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Abstract 

Breast cancer is the most common malignancy in women, and its incidence increases annually. Traditional therapies 
have several side effects, leading to the urgent need to explore new smart drug-delivery systems and find new thera-
peutic strategies. Graphene-based nanomaterials (GBNs) are potential drug carriers due to their target selectivity, easy 
functionalization, chemosensitization and high drug-loading capacity. Previous studies have revealed that GBNs play 
an important role in fighting breast cancer. Here, we have summarized the superior properties of GBNs and modifica-
tions to shape GBNs for improved function. Then, we focus on the applications of GBNs in breast cancer treatment, 
including drug delivery, gene therapy, phototherapy, and magnetothermal therapy (MTT), and as a platform to com-
bine multiple therapies. Their advantages in enhancing therapeutic effects, reducing the toxicity of chemotherapeutic 
drugs, overcoming multidrug resistance (MDR) and inhibiting tumor metastasis are highlighted. This review aims to 
help evaluate GBNs as therapeutic strategies and provide additional novel ideas for their application in breast cancer 
therapy.
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Introduction
On December 15, 2020, the International Agency for 
Research on Cancer of the World Health Organization 
released global cancer burden data on its official website, 
noting the 2.26 million new cases of breast cancer in the 
world and that breast cancer had officially replaced lung 
cancer as the world’s most common cancer [1]. Although 
the survival rate of breast cancer patients is higher 
than that of patients with other solid tumors, the high 

incidence, younger age of onset, aggressiveness, early 
lymph node metastasis and poor prognosis of breast can-
cer, especially triple-negative breast cancer, cannot be 
ignored [2]. Due to the heterogeneity of breast cancer and 
complexity of tumor regulation mechanisms, biomedical 
treatment strategies face great challenges in the clinic. 
Currently, the main treatment strategies for breast cancer 
include surgery, chemotherapy, radiotherapy, immuno-
therapy, and hormone therapy, which may not completely 
kill the tumor and may produce adverse side effects [3]. 
Innovative new therapies are still needed, especially for 
patients with poorly treated breast cancer, such as those 
with triple-negative breast cancer and metastatic breast 
cancer. The development of nanomedicines has brought 
new perspectives to the treatment of cancer [4]. Among 
the several kinds of nanoparticles (NPs), graphene-based 
nanomaterials (GBNs) stand out due to their unique 
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chemical structures. As 2D nanomaterials, GBNs have 
the unique advantages of an ultrathin structure, a large 
surface area, good electrical conductivity, excellent opti-
cal performance, good mechanical properties and so on, 
so both pristine and modified GBNs have drawn research 
interest from a wide range of fields [5].

Graphene, a single sheet of  sp2 bonded carbon atoms, 
has a large surface area of approximately 2630  m2/g, and 
the surface groups of GBNs are easy to modify, giving 
them the advantages of a high drug-loading capacity, tar-
geting specificity, and intelligent controlled release pat-
terns [6, 7]. GBNs, especially modified GBNs, present 
low toxicity to normal cells at conventional concentra-
tions, which illustrates their good biological safety [8, 
9]. In addition, GBNs have excellent optical properties. 
They can absorb the near-infrared (NIR) spectrum at a 
wavelength of 650–900 nm, which penetrates to a depth 
of approximately 4–10 cm, and locally convert light into 
heat [10]. Additionally, GBNs have great conductivity and 
thermal conductivity, strong mechanical strength and 
atomic-scale tunability [11]. Unlike other carbon nano-
materials, GBNs can produce a half-integer quantum 
Hall effect on electrons and holes even at room temper-
ature [12]. Moreover, GBNs have the advantages of low 
cost and large-scale preparation. Because of these attrac-
tive characteristics, GBNs are widely used in biomedical 
fields; therefore, GBNs are expected to bring new meth-
ods for the diagnosis and treatment of breast cancer.

In this review, we discuss the dilemmas in breast can-
cer treatment and latest advances in GBNs to overcome 
these challenges. We highlight the superior properties of 
GBNs, specifically focusing on the modification of GBNs 
and development of GBNs for the diagnosis and imaging 
of breast tumors, delivery of chemotherapeutic drugs and 
genes, phototherapy, MTT and combination therapy for 
the treatment of breast cancer. In addition, we discuss 
future development trends in the utilization of graphene-
based intratumoral drug delivery as well as developing 
GBNs into targeted therapy and immunotherapy to block 
tumor growth through specific interference and promote 
breast cancer treatment. This review mainly focuses on 
all published information on GBNs related to breast can-
cer to date, summarizing the unique characteristics of 
GBNs and their application in breast cancer. Thus, this 
paper will be of interest to breast surgeons, drug develop-
ers, materials scientists, etc.

Properties of GBNs for cancer treatment
Over the past few decades, GBNs have been rapidly 
developed and widely used. With increasing research on 
GBNs and the increase in their application, the metabo-
lism, distribution, clearance, and other characteristics 
of GBNs in  vivo and in  vitro have received increasing 

attention. Many studies have evaluated the interaction 
between GBNs and various life systems, such as micro-
organisms, mammalian cells and animal models [13]. 
GBNs were found to be distributed throughout the whole 
mouse body and can be gradually degraded by enzymatic 
oxidation by horseradish peroxidase [14]. Intravenously 
administered GBNs were reported to be concentrated in 
reticuloendothelial systems such as the liver and spleen 
[15, 16]. The current view is that GBNs can be removed 
from the body over time, possibly through renal clear-
ance or excretion by the biliary tract [16]. The size and 
modification of GBNs are important factors that affect 
their distribution and metabolism. Because of their small 
size, graphene quantum dots (GQDs) have fast renal-
clearance and biodegradation rates [17]. GBNs used in 
experiments are usually modified and can also be dis-
tributed throughout the body, but they target tumor tis-
sue and mostly accumulate in tumor tissue. For example, 
Sahu et al. evaluated the in vivo biodistribution of a gra-
phene oxide (GO)-based system (nGO-heminCe6) in a 
mouse tumor xenograft model, and the results showed 
that the whole tumor exhibited the highest fluorescence 
intensity, followed by the fluorescence intensity of the 
kidney, liver and lung, while the spleen and heart showed 
very low signal (Fig. 1) [18]. In in vitro experiments, GO 
was mainly distributed in the cytoplasm, mitochondria, 
endoplasmic reticulum and nucleus, while GQDs were 
mainly distributed in the cytoplasm [19, 20]. After GBN 
exposure, the important organs of the mice were stained 
with hematoxylin–eosin. The results showed no obvious 
histopathological abnormalities [18]. Thus, GBNs were 
confirmed to have good biological safety for application 
in cancer diagnosis and treatment.

