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Abstract: Graphene, a wonder material, has made far-reaching developments in many 
different fields such as materials science, electronics, condensed physics, quantum physics, 
energy systems, etc. Since its discovery in 2004, extensive studies have been done for 
understanding its physical and chemical properties. Owing to its unique characteristics, it 
has rapidly became a potential candidate for nano-bio researchers to explore its usage in 
biomedical applications. In the last decade, remarkable efforts have been devoted to inves-
tigating the biomedical utilization of graphene and graphene-based materials, especially in 
smart drug and gene delivery as well as cancer therapy. Inspired by a great number of 
successful graphene-based materials integrations into the biomedical area, here we summar-
ize the most recent developments made about graphene applications in biomedicine. In this 
paper, we review the up-to-date advances of graphene-based materials in drug delivery 
applications, specifically targeted drug/ gene delivery, delivery of antitumor drugs, controlled 
and stimuli-responsive drug release, photodynamic therapy applications and optical imaging 
and theranostics, as well as investigating the future trends and succeeding challenges in this 
topic to provide an outlook for future researches. 
Keywords: graphene, graphene oxide, drug delivery, gene delivery, cancer therapy, 
photodynamic therapy

Introduction
Several shortcomings of traditional therapeutics and low efficacy of drugs for 
in vivo administration have resulted in the progress of nanobiomedicine and 
modern drug delivery platforms. These drawbacks include abrupt metabolization 
and exertion of drugs from the body before operation on their targeted sites, poor 
solubility of some drugs in aqueous medium, non-specific targeting, low retention 
effectiveness on deceased regions and adverse effects on normal cells. However, 
recent progress of nanotechnology and nanomaterials have provided a bright pro-
spect in the biomedicine area, namely a better bio-distribution of drugs, reduced 
adverse effects on healthy cells, specific selectivity, and higher local therapeutic 
absorption with the help of newly proposed drug delivery systems. During the last 
decades, many nanomaterials have been explored by researchers in the nanobiome-
dicine field including polymeric nanoparticles, micelles, liposomes, mesoporous 
inorganic nanoparticles, metal oxides, noble materials, carbon nanomaterials etc.1–9 

Besides the mentioned nanomaterials, the newly proposed two-dimensional nano-
materials have attracted the attention of many scientists because of their unique 
properties like their very high surface area, biocompatibility, and easy modification.
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Graphene, the so-called two-dimensional material is 
a uniformed flat monolayer of carbon atoms, packed 
tightly into a hexagonal, honeycomb structure. It is the 
basic structure of other zero-dimensional (fullerene, gra-
phene quantum dots), one dimensional (CNTs) and three 
dimensional (Graphite) allotropes of carbon.10 In this 
material, each carbon atom is attached to three other 
carbon atoms by making three hybridized sp2 bonds 
while one out-of-plane p orbital provides the electron 
delocalization network.3 The extremely interesting proper-
ties of graphene such as its great mechanical strength, high 
electrical, thermal and magnetic properties, and unique 
optical properties have made it a potential candidate to 
be used in several fields of engineering.2–4,11 Specifically, 
the acceptable biocompatibility, very large surface areas, 
great optical properties together with straightforward bio- 
functionalization of graphene and its derivatives (graphene 
oxide (GO) and reduced graphene oxide (rGO)) have 
engrossed several researchers in several fields of biomedi-
cal engineering like drug/ gene delivery and tissue 
engineering.12,13

In 2008, Liu et al14 for the first time explored the 
graphene capabilities in biological systems where they 
showed the successful non-covalent attachment of a water- 
insoluble, aromatic drug (SN38) to the PEGylated gra-
phene oxide sheets by Van der Waals interaction.14 Since 
then, the research on graphene-based materials for biome-
dical applications, especially drug delivery systems, has 
grown exponentially demonstrating their high potential in 
this field. However, being a water-insoluble material limits 
the biomedical applications of graphene, mostly cell 
works. Graphene oxide (GO) and reduced graphene 
oxide (rGO), are functional derivatives of graphene 
which possess attractive properties like being water- 
soluble, emitting visible and near-infrared fluorescence as 
well as having other graphene characteristics important in 
drug/gene delivery.15

Nanoscale graphene-based materials have also been 
extensively used for designing targeted and stimuli- 
responsive drug delivery systems through either external 
stimulus (such as temperature, light, ultrasound waves, 
magnetic and electric fields), internal stimulus (such as 
pH, redox and enzymes) or multi-stimuli-responsive drug 
delivery systems bringing a controlled smart drug delivery 
with higher bioactivity, better temporal and spatial control 
at lower dosages of therapeutic agents, together with 
decreased toxicity and other adverse side effects.16 

Therefore, functionalized graphene-based materials are 

promising candidates to be considered for designing 
smart drug delivery systems and especially for cancer 
therapy. Furthermore, therapeutic agents like anticancer 
drugs, proteins, gene and photosensitizers demonstrate 
a higher efficiency both in diagnosis and treatment of 
diseases when combined with graphene-based 
materials.17–19

Recently, in a comprehensive study we could review 
and discuss developments in graphene and graphene 
oxide; properties, synthesis, and modifications.10 In this 
review paper, we will investigate the most recent progress 
in biomedical usage of graphene and graphene-based 
materials, specifically targeted drug/gene delivery, delivery 
of antitumor drugs, smart and controlled stimuli- 
responsive drug release. Also, we will explore the devel-
opments in photodynamic therapy applications, optical 
imaging and theranostics based on the graphene materials 
with a perspective toward the upcoming challenges and 
trends in this area.

Drug Delivery Applications
The main goal of designing an optimized drug delivery 
system (DDS) is to deliver therapeutic agents inside the 
diseased region in a controllable manner while having 
fewer side effects on healthy tissues. Due to poor solubi-
lity of some chemotherapy drugs in water as well as lack 
of specificity in drug localization into a tumor, they often 
have drastic side effects on non-targeted tissues. In the 
past few decades, the development in nanotechnology has 
bypassed some difficulties in this area by introducing 
nano-sized drug carriers with efficient applications in 
DDS.20 Among various nano-carriers, graphene and some 
derivatives particularly GO have been widely investigated 
in the field of nanomedicine as bacterial inhibitors,21 ima-
ging contrast agents22 and drug/gene delivery systems,14,23 

due to appropriate expanded surface area, biocompatibility 
and easiness of surface functionalization.24,25 Moreover, 
the high near-infrared (NIR) wavelengths absorbance 
capacity of graphene nanostructures is providing an oppor-
tunity for utilizing them as photo-thermal therapy 
agents.26,27 Therefore, by merging both potentials of car-
rying drugs and enhanced photo-heat conversion, these 
graphene-based nanomaterials (GBNs) have a synergistic 
effect to be applied as heat-responsive nano-sized drug 
carriers in therapeutic applications like cancer.28–30 

However, other types of modified graphene-based nano-
platforms loaded with therapeutic agents could be recog-
nized as stimuli-responsive structures for efficient drug 
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delivery.31 In this regard, a number of studies about sti-
muli-responsive graphene-based nanoparticles are 
reviewed in the next section according to types of envir-
onmental stimulus (ie, pH, redox, temperature and mag-
netic field and light). For better judgment, a list of some 
remarkable studies with their pros and coins are presented 
in Table 1.

Targeted Drug Delivery
At present, we are faced with numerous drug delivery sys-
tems as well as targeting methods presented through a wide 
variety of investigations.39 Like other nano-systems which 
have been utilized for drug delivery, graphene-based materi-
als have the potential to be applied for designing targeted 
DDSs. Zhang et al40 have used a novel strategy using histi-
dine (His) for mediating the hydrothermal expansion of 
amorphous zinc oxide (a-ZnO) shells on nanoparticles 
(NPs) of gold (Au-His@a-ZnO). With the aid of carbodii-
mide crosslinker chemistry, they integrated Au-His@a-ZnO 
NPs onto the plane of PEGylated GO (PEG-GO).40 In this 
work, Apt@GO@Au-His@a-ZnO@DOX (Apt is aptamer) 
nanocomposites were created and indicated high carrying 
capacity of doxorubicin (DOX) along with near-infrared/pH- 
sensitive release of drugs so that the metal-drug complex 
dissociated to free the anticancer ions of Zn2+ in the low 
pH environment (endosome/lysosome of tumor cell). 
Moreover, they demonstrated fine biostability and aptamer- 
promoted attaching to lung tumor cells. The specific binding 
promoted the cellular uptake into EGFR-mutated tumor site 
(EGFR is epidermal growth factor receptor) in comparison to 
non-targeted controls. This work employed A549 cells 
(human pulmonary adenocarcinoma cells) to turmeric mice 
revealing appreciable targeted drug delivery and high anti- 
cancer efficiency of Apt@GO@Au-His@a-ZnO nanocom-
posites in vivo. The multifunctional nanocomposites 
(Apt@GO@Au-His@a-ZnO@DOX) exploited in this 
research led to high efficiency in targeted, photo/chemother-
apy to lung tumors.40

In another effort, a quantum dot-based GO nanoparticle 
(GOQD) was prepared in such a manner that the nanoparticle 
can be a sound nanocarrier potently delivering a drug during 
cancer chemotherapy. To apply this DDS in cancer therapy, 
a nanocargo was flourished through conjugating GOQD with 
the chitosan functionalized folic acid (FA-CH). This group 
disclosed that the synthesized FA-CH-GOQD is a favorable 
biocompatible nanocarrier for targeted DOX delivery with 
high therapeutic efficiency.41

A folic acid (FA) targeted system based on Go-coated 
Fe3O4 nanocomposites used is for MRI and Dox delivery. 
The system abbreviated as FA-Fe3O4@nGO-DOX could 
be fruitful and stable material for targeted drug delivery.42 

The cell viability investigations into FA-Fe3O4@nGO- 
DOX nanoplatforms were conducted and exhibited 
Cellosaurus cell line/MGC-803 selective uptake. 
Selective killing of tumor cells was verified as a result of 
pH-mediated drug release and selective uptake of the 
nanoparticles through MGC-803 cells using the folic acid 
receptor.

