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elimination of the body before function on their desired 
sites, non-specific selectivity, and side effects are some 
of the drawbacks of traditional treatments [2, 3]. How-
ever, recent advances in nanotechnology and nanoma-
terials could have provided a better bio-distribution of 
drugs, reduced adverse effects, and delivered therapeu-
tic agents to the targeted sites, improving bioavailability 
[4, 5]. In recent years, numerous organic and inorganic 
nanomaterials have been investigated for nanomedicine 
applications [6–9]. In this context, two-dimensional 
(2D)-carbon-based nanomaterials provide new prospects 
attracting the attention of many scientists due to their 
fascinating characteristics such as high surface area, easy 

Introduction
In recent years, nanotechnology and advanced nano-
delivery systems have shown that can notably address 
some shortcomings of conventional therapeutics and 
the low efficacy treatments [1]. Poor solubility, low 
bioavailability, unexpected metabolization and drug 
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Abstract
The application of graphene-based nanocomposites for therapeutic and diagnostic reasons has advanced 
considerably in recent years due to advancements in the synthesis and design of graphene-based nanocomposites, 
giving rise to a new field of nano-cancer diagnosis and treatment. Nano-graphene is being utilized more often 
in the field of cancer therapy, where it is employed in conjunction with diagnostics and treatment to address 
the complex clinical obstacles and problems associated with this life-threatening illness. When compared to 
other nanomaterials, graphene derivatives stand out due to their remarkable structural, mechanical, electrical, 
optical, and thermal capabilities. The high specific surface area of these materials makes them useful as carriers in 
controlled release systems that respond to external stimuli; these compounds include drugs and biomolecules like 
nucleic acid sequences (DNA and RNA). Furthermore, the presence of distinctive sheet-like nanostructures and the 
capacity for photothermal conversion have rendered graphene-based nanocomposites highly favorable for optical 
therapeutic applications, including photothermal treatment (PTT), photodynamic therapy (PDT), and theranostics. 
This review highlights the current state and benefits of using graphene-based nanocomposites in cancer diagnosis 
and therapy and discusses the obstacles and prospects of their future development. Then we focus on graphene-
based nanocomposites applications in cancer treatment, including smart drug delivery systems, PTT, and PDT. 
Lastly, the biocompatibility of graphene-based nanocomposites is also discussed to provide a unique overview of 
the topic.
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functionalization, and acceptable biocompatibility [10, 
11]. 2D-carbon-based materials have been differentiated 
based on the number of layers in their structure, oxygen-
containing functional groups, and chemical composition 
[12]. Graphene, graphene oxide (GO), and reduced gra-
phene oxide (rGO) are the most well-known and most 
frequently explored forms of 2D-carbon-based materials 
in the realm of cancer diagnosis and treatment [13].

Graphene is composed of a uniform monolayer of car-
bon atoms. Carbon atoms with hexagonal arrangements 
are bonded tightly in a honeycomb structure. In this 
structure, any carbon atoms are attached to two others 
with sp2 hybridization, and one out-of-plane p orbital 
supplies the electron network [14]. Graphene results 
of graphite exfoliation via chemical vapor deposition. 
As graphene does not contain any oxygen groups, it is 
considered hydrophobic. However, this unique struc-
ture leads to graphene’s interesting properties, includ-
ing mechanical strength, and high thermal, electrical, 
optical, and magnetic features, making it a good candi-
date for different applications as well as cancer diagnosis 
and therapy [15]. To date, numerous 2D-graphene-based 
materials have been investigated; these materials range 
in size, chemical make-up, biodegradability, and compat-
ibility with living systems [16]. 2D-graphene-based mate-
rials having such a wide range of properties hold great 
promise for use in biomedicine, notably in areas like bio-
sensors, multimodal imaging, drug/gene delivery, and 
cancer treatment [17].

The 2D-graphene-based materials have a huge specific 
surface area, which makes them stand out. This property 
allows them to adsorb molecules efficiently via cova-
lent or non-covalent interactions. As a result, they show 
more restraint in their discharge in response to environ-
mental cues. 2D-graphene-based materials are of special 
interest for optical treatments including photothermal 
therapy (PTT) and photodynamic therapy (PDT) due to 
their sheet-like nanostructures. Additionally, these nano-
materials may respond to near-infrared (NIR) light. The 
advantages above have resulted in 2D-graphene-based 
materials becoming the prevailing nanoplatforms for 
theranostic investigations. In recent years, the primary 
focus of researchers has been on the fabrication or opti-
mization of monotherapy. However, numerous preclinical 
and clinical studies have demonstrated that monotherapy 
does not yield the expected level of effectiveness. This is 
primarily attributed to the recurrence and metastasis of 
cancer. The combination of 2D-graphene-based nano-
composites with other functional moieties has the poten-
tial to create a novel category of therapeutic agents in the 
field of biomedicine. This integration can significantly 
enhance the properties of 2D-graphene-based nano-
composites, enabling synergistic applications in cancer 

diagnosis and therapy on the 2D-graphene-based nano-
materials [18].

This stydy provides an overview of the present status 
and advantages associated with the utilization of 2D-gra-
phene-based nanomaterials in the field of cancer detec-
tion and therapy. Additionally, it explores the challenges 
encountered and the potential for future advancements in 
this area. In this discussion, we will examine three highly 
promising applications of 2D-graphene-based nanomate-
rials in the field of cancer treatment. These applications 
include: (1) cancers diagnosis, (2) drug delivery, (3) PTT, 
and (4) PDT. This study also presents a summary of the 
biocompatibility of 2D-graphene-based nanomaterials, 
offering valuable insights into this subject matter.

Graphene-based hybrid composites for cancer 
diagnosis
Nowadays, cancer is one of the human health threats in 
the world due to its high prevalence and death [19]. It is 
predicted that the early diagnosis of cancer can attenu-
ate its death rate. Magnetic resonance imaging (MRI) 
and Computed Tomography (CT) scan are the most 
conventional methods used for cancer detection [20]. 
Although these techniques have been to a degree of suc-
cess, the lack of effective techniques with acceptable sen-
sitivity and inefficiency for early detection of cancer still 
remains a major concern. Recent studies have stated that 
2D-graphene-based materials combined with many con-
trast agents can provide a new platform to detect tumor 
tissues to achieve the necessity of multimodal imaging 
[21]. Bio-imaging and biosensors possess vital functions 
helping to perceive different biological cellular and sub-
cellular processes. 2D-graphene-based biosensors can 
assist the existing techniques to become more power-
ful improving cancer diagnosis at the early stage and 
monitoring the efficacy of treatments [20]. Herein, it was 
focused on 2D-graphene-based materials used in differ-
ent biosensing techniques and bioimaging methods.

Biosensing
Biosensors are analytical tools constructed of two parts 
including a receptor (biological unit) and a transducer 
(electronic unit) which enable to detect the small mol-
ecules and large biomolecules [22, 23]. They can quali-
tatively or quantitatively recognize specific types of 
analytes using various techniques such as spectrochemi-
cal, electrochemical, magneto-chemical, fluorescence 
resonance energy transfer (FRET), surface-enhanced 
Raman scattering (SERS), fluorescence spectroscopy, and 
surface plasmon resonance (SPR). They are mostly used 
for detecting chemical analytes and biomolecules that 
have a key role in the disease process, so their detection 
is very crucial in diagnosis and therapy [22]. Graphene-
based materials have good electrochemical and optical 
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properties for biosensing detection applications. they 
can interact with various molecules via p–p stacking or 
electrostatic interaction [24]. Additionally, their surface 
can be modified to allow them to interact with defined 
analytes. GO is more explored for biosensing among gra-
phene derivatives due to its acceptable biocompatibility, 
good water dispersibility, surface functional groups, and 
its G-band in Raman spectra [25]. GO-based biosensors 
can detect lower limits, respond rapidly, have high sensi-
tivity, and improve signal-to-noise ratios [21, 24].

Electrochemical biosensor
The electrochemical sensor has been presented exten-
sive opportunities for detecting several analysts such as 
cancer biomarkers. Their most notable characteristics 
include high selectivity, sensitivity, accuracy, and easy 
procedure [26]. On the other hand, tumor cells usually 
have different specific biomarkers that can be detected 
by biosensors helping to early detection of cancer. These 
biomarkers are included proteins, hormones, enzymatic, 
embryonic antigens, carbohydrate antigens, isoenzymes, 
oncogenes, etc. In this context, various types of electro-
chemical biosensors have been established using gra-
phene-based materials. For example, a new disposable 
electrochemical biosensor was fabricated for detecting 
a specific DNA sequence on the p53 tumor suppressor 
gene (TP53) [27]. The electrochemical part consisted of 
screen-printed carbon electrodes (SPCEs) functional-
ized with rGO–carboxymethylcellulose (rGO-CMC). 
Single nucleotide polymorphism in cDNAs from human 
breast cancer cell lines was discriminated by this plat-
form, which can be an excellent diagnostic device in 
clinical analysis. Furthermore, an electrochemical DNA 
probe immobilizedMoS2/graphene-based sensor was 
developed for detecting circulating tumor DNA. In com-
parison to other methods for the detection of circulating 
tumor DNA, this biosensor showed high sensitivity not 
needing labeling and using amplifiers [28].