Graphene and its derivatives are widely used in the 
biomedical field due to their high surface area; simple 
surface functionalization; and unique biological, elec-
trical, thermal and mechanical properties [21]. These 
properties make GBNs attractive, especially for breast 
cancer treatment. GBNs have intrinsic anticancer 
properties and can enhance cell adhesion and capture 
breast cancer cells [22]. The toxic effects of graphene 
on tumor cells may occur through oxidative stress and 
autophagy [23]. Studies have shown that GBNs can 
reduce the activity of macrophages, resulting in oxida-
tive damage. Moreover, they can inhibit the migration 
and invasion of breast cancer cells and inhibit tumor 
growth and metastasis by inhibiting mitochondrial 
respiration [22]. After exposure to GBNs, the perme-
ability of the tumor cell membrane increases, which is 
conducive to drug delivery [24]. In addition, GBNs can 
activate the immune system by inducing the maturation 
of dendritic cells to promote antitumor immunity, cre-
ating opportunities for immunotherapy. Due to these 
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properties, GBNs have been applied for breast cancer 
treatment. GBNs comprise different members with var-
ious chemicophysical properties, and their application 
in breast cancer slightly differs. The materials for breast 

cancer treatment that we have reviewed herein include 
pristine graphene, GO, reduced graphene oxide (rGO) 
and GQDs. Unlike other GBNs, pristine graphene has 
been used in only a few studies because of its poor sol-
ubility, dispersion in water and physiologically relevant 

Fig. 1 In vivo biodistribution of a GO-based nanosystem in a mouse tumor xenograft model. a Fluorescence imaging of tumor-bearing mice after 
intravenous injection of a fluorescence-labeled GO-based nanosystem at different times. b The GO-based nanosystem mainly accumulated in 
tumors, which showed the highest fluorescence intensity. c Mean fluorescence signal indicating the GO-based nanosystem distribution in tumors 
and other major organs [18]. Reprinted from Journal of Controlled Release, 326, Sahu A, Min K, Jeon J, Yang HS, Tae G, Catalytic nanographene oxide 
with hemin for enhanced photodynamic therapy, 442–454, 2020, with permission from Elsevier
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conditions. Thus, we mainly discuss the properties of 
GO, rGO and GQDs for cancer treatment.

GO is an oxide of graphene that is usually prepared by 
the Hummers method. GO can be regarded as a nontra-
ditional soft material with the characteristics of polymer, 
colloid, film and amphoteric molecules. The abundant 
alcohol, carboxyl acid, and epoxide functional groups in 
GO endow it with good water dispersibility [25]. These 
groups are easy to modify and form covalent bonds. 
Thus, GO is easily modified to increase its hydrophilicity 
and reduce its thickness when converted into its oxidized 
form. However, it is necessary to properly interface with 
biological systems through size control or size separa-
tion on various length scales. GO has great advantages 
as a drug carrier because it can adsorb a large number of 
drugs via π–π stacking because of its large specific sur-
face area [26]. The tumor-killing efficiency of anticancer 
drugs is improved, and their dosage can be reduced when 
these drugs are bound to GO; furthermore, they show 
smart drug-release properties when bound to GO [8]. In 
addition, GO itself, especially in nanosheets with a size 
of approximately 100–200 nm, has anticancer properties, 
which have been shown to inhibit breast tumor growth 
and breast cancer cell metastasis [27]. This effect may 
be attributed to the downregulated expression of energy 
metabolism-related genes, decreased mitochondrial oxi-
dative phosphorylation, and inhibition of ATP synthesis, 
resulting in the disruption of F-actin cytoskeleton assem-
bly, which affects cell migration. Moreover, GO does not 
show obvious toxicity to normal cells [28].

rGO is obtained from GO prepared by using reductive 
reagents and characterized by its reduced oxygen con-
tent and increased hydrophobicity [29]. Compared with 
GO, rGO has a lower degree of oxidation, lower surface 
charge, weaker hydrophilicity, and less biological toxic-
ity [30], giving it better biological application prospects, 
especially in photothermal therapy (PTT). The superior 
NIR absorption of rGO endows it with high photother-
mal conversion. Thus, rGO is widely used for PTT in 
breast cancer [31]. The main limitation of rGO is that 
most reductive agents used for the reduction of GO are 
toxic or explosive and difficult to produce on a large 
scale. Notably, a new environmentally friendly reduction 
strategy has been designed to solve this problem [32]. 
Dopamine is one such example, as rGO can be obtained 
by using dopamine to reduce GO. The stability and dis-
persivity of rGO can be improved by dopamine surface 
modification. Yu et al. successfully used dopamine-func-
tionalized rGO composites in PTT for breast cancer [33].

GQDs have the same monoatomic layer structure as 
pristine graphene and GO sheets but have lateral dimen-
sions of less than 100 nm [34]. Due to their rich surface 
and edge functions, quantum confinement and edge 

effects, GQDs, especially solution-treated GQDs, exhibit 
many novel physical and chemical properties that differ 
from those of graphene and GO [35]. The two faces and 
edges of GQD sheets can be used to load drugs, which 
leads to a loading capacity that is 200% higher than that 
of other nanodrug carriers [36]. In addition, due to the 
layered structure of GQDs, atoms, ions and small mole-
cules can be inserted into the graphene layers to improve 
drug-loading capacity [37]. Notably, compared with gra-
phene and GO, GQDs exhibit stronger photolumines-
cence properties, which is beneficial both in  vivo and 
in  vitro for use as biomarkers in imaging and for other 
biomedical applications [38]. GQDs have the ability to 
inhibit multiple drug-resistant genes and show great 
potential in breast cancer treatment. It has been reported 
that GQDs can downregulate drug resistance gene 
expression by interacting with P-glycoprotein (P-gp), the 
MDR protein MRP1 and the C-rich region of the breast 
cancer resistance protein gene promoter [39].