Also, it has been reported that in support of tumor cell 
detection plus targeted release of DOX towards HeLa 
cells, graphene quantum dots and Fe3O4 nanocomposites 
conjugated with lectin protein concanavalin A, might be 
an auspicious candidate. The whole system was abbre-
viated as GQD-ConA@Fe3O4. It has been shown that 
drug amounts in HeLa cells increase to more than twice 
when there is an external magnetic field, which is caused 
by Fe3O4 incorporation into the nanocarriers. Apart from 
that, the targeting role of Concanavalin-A in the nanopar-
ticle was certified by proving the vulnerability of HeLa 
cells to the drug which was 13% more, compared to 
normal cells.43

An aptamer-conjugated magnetic GO (MGO) nanocar-
rier was used for targeting delivery of paclitaxel. MGO 
nanocarriers had formed in consequence of Fe3O4 attach-
ment on GO layer followed by joining aptamer as 
a targeting moiety. Furthermore, an anticancer drug, pacli-
taxel was loaded on the nanocarrier in such a way that this 
loading as well as in vitro release results unveiled excel-
lent loading possessing high pH-responsive release and 
entrapment efficiency of 95.75%. By considering cellular 
toxicity assay, it was found that MGO nanocarriers were 
biocompatible with the cell death less than 20% for fibro-
blast L-929 cells. However, high cell death was reported 
for paclitaxel and paclitaxel-loaded MGO on MCF-7 
tumor cells at different dosages of the drug. Based on the 
analysis of flow cytometry, it has been discerned that the 
nanocarrier is capable of binding to MCF-7 cancerous 
cells. It was deduced that the created superparamagnetic 
nanocarrier can be a propitious agent for cancer drug 
delivery.44

An improved fluorinated GO (FGO) as an immensely 
significant drug carrier with the following properties: 1) 
high capacity of drug loading; 2) switchable fluorescence; 
3) water-soluble; 4) controlled and pH-responsive drug 
release; 5) high NIR absorption; 6) optimized 
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photothermal effects; 7) targeted drug delivery; and 8) 
nanoscale structure was prepared. At the outset, by apply-
ing designed oxygen introduction into the nanosheets, 
FGO was well modified with folic acid as a targeting 
agent. Additionally, through the adjustment of fluorinated 
graphene into a nanoscale structure with SP2 carbon, the 
photothermal performance was bettered. It is noteworthy 
that the infinitesimal size of FGO is an advantage for 
endocytosis into cells. DOX was promptly loaded onto 
FGO–FA (FA is folic acid). FA guarantees target delivery 

of the nanoparticle to cancer cells with FA receptor and the 
rest of the particle triggers release of the DOX under 
intracellular acid condition.45

In a three-parted system named GONs−FITC−ATP 
(GON: graphene oxide nanosheets, FITC: fluorescein iso-
thiocyanate, and ATP: adenosine-5′-triphosphate) energy 
transfer between GO, FITC and ATP were pointed out. 
In the light of this article, FITC is substantially quenched 
by ATP and through drawing a comparison between the 
quenching of FITC by GONs and FITC-ATP, it was 

Table 1 Advantages and Limitations of Some Remarkable Published Studies About Functionalized Graphene Oxide Nanoparticles

Type of 
Nanomaterials

Advantages Limitations Carriers/ 
Drug/ Gene

Ref.

GO–FA–βCD ● In vitro cytocompatibility
● In vivo tumor growth inhibition

● Needs for immunogenic and pharmacodynamics 

studies
● Low stability

DOX 32

NGO–PEG–RB ● pH dependent, suitable for can-

cer therapy
● High specificity

● Complex synthetic methods
● Potential inflammatory effect on lung tissue
● Needs for in vivo study

DOX 22

ADR–GO ● High drug loading capacity
● Biocompatible
● pH responsive release

● Similarity between free drug and nano-drug in 

term of cytotoxicity.
● Needs for in vivo study
● Potential accumulation of the nanoparticle in 

spleen

Adriamycin/ 

doxorubicin

33

GN–CNT–Fe3O4 ● pH-dependent drug release
● Superparamagnetic
● Efficient uptake by HepG2 cells

● Potential accumulation of GN–CNT–Fe3O4 in 
hepatocyte

● Needs for in vivo study
● Possible immunogenicity

5FU 34

PEI–GO ● High transfection efficiency
● Biocompatible
● Sequential gene and drug co- 

delivery

● Complex synthetic methods
● Low water solubility
● Needs for animal modeling

siRNA, DOX 35

PEG–GO ● Without loss of biological activity
● Without enzymatic hydrolysis
● In vitro cytocompatibility

● Needs for protein folding study
● Needs for inflammatory studies
● Needs for in vivo studies

Proteins 

ribonuclease A  

& protein 

kinase A

36

Ti–GO–BMP2 ● Efficient carrier for therapeutic 

protein BMP2
● High specificity

● Unfolding of the protein in the presence of Ti
● Needs for immunogenic and pharmacodynamics 

studies

BMP2 protein 37

NGO–PEG–SN38 ● Delivery of water insoluble 

anticancer drugs

● Needs for in vivo study
● Possible unwanted generation of protein corona
● Cell disruption in higher concentration

SN38 (CPT 
analog)

14

GO–sulfonic acid ● Co-delivery of multiple drugs
● Remarkably higher toxicity for 

cancer cells

● Needs for in vivo study
● Possible immunogenicity

DOX & CPT 38

Abbreviations: PEG, polyethylene glycol; RB, rituxan (CD20+ antibody); DOX, doxorubicin; ADR, adriamycin/doxorubicin (DOX); FA, folic acid; βCD, β cyclodextrin; 
5FU, 5-fluorouracil; CNT, carbon nanotubes; BMP2, bone morphogenetic protein-2; Ti, titanium; CPT, camptothecin; PEI, polyethylenimine.
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understood that the latter is far weaker due to the forma-
tion of supramolecular structures formed by hydrogen 
bonds and π−π interactions. In this research, a model of 
chemical adsorption of ATP molecules on GON surfaces 
together with partial blocking of FITC quenching by 
exploring complex characteristic of the GONs−FITC 
−ATP ternary system was studied. Accordingly, it was 
stated that in the case of FITC quenching by GONs, ATP 
has the role of a moderator. Understanding the mechanism 
of interaction of FITC labeled probe with ATP could be 
recognized as key in designing targeted systems.46

It was elaborated on a targeted drug delivery system 
based on graphene quantum dot (GQDs) linked to biotin as 
a targeting module, for the delivery of DOX to tumor cells. 
It was observed that GQDs were biocompatible and the 
biotin-linked GQDs loaded with DOX proved to have 
greater uptake rather than free DOX or GQDs-DOX in 
A549 cell line.47

A system based on decorated magnetic nanoparticles 
onto GO layered by mesoporous silica was developed for 
camptothecin (CPT) delivery. The carriers have a capacity 
of 20% regarding drug loading and showed a controlled and 
pH-responsive drug release. In this study, it was realized 
that the synthesized structures were considerably successful 
against HeLa cells. Moreover, under suitable magnetic 
properties along with high adsorption capacity, it was 
deemed a beneficial and versatile nanoplatform with the 
aim of tumor chemotherapy using magnetic targeting.47

Delivery of Anti-Cancer Drugs
Among the astonishing properties of graphene and GO 
nanomaterials, their high surface area makes them 
an appropriate selection for nanotherapy. Several reports 
are published on utilizing these materials, for delivery or 
co-delivery of anti-cancer drugs.

Naturally functionalized GO by chitosan is an appro-
priate candidate for being used in nanomedicine by good 
biocompatibility to co-deliver CPT and 3,3′- 
Diindolylmethane (DIM).48 As these two drugs possess 
diverse performances, their co-delivery engenders com-
bined influence upon breast cancer. Moreover, via anti- 
inflammatory assays and hemolysis, the biocompatibility 
was assayed. The cellular toxicity was determined by 3-(4, 
5-dimethyl-2-thiazolyl) −2, 5-diphenyl-2H- tetrazolium 
bromide (MTT), sulforhodamine B (SRB) and cell death 
assays toward MCF-7 cell lines together with some other 
in vivo studies like evaluating the blood biochemical ana-
lysis, the biodistribution of the drug, and bioavailability of 

the drug. Accordingly, it was deduced that loading of the 
two drugs onto the nanocarrier in conjunction with each 
other causes the anticancer activity to grow considerably. 
Besides, in vivo assessment showed that DIM masked the 
toxic impacts arising from CPT very well.

In another report, Ginsenoside Rh2 (Rh2) which is 
a new natural-based anticancer agent was treated with 
amino-acid modified GO (ie, lysine-Go & arginine-GO). 
The MTT assay on cancer cells (ie, MDA-MB/breast can-
cer, OVCAR3/ovarian cancer, and A375/human mela-
noma) and MSCs/human mesenchymal stem cells were 
carried out and showed promising anti-cancer activity on 
cancer cell lines and lower toxicity on MSCs.49

Functionalized GO is introduced as a suitable carrier 
for DDSs. It was displayed that polyvinyl pyrrolidone 
(PVP) and ß-cyclodextrin modified GO (ie, PVP-GO and 
ß-CD-GO) could preserve SN-38, as an anti-cancer drug. 
The cytotoxic assay on breast cancer/MCF-7 cells showed 
that the cytotoxicity of free SN-38 was lower than SN-38 
loaded on these structures. In comparative studies, PVP- 
GO/SN-38 showed higher masking action rather than ß- 
CD-GO/SN-38 and free SN-38.

Embedded graphene quantum dots/GQDs on CMC 
(carboxymethyl cellulose) hydrogel film showed high 
capacity in loading DOX and a long release pattern. 
Further, these films have demonstrated minor toxicity 
against blood cancer cells (K562) while it was asserted 
that DOX-loaded CMC/GQD nanocomposite could be 
exploited as a proper anti-cancer material.50

In a noteworthy strategy, P-glycoprotein expression and 
multidrug resistance/MDR problems involved in cancers, 
specifically breast cancer, were treated by a multiplexed 
gene silencing system tailored by two molecular beacons 
(MBs) embedded in GO and loaded with DOX. The nano-
system can release DOX by the low pH endosomes while 
up-taken by MDR/breast cancer cells and could silence the 
MDR1 gene and erythroblastosis virus E26 oncogene 
homolog 1 gene by MBs hybridizing with target sequences, 
plus it is capable of hindering DOX efflux transporter of 
P-glycoprotein expression and causing the progression of 
MDR breast cancer to desist.51

A novel nanosystem of drug delivery comprising GO- 
PRM/SA (PRM is an abbreviation for natural peptide 
protamine sulfate and SA represents sodium alginate) has 
been synthesized using layer-by-layer self-assembly tech-
nique and electrostatic attraction to make DOX delivery 
more efficacious. The employed modification resulted in 
the improvement of GO nanosheets to be more stable and 
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dispersible under pH of the physiological environment. 
GO-PRM/SA-DOX indicated successful pH-responsive 
drug delivery behavior. GO-PRM/SA nanocomposites 
could enter into the cytoplasm of MCF-7 cells because 
of two features; minute particle size and high water 
dispersibility.52

In controlling mass diffusion drug delivery via hydro-
gels, GO could be properly utilized. In an experiment, the 
diffusion of a peptide through a network of GO mem-
branes and the so-called GO-embedded hydrogels were 
assessed. They posit that size and density of graphene 
oxide effect on the drug release rate in a way that their 
optimization could lead to the peptide release rates posses-
sing high efficiency.53

CMC-modified graphene acts as a pH-sensitive carrier 
for DOX delivery. The platform could interact with drug 
via hydrogen bonding and π–π stacking. The system 
showed high antitumor activity while in vitro assessment 
was performed on cervical cancer/Hela and fibroblast/ 
NIH-3T3 cells.54