As miRNAs have a key role in the early diagnosis of 
cancer, several graphene-based electrode materials with 
different structures and composites have been developed 
for the detection of various types of microRNAs. For 
instance, a disposable pencil graphite electrode modi-
fied with graphene was developed for mir-21 detection 
[29]. This study reported that the graphene-modified 
electrode had a 2.77 times lower detection limit (3.12 
pmol) compared with the unmodified electrode. In addi-
tion, this graphene-modified electrode did not require 
for sample preparation and amplification process before 
the detection of real samples. Another electrochemical 
biosensor was fabricated for plasma miR-155 detection 
by M.Azimzadeh et al. [30]. They fabricated a thiolated 
glassy carbon electrode whose surface was modified with 
GO sheets decorated with gold nanorods (GNRs). They 

reported that for the range of 2.0 fM to 8.0 pM, the bio-
sensor signal relationship with miRNA concentration 
was linear and the detection limit was 0.6 fM. In addi-
tion, this system showed high selectivity, good sensitiv-
ity, storage ability, and acceptable response, and did not 
need any purification and amplification process before 
the detection of real samples. A label-free electrochemi-
cal immune-sensor functionalized with polymer-rGO 
was fabricated for the detection of miRNA-29b-1 and 
miRNA-141 [31]. This immune-sensor displayed excel-
lent stability, good sensitivity with a limit of quantifi-
cation of 8 fM, and high selectivity as it discriminates 
mismatch.

Proteins are other types of biomarkers that can be mea-
sured in tissues and blood serum for early diagnosis of 
cancer. Any changes in protein levels indicate an altera-
tion in their structure or post-translation process related 
to the existence and development of cancer cells. So, 
the detection of protein biomarkers is vital for diagno-
sis, drug screening, and treatment approach evaluation 
[32]. In this context, various graphene-based biosensors 
were established to detect a protein biomarker related to 
cancer cells [33]. For example, a biosensing platform was 
generated of porphyrinnon- functionalized graphene-
modified glassy carbon electrode for clinical diagnosis of 
cyclin A2 which is a prognostic indicator in early-stage 
cancers [34]. Using graphene in this platform improves 
the sensor function due to its instinct conductivity and 
providing oxygen-containing functional groups for the 
following immobility of peptide. A chitosan-modified-
rGO-based biosensor was fabricated for the VEGFR2 
detection with acceptable susceptibility and a detec-
tion limit of 0.28 pM [35]. It could directly measure the 
total amount of VEGFR2 in cell lysates and also moni-
tor VEGFR2 expression changes stimulated by different 
inhibitor treatments.

Reactive oxygen species (ROS) are essential small bio-
molecules for various physiological processes and sig-
naling pathways. In abnormal conditions such as cancer, 
ROS level is changed caused by oxidative stress [36]. One 
of the reactive oxygen species is H2O2 molecules that are 
directly related to protein production, apoptosis, and 
DNA damage [189]. In this concept, a glassy carbon elec-
trode modifying with a graphene-based nanocomposite 
(rGO-Au-poly(toluidine blue O) films) was fabricated to 
detect H2O2 [37]. This platform was sensitive to H2O2 
with a detection limit of 0.2 µM considered a potential 
biosensor for various cancer cell detection. Pt–MnO2-
rGO-based biosensor is another example that was fab-
ricated for the detection of H2O2 molecules from cells 
with high stability and sensitivity with a detection limit 
of 1.0 µM [38]. Regarding these studies, it is suggested 
that the incorporation of graphene-based materials in the 
electrochemical biosensor can provide new platform for 
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detecting various cancer biomarkers with highly sensi-
tive, accuracy, stability, and reproducibility.

Fluorescence sensor
In several disease conditions including cancer, the cellu-
lar and subcellular metabolites, ions, and molecules are 
changed. Thus, screening these molecules afford critical 
information to appreciate many conditions. Fluorescent 
technology can provide an effective platform for real-
time monitoring, measuring, and detecting these mol-
ecules [39]. In this regard, various fluorescent biosensors 
incorporated with graphene-based materials have been 
fabricated for cancer detection. In this regard, various 
fluorescent biosensors incorporated with graphene-based 
materials have been fabricated for cancer detection. A 
fluorescent aptasensor was developed to detect Mucin1, 
an epithelial tumor marker [40]. To this aim, The GO 
surface was modified with the MUC1 (target analyte) 
and Cy5-modified aptamer. In the absence of MUC1, 
the fluorescence of a single-stranded dye-labeled MUC1 
was quenched by GO while upon adding MUC1 the fluo-
rescence is recovered, and MUC1 could be identified. 
In another study, a fluorescent aptasensor based on GO 
was designed for detection of leukemia. The surface of 
GO was modified with carboxy-fluorescein-labeled Sgc8 
aptamer. The fluorescence of the system was quenched 
through FRET. The fluorescence was quenched when 
target molecules was absent in medium. The quenched 
fluorescence was recovered upon to present of the tar-
get molecules by adding the CCRF-CEM cells. Thus, 
the number of CCRF-CEM cells detected based on the 
fluorescence signals intensity with a detection limit of 10 
cells/mL [41]. Regarding, GO can be considered a great 
energy receptor in FRET-based biosensors widely appli-
cable in fluorescence aptasensor [42]. In addition, using 
graphene-based material in aptamers can improve their 
stability compared to the free aptamer probe [43].

Field-effect transistor (FET) biosensor
The FET biosensors are efficient and promising biomedi-
cal tools. In these technologies, fluorescent dyes or elec-
trochemical tags are not necessary. They are relatively 
fast, have label-free detection, and act sensitively and 
selectively because of the interfacial transfer of charge 
[20]. However, their effective electrical function, their 
structure, and the design of an active channel layer are 
still challenges. In this context, graphene-based materials 
are explored for FRET biosensors due to their electronic 
properties. For example, an rGO-based FET biosen-
sor was fabricated for peptide nucleic acid (PNA)–DNA 
detection [44]. To this aim, the surface of the sensor was 
modified with the prepared rGO suspension by drop-
casting approach. PNA was applied as the capture probe, 
and DNA was detected by PNA–DNA hybridization on 

the rGO-based FET biosensor. This biosensor showed 
high sensitivity with a detection limit of 100 fM, high 
specificity, and reproducibility in cancer diagnosis. 
Another study was performed to develop a gold nanopar-
ticles (AuNPs)-rGO-based FET biosensor for miRNA 
detection [45]. The sensor surface was cast by rGO sus-
pension and then decorated with AuNPs. Next, the PNA 
probe was immobilized on the AuNPs-rGO surface. The 
miRNA was determined by the PNA-miRNA hybridiza-
tion with high sensitivity.

Bioimaging
Bioimaging is an important aspect of cancer diagnosis, as 
it can monitor the biological conditions in both in vivo 
and in vitro. In principle, materials applying bioimaging 
should be non-toxic, biocompatible, sensitive, and have 
high specificity [26]. To this, graphene-based materials 
possess several advantages that attract much attention 
to exploring bioimaging applications including capabil-
ity in real-time imaging, non-ionizing energy, economi-
cal availability, in vivo photothermal effect in both NIR 
windows (650–950 nm, and 1000–1350). Although these 
materials have shown acceptable toxicity for bioimaging 
applications, however, their selectivity and sensitivity 
should be addressed.