Modifications of GBNs for breast cancer treatment
Reasonable design can allow GBNs to demonstrate amaz-
ing performance; such design is mainly concentrated on 
two aspects: one is design based on the characteristics of 
breast cancer to obtain better targeting, and the other is 
design to shape GBNs for better biocompatibility through 
surface chemistry modification.

Modifications for targeting effects
Active targeting
Active targeting is an effective method to enhance tumor 
selectivity by coupling tumor-targeting ligands to the 
GBN surface, which helps to achieve maximum tumor-
killing efficacy and significantly reduces nonspecific 
side effects [40]. Several currently known ligands called 
targeting agents can target specific molecules on breast 
cancer cells. Targeting agents work as a coating or are 
chemically bound to GBNs with loaded drugs. Unlike 
normal breast cells, breast cancer cells overexpress spe-
cific receptors that contribute to the highly selective 
uptake of drugs into the breast cancer cells (Fig. 2).

Folic acid (FA)
FA is a B vitamin that is abundant in green plants. 
FA is transported into cells through folate receptors. 
Breast cancer cells differentiate and proliferate rapidly, 
requiring more FA. Thus, folate receptors are overex-
pressed on the breast cancer cell membrane [41]. FA 
has the advantages of nontoxicity, low cost, disper-
sion stability, and target specificity [42]. FA has widely 
been used to modify GBNs for targeted drug delivery 
and can enhance the recognition ability and intracel-
lular uptake efficiency of GBNs by breast cancer cells 
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through ligand-mediated targeted effects. Mauro et al. 
used FA as a targeting agent and employed PEGylated 
FA-GO in MCF-7 and MDA-MB-231 cells, as it was 
proven to be selectively recognized by breast cancer 
cells [43]. In another report, FA and polylactic acid 
were conjugated to GO. This functionalized GO loaded 
with doxorubicin (DOX) was administered to MCF-7 
cells and significantly inhibited proliferation of the 
breast tumor cells in a dose-dependent manner [44]. 
FA and GO were linked though amide bonds formed by 
condensation of the -NH2 groups provided by FA and 

the -COOH groups provided by GO [45]. Reducing the 
size of GO and introducing abundant reactive carboxyl 
groups was shown to efficiently couple more FA and 
GO [46]. Surprisingly, a study found that FA functional-
ization enhanced the anticancer effects of GO through 
toxic responses caused by surface passivation. This 
may be due to a decrease in the hydrophobic interac-
tion between the breast cancer cell membrane wall and 
edge of graphene, resulting in destruction of the cancer 
cell membrane integrity [47]. FA functionalization can 
improve the biocompatibility of graphene-based drug 

Fig. 2 Schematic illustrations of active and passive GBN targeting. Targeting ligands on GBNs are directly attached to a site-specific receptor 
that is overexpressed on the surface of breast cancer cells or tumor vessels, and the targeting effects of GBNs are then achieved by utilizing 
receptor-mediated endocytosis and the EPR effect. Abbreviations: FA, folic acid; Tf, transferrin; TfR, Tf receptor; AptMUC1, MUC1-binding aptamer; 
TRC105, monoclonal antibody that binds CD105; HER2, human epidermal growth factor receptor 2; EPR, enhanced permeability and retention
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nanocarriers, making them safer drug-delivery carriers 
for the treatment of breast cancer [48].

Transferrin (Tf)
Tf is a hydrophilic single-chain glycoprotein that trans-
ports and carries iron that is both absorbed by the diges-
tive tract and released by erythrocyte destruction. Iron 
transport is achieved through its binding to Tf receptors, 
which are highly expressed on the membrane of breast 
cancer cells [49]. Tf is an effective tumor-targeting agent 
because it is biodegradable, nontoxic, and nonimmuno-
genic [50]. Tf-functionalized GBNs have been widely 
applied as drug carriers for breast cancer therapy and 
proven to increase tumor cell selectivity and significantly 
increase cytotoxicity to breast cancer cells [51]. Zhu et al. 
synthesized nanographene oxide (NGO) conjugated with 
Tf to carry a Pt complex into MCF-7 breast cancer cells. 
Compared with use of only the free Pt complex, the Pt 
complex bound to Tf-GO showed greater anticancer 
effects [52]. Furthermore, Tf protein-surface decoration 
increased the anticancer activity of therapeutic drugs and 
reduced the cytotoxicity to normal breast cells due to its 
specific tumor-targeting ability, assuring its safety and 
effective usage in vivo.

The MUC1 ligand
MUC1 is a highly glycosylated protein encoded by the 
MUC1 gene with a high molecular weight of approxi-
mately 250–500  kDa. MUC1 is related to tumorigenic-
ity and cell transformation, and approximately 90% of 
human breast cancers overexpress MUC1 (> tenfold) 
[53]. MUC1 is an important breast cancer biomarker 
that often exhibits a nonpolar distribution in tumor cells 
and thus has become a target of tumor bioimmuno-
therapy [54]. MUC1 has been used as a targeting agent 
in two forms, the MUC1-binding aptamer (AptMUC1) 
and mucin 1 receptor immunoglobulin G antibody (anti-
MUC1 IgG). GO conjugated to anti-MUC1 IgG through 
a thiol-ene coupling reaction successfully targeted breast 
cancer and exhibited higher toxicity [55]. Aptamers have 
several advantages over antibodies, such as their higher 
affinity for MUC1, nonimmunogenicity, rapid tissue infil-
tration, low cost and simple synthetic process [56]. The 
use of AptMUC1 as a targeting agent to functionalize 
GBNs has garnered increasing research interest. A study 
utilized AptMUC1 conjugated with GO as the recogni-
tion molecule for breast cancer cell internalization and 
exhibited an excellent targeted apoptosis-induction effect 
in MDA-MB-231 and MCF-7 cells [57]. GO conjugated 
with AptMUC1 on its surface showed an ultrahigh den-
sity and high flexibility, contributing to the enhanced 
multivalent binding affinity of AptMUC1 on the breast 
cancer cell membrane [58]. All of these characteristics 

have endowed AptMUC1 with its attractive high selectiv-
ity for breast cancer treatment.