Another synthesized drug delivery system (GO-PEG-FA 
-CPT) has been announced consisting of GO nanomaterials, 
an anticancer drug (CPT), polyethylene glycol (PEG), and 
folic acid (FA). This nanosystem disclosed a pH-responsive 
CPT delivery. By MTT assay on MCF-7 breast cancer cell 
lines, the antitumor efficacy of the drug delivery system was 
monitored which was satisfactory for being undertaken.55 In 
a similar strategy, CPT loaded GO-PEG-FA. The system 
demonstrated a high drug-loading capacity of 37.8%. In 
vitro investigations showed a lengthy drug release of 200 
hours. It was found that the drug release was more gradual at 
acidic pH in comparison to physiological pH. Herein, two 
cell models of J774 (a high proliferation rate and macro-
phage phenotype tumor cell) and HepG2 (folate transporter 
containing human hepatocellular carcinoma cancer cell) 
were tested. The cytotoxicity of GO-FA varies on different 
cell types and did not show much cytotoxicity to J774, 
whereas there was substantial toxicity to HepG2. 
Moreover, GO-FA/CPT nanocarrier improved the killing of 
tumor cells by apoptosis.56

Controlled and Stimulated Responsive 
Drug Release
pH-Responsive Graphene-Based DDSs
It is well-known that there is a somewhat broad range of 
pH values between various organs (from about 2 for the 
stomach to 7 for the mouth) in the body as well as between 

micro-organisms at subcellular level (lysosomes ~4 and 
cytosol~7.4). Particularly, due to the abnormal character-
istics of cancer cells and subsequent accumulation of pro-
ton in the extracellular matrix of the cells, the regions 
around tumors have acidic pH which has motivated the 
researchers to design pH-sensitive DDSs.57–59 The main 
drug-loading mechanism on GO nanoplatforms is based on 
simple physisorption either by π-π stacking or hydropho-
bic interactions. After exposure to the acidic environment, 
such drug molecules and the graphene surface links are 
weakened owing to the protonation of hydrophobic drugs. 
As a result, drug release had occurred at lower pH due to 
hydrophilicity and solubility increment of a drug.60

As the pioneering work in pH-responsive DDS with 
GNBs, Sun et al synthesized theranostic polyethylene gly-
col grafted GO (PEG-GO) as a nano-carrier of cancer 
therapy of DOX. They showed the PEG-GO nanostructure 
releases about 40% of loaded DOX in an acidic solution 
(pH=5.5) after a day while only 15% of the drug is 
released in a physiological pH=7.4 over 2 days. 
Moreover, they conjugated anti-CD20 (Rituxan) antibody 
to the PEG-GO for a specific bond to B-cells and achieved 
sharp NIR fluorescence images from the cells. 
Cytotoxicity assay results showed an increase in cell 
growth inhibition rate from 20% to 80% for non-Rituxan 
and Rituxan containing PEG-GO/DOX nanostructures.22 

In another study, poly (2-(diethylamino) ethyl methacry-
late) (PDEMAEMA) as the pH-sensitive part was grafted 
on to GO and loaded by camptothecin (CPT) as an anti-
tumor drug. The pH-triggered delivery of the drug was 
examined in buffers with pH 5.5, 7.4 and 9.0. The 
PDEMAEMA-GO nanocarriers had the maximum release 
of CPT in the pH of 5.5 over two days (~%60) while in 
higher pH solutions CPT release was very negligible. 
Additionally, the cytotoxicity test revealed that the 
PDEMAEMA-GO has no toxicity effect on N2a cells in 
contrast to PDEMAEMA-GO-CPT with ~%70 growth 
inhibitory effect.60

To have both targeting therapy and imaging of hepatoma 
carcinoma cells simultaneously, cyclic arginyl-glycyl-aspartic 
acid (cRGD) and chitosan as a targeting moiety (RC) were 
conjugated and so coated on DOX-loaded GO as a drug 
carrier to form RC-GO-DOX (Figure 1). It is found that the 
drug release is pH-dependent so that the release process was 
greater for lower pH than higher pH. In addition, targeting 
ability assay that functionalization of fluorescein isothiocya-
nate (FITC) conjugated RC-GO-DOX endowed it with an 
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obvious enhancement of green fluorescence intensity in 
images of over-expressing integrin αvβ3 cell line, Bel-7402.61

Recently, modified PEG with 2, 3-dimethylmaleic 
anhydride (DA)-PEG-GO nanocomposite was fabricated 
to carry and release DOX as a pH-dependent charge 
reversal DDS. They reported the uptake of PEG-GO-DA 
in MCF-7 cells elevates under acidic pH 6.8 because of 
nanocomposite charge switching to positive. Meanwhile, 
the cell-killing ability of PEG-GO-DA/Dox is improved 
under this pH. Taking advantage of high NIR absorbance 
of GO nanostructures, PEG-GO-DA/DOX in combination 
with 808 nm NIR laser exhibited more power to destroy 
the cancer cells.62

A novel receptor-mediated nanoplatform of GO was 
functionalized by targeting and apoptosing activator 
agents; tumor necrosis factor-related apoptosis-inducing 
ligand (TRAIL), provided with DOX to achieve 
a synergistic antitumor effect.63 As shown in Figure 2, 
after gathering the nanoplatforms near the tumor site, 
they enveloped the cell surface via binding of TRAIL on 
the corresponding receptors. Afterward, the Furin cleaves 
the peptide linker and apoptosis trigger factor; TRAIL 
induces caspase-mediated apoptosis death. Finally, the 
DOX contained GOs are internalized into the cytoplasm 
and under low pH of endosomes, drug release is 
commenced.63

Using Pluronic F127 (PF127) as a hydrophilic surfac-
tant, PF127/graphene nano-sheets were assembled which 
can load DOX up to 289% (W/W) also, release it 56% and 
25% in acidic and basic conditions, respectively. The 
result of water-soluble tetrazolium salts (WST) assay 
showed that even for high concentrations of PF127/gra-
phene nano-sheets, their toxicity is negligible while 
PF127/graphene loaded DOX nano-sheets with the same 
concentration brings the MCF-7 cell proliferation inhibi-
tory up to 50%.27

In another pH-responsive system, dual functionalized 
GO nanocomposite was fabricated as a carrier of DOX. 
The DDS was equipped by two well-known biostructures: 
carboxymethyl chitosan (CMC); with high biocompatibil-
ity and solubility in water as well as drug release sensitiv-
ity to low pH, and lactobionic acid (LA); a disaccharide 
containing galactose and gluconic acid to target hepato-
cytes. It was revealed that the drug release profile has pH 
dependency so that it reaches up to about 45% in pH 5.8 
against 20% in phosphate buffer saline (PBS) with pH 7.4 
after 72 hours. Moreover, by coupling FITC as a tracker of 
the nanocarrier, it was found that this DOX DDS platform 

can target hepatocellular carcinoma SMMC-7721 cells 
more than L929 cells.64

RGD-linked GQDs containing DOX had proven to be 
a potent tool to carry the drug and monitor the drug release 
pattern into cells simultaneously. The RGD-GQD-DOX 
nano-carriers indicated acceptable biocompatibility, high 
drug release capability in acidic pH (60% vs 13% in 5 
and 7.4 pH, respectively), cytotoxicity effects on DU-145 
and PC-3 prostate tumor cells as well as photolumines-
cence ability to track drug release into the cells. The 
fluorescence images exhibited that DOX accumulation 
had occurred in the cell nucleus after 16 hours of 
incubation.65

Application of the GQDs with fluorescent emission 
capability along with chitosan xerogel coating by loading 
sodium salicylate (SS) as a drug for wound healing and 
inflammation treatment has been well studied before.48 

They revealed that the nano-xerogel has interesting fluor-
escent properties so that in vitro and in vivo bio-imagings 
by three different emission colors of blue, green and red 
which are excited by various wavelengths were well mon-
itored by UV-Vis spectroscopy. In contrast to the pre-
viously introduced system related to DOX delivery, this 
system released more SS in higher pH owing to the nega-
tive charge of the drug.64

By combining magnetic NPs, PEG, chitosan and GO 
nano-sheets (mGOC-PEG), a DDS with controllable and 
pH-responsive delivery of both irinotecan (CPT-11) and 
DOX have been achieved. Based on the position of the 
magnet under the U87 human glioblastoma cells, mGOC- 
PEG/DOX showed meaningful lethal effect.66

Exploiting the anticancer effect and pH responsiveness of 
poly(vinylpyrrolidone) nanoparticles, the exfoliated GO 
nanosheets were prepared. The GO-PVP-NPs affected the 
mitochondrial enzymatic activities, proliferation of the cells 
which may dominantly be attributed to the generation of 
ROSs. Additionally, the higher release of DOX from the 
exfoliated GO nanosheet in a low pH and hypoxic environ-
ment demonstrated a great potential to treat the tumors.67 In 
another study, it is shown that modifications of GO by peptide 
protamine sulfate (PRM) and sodium alginate (SA) lead to 
better water dispersibility and stability and also lower protein 
absorption. A pH-responsive release pattern of DOX and 
higher cytotoxicity on MCF-7 cells than GO-DOX are the 
remarkable properties of the novel nanocarriers.52

The nanocomposite of carboxymethyl cellulose (CMC) 
hydrogel and graphene quantum dots (GQD) with the 
improved ability for swelling in vitro and pH-sensitive 
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release of DOX have been introduced as a theranostic 
nanoagent for the K562 cancer cells.50 In a similar work, 
the GQD-cross-linked chitosan was loaded by a model 
drug (sodium salicylate) and encapsulated in CMC. The 
nanocomposite in the gastrointestinal tract conditions 
showed high stability and controlled release pattern of 

the drug.68 Focusing on the fluorescent properties of 
GQDs, the DOX-GQD-RGD was developed to real-time 
screening of the cellular uptake process as well as drug 
release location vs the time. The nano-DDS caused the 
delivery of the DOX into the nucleus of the U251 glioma 
cells which was followed by increases in cell death.69

Figure 1 Schematic of (A) cRGD conjugated to chitosan (RC) and (B) RC-GO-Dox nanocarrier. 
Note: Copyright ©2014. Elsevier. Reproduced from Wang C, Chen B, Zou M, Cheng G. Cyclic RGD-modified chitosan/graphene oxide polymers for drug delivery and 
cellular imaging. Colloids and Surfaces B: Biointerfaces. 2014; 122: 332–340.61

Figure 2 Scheme of TRAIL/DOX-fGO nanoplatform. (A) Main components of TRAIL/DOX-fGO, and (B) Step by step activity of TRAIL/DOX-fGO, from vessel 
administration to drug release in the cell nucleus. 
Note: Copyright ©2015. John Wiley and Sons. Reproduced from Jiang T, Sun W, Zhu Q, et al. Furin-Mediated Sequential Delivery of Anticancer Cytokine and Small- 
Molecule Drug Shuttled by Graphene. Advanced Materials. 2015; 27 (6):1021–1028.63
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In the field of bone cancer treatment, graphene oxide 
(GO)/hydroxyapatite (HAP)/chitosan (CS) composite was 
loaded with cisplatin (CDDP). This structure was applied 
to hinder osteosarcoma cells development and enhance 
osteoblast cells growth. The GO/HAP/CS-3/CDDP nano-
composites revealed higher cytotoxicity against cancer 
cells while they showed high viability on osteoblast-like 
cells and a promising application as a replacement for 
cancer-affected bone tissues.70 In breast cancer therapy, 
camptothecin (CPT) chemo drug and magnetic nanoparti-
cles were attached to reduced graphene oxide surface, 
which was cross-linked with 4-hydroxycoumarin (4-HC) 
photosensitizer through an allylamine (AA) linker. The 
CPT-loaded MrGO-AA-g-4-HC exhibited superior toxicity 
effect towards the breast cancer cells in comparison with 
normal cell lines, resulting in remarkable cancer cell 
death.71 Another study used modified graphene oxide- 
methyl acrylate (GO-g-MA) conjugated with folic acid in 
which paclitaxel (PTX) was attached to GO-g-MA/FA 
nanocarrier by hydrophobic interaction and π-π stacking. 
GO-g-MA/FA-PTX nanocarrier revealed 39% cytotoxic 
effect that inhibited breast cancer cell growth and 
decreased size of the tumor. In addition, this system effec-
tively alleviated the mitochondrial dysfunction during 
breast cancer.72 In the cervical cancer field, κ- 
Carrageenan-loaded graphene oxide in conjunction with 
biotin was applied for cervical cancer treatment. The antic-
ancer drug doxorubicin was grafted on GO-κ-car-biotin 
and demonstrated substantial cell death of cancer cells.73 