Graphene-based materials have been used as fluores-
cence probes to detect various diseases, mainly cancer 
cells. For example, rGO modified with quantum dots and 
folic acid (FA) was assessed for fluorescent bioimaging in 
cancer cells [46]. It was reported that rGO can convert 
NIR radiation into heat causing simultaneously cell death 
(photothermal effect) and fluorescence quenching. Thus, 
this system was used for PTT, tumor imaging, and in situ 
monitoring of treatment. Additionally, antibody-conju-
gated GO was applied as a Raman probe for the selective 
identification of breast cancer cells (SKBR3) [47]. The 
results demonstrated fabricated GO-based probe can 
discriminate SKBR3 cells in tumor cell mixtures with the 
detection limit of 60 cell/mL. The fluorescence signal of 
GO, rGO, and partially reduced graphene oxide (prGO) 
was investigated in liver cancer cells by means of DUV 
fluorescence bioimaging [48]. It was reported that the 
prGO remarkably increased the cell fluorescence and 
enhanced the signal intensity (2.5 times). This result sug-
gests that the prGO nanosheet can be used simultane-
ously for loading therapeutic agents and monitoring drug 
delivery by fluorescence microscopy. Beside 2D- gra-
phene-based materials, graphene quantum dot is a deriv-
ative of graphene-based materials with a zero-dimension 
structure that is most widely used for fluorescence bio-
imaging [49]. GQDs hold great promise for bioimaging 
applications due to their strong and tunable photolumi-
nescence, photostability, and biocompatibility.
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Graphene-based hybrid composites for cancer 
drug delivery
The main purpose of fabricating a drug delivery system 
(DDS) for cancer treatment is to deliver anti-cancer 
agents inside tumor tissue to improve efficiency with 
fewer side effects on normal cells. The low water solubil-
ity of chemotherapeutics and their non-specificity local-
ization in the tumor site make side effects on normal 
tissues [14]. In recent years, nanotechnology progress 
has facilitated these difficulties by introducing various 
nanocarriers with efficient functions in DDS [50]. Owing 
to the high surface area, acceptable biocompatibility, 
and facility of their surface modification, graphene-
based materials have been widely investigated as imag-
ing contrast agents and drug/gene delivery systems, and 
bacterial inhibitors. Additionally, their ability in the pho-
tothermal conversion of the NIR wavelengths provides a 
platform for PTT [51].

Graphene-based materials have been shown promis-
ing potential for nanocarrier usage due to their uniform 
small size, high surface area, low cost, intrinsic optical 
characteristics, and their ability to establish non-covalent 
interactions with aromatic components [52]. π-π stack-
ing, hydrogen bonding, and hydrophobic or electrostatic 
interactions are non-covalent interactions of these mate-
rials that can support high loading of less soluble che-
motherapeutics with effective efficiency. In recent years, 
several investigations have been directed at the delivery 
of hydrophobic chemotherapeutics via simple physi-
sorption through π-π stacking. Doxorubicin (DOX) and 
paclitaxel (RTX) are hydrophobic chemotherapeutics 
that are successfully loaded on GO via π-π interactions 
to enhance cytotoxicity and inhibit cancer cells [53, 54].

In addition, the covalent modification of rGo and GO 
sheets is possible due to the existence of some defects in 
their lattice and oxygen-containing groups on their sur-
face. These modifications can be accessed via different 
approaches such as condensation/addition and nucleo-
philic/ electrophilic reactions [55]. These approaches can 
be useful to achieve nanocarriers with decent biocompat-
ibility and controllable behavior in biological mediums. 
For instance, polyethylene glycol (PEG) is the most com-
mon polymer covalently functionalized on the GO sheets 
to improve in vivo pharmacokinetics, enhance biocom-
patibility, and alleviate non-specific interactions with bio-
logical medium, molecules, and cells [56, 57]. Poly(vinyl 
alcohol) (PVA) [58], polysebacic anhydride (PSA) [59], 
poly(N-isopropylacrylamide) (PNIPAM) [60], polyeth-
ylenimine (PEI) [61, 62], chitosan [63, 64] and amphi-
philic copolymers [65] are other polymers that have 
been covalently functionalized on GO sheets to enhance 
biocompatibility.

In addition to the improvement of biocompat-
ibility, surface modification can be used for conjugate 

graphene-based materials with special ligands providing 
a platform for targeted DDS recognizable by tumor cells. 
Targeted delivery is a well-known approach to enhance 
the concentration of anti-cancer agents in the tumor 
side leading to improving their therapeutic efficacy and 
decreasing their side effects. In this context, several tar-
geting ligands namely peptides [66], FA [67], aptamers 
[68], and monoclonal antibodies [69] have been investi-
gated using graphene-based materials as nanocarriers for 
cancer therapy. Furthermore, functionalized graphene-
based materials are talented candidates for designing 
DDS with multifunctional applications. In this respect, 
the most recent progress in DDS usage of graphene-
based materials specifically for smart delivery, PTT, and 
PDT applications is discussed in the following sections.

Smart drug delivery
Another strategy in the modification of graphene-based 
materials is approaching to achieve a smart DDS being 
able to recognize a type of environmental stimuli and 
respond to it. It has been well-known that tumor envi-
ronments have some differences in physicochemical 
properties of microenvironments such as temperature, 
pH, expressing several receptors, and enzymes compared 
to normal cells [102]. These differences are considered to 
develop the smart DDS that can release their cargo upon 
reaching the targeted site. To this aim, graphene-based 
materials have gained popularity in smart DDS that are 
reviewed in the following based on the types of their 
stimulus.

pH-sensitive graphene-based DDS
One of the most common strategies for fabricating smart 
DDS is pH modulation in cancer targeting. An abnor-
mal property of tumor tissues is protons accumulation 
in the extracellular matrix leading to an acidic environ-
ment around the tumor regions that are not present in 
normal cells. This difference has been widely explored for 
pH-sensitive DDS in cancer treatments. In pH-sensitive 
graphene-based carriers, the anticancer drugs are com-
monly loaded on their platforms via simple physisorption 
(such as π-π stacking, hydrogen bindings, and hydro-
phobic interactions). These interactions between loaded 
drugs and graphene surfaces are weakened upon expo-
sure to the acidic environment resulting in the loaded 
drug becoming released at lower pH [103]. One of the 
first pH-stimuli graphene-based DDS was PEG function-
alized GO (PEG-GO) for DOX delivery in cancer therapy 
[104]. It was reported that PEG-GO released about 40% 
of DOX in an acidic solution (pH = 5.5) after 24 h while 
it released only 15% of DOX in a physiological pH = 7.4 
over 48  h. Moreover, an anti-CD20 antibody (Rituxan) 
was also conjugated to the PEG-GO for B-cell-specific 
bonding. In vitro Cytotoxicity results showed Rituxan 
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Application Type of Graphene-based 
nanomaterial

Anti-cancer agent Size (nm) Release 
mode

Achievements Refs.

Targeted DDS NGO-PEG-HN-1 DOX 122 Thermal-
sensitive 
drug 
release

-Increasing cellular uptakes and cytotoxic-
ity in OSCC cells compared to free drug.

 [70]

GO-PEI-PEG-CPP Rictor siRNA 195–230 - -Increasing the cellular internalization
-Improved inhibition effect of siRNA on 
the cancer cell viability and increase in 
vitro apoptosis
-Targeting ability significantly repressed 
the tumor growth in comparison with the 
non-targeted one or free siRNA

 [71]

Fe3O4–graphene 5-fluorouracil 5–13 pH-re-
sponsive 
drug 
release

-pH dependent drug release
-Enhancement of cell internalization with 
remarkable biocompatibility

 [72]

GO-Chitosan-FA Camptothecin / 
3,3′Diindolylmethane

230–355 Controlled 
drug 
release

-Co-delivery of two anti-cancer drugs 
making a synergistic effect in breast can-
cer treatment

 [73]

GO-PEG-FA Camptothecin 100–200 Controlled 
drug 
release

-pH-dependent drug release
-Enhancement of the anticancer activity

 [74]

pH-sensitive /
targeted DDS

GO-Tf Dihydroartemisinin 100–200 pH-sensi-
tive drug 
release

-Enhanced tumor delivery specificity
-Increasing cytotoxicity
-Improvment in vivo efficiency with mini-
mal side effects

 [75]

pH-sensitive 
DDS

GO–PVP–Fe3O4 Quercetin ∼100 μm pH-re-
sponsive 
drug 
release

-pH-responsive controlled drug release
-Enhancement of the cytotoxicity than the 
free drug

 [76]

Pectin-GO-Fe3O4 Paclitaxel 6–12 pH-sensi-
tive drug 
release

-Improved drug loading capacity
- pH-responsive drug release

 [77]

GO-CMC DOX - Sustained 
drug 
release

-acceptable biocompatibility
-pH-responsive controlled drug release

 [78]

CMC-starch-rGO Curcumin - - -pH-responsive sustained drug release  [79]
Redox-Stimuli 
DDS

NGO-SS-mPEG DOX 200 pH 
respon-
sive drug 
release

-Increasing the DOX release percentage 
upon adding GSH
Inducing more growth inhibitory effect on 
cancer cells

 [80]

Ag@GO-PEI-SS-DOX DOX 100–400 Stimulate 
respon-
sive 
system

-GSH-stimulated drug release
-Ability to monitoring cellular uptake via 
SERS technique

 [81]

rGO/QC-PEG/Plu-SH DOX 140–293 Controlled 
drug 
release

-Triggered pH/redox responsive drug 
release

 [82]

GO-SS-Ce6 Chlorin e6
Photosensitizer

103 Redox 
drug 
release

Increasing lethal effect upon exposure 
with laser irradiation compared to free Ce6 
in the same condition

 [83]

Table 1 Various applications of G-based hybrid composites in cancer therapy
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Application Type of Graphene-based 
nanomaterial

Anti-cancer agent Size (nm) Release 
mode

Achievements Refs.

