a light-absorbing nanoparticle, it could
serve for specific therapeutic reagent delivery to a targeted

12860 | RSC Adv, 2020, 10, 12851-12863

tumour area via PTT. Additionally, thermal enhancement of the
therapeutic agents incorporated with graphene, instead of
applying conventional chemotherapy treatments, could mini-
mise several side effects that a patient may encounter.
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