In order to improve the curative and permeability of 
bioactive materials in a drug delivery system, protein- 
polymeric carriers have been used. In a recent study gra-
phene oxide was functionalized by means of egg white 
protein of ovalbumin (OVA) and polymethyl methacrylate 
(PMMA) and was loaded with doxorubicin on this DDS. 
The OVA–PMMA–GO–DOX system revealed successful 
loading and controllable release of the drug.74

In a recent study, ultra-small SPIONs were grown on 
the GO nanosheets and finally were loaded by a modified 
form of DOX (CAD). The nano-sized theranostic agent 
proved a high antitumor effect and high-resolution MR 
imaging in-vivo.75

More recently, PEG4000 as a hydrophilic molecule was 
grafted on the GO nanosheets to elevate the biocompatibil-
ity of GO. The DOX release efficiency of the nanosheets 
was higher for lower pH than neutral pH due to H-bonding 
changes between the drug and nanocarrier.76 Beside DOX 

and CPT, indomethacin77 and 5-fluorouracil34 are also 
loaded in GBNs.

Redox-Triggered Drug Release of Graphene
Exploiting of hydrophilic structures such as PEG and poly 
(vinyl alcohol) (PVA) to attain further biocompatibility 
and prolong circulation time in blood have been exten-
sively explored by many investigators.78 Nevertheless, the 
application of these polymers as coating structures can 
disturb the drug delivery rate due to surface diffusion 
barriers79 and so cause a decline in the release efficiency. 
On the other hand, the concentration of glutathione (GSH) 
as the main intracellular redox regulator, is about 2 µM 
and 10 mM for extra- and intracellular environments, 
respectively. Interestingly, reduced glutathione (GSH) 
level inside some types of cancer cells rises at least four-
fold compared to normal cells.80 Therefore, it seems that 
this significant difference in GSH level can be an appro-
priate factor to design DDSs. A combination of DDS 
nanoplatform by coating with biocompatible polymers 
and redox-sensitive linkage provided a system with ideal 
criteria of such systems. Redox responsive NGBs have 
also interested in designing DDSs. In an effort, PEG was 
linked to GO nanocarrier via disulfide (SS) linkage (NGO- 
SS-mPEG) while antitumor drug DOX was attached 
(Figure 3). Disulfide linkage is susceptible to cleavage 
due to the high intracellular level of GSH which induces 
drugs to release at a higher rate in the cell. In the absence 
of GSH, less than 35% (over 48 hours) and only 5% (over 
72 hours) of DOX left the carrier surface at pH 5.5 and 
7.4, respectively, while the drug release percentage 
increased up to 55 and 10% upon adding 10 mM GSH. 
Furthermore, enhanced drug release due to S-S bond clea-
vage induced more growth inhibitory effect on HeLa 
cells.81

Another PEI-modified GO was applied in redox stimu-
lated delivery by introducing disulfide linkage to PEI and 
conjugating DOX to this moiety. Furthermore, silver nano-
particles were loaded by GO surface. The intracellular GSH 
further stimulated drug release by cleavage disulfide bond. 
Moreover, the presence of silver nanoparticles made mon-
itoring of this material uptake in HeLa cells possible via 
surface-enhanced raman scattering (SERS) technique.82

A novel PEGylated GO, grafted by poly(methacrylic 
acid) (PMAA) and crosslinked with cystamine as disulfide 
linkage was introduced to carry DOX. They found PMMA 
crosslinking on PEG-GO can significantly prevent premature 
drug release until the SS bond is cleaved by GSH. In pH 5.0 
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and 10 mM GSH condition, the releasing rate was six times 
faster than pH 7.0.83 Emphasizing on biocompatibility and 
controllable drug release of nano-carriers, GO was reduced 
by 2-chloro-3´,4´-dihydroxyacetophenone quaternized poly 
(ethylene glycol)-g-poly(dimethylaminoethyl methacrylate) 
(rGO/QC-PEG). Then, rGO/QC-PEG was loaded with DOX 
and the complex was fenced by disulfide cross-linking of 
thiol grafted pluronic (Plu-SH). A schematic of the release 
mechanism of the prepared nanocarrier is presented in 
Figure 4.

As shown in Figure 4, under acidic conditions DOX is 
detached from rGO/QC-PEG uncontrollably. By adding 
redox-sensitive Plu-SH to rGO/QC-PEG, the drug is 
embayed by Plu-SH and is not released even in the acidic 
condition. Once the complex is faced with high GSH con-
ditions, disulfide bonds of Plu-SH are broken and so 
entrapped drugs are released into the environment. This 
can be resonated in the presence of both acidic and high 
GSH level simultaneously.84 In order to exploit the GO 
nano-sheets as a powerful theranostic agent activated by 
redox stimuli, a photosensitizer; chlorine6 (Ce6) was con-
jugated to GO nano-sheets via a disulfide linker to obtain 
GO-SS-Ce6. They declared that GO-SS-Ce6 has notable 
Ce6-related fluorescence intensity while disulfide bonds 
were cleaved by reductive agent dithiothreitol (DTT). The 
flow cytometry and confocal laser scanning microscopy 
results proved a high intracellular penetration of GO-SS- 
Ce6 nanostructures into A549 cell line compared with free 
Ce6. The GO-SS-Ce6 was able to kill about 80% of A549 
cells exposure with 670 nm diode laser irradiation while free 
Ce6 has smaller lethal effect in the same condition.85

Active targeting of GO nanosheets by hyaluronic acid 
(HA) via a redox-sensitive linkage imparts simultaneously 
some extraordinary properties to the nanosheets such as 
selective accumulation, higher stability in the bio- 
environment, drug-loading capacity, NIR absorption and 
better response to the glutathione presence.86

By conjugating Ce6 as a photodynamic therapy agent 
to amine group of GO-(NSSNH2)-PEG, a nanocomposite 
was achieved which could transport Ce6 into the cells 
more than free Ce6. Moreover, it showed a redox- 
sensitive release pattern in the presence of glutathione. 
The animals treated by the nanocomposite had a great 
accumulation of Ce6 in the tumor while the liver of 
other groups exhibited the highest uptake of it.87

In a more recent study, gefitinib (Gef) as a drug for 
lung cancer was linked to HA functionalized GO 
nanosheets. The NGO-SS-HA-Gef nanocarrier showed 

significant responsiveness to the high level of GSH in 
A549 lung cancer cells due to the disulfide linkage.88 In 
another study, a redox responsive prodrug (PEG-PCL-SS- 
DOX) was coupled to the GO nanosheets to elevate bio- 
stability and accelerate the drug release into the cancer 
cells. In vivo results exhibited lower systematic toxicity 
and higher antitumor effect for groups treated by the 
nanohybrids.89

Thermo-Sensitive Drug Delivery by Graphene
Another strategy to design an efficient DDS can be based 
on response to temperature changes, particularly for poly-
meric nanoplatforms.90 In this regard, poly 
(N-isopropylacrylamide) (PNIPAM) has been known as 
a suitable thermo-sensitive polymer whose lower critical 
solution temperature (LCST) is about 32°C in water.91 For 
instance, GO-PNIPAM was reported as ibuprofen (IBU) 
contained nanocomposite responsive to changes of the 
environment temperature.92 They reached a large drug 
loading percentage of 280 wt% which could be caused 
by the interaction between a carboxylic part of IBU 
and –NH of PNIPAM. Additionally, a long polymeric 
chain of PNIPAM could keep the drug in its porous 
structure.

Introducing polymeric NPs including PNIPAM-g-PEO 
on GO was performed to have a thermo-sensitive nanoplat-
form working as a protein inhibitor and platelet for adhesion 
of therapeutic agents in which DOX is tested within. Other 
than thermoresponsivenesss this nano-hybrid showed high 
lethal effect on HepG2 cells.93

In another study drug loading and release profile of CPT 
were assessed on PNIPAM-g-GO which exhibited 
a temperature-dependent manner because a phase transition 
occurred from hydrophilic to lipophilic at 33°C. The 
PNIPAM homopolymer synthesized by the ATRP method 
was grafted to GO via click chemistry. A noticeable anti- 
cancer effect was observed while CPT-loaded PNIPAM- 
g-GO were assessed in vitro with A5RT3 cancer cell line.94

A salep modified GO (SMGO) comprising of branched 
PNIPAM copolymerized with acrylic acid (AA) P 
(NIPAM-co-AA) as a thermo/pH responding to DOX 
nanocarriers was introduced. Release tests of DOX- 
loaded nanostructures also showed that maximum drug 
release happens in acidic pH of 5.0 and temperature at 
42°C which confirmed the thermo/pH sensitivity of the 
nanostructures. In vitro cytotoxicity test of HeLa cells 
uncovered that SMGO modified P(NIPAM-co-AA) is 
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biocompatible as well and can have a significant role in 
cancer cell killing followed by DOX loading.95

Chemically reduced GO nanosheets were functiona-
lized by chitosan followed by copolymerization with 
NIPAM and PEG-diacrylate as a crosslinker. The 

synthesized nanogel was loaded by DOX and released 
the drug in a thermo-responding manner by near infra- 
red (NIR) laser 808 nm. Heat production due to NIR 
absorption caused the water to squeeze out of nanogels 
which resulted in shrinkage and size reduction and 

Figure 3 (A) NGO-SS-mPEG in extracellular environment (low GSH level), (B) it is internalized into the tumor cell (high GSH level), (C) linkage is cleaved, and (D) DOX is 
released. 
Note: Copyright ©2012. John Wiley and Sons. Reproduced from Wen H, Dong C, Dong H, et al. Engineered redox-responsive PEG detachment mechanism in PEGylated 
nano-graphene oxide for intracellular drug delivery. Small. 2012; 8 (5): 760–769.81

Figure 4 The mechanism of DOX release process in acidic and high GSH level conditions from rGO/QC-PEG and rGO/QC-PEG/Plu-SH . 
Note: Copyright ©2013. Elsevier. Reproduced from Al-Nahain A, Lee SY, In I, et al. Triggered pH/redox responsive release of doxorubicin from prepared highly stable 
graphene with thiol grafted pluronic. Int J Pharm. 2013; 450 (1): 208–217.84
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stimulate the thermo-responsive nanogels to release DOX 
in the temperature range at 37–42°C.96