Thermo- Stim-
uli DDS

PNIPAM-GS Camptothecin 189 Sustained 
drug 
release

-loading water-insoluble anticancer agents 
with thermos- dependent release profile
- In vitro high lethal effect on cancer cells

 [60]

SMGO/P(NIPAM-co-AA) NGs DOX 83 - -Thermo/pH dependent releasing behavio
-Acceptable biocompatibility
-Enhanced cytotoxicity compared to free 
DOX

 [84]

Chitosan-GO DOX 35 Photo-
thermal 
drug 
release

-Thermo-triggered DOX release
- Significantly greater cytotoxicity in 
cancer cells

 [85]

Magnetic DDS γ-Fe2O3-NGO Cisplatin 350–400 Sustained 
drug 
release

-High loading capacity with sustained 
release
- Magnetic actuation for targeting delivery

 [86]

GO-HA- Fe3O4 DOX/ paclitaxel 130–160 - -Targeted Drug Delivery
- Combination therapy
-Synergic anti-cancer effect via Magneto-
thermal Therapy and chemotherapy

 [87]

GO-IONP-PEG- DOX 50–300 - -Magnetically targeted delivery
- localized PTT
-MR imaging

 [88]

PVP/PVA- GO-Fe3O4 DOX/ Paclitaxel 14–500 Triggered 
drug 
release

-Combination therapy
-Synergic anti-cancer effect via 
thermo-Chemotherapy

 [89]

GO-Gd- mAb DOX 40–180 sustained 
and pH-
sensitive 
release

-Targeted Drug Delivery
-MR imaging

 [90]

Chitosan- Fe3O4−graphene DOX 126 pH-de-
pendent 
drug 
release

-Co-delivery of drugs and gene
-MRI contrast agents
-Combination of chemo- and gene 
therapy

 [91]

β-CD-GO-Fe3O4 DOX/ Epirubicin 13 Controlled 
drug 
release

-Magnetically targeted delivery
-pH-controlled release

 [92]

CS/SA-GO-Fe3O4 DOX 40–60 pH-sensi-
tive drug 
release

-pH-controlled release
-Magnetically targeted delivery
-Combination of chemotherapy and PTT

 [93]

GO/SPION/PLGA 5-iodo-2-deoxyuridine 
(IUdR)

72 - -Magnetic targeting delivery
-Improving efficiency of IUdR as a 
radiosensitizer
-MR imaging

 [94]

Fe3O4-rGO DOX 8–10 Sustained 
drug 
release

-Magnetically targeted delivery
-Combination of chemo-thermo therapy

 [95]

Table 1 (continued) 
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conjugating PEG-GO/DOX significantly increased cell 
growth inhibition rate in compared to non-Rituxan 
PEG-GO/DOX nanocarrier. In another example, poly 
(2-(diethylamino) ethyl methacrylate) (PDEMAEMA) 
was conjugated to GO to achieve a pH-sensitive nanocar-
rier used for loading camptothecin (CPT) [103]. This pH-
triggered DDS was examined in three buffer solutions 
with different pH (pH = 5.5, 7.4, and 9.0). The maximum 
drug release occurred at pH = 5.5 over 48 h (~%60) while 
the drug release was insignificant at higher pH. In addi-
tion, the cytotoxicity assay on N2a cells revealed that the 
PDEMAEMA-GO did not show a toxicity effect while 
CPT-loaded-PDEMAEMA-GO had a ~%70 cell growth 
inhibition.

Arg-Gly-Asp peptide (RGD) and hyaluronic acid (HA) 
were grafted GO (GO-HA-RGD) to fabricate a PH-sen-
sitive dual-receptor targeting DOX delivery [105]. In 
vitro, study revealed that this system had a pH-sensitive 
and sustained release. The competitive assay showed 

that Dox@ GO-HA-RGD had stronger cytotoxicity than 
Dox@GO-HA and DOX@GO in the SKOV-3 cell line. 
However, the GO-HA-RGD demonstrated excellent bio-
compatibility in the HOSEpiC and SKOV-3 cell lines. 
Furthermore, it was reported that HA and RGD conjuga-
tion could effectively increase the cellular uptake of the 
GO-HA-RGD in the SKOV-3 cell line through a synergic 
effect of CD44-HA and integrin-RGD facilitated endo-
cytosis. In addition to the over mentioned examples, 
chitosan [106, 107], pluronic F127 [65], carboxymethyl 
callous (CMC) [78], and poly(vinylpyrrolidone) (PVP) 
[76]are other examples of polymers that are grafted to 
the GO surface aiming to pH-sensitive DDS fabrication 
(Table 1). In most of these studies, it has been shown that 
DDS based on GO can be modified to be a multifunc-
tional platform simultaneously possessing several capa-
bilities such as targeting and imaging in addition to being 
pH-sensitive.

Application Type of Graphene-based 
nanomaterial

Anti-cancer agent Size (nm) Release 
mode

Achievements Refs.

PTT UCNPs-GO ZnPc 28–40 - - Upconversion luminescence imaging
- Combinatorial PDT/PTT of cancer

 [96]

GO-poloxamer 188 DOX/ Irinotecan 212 pH-sensi-
tive drug 
release

- Dual-Drug Chemo-PTT
- Higher therapeutic efficacy to overcome 
resistance to chemotherapeutics.

 [97]

GO@Gd-PEG-FA DOX - - -MR imaging
-tumor targeting
- Photothermal-Chemotherapy

 [98]

rGO/PEG Resveratrol 100–400 Stimulate 
respon-
sive 
system

-A synergistic action of PTT in combined 
with the Resveratrol effect

 [81]

rGO-AuNRVe) DOX 65 Controlled 
drug 
release

-pH/NIR triggered release
-An intensive lethal effect resulted of 
Photothermal-Chemotherapy

 [99]

PDT Magnetic rGO- allylamine-g- 
4-hydroxycoumarin

Camptothecin - pH-re-
sponsive 
drug 
release

-pH-sensitive drug-release
-Higher toxicity effect against MCF-7 cell 
line compared with the normal fibroblast 
cell line (WS-1)

 
[100]

PEG–GO–FA/ICG Ginsenoside Rg3 - - -Increased therapeutic efficacy
-Decreased tumor development after NIR 
light irradiation

 
[101]

GO-PEG-OSA PTX - pH-sensi-
tive drug 
release

– The inhibition of the p-glycoprotein 
pump leads to the suppression of resis-
tance to PTX by inducing the generation 
of ROS by NIR irradiation
– The deactivation of the PGP pump 
occurred due to decreased ATP synthesis 
resulting from elevated levels of ROS and 
mitochondrial damage
-Increased cell death

[70]

NGO: nano GO; HN-1: TSPLNIHNGQKL; CPP: cell-penetrating peptide; Tf: Transferrin; SERS: Surface-Enhanced Raman Scattering; QC: 2-chloro-3 ,́4´-
dihydroxyacetophenone quaternized poly (ethylene glycol)-g-poly(dimethylaminoethyl methacrylate); Plu-SH: Pluronic; Ce6: Chlorin e6 Photosensitizer; PNIPAM: 
poly(N-isopropylacrylamide); GS: graphene sheets; SMGO: salep modified GO; AA: acrylic acid; NGs: Nanogels; PVP: polyvinylpyrrolidone; HA: Hyaluronic Acid; mAb: 
monoclonal antibody; β-CD: β-cyclodextrin; CS/SA: chitosan/sodium alginate; PLGA: poly (lactic-co-glycolic acid); ZnPc: phthalocyanine; UCNPs: upconversion 
nanoparticles; AuNRVe: gold nanorods shell-coated vesicle; OSA: oxidized sodium alginate

Table 1 (continued) 
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Redox-stimuli graphene-based DDS
Glutathione (GSH) level as a key redox regulator in 
some kinds of cancer cells increases at a minimum of 
four times more than normal cells. This important dif-
ference in GSH concentration has been considered in 
designing redox-responsive DDSs [108]. Graphene-based 
materials can provide redox-responsive DDSs by graft-
ing with polymers mediated with a redox-sensitive link-
age such as disulfide bonds. In an effort, redox-sensitive 
graphene oxide nanoparticles (GON) were designed for 
DOX delivery in cancer treatment (Fig. 1) [109]. This sys-
tem was fabricated via the redox radical polymerization 
of methacrylic acid (PMAA) on the PEG-modified GON 
(GON-PEG), subsequent PMAA crosslinking with cys-
tamine CPMAA2-GON-PEG). The crosslinked PMAA 
chains prevent premature drug release while accelerating 
its release in the presence of a reducing agent. The release 
study showed that the release rate was 6-fold faster in a 
similar condition to tumor tissue (pH 5.0 with 10 mM 
GSH) than in a similar condition to normal tissue condi-
tion (pH 7.4 with 10 µM GSH). In vitro, cytotoxicity assay 
also presented that CPMAA2-GON-PEG had notable 

biocompatibility, while the DOX-loaded CPMAA2-
GON-PEG demonstrated increased cytotoxicity to SiHa 
cells.