Anti‑human epidermal growth factor receptor 2 (HER2) 
antibody
HER2 is a protooncogene related to the growth and inva-
sion of tumor cells [59]. Overall, 20–30% of breast can-
cers overexpress HER2, with an approximately 100-fold 
increase in the HER2 protein that leads to uncontrolled 
cell proliferation. An anti-HER2 antibody (trastuzumab) 
that acts as a HER2 receptor antagonist can be used to 
conjugate GBNs and improve their selectivity [60]. Tras-
tuzumab and its conjugates can be absorbed into HER2-
positive breast cancer cells via the internalization ability 
of HER2. Trastuzumab not only specifically guides GBNs 
to target HER2-positive breast cancer but also suppresses 
the aggressive behavior and metastatic potential of the 
tumors [61]. The conjugation of trastuzumab to chemo-
therapeutics is difficult because trastuzumab is an active 
macromolecular protein whose active groups should not 
be occupied when it is combined with other drugs. GBNs 
can address this limitation by providing a platform on 
which to conjugate trastuzumab to other chemothera-
peutics due to the large surface areas and abundant eas-
ily modified groups of GBNs. This is a win–win strategy 
that not only enables GBNs with a specific targeting abil-
ity but also successfully blocks the growth target of breast 
cancer, making it possible to simultaneously combine 
targeted therapy and chemotherapy on one platform. 
Clearly, trastuzumab-functionalized GBNs are attractive 
carriers since their side effects are minimized due to their 
significantly increased anticancer efficacy and enhanced 
targeting specificity. Cornelissen et  al. conjugated tras-
tuzumab on 111In-labeled GO for single-photon emis-
sion computerized tomography (SPECT) imaging, which 
showed a synergistic effect between nitrogen-doped 
GO- and trastuzumab-mediated tumor uptake, result-
ing in high accumulation in breast cancer cells [62]. 
However, problems still exist. The sizes of the GBNs 
decreased after conjugation to trastuzumab because of 
the crosslinking effect of glutaldehyde. Additionally, as 
a large number of amino groups are involved in amide 
bond formation, trastuzumab-rGO also exhibited a less 
positive zeta potential. These two properties may reduce 
dispersion stability. In addition, steric hindrance for the 
interaction of the drug with the GBN surface increased 
upon trastuzumab binding, which decreased the loading 
capacity [63]. Thus, trastuzumab-GBNs exhibited load-
ing capacities that were lower than those of unmodified 
GBNs but still much higher than those of conventional 
drug carriers. More research focused on improving the 
drug-loading capacity and stability of trastuzumab-GBNs 
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for the improved application of anti-HER2 antibodies is 
needed.

TRC105
CD105 (endoglin) is a homodimeric cell-surface gly-
coprotein and proliferation-related antigen on the cell 
membrane [64]. Breast tumor growth requires much 
neovascularization, so CD105 is highly expressed on 
breast tumor-associated vascular tissues and the lym-
phatic endothelium [65]. A high CD105 expression level 
predicts poor prognosis in breast cancer [66]. One very 
large advantage of TRC105 (a monoclonal antibody that 
binds CD105) is that it targets the tumor vasculature 
instead of tumor cells [67]. The growth, invasion and 
metastasis of breast cancer are inseparable from the key 
process of angiogenesis. Due to the lack of drug extrava-
sation requirements, targeting the tumor vasculature 
is more effective for the delivery of nanomaterials into 
breast tumors. Thus, functionalized GBNs that target the 
tumor vasculature are thought to be more attractive than 
tumor cell-targeting GBNs because they do not require 
extravasation [68]. Shi et al. conjugated rGO to TRC105 
and found that the conjugate specifically targeted 4T1 
murine breast tumors in  vivo [69]. Another study con-
firmed that GO can be guided to the tumor neovascu-
lature by targeting CD105, proving that targeting the 
tumor vasculature is an effective and intelligent method 
for conjugated GBNs [70].

Other targeting ligands
The functionalization for GBNs with several novel 
ligands has been explored; these ligands include octreo-
tide (OCT) [71], follicle-stimulating hormone receptor 
(FSHR) [72], epidermal growth factor receptor (EGFR) 
[38], hMnSOD [73], hypericin (HY) [74], fucose [75], and 
targeting peptides [76]. These ligands emerged into view 
because of their simple production, high affinity, and spe-
cial targeting effects. Here, we have chosen to describe 
some in more detail due to their own unique merits and 
potential for widespread use with a few related studies. 
OCT is an analog of somatostatin with the same effects. 
It can regulate the division, proliferation and apoptosis of 
breast tumor cells by specifically binding the somatosta-
tin receptor expressed in breast cancer cells. In a study, 
OCT was used to modify GO as a drug carrier for the 
specific targeted delivery of DOX to breast cancer cells. 
Twice as much OCT-functionalized NGO than free 
NGO accumulated in breast cancer cells, and accumula-
tion of the functionalized NGO compared to free NGO 
was four or five times higher in the liver and kidney. This 
good selectivity makes OCT strongly competitive with 
other targeting ligands [71]. FSHR is a G protein-coupled 
transmembrane receptor and another highly selective 

angiogenic marker, such as CD105. The FSHR antibody 
has the advantages of high affinity, high resistance to 
degradation, and simple conjugation chemistry. Target-
ing the tumor vasculature through the FSHR antibody 
was explored in breast cancer treatment for the first time, 
and the antibody helped GBNs enter breast cancer cells 
because targeting tumor blood vessels does not require 
extravasation. GO conjugated with the FSHR antibody 
exhibited excellent targeting specificity when compared 
in FSHR-positive MDA-MB-231 cells and FSHR-negative 
SKOV-3 cells through flow cytometry and fluorescence 
microscopy examination [72]. Targeting mitochondria 
can induce the apoptosis of breast cancer cells by activat-
ing the mitochondria-mediated apoptosis pathway, and 
this process was newly developed as a promising method 
in breast cancer therapy. GO was reported to increase the 
production of reactive oxygen species (ROS) and trigger 
mitochondria-mediated apoptosis. However, permeation 
into the double membrane of mitochondria is difficult. 
HY, a product from the extract of Hypericum perforatum 
L., is a novel ligand that targets mitochondria. Han et al. 
used HY as an effective targeting ligand to functional-
ize GO loaded with DOX, which was directed to mito-
chondria and produced a synergistic antitumor effect 
[74]. However, challenges remain. The utilization of some 
ligands for cancer detection and treatment is currently at 
a relatively preliminary stage.