In a more recent study, the quadruple-responsive nano-
carrier was developed which could be stimulated by multi-
ple factors like pH, temperature, redox, and NIR 
irradiation. The smart nanocarrier was loaded by rhoda-
mine B and for various circumstances it was found that 
remarkable release occurred after applying multiple 
stimuli.97 As a dual drug nanocarrier, two-faced GO 
nanosheets grafted by PNIPAM/PCL were prepared. The 
novel nanoparticles had the potential to load simulta-
neously hydrophobic (quercetin) and hydrophilic (5-FU) 
drugs and showed a thermos-responsive release profile.98

Recently, it is found that Poly(N,N-diethyl acryla-
mide)/functionalized GQD hydrogels have a smart beha-
vior against the temperature changes so that the release of 
the DOX remarkably increases near the physiological 
temperature. In-vitro and In-vivo results revealed that the 
smart nanohydrogel has great potential in the treatment of 
invasive tumor cells like melanoma.99

Magnetically Released Drug from Graphene 
Nanocarriers
Magnetic nanoparticles have received great attention for drug 
delivery purposes.100 Owing to suitable permeability of elec-
tromagnetic fields into the body, they can be used as external 
stimuli to release drug in DDSs. In order to accumulate and 
deliver a drug locally, a magnet is located near the desired site 
of treatment such as tumors by special tools like a conical piece 
of iron or typical pole shoes. Indeed, the magnetic NPs can 
indirectly enhance the therapeutic efficiency of GO-based 
DDSs by further accumulation of drug-loaded NPs in the 
targeted area101,102 or synergistically improvement of cell kill-
ing due to magnetic hyperthermia effect.103

It has been shown that iron oxide NPs-decorated PEG-GOs 
(IONP-GO-PEG) congregate where they are affected by an 
external magnetic field. From the other point of view, DOX 
loaded in this NPs can be released in greater quantities near 
tumor pH (~5.0). In addition to utilizing magnetic properties of 
IONPs for magnetic resonance imaging (MRI), they caused the 
death of more 4T1 cells located close to the magnet where 
IONP-GO-PEGs/DOX was more accumulated compared to 
regions far from the magnet.104

A novel anticancer drug carrier has been presented; 
polyvinylpyrrolidone (PVP) and PVA stabilized iron 
oxide graphene whose release manner was sensitive to 
low pH and AC magnetic field (ACMF). Although both 
PVP and PVA stabilized iron oxide graphene containing 

DOX and paclitaxel had a lower killing effect on HeLa 
cells than free DOX or paclitaxel, exposure of the cells to 
ACMF and PVP and PVA stabilized iron oxide graphene 
DOX or paclitaxel simultaneously could increase the cell 
death up to 90 and 93%, respectively.103

To combine gene therapy with anticancer drug deliv-
ery, chitosan functionalized magnetic graphene (CMG) 
NPs were synthesized105 and reported that these biocom-
patible NPs were capable of releasing DOX under pH 5.1 
at a higher rate than 7.4. Besides high potential use as an 
MRI contrast agent, a green fluorescent protein (GFP) 
encoder plasmid was effectively transfected into cells in 
in-vitro and in-vivo in addition to DOX release.106

It has been demonstrated that β-cyclodextrin modified 
magnetic (Fe3O4) graphene oxide (MGC) not only could 
be used in local drug delivery owing to superparamagnetic 
properties but is able to load and pH-dependently release 
DOX and epirubicin in MCF-7 cells. The toxicity test on 
the cells indicated that MGC has a lower toxic effect than 
MG whereas MGC/epirubicin showed a stronger lethal 
effect on MCF-7 cells.107

In a recent work, it was proved that the decoration of 
GO nanosheets by magnetic iron nanoparticles followed 
by functionalization by chitosan/sodium alginate (CS/SA) 
leads to the formation of a versatile nanocarrier which can 
load a high amount of DOX, release it in a low pH 
environment and enhance cancer cell killing via photo- 
thermal therapy (PTT).108 In a similar study, the triple 
responsive (pH, thermal and magnetic) GO nanohydrogel 
was developed and its DOX release ability was examined 
in the presence and absence of the magnet.109

To overcome the brain-blood barrier (BBB), the functio-
nalized GO/SPION/PLGA loaded by anticancer drug 5-iodo- 
2-deoxyuridine (IUdR) was exposed to an external magnet 
(0.5 T) and its elevated accumulation in the glioma-bearing 
rats was monitored by MRI. The fantastic targeted nanocar-
rier led to prolong median survival time of the tumor-bearing 
animals to 38 days.110 In order to achieve an efficient chemo- 
thermotherapy, the Fe3O4 nanoparticles were localized into 
the layered rGo and finally loaded by DOX. Minimum cell 
survival under hyperthermia induced by a magnetic field 
occurred in the presence of the nanohybrid.111

Graphene-Based Light Responding in 
DDSs
As another external stimulus, light can be used to deliver 
drugs in DDSs for treatment of unhealthy tissues. The DDSs 
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based on light stimuli can benefit from user-controllable 
options like intensity and exposure time to deliver the drug 
in appropriate time and location. Over the whole electromag-
netic spectrum, NIR region because of high transparency into 
the body as well as low damage to healthy tissues located in 
the beam path, was served as an excellent stimulator. In this 
regard, PTT using light absorber nanostructures was exten-
sively explored for the ability of cancer cell ablation at high 
temperatures. Fortunately, GO nanostructures have a high 
tendency to absorb NIR radiation and convert it to heat.112 

On the other hand, photosensitizers loaded on nanocarriers 
have been utilized for photodynamic therapy (PDT) of can-
cers. Irradiation of photosensitizers by suitable wavelengths 
causes the production reactive oxygen species (ROSs) which 
induce necrotic or apoptotic cells’ death.113,114

PTT Using Graphene-Based Nanomaterials
Results of a study showed that peptide targeted mesoporous 
silica-coated graphene nano-sheet (GSPI) loaded with DOX, 
could release the drug in acidic pH and NIR irradiation of 
3-fold higher than the non-irradiation condition. Besides tar-
geting ability, chemo-photothermally cell killing of the nano-
composite was more effective than PTT or chemotherapy 
alone.115 Similarly, the high death of MDA-MB-231 breast 
cancer cells due to treatment with dual Dox/irinotecan 
attached to GO NPs as well as NIR exposure has been 
reported.116

In another study, GO and silver were utilized simulta-
neously for PTT and synthesized DOX loaded GO@Ag 
targeted with 1,2-distearoyl-sn-glycero-3-phosphoethano-
lamine (DSPE)-PEG2000-Asn-Gly-Arg (NGR) (GO@Ag- 
DOX-NGR).117 In addition to imaging contrast-enhancing 
capability of the nanoplatforms in the animal model, they 
achieved highest tumor growth inhibition of 83.9% under 
irradiation of NIR laser. The same trend in tumor growth 
was observed using resveratrol (RV)-loaded PEGylated 
reduced GO (rGO/PEG-RV).118

Recently, a novel design for rGO-based DDS has been 
proposed where rGO-DOX was entrapped in gold nanor-
ods shell-coated vesicle (rGO-AuNRVe) (TEM image, 
Figure 5A) in order to prevent contact of rGO-DOX 
with the bio-environment directly. As depicted in Figure 
5B, the rGO-AuNRVe-Dox drug release mechanism into 
the cell was initiated upon NIR irradiation of it followed 
by disruption of the vesicle due to heat production and 
drug detachment from rGO nano-sheets in a pH- 
dependent manner. Under low pH and 808 nm laser irra-
diation, the nanoplatform showed a unique release profile 

so that about 70% of drug is rapidly released over 2 hours. 
Furthermore, U87MG cells suffered an intensive lethal 
effect in the presence of rGO-AuNRVe-DOX and laser 
irradiation simultaneously.119 Surprisingly, this multi-
functional nanostructure has the ability to improve photo-
acoustic signals in animal models.119 Prodrug Pt(IV) as an 
analog of cisplatin and a FITC conjugated caspase-3 
detector probe, were incorporated on the GO nano- 
sheets surface via amine groups of the PEG chains. In 
this work, the drug release pattern, PTT effect and poten-
tial of apoptosis identification were investigated. They 
expressed under high levels of GSH-like intracellular 
environment, Pt(IV) dihydroxy groups are removed and 
release Pt(II). In addition, followed by caspase-3 activa-
tion the florescent quenching of the probe will be halted. 
However, drug release exhibited GSH concentration 
dependency whilst PEG-NGO-Pt along with 785 nm 
NIR laser irradiation has the highest growth inhibitory 
effect on 4T1 cells (<5% cell viability for 100 µM). 
Remarkably, all PEG-NGO-Pt-treated and laser- 
irradiated tumors of animal models disappeared after 2 
days.103

A multipurpose nanocarrier using rGO was developed 
to carry radionuclide 131I attaining nuclear imaging, bra-
chytherapy and PTT concurrently. The rGO-PEG has ade-
quate compatibility with 4T1 cells whereas 131I-rGO-PEG 
induced cell death in concentrations that free 131I was 
unable to kill them. It originates from significant accumu-
lation of 131I in the cells by rGO-PEG nanocarrier in 
comparison to free 131I. Moreover, cell counting kit-8 
(CCK8) assay proved 4T1 cells suffer great growth inha-
bitation after being exposed to 131I-rGO-PEG nano-sheet 
and 808 nm laser. In contrast to free 131I, the 131I-rGO- 
PEG was mainly taken up into the tumor rather than the 
other organs. In vivo tumor growth results showed that 
tumors were eradicated after 18 days for 4 out of 5 laser - 
rradiated mice and also treated by 131I-rGO-PEG.120

Moreover for gene therapy, it has been demonstrated the 
GO functionalized with PEG and PEI can reach to a high 
plasmid DNA transfection as well as intracellular delivery of 
small interfering RNA (siRNA) utilizing 808 nm laser. They 
reported that heating produced from NIR exposure can 
elevate permeability of the cell membrane and consequently 
lead to further delivery of the cargo into the cells.121

The synergistic therapeutic effect of a novel light 
(NIR)- and pH-responsive rGo functionalized by carbox-
ymethyl chitosan and PEG has been reported. Under irra-
diation of NIR light and low pH, the DOX-oaded 
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nanocarrier triggered high-performance PTT and drug 
release rate.122 Similarly, a photothermal agent IR820 
(new indocyanine green)-LA (lactobionic acid) was linked 
to the DOX-GO nanosheets so that in addition to pH- 
dependent release and photothermal capability, it exhibited 
fluorescent properties for imaging.123

In another work, DOX release pattern from modified rGO 
nanosheets was improved under NIR laser irradiation and in 
an acidic medium. The controllable release manner under 
laser irradiation can enhance the therapeutic gain by selective 
light exposure of the target.124 In order to load a remarkable 
amount of indocyanine green (ICG) as a PTT agent, a positive 
charged magnetic rGO was modified by PEI. As a result, the 
cancerous cells experience more heat due to irradiation of 
laser in the presence of the nanocomposite as well as inducing 
a significant tumor inhibition in the animal model after laser 
irradiation. Moreover, as a theranostic agent, the nanocompo-
site can be utilized in MR and thermal imaging modalities.125