In another study, GO was decorated with PEG-poly-
caprolactone-S-S-DOX (PEG-PCL-SS-DOX) as a redox-
responsive prodrug for cancer treatment [110]. To this 
aim, PEG-PCL-SS-DOX was first produced by DOX con-
jugation to the amphiphilic block copolymers PEG-PCL 
via a disulfide bond. Then GO was added to this system 
via the π-π /hydrophobic interaction with the hydropho-
bic block of PEG-PCL-SS-DOX. It was suggested that 
PEG-PCL-SS-DOX could improve the stabilization of 
GO dispersion and simultaneously add a redox-sensitive 
property to this system. In vitro results demonstrated the 
effective release of DOX in similar tumor site conditions 
that led to enhanced accumulation in tumor cells and 
increase anticancer activity. Additionally, in vivo results 
suggested that GO/PEG-PCL-SS-DOX had a notable 
inhibition effect on tumor growth and decrease DOX sys-
temic toxicity. In addition to chemotherapy, GO-based 
nanocomposite was investigated for redox-Responsive 
Chlorin e6 (Ce60 for PDT of Cholangiocarcinoma [111]. 

Fig. 1 Schematic illustration of the preparation, DOX loading and redox-stimuli release of the CPMAA-GON-PEG. DOX release in acidic and high GSH level 
conditions [109]. Note: Copyright ©2015. ACS
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In an effort, GO was grafted to MePEG and cystamine 
(GO-(NSSNH2)-PEG), following the amine end group 
was linked to Ce6, and then its photodynamic effect was 
assessed with various CCA cells. In comparison with free 
Ce6, the Ce6-conjugated GO nanocomposite showed 
remarkably more Ce6 cellular uptake and produced more 
amount of ROS resulting in increased in vitro antican-
cer activity. In the animal study, the Ce6-conjugated GO 
nanocomposite showed redox-responsiveness release 
leading to more accumulation in tumor tissue and 
increased photodynamic effect on the tumor growth with 
irradiation compared to free Ce6 treatment in SNU478 
cell-bearing mice model.

A redox-sensitive DDS comprising GO nanosheet 
functionalized with hyaluronic acid (HSG) was devel-
oped for active targeting tumor cytoplasm DOX delivery 
[112]. Hyaluronic acid (HA) conjugating via a redox-sen-
sitive linkage imparts several advantages to this system 
namely more stability in a biological medium, high drug-
loading capacity, and active tumor targeting through the 
HA receptor. In addition, the photothermal ability of GO 
led to better redox response to GSH and accelerated drug 
release. This study indicates that GO modification can 
be programmed for a multi-functional DDS with several 
advantages such as targeting the tumor site, enhanced 
accumulation in the tumor site, stimuli-triggered drug 
release in a controlled manner, and ultimately increasing 
the efficiency of chemotherapeutics along with minimal 
damage to normal tissues. Further examples of the redox-
triggered graphene-based system was listed in Table 1.

Thermo-stimuli graphene-based DDS
Another approach to developing an effective smart 
DDS is to apply materials that respond to temperature 
changes. Thanks to the excellent properties of graphene-
based materials and thermo-responsive polymers, the 
powerful multi-functional DDS can be designed for 
therapeutic applications [113]. In this context, poly 
(N-isopropylacrylamide) (PNIPAM) is one of the com-
mon thermo-sensitive polymers with a lower critical 
solution temperature (LCST) of 32  °C in water [114]. 
For this purpose, the poly(L, D-lactide)- block-poly(N-
isopropylacrylamide-rand-acrylic acid) conjugated from 
rGO (rGO-graftPDLA-block-P(NIPAAm-rand-AAc)) 
was fabricated with LCST of 39 °C [115]. The DOX was 
loaded in this delivery system with a loading capacity 
of 99%. It was reported that DOX release was thermo-
responsiveness as it increased in response to an increas-
ing temperature higher than LCST. Based on the in vitro 
cytotoxicity, DOX-loaded rGO-g-PDLA-bP(NIPAAm-
rand-AAc) systems had a more lethal effect in the HepG2 
cell line compared to the free DOX. In recent study, a 
Janus GO nanosheets modified with PNIPAM/PCL were 
designed as a dual DDS [116]. This novel nano-system 

was able to load simultaneously both of the hydrophobic 
(quercetin) and hydrophilic (5-FU) anti-cancer agents 
with a thermos-responsive release.

In the over mentioned studies, thermos-responsive 
graphene-based DDS was provided via GO modifica-
tion with thermo-responsive polymers. Apart from this 
strategy, GO photothermal property was also used to 
development of a nanoplatform with pH/Thermal Dual-
responsive drug release, tumor-targeting, and synergistic 
therapeutic simultaneously [117]. To this aim, a targeted 
nanocomplexes of GO modified with FA (NCGOFA) was 
developed and loaded with DOX (NCGO@DOX-FA) 
(Fig.  2). The results of this study demonstrated that the 
NCGO-FA nanocomplexes have a high-load drug capac-
ity, targeting specificity, photostability, and photothermal 
conversion efficiency leading to triggered drug release 
by heat and in acidic conditions. Furthermore, this dual-
responsive DDS exhibits a notable synergistic anticancer 
effect compared with individually applied chemotherapy, 
PTT, or PDT, or chemotherapy.

Nanodrugs with high molecular weight and larger 
particle sizes (10–500  nm)have many advantages such 
as: high drug loading, specific targeting, and the abil-
ity to protect the cargo from degradation and release 
the drug in a controlled or sustained manner. Their 
leak from blood vessels are more slowly than most che-
motherapy drugs, which allows access to tumor tissue 
by leaky tumor vasculature, which is a major feature of 
solid tumor vasculature [118]. Nano drugs remain in 
the tumor bed due to the reduction of lymphatic drain-
age. This phenomenon has been named as the “enhanced 
permeability and retention” (EPR) effect to enhance the 
delivery of nanodrugs in tumors. Nanodrug delivery is 
based on drug accumulation in tumors due to the EPR 
effect and subsequent release. To enhance this effect in 
tumors, however, high interstitial fluid pressure (IFP), 
dense extracellular matrix (ECM), and blood vessels can 
be used. Tumor blood clot or embolization indicated. If 
the EPR effect is insufficient, the drug may be released 
and introduce more toxicity to normal tissues. There-
fore, there is an urgent need to identify the physiological 
barriers that affect the EPR effect of tumors. Macromol-
ecules between 10 and 500  nm (e.g., macromolecular 
anticancer agent, albumin, immunoglobulin, micelles, 
liposomes and protein-polymer conjugates, protein and 
carbon nanostructures) can selectively leak from the 
vascular bed and accumulate in the interstitial space. to 
find Tumors show different EPR effects regardless of type 
and size, patients or growth stages. Tumors with high 
blood vessel density (such as hepatocellular carcinoma) 
show a strong EPR effect, while tumors with low vascu-
lar density (such as pancreatic cancer) show a weak EPR 
effect. Nanomedicines based on EPR effect are promising 
to improve the effectiveness of treatment with systemic 
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anticancer drugs. Figure 3 shows several pharmacological 
strategies for vascular regulation.

Magnetic graphene-based DDS
Recently, the combination design of graphene-based 
materials with magnetic nanoparticle modifications has 
revealed notable performance for targeted drug delivery, 
photothermal lethal effect on tumor cells, and magnetic-
responsive drug release [7]. In magnetic-sensitive DDS, 
magnetic NPs (e.g., Fe, Co, Mn, or Ni derivatives) gen-
erate heating energy to increase temperature under the 
alternating magnetic field that leads to drug release. In 
an effort, a magnetic-responsive DDS was designed for 
DOX delivery in cancer therapy. This system was con-
structed of β-cyclodextrin (β-CD)/nickel NP-modified 
GO (GONiCD) and mitochondrial ion-targeting peptide 
(MitP)-conjugated HA (HAMitP) [119]. The (GONiCD) 
attachment to the (HAMitP) was based on host-guest 
interaction between β-CD and the cyclohexyl groups on 
MitP that lead to forming of a supramolecular assembly 
(Fig.  4). This multi-component DDS could enhance the 

DOX-loading capacity with a stimuli-controllable release 
in response to alternating magnetic fields and target the 
tumor cell mitochondria, leading to cell apoptosis via 
damaging both the mitochondria and the nuclei.