Passive targeting
Unlike normal tissues, solid tumors such as breast cancer 
have abundant tumor blood vessels, vascular wall gaps, 
and poor structural integrity and lack of lymphatic cir-
cumfluence, which confers tumor blood vessels with high 
selective penetration and a high retention time. This phe-
nomenon is called the enhanced permeability and reten-
tion (EPR) effect [77]. Passive targeting relies on the EPR 
effect to achieve material enrichment at the tumor site 
(Fig. 2). ERP-based passive targeting is the basis for the 
entrance of GBNs into tumor cells, and the realization of 
active targeting also includes the EPR effect.

Passive targeting usually utilizes endocytosis or dif-
fusion mechanisms to cross the cell membrane, which 
requires a prolonged circulation time [78]. The size of 
GBNs and characteristics of tumor blood vessels are 
the two main factors that affect circulation time [79]. 
Enhancing the EPR effect of GBNs can increase active 
targeting efficacy, which is called the added value of 
active targeting. Generally, GBNs with a diameter of less 
than 200 nm can penetrate tumor blood vessels. The size 
of a nanocarrier plays an important role in the added 
value of its active targeting. A study showed that small 
(~ 7  nm) nanocarriers can achieve greater tumor accu-
mulation due to their improved retention. In contrast, no 
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difference in tumor accumulation was observed for larger 
(~ 14  nm) nanocarriers [80]. Thus, adjusting the size of 
GBNs and improving their tumor vascular permeability 
are expected to greatly improve their targeting efficiency. 
However, the targeting efficacy of EPR-based targeting 
strategies is limited. Lei et al. invented a new graphene-
based targeted nanoprobe that increased the tumor-tar-
geting efficiency up to 50% by changing the permeability 
of the tumor cell membrane [81]. Thus, the development 
of new targeting mechanisms to obtain added value to 
increase the efficiency of passive targeting is feasible.

Tumor microenvironment (TME) targeting
Hypoxia, slight acidity, and high glutathione (GSH) lev-
els are important characteristics of the TME in breast 
cancer and play an important role in the development 
of tumors. Targeting the TME as a therapeutic strat-
egy has gradually become the consensus and a new 
direction in tumor therapy. In view of this, GBNs can 
be designed to target the TME (Fig.  3), which would 
improve perfusion, extravasation and penetration to 
achieve a greater drug concentration in breast cancer.

Fig. 3 Schematic illustrations of TME targeting. The TME is characterized by hypoxia, slight acidity, a high GSH level and so on. Taking advantage of 
these characteristics, GBNs can be modified to target the TME for better function. Abbreviations: TME, tumor microenvironment; GSH, glutathione; 
HIF, hypoxia-inducible factor; -S–S-, disulfide bond; CA IX, carbonic anhydrase; M75, a monoclonal antibody
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pH‑sensitive targeting
Breast cancer cells need an acidic environment to facili-
tate cell matrix remodeling and accelerate the activ-
ity of acid-activating enzymes to meet the demands 
of tumor growth. The pH in breast tumors is 5.4–7.1, 
while in normal breast cells, the pH is approximately 
7.4 [82]. This difference in pH creates a special tumor 
microenvironment, which has been used to design pH-
sensitive targeted drug-delivery systems. GBNs can 
be easily conjugated with dynamic covalent linkages, 
such as acid-liable ester, amide, and ketal/acetal groups, 
which are pH-sensitive and can be easily cleaved in acidic 
environments [83]. This pH-responsive release pat-
tern seems to be safe and efficient and can specifically 
release chemotherapeutic drugs at the tumor site as the 
result of reduced systemic toxicity and off-target effects 
[84]. Sericin is a pH-responsive polypeptide that can 
reverse its charge at approximately pH 5.5 to promote 
nuclear release. In a study, curcumin was loaded into a 
sericin-modified GO carrier, and the loaded GO carrier 
showed excellent pH-dependent release in SKBR3 cells. 
The pH-sensitive amide linkages were hydrolyzed at pH 
5.5, resulting in the rapid release of curcumin [85]. In 
another study, nanocomposites consisting of gold nano-
particles (AuNPs), FA, dendritic mesoporous silica and 
rGO to load curcumin were prepared. The maximum 
release of curcumin occurred at a low pH because both 
the hydrophobic interactions between curcumin and 
rGO and electrostatic interactions between curcumin 
and dendritic mesoporous silica are reduced in acidic 
environments [86]. L-arginine (L-Arg) is an antioxidant 
agent with effects against breast cancer cells and thera-
peutic effects against angiogenesis and apoptosis in 
tumors. A GO and 5-fluorouracil nanogel crosslinked 
with L-Arg was found to be degradable and sensitive to 
pH. At a pH of 5.4, more than 50% of the 5-fluorouracil 
was released within 6  h, whereas 24% was released at a 
pH of 7.4. After 24 h, 100% of the drug was released at a 
pH of 5.4, compared with merely a 32% release at a pH 
of 7.4 [87]. This pH-responsive drug-release pattern per-
formed well, eliminating breast cancer cells, and showed 
fewer side effects. Furthermore, this method showed 
great advantages over traditional methods, but a small 
amount of chemotherapeutic is still released at a pH of 
7.4. A broader spectrum of studies are needed to explore 
the optimal release mode and to strive for zero release of 
chemotherapeutic drugs in normal tissues.

Redox‑responsive targeting
During the occurrence and development of breast 
tumors, the dynamic balance of the cellular redox system 
undergoes very important changes. The concentration 
of GSH in breast cancer cells is significantly higher than 

that in normal cells. Thus, taking advantage of this dif-
ference in GSH concentration to trigger redox-responsive 
graphene-based drug delivery is an attractive strategy. 
GSH promotes the oxidation of disulfide bonds (-S–S-) 
[88]. GBNs were linked with drugs via a disulfide bond, 
and the drug-delivery system was stable in blood ves-
sels; however, when GBNs entered the tumor site, the 
disulfide bond was cleaved by excess GSH. In a study, GO 
microcapsules with disulfide bonds on their surface were 
synthesized and found to display great redox-responsive 
properties for controlled drug release [89]. The redox 
environment within tumor cells influences the tumor 
response to certain chemotherapeutic agents and radio-
therapy, so graphene-based redox-responsive targeting 
strategies could regulate the TME.