Graphene-Based Nanostructure-Mediated PDT
Considering the overexpression of some receptors such as 
CD44 on the surface of different tumor cells, hyaluronic 
acid (HA) was attached to GO nano-sheets as a targeting 
moiety. HA-GO-Ce6 nano-hybrid with a loading content 
of 115% extremely quenched Ce6 fluorescence and 
reduced the generation of 1O2 in comparison with free 

Ce6. It was concluded after Ce6 release from HA-GO- 
Ce6 into HeLa cells that it can boost the therapeutic gain 
of PDT 10 times compared to free Ce6.115

Recently, a new nanoplatform was prepared with great 
potential in synergistic PTT, PDT, and chemotherapy. By 
Spinach extract (SE) as photosensitizer and contributor in 
hydrogel formation, rGO and gold nanocages (AuNCs) as 
NIR absorbers, rGO/AuNCs/SE hydrogel was fabricated to 
load anticancer drug 5-FU. The 5-FU loaded hydrogel declined 
the survival rate of HeLa cells to 1.2% under laser 
irradiation.126

Similarly, methylene blue (MB)-linked GO coated with 
pluronic copolymer was fabricated to enhance bio- 
stability. During protonation of the GO surface and weak-
ening interaction between MB and GO due to acidic pH, 
about 80% of MB was released in pH 5.0. Based on the 
toxicity results, in the form of combined PDT and PTT, the 
GO-MB nano-photosensitizer persuades HeLa cancer cells 
to expire more unlike NIH-3T3 normal cells.127

It has been shown that a combination of core-shell upcon-
version NPs (UCNPs), PEGylated GO and photosensitizer 
medicine of phthalocyanine (ZnPc) forms a nanostructure 
with luminescence (UCL) emission, PTT and PDT capability. 
The cytotoxicity test indicated that not only the UCNP-NGO is 
almost nontoxic for HeLa and KB cells, but UCNP-NGO 

Figure 5 (A) rGO-AuNRVe morphology by TEM, (B) Dox release process from rGO-AuNRVe in the cell (Reproduced with permission). 
Note: Copyright ©2015. American Chemical Society. Reproduced from Song J, Yang X, Jacobson O, et al. Sequential drug release and enhanced photothermal and 
photoacoustic effect of hybrid reduced graphene oxide-loaded ultrasmall gold nanorod vesicles for cancer therapy. ACS nano. 2015; 9 (9): 9199–9209.119

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                       

International Journal of Nanomedicine 2020:15 9482

Hoseini-Ghahfarokhi et al                                                                                                                                          Dovepress

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


/ZnPc obviously halted the cell growth by heating and singlet 
oxygen production due to 808 and 630 nm laser irradiation, 
respectively.115

GO nano-sheets conjugated with the integrin αvβ3 
mAb were synthesized to transfer pyropheophorbide-a 
(PPa) photosensitizer into the cell mitochondria as the 
final target organelle. As expected, uptake test of U87- 
MG (positive) and MCF-7 (negative) cells proved mAb 
has acted as a proper targeting agent. Moreover, the con-
focal images clearly showed the PPa-GO-mAb was dom-
inantly accumulated into the mitochondria over 8 h. Once 
the PPa-GO-mAb nanoplatforms arrived in the mitochon-
dria successfully, a 633 nm laser can kill cancer cells 
noticeably.128

The difference between GSH levels of intra- and extra- 
cellular environment motivated designing of a novel QGD 
nanocarrier which releases more Ce6 followed by disulfide 
link cleavage of GQD-SS-PEG/Ce6 by GSH. They reached 
drug release percentage 36% only over 10 hours in contrast to 
3% over 82 hours for 10 mM and 2 µM GSH, respectively. 
The dual stimuli sensitive nanostructure considerably sup-
pressed mice bearing HeLa tumor growth.129

In another study, microRNA (miRNA) responding dex-
tran-coated GO nano-colloid was attached with Ce6 conju-
gated peptide nucleic acid (PNA). They demonstrated that, in 
the presence of miR-21, the Ce6-PNA regain its fluorescent 
and photosensitization ability. Generally, cytotoxicity and 
tumor growth assay suggested the Ce6-PNA21/Dex-rGO as 
an appropriate agent for cellular imaging as well as PDT.130

In a more recent work, a pH-sensitive link between 
a photosensitizer agent (Pu18) and GO caused the efficient 
release of the agent in a weak acidic environment. The 
authors have claimed that the design can trigger severe 
damage in the HepG-2 cells via singlet oxygen generation 
after light irradiation of the photosensitizer agent.124 

Combining the high tendency of GO to absorb the laser 
irradiation during PTT, high potential of protoporphyrin 
IX (PpIX) as a PDT agent and anticancer properties of 
DOX, led to the synthesis of DOX/GO (PEG-PpIX) nano-
composite. The nano-sized multimodal structure caused 
a reduction in tumor size of the animal model by 
a combination of PDT, PTT, and chemotherapy.131

Recently, a convenient GQD for using as 
a photosensitizer was achieved by alternating the number 
of doped nitrogen atoms. In addition to targeting the cell 
nucleus the GQDs were functionalized by charge-reversal 
(3-Aminopropyl) triethoxysilane (APTES) followed by 
loading DOX. The fluorescent images confirmed the 

uptake of the nanoplatform into the nucleus where they 
can significantly harm it by releasing the drug and produ-
cing ROS concomitantly.132

Graphene in Smart Gene Delivery 
System
Smart gene delivery system (SGDS) is simply transferring 
a foreign DNA to a cell for gene therapy or genetic 
research. Based on the mechanism of entry of the gene 
into the cytosol, SGDSs are classified as chemical (like 
lipids or nanoparticle carriers), biological (like viral or 
bacterial vectors), or mechanical (like electroporation, 
microinjection or biolistics).133,134

Chemical methods are a more common approach in 
which genes are delivered via such organic complexes of 
nucleic acid as lipid, cationic polymer, and calcium phos-
phate. However, biological methods are based on develop-
ing a viral gene delivery, in which the target cells are 
infected by a specific gene(s). Nevertheless, in the 
mechanical methods, naked nucleic acids are transferred 
directly to cells by means of electroporation, microinjec-
tion, and phototransfection.135,136

As far as the efficiency of a system is concerned, the 
satisfactory results of a SGDS directly depend on the 
transport of DNA to selected organs. The advent of nano-
technology is a boom time for different areas of science 
and industry focus in the 21st century.57,137 Moreover, 
nanotechnology has an admirable effect in realizing cost- 
effective and efficient diagnostic systems like SGDSs.138 

With this in mind, novel gene delivery systems for gene 
therapy can be made with several nanomaterials, including 
carbon nanotubes (CNTs),139 nano-graphene oxide,140 

nanoscale polymeric materials, as well as peptide and 
protein-based nanoparticles.141

In recent years, the advances of graphene and its var-
ious derivatives continue to accelerate as scientists pro-
duce a great number of incredible new SGDSs by taking 
such advantages as flexibility in design, high mechanical 
strength, low cytotoxicity, high surface area, easy functio-
nalization with targeting ligand, and high intrinsic 
mobility.142 This part highlights the recent advances of 
graphene and its derivatives like GOs, reduced-GOs 
(rGOs), and also graphene composites in GDSs and 
looks forward to the future of graphene-based GDSs.

One of the biggest challenges in using graphene-based 
nanomaterials for gene delivery is minimizing the side 
effects of GDS, especially their cytotoxicity. In this regard, 
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several studies have modified the graphene derivatives by 
polymers such as polyethylenimine (PEI),143–146 lactosy-
lated chitosan oligosaccharide (LCO), chitosan (CS),147– 

149 and polyamidoamine (PAMAM).150,151 For instance, 
the results of Zhang’s studies113 clearly showed that the 
use of PEI-conjugated GO to deliver DOX and siRNA 
does not only lead to improved therapy efficiency but 
also to patient safety increment. In a similar study, Feng 
et al152 explored the effects of two molecular weights of 
PEI (1.2 kDa and 10 kDa) on the cytotoxicity of the PEI- 
GO complex. In a valuable study, Cao et al153 highlighted 
the major role of LCO functionalized graphene oxides in 
removing the toxicity, and also increasing the loading 
capacity of FAM-DNA to human hepatic carcinoma cells 
(QGY-7703).

A GDS was developed to transfer plasmid DNA 
(pDNA). The electrostatic self-assembly method to pre-
pare folate-conjugated trimethyl chitosan (FTMC/GO) 
nanoplatforms was applied. Their results showed that 
pDNA could be loaded into FTMC/GO, in a way that the 
migration of 31.1% pDNA could be retarded within 72 
hours. They have also observed no cytotoxicity of FTMC/ 
GO in both Hela cells and A549 cells. Accordingly, 
FTMC/GO can be noted as being a great candidate for 
targeted gene delivery.147

Liu et al150 designed an efficient graphene-based gene 
vector using graphene-oleate-polyamidoamine (PAMAM) 
dendrimer hybrids mainly because of their good dispersion 
and stability in water solutions. They developed this sys-
tem by means of oleic acid and covalent binding of 
PAMAM dendrimers. Moreover, they investigated plasmid 
DNA transfection capacity of the hybrids and the cyto-
toxicity to HeLa and MG-63 cells. The results of biocom-
patibility showed that such hybrids are biocompatible to 
HeLa cells so that up to 100 μg/mL of hybrid, the cellular 
viability retains about 80%. However, they showed clear 
cytotoxicity to MG-63 cells at concentrations greater than 
20 mg/mL. In optimal condition, the synthesized hybrids 
enjoy satisfying transfection capacity and biocompatibility.

Based on conjugation of GO and PEI, PAMAM, and 
polypropylenimine (PPI), three groups of vectors have 
been fabricated.145 They have also used glycine, surface 
carboxyl group, and spermidine as linkers in their study. 
Their invaluable results showed that the synthesized vec-
tors generally have lower cytotoxicity in comparison with 
the intact polymer. Moreover, they evaluated the transfec-
tion efficiency of such three groups by a plasmid encoding 
green fluorescent protein (GFP) using both quantitative 

and qualitative approaches. The best results were obtained 
for PEI-based vectors, especially for PEI-GO conjugates 
with glycine linkers in different carrier to plasmid (C/P) 
weight ratios. In addition, these vectors were highly effi-
cient with the best transfection enhancement of 9 fold over 
that of neat PEI.

Optical Imaging and Theranostics
The American Cancer Society has predicted that one out of 
four deaths will be as a result of cancer. Cancer mortality 
mostly occurs when cancer cells metastasize via the blood-
stream. Therefore, early stage detection is a key factor in cancer 
treatment. Accordingly, recently nanomaterials have been 
investigated broadly for imaging applications. The right drug 
for the right patient at the right moment is what nanotechnol-
ogy-aided theranostics (diagnostic imaging + therapeutic) was 
born for, which can deliver a noninvasive as well as selective 
cancer therapy.154 PTT/PTD and imaging for diagnosing dis-
eases have been receiving attention due to the fact that unlike 
most drugs and dyes used for diagnostics they provide no 
toxicity as well as no side effects like anticancer drugs.