In addition, magnetic NPs are used to accumulate and 
locally deliver drugs through a magnetic external field 
generated by a magnet located near the chosen treatment 
site. Therefore, combining magnetic NPs with graphene-
based materials can indirectly enhance their therapeu-
tic efficiency by increasing the accumulation of DDS in 
the desired site or synergistically enhancing the lethal 
effect of magnetic hyperthermia effect [89, 120, 121]. 
For example, PEGylated Magnetic GO (MG–NH2–PEG) 
complex was investigated at magnetically targeted DOX 
delivery for cancer chemotherapy and PTT. Recently, 
fabricated gelatin-decorated magnetic GO (MGO@GEL) 
nanosheet was used as pH-sensitive DDS for paclitaxel 
(PAC) delivery and PTT (Fig. 5) [122]. In vitro cytotoxic-
ity assessment showed the MGO@GEL nanosheets had 
an acceptable biocompatibility while MGO@GEL@PAC 
nanosheets displayed high lethal effect especially with 

Fig. 2 Schematic Illustrating the Fabrication of the NCGO@DOX-FA as pH and Thermal Dual-Responsive Targeted DDS for Photothermal-Chemo/Photo-
dynamic Synergetic Therapies [117]. Note: Copyright ©2019. ACS
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NIR laser. Indeed, MGO@GEL nanosheet provide PAC at 
the tumor site, enhance its penetration into cancer cells, 
and a combinational effect of chemotherapy and PTT for 
cancer treatment.

In one study, nanoscale GO (nGO)-Fe3O4 nanocom-
posite functionalized with FA was used for simultane-
ous tumor imaging and targeted DOX delivery [123]. In 
vitro results revealed that the drug release profile was 
pH-sensitive and FA-Fe3O4@nGO NPs were selectively 
uptake via the FA receptor by MGC-803 cells and had the 
selective anti-cancer effect. Furthermore, in vivo analy-
sis confirmed that this nanocomposite possessed highly 
effective performance for in vivo MR imaging along with 
the selective anticancer activity.

In addition to the mentioned advantages, magnetic 
NPs decorated on graphene-based structures could be 
applied for Multimodal Bioimaging such as MRI con-
trast agents. In this context, Gd3+ ions-decorated rGO 
(Gd-rGO) nanosheets were studied for fluorouracil deliv-
ery as well as a contrast agent for swept-source optical 
coherence tomography (Swept-source OCT) and MRI 
[124]. Gd-rGO nanosheets presented notable contrast 
in comparison to bare GO for Swept-source OCT. At a 
magnetic field of 1.5 T, the Gd-rGO longitudinal relaxiv-
ity rate was 4 times more than the commercial contrast 
agent Magnevist. In the same way, GO-Fe3O4 was used 
as a biocompatible magnetic delivery system and MRI 
contrast agent [125]. DOX was non-covalently loaded on 
GO- Fe3O4 with 2.5-fold enhanced efficacy. Due to super-
paramagnetic properties, Fe3O4 grafting to GO provided 

magnetic targeting delivery and make contrast for MRI. 
These studies suggested that magnetic NPs in combined 
with graphene-based structures provide a novel multi-
functional platform for magnetically targeted delivery, 
high-efficacy drug loading, and superparamagnetic prop-
erties for cancer detection.

Light-responding in graphene-based DDS
Due to minimal body absorbance and high penetration 
to body tissues, NIR irradiation has been verified for 
photothermal anti-cancer therapy [55]. In recent years, 
NIR irradiation has been also investigated for photo-
thermal drug release in nanotechnology. In this context, 
graphene-based nanomaterials are prevalent agents in 
NIR-responsive DDS due to their good ability in NIR 
absorbance and convert it to thermal energy. Light-
responsive graphene-based DDS is generally achieved 
through their photothermal properties. As exposed to 
the optical trigger, these materials convert light to heat 
resulting in enhancing local temperature would lead 
to drug release or ablation of cancer cells [126]. On the 
other hand, graphene-based materials provide a platform 
for loading photosensitizers utilized for photodynamic 
cancer therapy. In these systems, photosensitizers can 
absorb the optical irradiation by suitable wavelengths to 
produce the ROS that induces apoptotic or necrotic cell 
death [127, 128].

Fig. 3 Increase the enhanced permeability and retention of effect nanodrug delivery systems in modulating tumor vessels [118]. Note: Copyright ©2021. 
MPOI
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NIR-responsive graphene-based DDS
As mentioned above, graphene-based materials pres-
ent promising NIR-responsive platforms for controlled 
release applications due to their high efficiency in NIR 
irradiation to heat transformation and good biocompat-
ibility. For example, a photothermal-responsive cyto-
solic DDS was developed by modification of rGO with 
PEG and branched polyethyleneimine (BPEI) (PEG-
BPEI-rGO) for DOX delivery into cancer cells [129]. 
Upon photothermal induction, the endosome disruption 
occurred and the drug was released by NIR radiation. In 
addition, DOX was released more rapidly in the presence 
of GHS due to the weakening of its non-covalent inter-
actions with rGO. An innovative NIR-controlled release 
DDS was fabricated from GO composite microcapsules 

that were ruptured by local heating induced by NIR-
laser irradiation which consequently trigger the release 
of the encapsulated chemotherapeutics from these cap-
sules [130]. GO sheets conjugated to aptamer AS1411 
were loaded with berberine 9-O-pyrazole alkyl deriva-
tive with anti-cancer activity [131]. It was found that 
GO could help the cargo release as well as the photo-
thermal cytotoxicity due to photothermal properties. 
Moreover, combining PTT and chemotherapy improved 
anticancer activity that can provide a promising treat-
ment for tumors. The modified graphene derivatives 2D 
sheets have been applied for NIR-responsive GO-based 
3D hydrogel preparation through non-covalent interac-
tions namely π − π stacking, hydrophobic interactions, 
and the host − guest inclusion interactions. A NIR and 

Fig. 4 Schematic Illustration of construction of the AMF-sensitive multi-component DDS for inducing tumor cell apoptosis [119]. Note: Copyright ©2020. 
Wiley. CH
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pH-responsive hydrogel constructed of carboxymethyl 
chitosan-grafted rGO/aldehyde modified poly (ethylene 
glycol) (CMC-rGO/CHO-PEG) was developed for DOX 
delivery [132]. This nanocomposite hydrogel showed 
excellent potential for combined chemo-PTT with a con-
trollable anticancer release profile.

In another study, a NIR-responsive GO-based hydro-
gel was fabricated of prodrug-conjugated GO and 
α-cyclodextrin (α-CD) for both hydrophilic and hydro-
phobic drug delivery [133]. To this aim, GO was first 
modified with camptothecin-PEG (CPT-PEG) via the 
non-covalent interactions between GO sheets and 
CPT moieties. Then, α-CD was added to the GO-CPT-
PEG structure by the host-guest inclusion interactions 
between α-CD and PEG, and the hydrogel was formed. 
NEXT, the GO-based hydrogel was used for loading 
5-FU as a hydrophilic chemotherapeutic. This GO-based 
hydrogel showed a gel-sol phase transition triggered by 
NIR irradiation that led to the release of loaded drug. 
In addition, in vivo study revealed that the 5-FU loaded 
GO-CPT-PEG/α-CD hydrogel as a dual-drug carrier has 
promising potential for combination therapy. In the same 
way, NIR, temperature, and pH-responsive GO-based 
hydrogel were constructed for 5-FU delivery with a con-
trollable release profile [134]. In this structure, GO sheets 
act not only as a core material for conjugating to the pH-
sensitive polymer and additional cross-linking but also 
trigger the gel − sol transition of hydrogel via NIR light to 

heat conversion. It was suggested that this triple-respon-
sive GO-based hydrogel could be beneficial for the con-
trolled release of drugs and would be a good candidate in 
the field of DDS.