Hypoxia‑mediated targeting
Breast cancer cells grow fast, so they consume more oxy-
gen, and the malfunction of tumor blood vessels results 
in an inadequate oxygen supply, which leads to an anoxic 
TME. GBNs have been engineered to target hypoxic 
breast cancer cells. Various strategies have been designed 
to alleviate tumor hypoxia, including in situ oxygen gen-
eration, the inhibition of hypoxia-inducible factor (HIF) 
expression and the targeting of hypoxia-induced extra-
cellular enzymes [90–92]. The most common approach 
is to load molecules with catalase activity onto GBNs 
and to convert excess  H2O2 in breast cancer cells into 
oxygen. Sahu et  al. designed a catalytic GO nanoplat-
form on which hemin was loaded as a catalase-mimetic 
nanozyme. This endogenous oxygen-generation system 
reduced the expression of HIF-1α [18]. Izadi et  al. used 
GO as a carrier to deliver HIF-1α-siRNA into 4T1 breast 
cancer cells, which suppressed HIF-1α and increased the 
anticancer effect [93]. Carbonic anhydrase IX (CA IX) is 
a hypoxia-inducible enzyme that enables tumor cells to 
adapt to the TME. GO functionalized with the mono-
clonal antibody M75, which is specific to CA IX, could 
target cancer cells [92]. Hypoxia has been proven to be 
related to drug resistance, and relieving breast cancer 
hypoxia is expected to reverse drug resistance.

Modifications for better biocompatibility
Concerns about the toxicity of chemically synthe-
sized GBNs in  vivo have been raised. Many studies 
have investigated the biocompatibility and toxicity 
of GBNs in  vivo and in  vitro [94]. For example, GO 
nanosheets were demonstrated to mediate hemoly-
sis [95]. In addition, GBNs can cause cytoskeletal dis-
orders and organelle dysfunction and interact with 
DNA, mRNA, proteins and other biomacromolecules, 
inducing apoptosis or necrosis in cells [94]. The main 
cause of the cytotoxicity of GBNs is their aggregation 
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or coagulation on the cell membrane, which depends 
on their size, shape and surface geometry [96]. How-
ever, GBNs exhibit a wide range of sizes and irregular 
shapes, which leads different kinds of GBNs to have dif-
ferent toxicological properties [97]. Hence, the appli-
cation of GBNs in the drug delivery field should focus 
on modifying their surface chemistry to improve their 
biocompatibility with cells and biomacromolecules. 
Strategies to functionalize GBNs, such as coating with 
polyethylene glycol [98], chitosan [99], or FA [47], have 
been reported. In addition to the common modifica-
tions mentioned above, some new routes have been 
developed. Mahanta et al. demonstrated that the func-
tionalization of GO with bovine α-lactalbumin (BLA) 
produced a multifold improvement in its biocompat-
ibility [100]. As another new functional agent, ternary 
natural deep eutectic solvents (DESs) combined with 
various functional groups and surface modifications 
were successfully coupled to GBN nanocarriers and 
greatly improved the biocompatibility of GBNs. DES-
functionalized GBNs can interact with biological orga-
nelles in cells and enhance their dispersion stability in 
aqueous solutions [101]. In summary, strategies such 
as the use of stabilizers can be explored to avoid the 
aggregation of GBNs in physiological media and effec-
tively achieve a chemotherapeutic payload.

To design a smart drug-delivery system, ligands 
should be conjugated with GBNs to simultaneously 
obtain an active targeting effect that endows the sys-
tem with stimulus-sensitive controlled release proper-
ties. When the drug-delivery system enters the blood 
circulation and is distributed to all organs of the body, 
the drug and GBN should be connected by a strong 
bond that is stable in normal tissues. TME targeting 
ensures that the drug loaded into the drug-delivery sys-
tem is rarely released in normal tissue and has minimal 
toxicity. Then, the targeting ligand guides the drug-
delivery system to breast cancer cells or tumor blood 
vessels, where the TME is different, and the bond rap-
idly breaks, releasing a large amount of the drug. This 
leads to a locally high concentration of the anticancer 
drug. As a result, the designed smart drug-delivery 
system can effectively kill breast cancer cells with a 
reduced dose of the chemotherapeutic. Wang et  al. 
modified a quadruple-responsible rGO-based nano-
composite with Rh B and found that the loaded Rh B 
was released under pH, temperature, NIR light and 
redox stimulation. In addition, the release efficacy was 
enhanced by the synergistic effects of multiple stimu-
lus [102]. The multitargeted modification of GBNs will 
become a trend in the future, and the importance of 
surface chemical modification of GBNs to improve bio-
compatibility should not be ignored.

Imaging and diagnosis
Common and traditional imaging methods for the diag-
nosis of breast cancer include ultrasound, mammogra-
phy, magnetic resonance imaging (MRI) and positron 
emission tomography (PET). However, current imaging 
methods are not sensitive enough to detect small lesions. 
The earlier breast cancer can be detected, the greater 
the possibility of a cure is. Therefore, there is a need to 
develop new detection methods, such as the use of GBNs 
in detection applications. Compared with GQDs, bulk 
graphene itself has worse fluorescence properties. Thus, 
two strategies have been explored to improve ease of 
detection. One strategy is to combine bulk graphene with 
magnetic NPs or fluorescent probes, and the other is to 
decrease the dimensions of graphene, generating quan-
tum dots.

Bulk graphene modified with magnetic NPs or fluores-
cent probes can improve the contrast of traditional imag-
ing technologies and enhance the ability to identify and 
visualize tumor cells that are difficult to detect. For exam-
ple, magnetic iron oxide nanoparticle (IONP)-modified 
GO has been employed as a T2 contrast agent for MRI 
and found to be efficient for cellular MRI [103]. Bulk gra-
phene with fluorescent probes were used in new detec-
tion methods, such as cellular imaging, SPECT, PET, and 
laser desorption/ionization mass spectrometry, and these 
modified GBNs proved to be good fluorescent diagnostic 
materials [104]. The specificity and selective sensitivity 
of fluorescent probes can be provided through conjuga-
tion with FA, TRC105, MUC1, or miRNA. In one study, 
a DNA/GO-sensing platform was used for RT-PCR and 
fluorescence confocal imaging, and the nanoprobe could 
recognize different RNA expression levels, which is of 
great significance for the early diagnosis of breast can-
cer and monitoring of breast cancer development. This 
DNA/GO-sensing platform was designed with two dif-
ferent fluorescent dyes labeled with different single-
stranded DNA molecules conjugated onto the surface of 
GO via π–π stacking [105]. Wate et  al. used  Fe3O4 NPs 
and polydendrimers to modify GO as a multicomponent 
nanosystem loaded with the fluorescent NIR probe cya-
nine 5.0 for cellular imaging. This nanosystem showed 
bright and stable fluorescence when internalized by 
MCF-7 cells [104].