Nano-theranostic therapy has been used through various 
pathways namely shell-magnetic core star-shaped gold nano-
particles in which the tumor cells were recognized using whole 
blood sample,155 Fe3O4@Au core/shell nanostars attacking at 
CD44 receptor-overexpressing cancer cells,156 nickel ferrite 
and carbon targeting melanoma cancer,157 or materials such 
as black phosphorous (BP), covalent organic framework 
(COF) which are known as graphene-like metal free 2D 
nanosheets,158 and etc. Incorporating graphene in this process 
has been considered as a novelty of theranostic studies. This 
led to research on nanocomposites with Fe2O3/Au core-shell 
nanoparticle-graphene,159 PEGylated nanoGO-platine,156 

nanocomplexes of GO- aptamer,160 graphene nanosheets- 
magnetic nanoparticles,161 acting as theranostic agents. 
Therefore, graphene-involved theranostic agents have pro-
vided a respectable dye-free recognition and treatment 
procedure.

The unique physical properties of graphene and its deriva-
tives have made them potent nanomaterials to be considered 
and utilized in several forms of bioimaging systems including: 
optical imaging, radionuclide-based imaging, MRI (magnetic 
resonance imaging), Raman imaging and photoacoustic ima-
ging, single-photon emission computed tomography, positron 
emission tomography, and multimodal imaging.75,162 In this 
part, we only investigate the use of graphene-based nanoma-
terials in optical imaging which comprises fluorescent imaging 
(FL), and two-photon fluorescent imaging (TPFL). Non- 
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expensive availability, non-ionizing energy, imaging in real- 
time mode, short-range free-space optical (FSO) communica-
tion and multiplexing ability, acceptable photothermal conver-
sion in both first near-infrared window (650–950nm) 
and second near-infrared window (1000–1350) in biological 
tissue are amongst capabilities of GO- and rGO-based nano-
materials which have resulted in their extensive exploration in 
the field of bioimaging and theranostics. However, several 
shortcomings such as low penetration in tissue, high spreading 
of photons in the visible region by tissue, fluorescent quench-
ing, photobleaching, autofluorescent of background tissue 
(mainly light-absorbing moieties like water molecules, macro- 
nutrients and oxygen-containing groups) have challenged 
scientists using graphene in theranostic platforms for the last 
decade begetting future developments in this field.163–166 

A pH-dependent fluorescence emission of GO flakes in vitro 
in green (550 nm) versus red (630 nm) using 480 nm laser 
excitation was explored. Having in mind the acidic environ-
ment of cancerous cells (about pH=6), the ratio of green to red 
emission intensities can be used as a pH sensor for distinguish-
ing healthy cells against tumor cells.15 A triple light/enzyme- 
activated chemotherapy/PDT/PTT theranostics system (HG- 
GNCs/GO-5FU) using hyaluronic acid-glutathione (HG), gold 
nanoclusters (GNCs), graphene oxide (GO) and the antitumor 
drug, 5-fluorouracil (5FU) was reported. In this study, it was 
first shown that HG-GNCs are capable of red fluorescence 
emission, tumor-targeting function (due to the presence of 
hyaluronic acid and its ability to target activated CD44 receptor 
on tumor cells' surfaces) as well as generation of singlet oxygen 
1O2 while irradiated by laser. Then the HG-GNCs were com-
bined with 5FU and supported with GO in order to obtain 
a controlled, targeted fluorescence on/off switch for imaging 
and synergetic tumor therapy. This was achieved because the 
fluorescent HG-GNCs served as energy donors and GO as 
energy acceptor so that the HG-GNCs fluorescence and 1O2 

generation would be quenched and inhibited by GO. 
Interestingly, in the presence of hyaluronidase (HAdase), and 
under laser irradiation, the HG-GNCs and 5FU tended release 
from GO surface (due to the cleavage of glycosidic bindings) 
resulting in the restoration of HG-GNCs fluorescent and 1O2 

generation which were combined with photothermal conver-
sion of GO and cancer chemotherapy of 5FU drug.167

In another study a red fluorescence, biodegradable, 
stimuli-responsive nano theranostic platform (GOF-Lip- 
FA) was presented based on graphene oxide flakes 
(GOF) supporting self-assembly liposomes (Lip) loaded 
with DOX and functionalized with FA (Figure 6A-D).168

This theranostic platform was successful both in in vivo 
diagnosis and treatment of 4T1 breast cancer cells by dual- 
stimuli (pH and near-infrared light) of GOF-Lip-FA. The GOF 
was uniformly attached to the liposome bilayer by electrostatic 
and hydrophilic interactions of anionic GOF surface and catio-
nic dipalmitoylphosphatidylcholine lipid. The combined che-
motherapy and PTT of 4T1 breast tumor regression in mice 
under 800 nm laser irradiation and in acidic environments were 
successfully reported. The drug release was attributed to both 
protonation (due to the low pH of cancerous environment) as 
well as the increased temperature resulting from laser irradia-
tion (Figure 7A-H).168

Although graphene nanomaterials can bring dye-free ther-
anostics, it has been shown that graphene-based oxides are not 
intrinsically strong fluorophores, making them needful to other 
imaging probes or organic dyes to bind with so that they can 
provide acceptable contrast in bioimaging.16 Recently, a GO/ 
GQD hybrid nanomaterial was prepared as a stable theranos-
tics agent capable of both FL and PTT. In this study, GQDs, as 
fluorescent agents, were electrostatically bound to GO sheets 
using PEI as a bridge and also, a fluorescent enhancer (pre-
venting fluorescent quenching of GQDs by GO) leading to 
GO-PEI-GQDs nanomaterials. This theranostics complex 
showed great bioimaging and cancer therapy capabilities on 
MDA-MB-231 cells (breast cancer cells) as well as L292 
(healthy murine fibroblast cells) effectively at low dosages 
and low power density (50 μg/mL and 0.5 W.cm−2 respec-
tively) of laser (808 nm) exposure. The synergetic effects of 
PTT and PDT in this research resulted in treatment of cancer 
cells by both hyperthermia and oxidative stress.169

Having an ideal photothermal sensitizer is a crucial tool in 
ablating destructive cells. Recently scientists have not been 
able to keep an eye away from graphene in this regard. The 
most important factor for any material to be used in optical 
applications (here optical imaging, photothermal treatment) is 
bandgap because without it emitting light is not possible. This 
issue is a highlight for graphene since it has no bandgap. What 
happens in bandgap-less graphene is that via fast electron- 
electron and electron-photon interactions, carriers relax mak-
ing it impossible for light emission.170 Nevertheless, the good 
news is graphene in nanosized, GO and rGO forms has 
a bandgap.

Bandgap opening in graphene is a long fascinating 
story and it has been categorized into two approaches 
summarized into 1) chemical engineering (chemical func-
tionalization (hydrogenation, fluorination, and other che-
mical ways); and 2) physical engineering creating defects, 
doping).171 It has to be noted that photoluminescent 
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property of graphene-based theranostic platforms is 
induced by laser to produce heat for malfunction cell 
destruction.

Angiogenesis and Anti-Angiogenesis 
Ability of Graphene
In addition to the high capability of GO nanoplatforms in drug/ 
gene delivery, some studies paid attention to angiogenesis or 
anti-angiogenesis properties of them. During angiogenesis 
new vessels are formed in the primary vessel channels to 
provide important nutrition and oxygen for rapid proliferative 
cells and to take away useless biochemical products. As stated 
in many studies, it plays a key role in wound healing, treatment 
of cardiovascular diseases as well as tumor growth.172–174

99As a booster of angiogenesis for the treatment of 
cardiovascular diseases, GO nanostructures can act via indu-
cing the intracellular formation of reactive oxygen species 
(ROS) and reactive nitrogen species (RNS). It has been found 
that GO and rGo can trigger angiogenesis by a pathway in 
which ROS could affect the phosphorylation of Akt followed 
by upregulation of p-eNOS to elevate the intracellular release 
of NO. This process of angiogenesis can be inverted to anti- 
angiogenesis based on the concentration of GO and rGO as 
well as the amount of ROS in the cell.175 One study has 
shown that GO/PCL nanoscaffold can induce angiogenesis 
during sciatic nerve regeneration of rats. According to their 
result, AKT-eNOS-VEGF signaling was the most probable 
pathway of the angiogenesis process.176 Exploiting the 
remarkable role of vascular endothelial growth factor 
(VEGF) in the angiogenesis process, the VEGF-IR800-GO 
nanotheranostic was developed to monitor and deliver more 
VEGF into the ischemic tissues concurrently.177 

Incorporating the nanocomplex of PEI functionalized GO 
and VEGF gene in a hydrogel caused the effective 
delivery of the pro-angiogenic gene without any acute toxi-
city. The myocardial infarction bearing rats were intramyo-
cardially injected by the nanohydrogel. They showed 
a higher myocardial capillary density and cardiac perfor-
mance in comparison to other groups.178 Recently, as impor-
tant factors for bone regeneration the capability of GO to 
stimulate angiogenesis and osteogenesis has been evaluated. 
The authors revealed GO can induce angiogenesis of 
HUVACs via VEGF pathway as well as osteogenic differ-
entiation in BMSCs via OSM and NF-κB pathways.179 

Besides, gelatin-methacryloyl (GelMA) hydrogel loaded by 
rGO exhibited an acceptable ability of wound healing in 
endothelial (EA.hy926), Hacat keratinocyte, and 3T3 

fibroblast cells. Furthermore, the result of chicken embryo 
angiogenesis (CEA) assay demonstrated the high potential of 
the nanocomposite in angiogenesis.180

Apart from the angiogenesis properties, the great capacity 
of GO and its derivatives in carrying and delivering anti- 
angiogenesis drugs has been extensively investigated by 
many researchers. By administration of rGO/Dox nanosheets 
coated by an anti-angiogenic agent (LHT7) into KB tumor- 
bearing mice, they significantly accumulated into the tumor 
cells compared to rGO/Dox nanosheets which led to dimin-
ishing tumor size after 25 days.181 In another study, it has 
been proven that BSA-GO has a robust binding affinity to 
VEGF-A165 as the main receptor for triggering angiogenesis. 
Therefore, the binding can compete with VEGFs and leads to 
an anti-angiogenesis effect. The treatment of HUVECs by 
BSA-GO nanosheets caused a notable reduction in prolifera-
tion and tube formation of the cells. Additionally, In-vivo 
results showed the BSA-GO disturbs the angiogenesis pro-
cess in chick chorioallantoic membrane as well as the 
formation of blood vessels in rabbit corneal 
neovascularization.182 Similarly, in a more recent study, GO 
showed an anti-angiogenesis effect on HUVECs through the 
induction of oxidative stress and the manipulation of some 
metabolic pathways.183 Focusing on the strong correlation 
between the level of ROS and NF-κB activation, the NF-κB 
related anti-angiogenesis effect of graphite nanoparticles and 
graphene oxide nanoplatelets (nGO) was assessed on both 
p53 mutant and wild type of glioblastoma cancer cells. The 
treatment of HUVECs co-cultured with p53 wild type of 
glioblastoma (U87) attenuated their strength for angiogenesis 
but not for p53 mutant group (U118). The predicted mechan-
ism of anti-angiogenesis of the nanostructure had been attrib-
uted to a decrease in the level of ROS and RNS in the cells 
followed by downregulating of NF-κB activation which is 
dependent on p53 status.184 Recently, a GO-based nanocar-
rier was synthesized to deliver a siRNA to silence the VEGF 
gene. GRcR/VEGF-siRNA downregulated the expression of 
VEGF in HeLa cells as well as in the animal model which 
again proves the great potential of GO nanosheets in anti- 
angiogenic approach.185

Toxicity and Biocompatibility of 
Graphene and GO
Without a doubt, exhaustive investigations using cells 
and animal models must be conducted in a manner that 
everything about the biocompatibility and toxicity of 
graphene and GO is specified, afterward we will be 
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able to talk about their practical clinical applications. 
Currently, scholars endeavor to assess the toxicity and 
biocompatibility of GBNs-type structures in order to 
tackle the problems which arise with the safety of 
these materials in biological applications.