PTT
Thanks to the NIR to heat conversion ability, graphene-
based nanomaterials have been widely used for the 
delivery of anti-cancer agents and PTT simultaneously 
leading to a synergistic effect in cancer treatment [11]. It 
was reported that rGO combined with the 980-nm laser 
irradiation showed an ideal thermal lethal effect in pan-
creatic cancer treatment in a mouse model [135]. The 
experimental data obtained from this study indicated 
that rGO photothermal effect depended on its concen-
tration and laser dose. Fabricated DOX-loaded bovine 
serum albumin (BSA)-conjugated rGO (DOX-BSA-rGO) 
nanosheets were used for chemo-photothermal cancer 
treatment [136]. In vivo study exhibited that DOX-BSA-
rGO nanosheets were uptake in a dose-dependence 
manner with acceptable biocompatibility and syner-
gic chemo-photothermal effect on brain tumor cells. In 
another study, FA-GO nanosheets modified MNO2 NPs 
was employed for targeted PTT and MR imaging [137]. 
In addition to PTT, MnO2 NPs can degrade the H2O2 in 
the tumor cell microenvironment and counter hypoxia. 
FA-GO nanosheets modified MNO2 NPs were employed 
for targeted PTT and MR imaging. This nanocomposite 

Fig. 5 Schematic illustration of fabrication and drug delivery performance of MGO@GEL@PAC nanosheets [122]. Note: Copyright ©2021. Elsevier
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was uptake by the Hela cells overexpressing FA recep-
tors, triggered the NIR-light mediated hyperthermia. GO 
nanocomposite loaded with PEGylated SPION-grafted 
methotrexate (GO-SPION-MTX) was developed for 
PTT and chemotherapy in breast cancer [138]. It was 
found that these nanocomposites were uptake by the 
folate-receptor-positive tumor cells and demonstrated 
high cytotoxicity resulting from the combination of 
chemo-PTT.

Recently, a G-based nanocomposite constructed of 
GO-PEG-modified oxidized sodium alginate (OSA) 

nanosheets (GO-PEG-OSA) were developed for the 
treatment of PTX-resistant gastric cancer (Fig.  6) [70]. 
In comparison with free drugs, PTX@GO-PEG-OSA 
showed more lethal effects on gastric cancer due to 
possessing thermal and pH-responsive drug release 
properties. Additionally, upon NIR irradiation PTX@
GO-PEG-OSA could generate ROS that induced mito-
chondrial damage leading to suppressing the out-pump-
ing function of P-glycoprotein and ultimately reversing 
PTX-resistant in gastric cancer cells. Therefore, PTX@
GO-PEG-OSA with combining chemotherapy/PTT/PDT 

Fig. 6 Schematic illustration of PTX@GO-PEG-OSA performance as a desirable strategy with dual pH and thermal-responsive drug release for chemo/
photothermal/photodynamic therapy in reverse PTX’s resistance [70]. Note: Copyright ©2021. BMC
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can be considered an effective strategy to reverse PTX’s 
resistance.

Although the graphene-based materials showed prom-
ising potential for in vivo PTT, their self-aggregation 
and accumulation in the target site remain challenging. 
To address these challenges, poloxamer-modified rGOs 
(prGOs)- loaded in human mesenchymal stem cells 
(hMSCs) were developed for targeted PTT [139]. pRGOs 
did not demonstrate any self-aggregation compared 
to rGOs. In vivo results revealed that pRGOs-loaded 
hMSCs remarkably improved tumor-targeting efficiency 
and generated higher heat than bare rGOs under laser 
irradiation.

The integration of various nanomaterials into a unique 
platform lets to bring their advantages together in a syn-
ergistic manner in cancer treatment. For example, poly-
dopamine-modified rGO was coated with mesoporous 
silica (MS) and further conjugated with HA (pRGO@
MS-HA) and used as a multifunctional nano-platform 
for targeted chemo-PTT in cancer treatment (Fig.  7) 
[140]. In addition to heat-generating of rGO, polydopa-
mine modification could enhance rGO biocompatibil-
ity while MS employed for DOX loading, and HA acted 
as a targeting ligand. It was reported that DOX release 

was pH and NIR-responsive, which could improve the 
efficiency of this system. In vitro results revealed that 
pRGO@MS(DOX)-HA showed excellent photothermal 
effect along with a notable lethal effect on tumor cells 
with good specificity toward target cells. In vivo study 
confirmed that pRGO@MS(DOX)-HA possessed a syn-
ergistic antitumor effect more than individual chemo or 
photothermal effect.

In the same way, a targeted dual pH/thermal-respon-
sive DDS with chemo-photothermal effect was fabricated 
by integrating a DNA aptamer with polydopamine-rGO 
nanosheets (rGO-PDA) nanosheets [141]. The rGO-PDA 
nanosheets simultaneously possessed the photothermal 
properties to generate hyperthermia, served as a nano-
carrier for DOX loading. In addition, DNA aptamer 
modification provided a supplementary carrier for drug 
loading, served as a targeting ligand to recognize spe-
cific cell, and was able to control DOX release. All these 
advantages led to achieve an effective multifunctional 
DDS for chemo-PTT in a synergistic manner.

In recent years, graphene-based materials have been 
employed to construct hydrogels for achieving a mul-
timodal DDS. For instance, GO-hybridized nanogels 
were developed to deliver chemotherapeutic agents 

Fig. 7 Schematic illustration of multifunctional pRGO@MS(DOX)-HA for targeted chemo-PTT in cancer treatment [140]. Note: Copyright ©2017. ACS
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and simultaneously presented PTT against cancer cells 
[142]. These nanogels were obtained by in situ combin-
ing GO nanosheets into alginate through a double emul-
sion method using disulfide bonds as crosslinkers. In 
the following, DOX was loaded by electrostatic inter-
actions. The controllability of the PH/redox-sensitive 
DOX release improved the DOX uptake and long-term 
accumulation in cancer cells which along with GO pho-
tothermal property, led to an excellent anticancer effect, 
representing their potential for anticancer combination 
therapy. Additionally, the GO photothermal effect was 
employed for controlling drug release and PTT simul-
taneously. For example, a targeted light-responsive DDS 
was developed by a Cy5.5-AS1411 aptamer-conjugated 
GO wrapping on the surface of the DOX-loaded mesopo-
rous silica NPS (MSN-Dox@GO-Apt) [143]. In this sys-
tem, GO acts as a gatekeeper to control the Dox release 
in response to NIR irradiation and convert NIR to heat 
to induce PTT. The results showed that a combination of 
chemotherapy and PTT in a single platform resulted in 
a synergic effect much more effective than monothera-
pies, which can be considered a new strategy for cancer 
treatment.

PDT
PDT is a therapeutic modality employed with the pur-
pose of eradicating malignant cells within tumors that 
involves the utilization of light with a certain wavelength 
to initiate the activation of molecules known as photo-
sensitizers (PS). Subsequently, these molecules generate 
reactive oxygen species (ROSs) that possess the ability 
to induce apoptosis in the tumor cells [144]. In order to 
optimize the targeted delivery of PDT agents to tumor 
sites by reducing the doses to be effective, allowing easy 
cell entrance, and reducing skin sensitivity to light, the 
utilization of nanocarriers is imperative [145]. In recent 
times, researchers have conducted investigations on the 
optical loading properties of G, with a particular focus on 
its potential applications in the medical domain. Notably, 
G has been recognized as a crucial element in the devel-
opment of miniature technological platforms for health-
care purposes. The exploration of theranostics started 
by employing G-based materials as carriers for both 
therapeutic substances and imaging agents [146]. Con-
sequently, this development prompted subsequent inves-
tigations into the utilization of nanotechnology-based 
PDT for the purpose of achieving more targeted and pre-
cise cancer treatment. G has the capability to effectively 
catch light inside the NIR band. This enables the investi-
gation of its potential application in cancer treatment by 
the utilization of light therapy, both internally and exter-
nally [147].