However, the main problems with these fluorescent 
probes are their light instability, flicker and sensitiv-
ity to the environment, which reduce their efficiency. 
GQDs are an ideal choice to solve these problems due 
to their characteristics, such as their ability to emit fluo-
rescence at different wavelengths, tunable luminescence, 
high optical stability and low toxicity [106]. Studies have 
proven that the imaging performance of GQDs is compa-
rable to that of commercial fluorescent dyes, but GQDs 
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have the advantage of low cost and large-scale prepara-
tion. GQDs can selectively target and image the nucleus 
and mitochondrion. Fan et al. confirmed that GQD-poly-
ethyleneimine (PEI) can selectively stain DNA in the cell 
nucleus and colocalize with DAPI at the region of the cell 
nucleus (Fig. 4) [107]. Moreover, the use of GQDs as con-
trast agents for MRI can improve sensitivity and prolong 
blood circulation time, especially with doping or func-
tional groups [108]. Gadolinium (Gd)-based chelates are 
the most commonly used MRI contrast agent but release 
toxic metal ions in vivo. GQDs, as valid, metal-free MRI 

contrast agents, could solve this problem and enable 
higher resolution. A biocompatible GQD-based nano-
composite made from a single-layer graphene quantum 
dot doped with boron (SL-BGQD) with better contrast 
than the clinical contrast agent Gd diethylene penta-ace-
tic acid (Gd-DTPA) was, was reported. Compared with 
Gd-DTPA, SL-BGQD had a significantly higher positive 
enhancement effect in the imaging of important organs, 
including the kidney, liver, spleen, and especially blood 
vessels (Fig. 5). SL-BGQD can cross the blood–brain bar-
rier (BBB), enabling the diagnosis of brain metastases 

Fig. 4 Comparison of the imaging performance of modified GQDs and commercial fluorescent dyes. Fluorescent cell imaging (coculture with 
cells for 4 h). A DAPI, B GQDs-PEI, and C MitoTracker. D Image showing nuclear colocalization between DAPI and GQDs-PEI. E Peak positions of 
DAPI and GQDs-PEI obtained with ImageJ software. (F) DAPI, G GQDs-TPP, and H MitoTracker. I Image of the nuclear colocalization between DAPI 
and GQDs-TPP. J Peak positions of DAPI and GQDs-TPP obtained by ImageJ software [107]. Reprinted from Materials science & engineering. C, 103, 
Fan Z, Nie Y, Wei Y, Zhao J, Liao X, Zhang J, Facile and large-scale synthesis of graphene quantum dots for selective targeting and imaging of cell 
nucleus and mitochondria, 109824, 2019, with permission from Elsevier. Abbreviations: GQDs, graphene quantum dots; PEI, polyethyleneimine; TPP, 
(3-carboxyl) phenyl bromide phosphine
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from breast cancer because its imaging time is 50  min 
longer than that of traditional Gd [109].

Notably, functionalized GBNs have the advantages 
of low toxicity, high accuracy, higher tumor-to-back-
ground ratios, and little extravasation, which confirms 
the suitability of their application as a valid and suit-
able approach for breast cancer detection [60]. How-
ever, GBNs have rarely been applied in breast cancer 
imaging or diagnosis. Existing imaging methods, 
including real-time intraoperative margin imaging in 

breast-conserving surgery, MRI imaging after neo-
adjuvant chemotherapy to evaluate tumor changes, 
and sentinel lymph node imaging biopsy, in which 
high accuracy in the identification of small lesions 
is required because such identification is crucial for 
breast cancer patients’ subsequent treatment options, 
are not satisfactory. Though GBNs show great pros-
pects to realize accurate breast cancer imaging, more 
future research to apply GBNs in such imaging is 
required.

Fig. 5 In vivo abdominal MR images of mice intravenously administered SL-BGQDs or Gd-DTPA. T1-weighted MR of the cross-sections of mice 
that received SL-BGQDs or Gd-DTPA injection acquired using dynamic time-resolved MR imaging at various time points postinjection (a) and 
relative T1-weighted signal intensity (b and c) [109]. Reproduced by permission from the Royal Society of Chemistry. Abbreviations: SL-BGQDs, 
boron-doped graphene quantum dots; M, muscle; S, spleen; RC, renal cortex; RP, renal pelvis; Gd-DTPA, Gd diethylene penta-acetic acid
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Various therapeutic strategies involving GBNs in breast 
cancer treatment
Due to the unique characteristics of GBNs, they can 
not only lead to breakthroughs in traditional treatment 
but also show good application prospects in some new 
treatment methods. Here, we review various therapeutic 
strategies involving GBNs for breast cancer treatment.

Delivering chemotherapeutic drugs
Chemotherapeutic drugs have been used as standard 
treatments for breast cancer but have multiple adverse 
effects. Neoadjuvant chemotherapy brings hope to many 
patients with inoperable breast cancer, which increases 
the rates of breast-conserving therapy and tailors the 
optimum extent of breast and axillary treatment [110]. 
The most commonly used chemotherapeutic drugs for 
breast cancer are members of the anthracycline and tax-
ane families, which include the representative members 
DOX and paclitaxel (PTX), respectively [111]. However, 
their shortcomings, including their high cytotoxicity, 
poor solubility, low bioavailability, nonspecificity, and 
drug resistance, have limited their therapeutic effects for 
breast cancer treatment [112]. Some researchers have 
employed GBNs as drug-delivery systems to promote the 
utilization and reduce the severe side effects of chemo-
therapeutic drugs. The applications of GBNs in chemo-
therapy are summarized in Table 1.