From the biochemical point of view, the cytotoxicity effect 
of some synthesized nanomaterials could be expressed via 
production of ROSs through oxidative stress in treated 
cells.186 There is speculation that oxidative stress is the base 
of toxicity in GNBs materials considering their analogy to 
materials that are derived from carbon such as CNTs.187 

Fibrous-type nanomaterials which include CNTs and GNBs, 
have been proven to cause adverse health impacts. CNTs and 
carbon nanofiber have physical similarity to asbestos while 
exposure to asbestos by inhalation could implement 

pulmonary diseases such as lung cancer.188 Besides, examina-
tions state that the more the dispersibility or solubility of 
graphene rises, the more its biocompatibility increases, GO 
sheets encompass plenty of hydrophilic groups such as car-
boxyl, hydroxyl and epoxy groups on the edges or basal planes, 
and their hydrophilicity is considerably raised.189 Additionally, 
it has been asserted that the surface functionalization of both 
graphene and GO with hydrophilic agents, tremendously 
enhance their biocompatibility. It was reported that gelatin- 
modified graphene nanosheets were biocompatible while 
assessed in vitro by MCF-7 cell line, and while loaded with 
DOX showed high anticancer property.187 Other modified 
types of GO including structures with folic acid conjugation 
and also sulfonic acid groups modification had proved to be 
biocompatible.38 In other similar researches, PEG as 

Figure 6 (A) Preparation of Dox loaded GOF-Lip-FA nano theranostic system in a schematic view, (B) Targeted cellular uptake of the GOF-Lip-FA nanohybrid and DOX 
release in cells body (red particles), (C) In vivo biodistribution of the platform by IV injection and cancer cells uptake, and (D) near-infrared 4T1 breast tumor cells death. 
Note: Copyright ©2019. American Chemical Society. Reproduced from Prasad R, Yadav AS, Gorain M, et al. Graphene Oxide Supported Liposomes as Red Emissive 
Theranostics for Phototriggered Tissue Visualization and Tumor Regression. ACS Applied Bio Materials. 2019; 2 (8): 3312–3320.168
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a hydrophilic biopolymer has been employed for functionaliz-
ing graphene and GO in order to enhance biocompatibility, 
decrease non-specific binding, and improve in vivo pharmaco-
kinetics for tumor targeting.14 Latterly, exploitation of Pluronic 
F-127 which is another amphiphilic polymer has been reported 
to functionalize rGO190 and GO191 respectively, both for clin-
ical utilization. The results exhibited that F-127 enhanced 
stability and solubility of rGO and GO engendering improved 
biocompatibility and drug performance. In another research, 
graphene modified by COOH+ ion and COOH were compared 
in vitro. Better cellular viability was observed for COOH+ 

implemented graphene.192 Silanization of GO nanosheet led 
to a reduction in cytotoxicity of GO examined on three cell 
lines namely human dermal fibroblast, murine embryonic 
fibroblast, and human osteosarcoma. Furthermore, the SiGO 

showed a lower immune activation of macrophages as well as 
a less hepatotoxic effect than GO in the same concentration on 
the murine model.193

With respect to the interaction between distinct forms 
of graphene and cell membranes, two underlying factors 
are highly influential. Different cell types as well as mor-
phology of graphene, bringing various materials varying in 
the number of layers, lateral dimensions, shapes, and 
chemistry impact on the interaction. To elaborate on this 
point, it has been disclosed that graphene sheets with 
a thickness of 10 μm could enter the cells by edge-first 
penetration through the cell membranes and were captured 
by the lung epithelial cells and macrophages.115

Taking all matters into account, in accordance with all of 
the explorations into biocompatibility, it is unmistakably 

Figure 7 In vivo performance of GOF-Lip-FA nano theranostic platform. (A–C) in vivo 4T1 cancer diagnosis and distribution of nano theranostic systems by near-infrared 
fluorescence imaging. (D–E) images of the tumor-bearing animal under laser irradiation and tumor size shrinkage shown in dotted circles. (F) Tumor size after different 
therapeutic paths. (G) The decrease in tumor size after 21 days. (H) near-infrared fluorescence images of tumor regression after various treatments. 
Note: Copyright ©2019. American Chemical Society. Reproduced from Prasad R, Yadav AS, Gorain M, et al. Graphene Oxide Supported Liposomes as Red Emissive 
Theranostics for Phototriggered Tissue Visualization and Tumor Regression. ACS Applied Bio Materials. 2019; 2 (8): 3312–3320.168
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inferred that there is a strong correlation between the two sides; 
the toxicity of graphene and GO on one side, and their surface 
functionalization and morphology on the other. Drawing 
a comparison between functionalized and non-functionalized 
GBNs determines that the latter are primarily far more toxic. It 
is crucial to carry out long-term and comprehensive toxicity 
assessment of the effects of GBNs on people, although such 
tests have been performed on rodents there is no guarantee that 
the outcomes can be exploited for humankind as well.194 

Therefore, prior applying DDSs based on graphene and GO 
nano-carriers for clinical purposes, numerous in vitro and 
in vivo toxicity researches are needed.

In terms of biodistribution, multiple pieces of researches 
have been carried out to evaluate distribution of graphene 
family materials in living organisms. In 2011, distribution of 
GO was investigated in mice after intravenous injection.195 

The results revealed that although several organs had taken up 
the GO (188Re–GO) during 48 hours, it predominantly accu-
mulated in the lungs, liver, and spleen, with the minimum 
amount of deposition in the brain, heart, and bone. Over the 
next few hours, the concentration of GO decreased gradually in 
most organs, except for the liver and spleen. Another in-vivo 
research was conducted to investigate the long-term circulation 
of carboxylated GQDs in treated mice.196 The results showed 
the intravenously administrated nanoparticles mainly are dis-
tributed in the liver, lung, spleen, kidney, and tumor sites. 
Similarly, analogous results of biodistribution were obtained 
by injecting nanographene sheets into mice.197

All in all, when we contemplate the existing available 
data and information attained in consequence of research 
works, we become pretty hopeful about the promising 
entrance of these materials into the world of medical 
treatment, but still, surely even more endeavors must be 
made in this regard.

Future Trends
It is confirmed that over the past few years, the role of graphene 
and GO in drug/gene delivery has been promoted significantly 
in view of the unique and unequaled structure and properties 
ascribed to them. Past researches manifestly demonstrated that 
the awesome advancements made in this area convey the huge 
capability of these developing biomaterials to be used in bio-
medical applications. It is worth noting that the conducted 
preclinical studies are not sufficient at all and a great deal of 
preparatory study still needs to be performed. To date, gra-
phene and its derivatives have been profoundly analyzed as 
a carrier having a large surface area in favor of drug-carrying 
and particular stress has been laid to characterize their bio- 

properties in proper cell lines. Notwithstanding, what occurs 
inside the body after loading the graphene carriers, has not 
been adequately noticed. The new papers considering the 
interactions of graphene and cells, plus in vivo effectiveness 
of these carriers in animals are not sufficient. They have mainly 
focused on the ability of GBNs to deliver their burden in the 
body while the attention to their removal is very scarce. In 
addition, in order to fully appraise their actual capacity, clear-
ance mechanisms, long-term cytotoxicity, tissue biodistribu-
tion, and intracellular uptake trends must be studied. Apart 
from that, having high proficiency in and in-depth knowledge 
about any type of material based on graphene is essential 
because each form of graphene-based material possesses its 
own exclusive properties and surface functionalities, so it 
should be kept in mind that this does matter in the behavior 
of the material inside the body. Incidentally, in relation to gene 
transfection, there is the prospect that its efficiency heightens 
due to GBNs creation which is at the cutting edge. 
Unfortunately, the current trend in the studying of therapeutics 
is not acceptable and should alter as the total concentration is 
on cancer therapeutics, whereas the therapeutics such as AIDS, 
neurological disorders, and cardiovascular diseases are not 
covered in investigations. We are hopful that the present review 
smooths the path for further and in particular much more 
comprehensive research works in this field.

Although many efforts have been made to reduce the 
toxicity of the graphene and graphene-based materials, the 
use of these compounds is currently associated with high 
risk. Recently, these materials were put into the list of hazar-
dous agents by The European Scientific Committee on 
Emerging and Newly Identified Health Risks (SCENIHR).198 

Unlike simple molecules, when studying a nanomaterial for 
biomedical research, some critical factors such as shape, size, 
exposure type and time, agglomeration state and concentration 
must be considered as a yardstick of bio-safe materials. Talking 
about graphene family nanomaterials, no unquestionable 
explanation is available for determining the safety of the mate-
rials. However, to clarify the risk-to-benefit balance of gra-
phene-based materials, the main parameters that strongly affect 
the safety of the materials are necessary to summarize. To put it 
simply, the interaction between graphene nanomaterials and 
cells/tissues is the main toxicity issue. Retrospectively, when 
a graphene-based device is supposed to be as a scaffold in 
tissue engineering, long time interaction between the device 
and tissue would be expected. To reduce this concern, efficient 
synthetic and purification methods must be carefully exam-
ined. In significant studies, toxicity is attributed to the con-
taminants present in the sample.199 Along with this 
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consideration, rigorous cleaning processes are undeniably 
needed during top-down strategies for producing graphene 
materials. For example, during the exfoliation of graphene, 
amphiphilic substances are usually used that, if not properly 
cleaned, tissue inflammation might occur. In addition, the 
morphological characteristics of graphene are very effective 
in the toxicity of these materials. As an example, although both 
carbon nanotubes and GO generated using carbon nanomater-
ials, it has been previously indicated that GO materials have 
different toxicity for neurons.200 As concluded, the difference 
recognized principally due to the altered shape of the materials. 
To think about graphene as a bio-grade substance, some other 
factors such as agglomeration and size must also be consid-
ered. Of late, it has been studied that different graphenes in 
lateral size have different effects on the toxicity of the lung. To 
be specific, smaller flakes showed less toxicity. 47 Considering 
the size of graphene is also important to think about the 
mechanism by which the material internalizes into a target 
cell.16

Overall, regarding the presented information, it is worth-
while noting that examining a study concerned with graphene- 
based materials, many factors and properties including size of 
the material, shape, functionalization, functionalizing groups 
and percent of these reactions, in-vivo concentration, pharma-
cokinetic and pharmacodynamics of the materials must care-
fully be considered.
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