Researchers are trying to find more efficient meth-
ods of treating cancer. They are looking at how the 

nanoplatforms may complement existing treatments to 
better handle cancer as presented in Table 1. Using π-π 
stacking of GO, Tian’s group used PEG-GO and Ce6 as 
PS. The chemical was taken up by the cervical cancer 
cells, and when exposed to light, it triggered the gen-
eration of ROS. When compared to Ce6, GO-PEG-Ce6 
proved more successful in the therapy of cancer [128]. 
GO was proposed by Huang and Collagenous as a Ce6 
carrier. Ce6 was bound to folic acid-functionalized GO 
through π-π stacking binding, which is consistent with 
prior research. Researchers showed that when exposed 
to radiation, stomach cancer cells were killed by the sys-
tem [148]. Zhou and coworkers used π-π stacking inter-
action to successfully add hypocrellin B (HB) as a PS to 
GO. When subjected to radiation, they showed that the 
material produced ROSs [127, 149]. Hypocrellin A and 
7-ethyl-10-hydroxycamptothecin were combined on GO 
for this study. More lung cancer cells died when this mix-
ture was exposed to light. This demonstrates the syner-
gistic benefits of combining chemotherapy with PDT 
[149]. Increasing cellular sensitivity to ROS by inhibit-
ing the DNA oxidative damage repair enzyme MTH1 
may increase the efficacy of PDT. In order to combine 
PDT with DOX, Huang and coworkers used a GO-based 
nanocarrier to transport TH287 (an MTH1 inhibitor) 
and DOX to cancer cells [150]. They grafted PEG, FA, 
the photosensitizer indocyanine green (ICG), TH287, 
and DOX onto the GO nanocarrier. Proliferation and 
migration were inhibited, and endoplasmic reticulum 
(ER) stress-induced apoptosis and autophagy were aug-
mented, in MNNG/HOS, MG63, U2OS, and SaOS-2 
(osteosarcoma cancer) cells thanks to the efficient trans-
port of DOX and TH287 with the PEG-GO-FA/ICG car-
rier. The distinctive characteristics of G have enhanced 
the efficacy and expediency of cancer treatment when 
utilizing G-based nanocarriers for the delivery of PDT 
and chemotherapy medications, surpassing the individ-
ual effectiveness of these methods.

Recently, G-derived nanocarriers with triple capacities 
have been conceived and produced to increase the effi-
cacy of cancer therapy approaches. The development of a 
GO-based nanocarrier that is pH- and temperature-sen-
sitive makes cancer treatment that combines PTT, PDT, 
and chemotherapy easier. Nanocomplexes GO (NCGO) 
NCGO@DOX-FA, and NCGO@methylene-FA are com-
plexes formed when GO is grafted with the medicines 
DOX and methylene blue, respectively. This nanocarrier 
is distinguished from others in a number of ways, includ-
ing its large surface area, photostability, and capacity 
to transport medications to specific locations. The FA 
receptors effectively facilitate the targeted delivery of the 
complexes into the cancer cells, leading to the subsequent 
release of the medication triggered by either the acidic 
pH or heat conditions [117]. A subsequent investigation 
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by Ding et al. resulted in the development of a GO-
involved nanoparticle with the specific goal of targeting 
cancer [151]. The nanoparticle was noncovalently func-
tionalized with cucurbit [7] uril (CB [7]) in order to serve 
as a potential agent for drug delivery. Hence, the NGO 
was painted with carbon black (CB) and became known 
as GO-CB. Chlorin e6, a PS, and AQ4N (banoxantrone 
dihydrochloride), a hypoxia-responsive prodrug, were 
subsequently included in this composite material to 
alter its properties. Next, we added a CB [7] (more pre-
cisely, oxaliplatin, abbreviated as OX) guest molecule 
and a CD44-targeting chemical, ADA-hyaluronic acid 
(ADA-HA), that is well-known for improving biocompat-
ibility. In the presence of OX and AQ4N, this nanoplat-
form has the potential to act as a PTT-PDT agent for the 
treatment of L02 (human fetal hepatocyte line) and B16 
(murine melanoma) cells. This research demonstrates a 
drug delivery platform that has the potential to be used 
in a variety of different ways for cancer therapy, both in 
vivo and in vitro. In summary, it can be inferred that the 
combination of PDT or PTT with chemotherapy has the 
potential to successfully eliminate cancer cells through 
the utilization of graphene’s natural NIR absorption 
properties. The utilization of G-based vehicles has con-
siderable potential in the field of cancer treatment.

Graphene-based hybrid composites 
biocompatibility
The use of biomaterials based on G in the fields of in 
vivo biomedicine and cancer therapy has always been a 
subject of debate. The desired toxicity of G derivatives 
towards bacteria and cancer cells is tempered by con-
cerns regarding their potential toxicity as well as the lim-
ited understanding of their metabolism and long-term 
effects on different cell types, tissues, and organs. Con-
sequently, the utilization of these derivatives in the field 
of biomedicine may face significant limitations. Interac-
tions between cell membranes and G-based nanomateri-
als can potentially lead to negative consequences, such 
as the degradation of the cellular membrane and cyto-
toxicity [152, 153]. The cell membrane phospholipids are 
composed of a phosphate moiety that is linked to two 
fatty acyl chains. The main head groups include choline, 
serine, glycerol, ethanolamine, inositol, and phosphatic 
acid. The presence of multiple head groups with different 
properties gives phospholipids their unique and identifi-
able characteristics. In addition, cellular membranes con-
tain cholesterol molecules that have important functions 
in preserving the structure of the membrane, keeping 
it fluid, and regulating the activities of proteins associ-
ated with it [154]. G that is pure and lacks charges on its 
basal plane is unable to engage in electrostatic interac-
tions with phospholipids. However, it shows a tendency 
to interact with the lipid tails through hydrophobic 

interactions. Furthermore, the interactions between the 
G backbone and the cholesterol residue have the ability 
to extract or remove cholesterol molecules from the cel-
lular membrane. This process can result in membrane 
impairment [153].

In addition, it has been discovered that lipid membrane 
and nanoparticle interactions extend beyond simple sur-
face contacts. G-based nanomaterials can enter the cyto-
plasm due to their small size and sharp edges. It has been 
shown that these chemicals may effectively permeate the 
cell membrane, having adverse effects on the membrane 
and resulting in the release of intracellular contents. 
Once inside living cells, they can cause harm by releas-
ing harmful ROS [153]. Because ROS have the ability to 
decrease mitochondrial membrane potential (MMP), 
they can cause mitochondrial dysfunction. Lactate dehy-
drogenase (LDH) is released as a result of their presence, 
which might cause damage to cell membranes. Unsatu-
rated fatty acids found in membrane lipids can react with 
ROS to start lipid peroxidation. Lipid peroxides, such as 
malondialdehyde (MDA), are produced during this pro-
cess. According to the results, GO can cause the release 
of ROS outside and inside cells, even at low concentra-
tions. The magnitude and duration of this impact are 
dose- and exposure-dependant. Thus, ROS generation, 
mitochondrial malfunction, and the subsequent release 
of LDH are the primary mechanisms associated with 
cellular death [154]. Recent studies on the toxicity and 
physiological impacts of G nanoparticles have shown 
conflicting results, suggesting that even subtle alterations 
to their structure can significantly alter their properties.

Numerous studies, using a variety of animal delivery 
modalities, have established the biodistribution and in 
vivo toxicology of G and its functionalized derivatives. 
Research by Liu et al. found that the toxicity and biodis-
tribution of GO varied with both dose and particle size. 
Primary deposition of GO was seen in the liver, with only 
trace aggregates in the lungs and spleen. When compar-
ing the effects of GO particles of varying sizes, it was 
found that those of intermediate size accumulated more 
heavily in the lungs. In addition, after 180  min, almost 
19% of the intermediate-sized GO was still present, 
demonstrating its potential for long-term residency and 
sustained impact [155]. According to studies, even trace 
amounts of GO can enter the circulation and cause dam-
age to vital organs like the liver, brain, kidneys, and lungs 
[156–158 and 159]. Studies show that GO can cross the 
placental and blood-brain barriers and cause harm to 
the developing embryo. Some research has shown that 
PEG-functionalized GQDs and GO derivatives are not 
absorbed into the bloodstream and are instead elimi-
nated in the stool. Ultimately, several investigations 
suggest that G-based nanomaterials exhibit a degree of 
safety for biological applications. However, more recent 
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examinations focusing on toxicity have cast doubt on 
this assertion. The reliability of in vivo outcomes may be 
compromised due to potential inconsistencies in mate-
rial usage or the duration of investigations. Therefore, 
it is necessary to conduct more research in accordance 
with international rules to investigate the safety of these 
remarkable nanoparticles for medical applications.

Conclusion
The rising cancer death rate and demand for cancer 
treatments have prompted the everyday development of 
new cancer diagnoses and therapies. Researchers have 
recently produced G derivative-based cancer diagnosis 
and treatments. G derivatives may solve viral vectors’ 
carcinogenic and immunogenic concerns as gene and 
drug delivery platforms for cancer treatment. Graphene’s 
large surface area, stability, optical and photoluminescent 
characteristics, and easy, cost-effective functionaliza-
tion give it this promise. In addition to their notewor-
thy properties, G-based nanomaterials have hurdles that 
must be overcome for biomedical use. Additional imag-
ing and integrated treatment aspects may be attained 
with the use of G-based nanocomposites. It is suggested 
that tumor ligands that bind to G-based nanocomposites 
boost their specific or targeted medication delivery capa-
bility. G-based nanocomposites with a functionalized or 
coated surface may be used as a nanoplatform for cancer 
diagnosis and therapy. Since G-based nanocomposites 
exposure can lead to major health issues, investigating 
their biocompatibility is crucial.
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