Drugs have been coupled to GBNs simply via π−π 
stacking and hydrophobic interactions, and these nano-
systems exhibited a relatively high loading capacity [98]. 
Physical adsorption of the drug can maintain its biologi-
cal activity compared with that upon loading the drug 
onto the carrier through covalent bonds when a chemi-
cal reaction between the drug and carrier is lacking [111]. 
Some studies have pointed out that GBNs are used as not 
only carriers but also antitumor drugs because of their 
intrinsic anticancer activities. Therefore, the combination 
of drugs and nanostructures cannot be separated, and 
the whole nanostructure enters the cell as a drug [124]. 
Moreover, another study reported that only the drug was 
internalized by breast tumor cells, and the rGO drug-
delivery vehicle was left behind, as observed by the pres-
ence of rGO outside the cell [111]. In general, GBNs, as 
chemotherapeutic drug-delivery vehicles, are nontoxic 
to normal cells and can help to address the limitations of 
chemotherapy.

Reducing the toxicity of chemotherapeutic drugs
The use of GBNs as drug-delivery systems can reduce the 
toxicity of chemotherapeutic drugs. In the clinic, chemo-
therapeutic drugs require administration at a high dose to 
maintain an effective concentration, but dose-dependent 
toxicity commonly limits their use. GBNs can not only 

deliver anticancer drugs specifically to the tumor site 
but also increase active targeting to tumor sites, leading 
to locally high drug concentrations in tumor sites. This 
contributes to low drug dose requirements and a reduc-
tion in drug administration cycles, resulting in the mini-
mization of adverse effects [114, 129]. By binding GBNs, 
chemotherapeutic drugs have higher antitumor ability 
than the free drug at the same dose [98]. Thus, the car-
riers can be used to load a low dose of drug and achieve 
the same therapeutic effect observed with a high dose of 
the free drug. The half-maximal inhibitory concentration 
(IC50) is commonly used as a measure of drug effective-
ness. The low IC50 values of graphene-based drug-deliv-
ery systems result in enhanced cytotoxicity toward breast 
tumor cells in  vitro [46]. Ashjaran et  al. loaded fluoro-
uracil into GO/NHs and found that this system could 
decrease the IC50 of fluorouracil in MCF-7 cells, show-
ing that the GBN drug carrier reduced the treatment 
dose of fluorouracil with no impact on efficiency [8]. The 
drug-delivery system was also beneficial in limiting the 
uncontrolled release of chemotherapeutic drugs in the 
biological system and helped to decrease possible side 
effects [128]. Saeednia et  al. designed a thermosensitive 
hybrid hydrogel consisting of chitosan and graphene, 
which was used to control the delivery of methotrexate. 
The addition of graphene to the thermosensitive chi-
tosan hybrid hydrogel decreased the cumulative release 
of methotrexate, which made the release slower and 
more controllable [121]. Additionally, pH-responsive gra-
phene-based drug carriers were designed to achieve con-
trolled drug release. A study using L-Arg conjugated to 
GO to deliver fluorouracil into breast cancer cells proved 
the controlled release of fluorouracil at pH 5.4 [87]. A sci-
entific drug-controlled release model could enhance the 
anticancer effects of chemotherapeutic drugs, leading to 
a reduction in dose-dependent toxicity.

Increasing the solubility and bioavailability 
of chemotherapeutic drugs
The use of GBNs as a drug-delivery system can increase 
both the solubility and bioavailability of chemothera-
peutic drugs. Most anticancer drugs are either insolu-
ble or only slightly soluble in water because of their 
hydrophobicity. However, they can be combined with 
highly polarized groups to become hydrophilic [123]. 
Therefore, the introduction of GBNs can improve the 
water solubility of these drugs, enhance their abil-
ity to cross the target cell membrane to increase their 
uptake into breast cancer cells, improve their stability 
and prolong their shelf life [130]. For improved phar-
maceutical applications, GBNs can covalently bind 
hydrophilic and biocompatible excipients to improve 
the solubility of these GBN-loaded drugs. Yan et  al. 
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synthesized a GO-PEG-DOX complex and proved that 
PEG functionalization can improve the water solubility 
and increase the tumor-targeting sensitivity of DOX, 
resulting in a stronger DOX-mediated breast tumor-
killing effect [115]. The observed significant improve-
ment in the solubility of chemotherapeutic drugs is 
believed to be mainly due to the presence of GBNs 
and their excipients. Furthermore, an increase in drug 
solubility will increase bioavailability. The bioavailabil-
ity of GBN drug carriers is enhanced due to their high 
drug-loading capacity as a result of their large surface 
area. A large number of drugs can also be adsorbed 
onto GBNs because of the hydrogen bonding interac-
tions between GBNs and drugs [131]. The EPR effect 
induced by GBNs can increase drug accumulation in 
breast tumors, and GBNs also perform well in tumor 
vasculature extravasation [132]. In summary, GBNs can 
be used to design a drug-delivery system with a long 
blood circulation time, highly selective targeting effect 
and controlled drug-release mode to improve the local 
tumor drug concentration and bioavailability.

Increasing the specificity of chemotherapeutic drugs
The inability to specifically deliver drugs to tumor sites 
is the main problem of chemotherapeutic breast cancer 
treatment and leads to unavoidable damage to normal 
cells due to the lack of specificity. GBNs can increase 
the specificity of chemotherapeutic drugs through active 
targeting and passive targeting [133]. Active-targeting 
therapy involves the conjugation of targeting agents onto 
the surface of GBNs. These targeting agents can be spe-
cifically recognized by breast cancer cells to increase the 
specificity of the drugs loaded onto the GBNs [26]. Tar-
geting agents, such as FA, Tf and fucose, are adminis-
tered through ligand-mediated drug delivery to increase 
the intracellular uptake of the chemotherapeutics by 
breast cancer cells. The EPR effect endows GBNs with 
passive targeting abilities [134]. Passive targeting can 
utilize endocytosis or diffusion mechanisms to cross the 
cell membrane due to the vast number of pores and poor 
lymphatic drainage in breast tumor sites [135]. The sizes 
of GBNs and characteristics of tumor blood vessels are 
the two main factors that affect passive targeting [136]. 
Drugs loaded onto GBNs can show good tumor vascula-
ture extravasation, which promotes the selective distribu-
tion of drugs into tumor tissues, resulting in an increase 
in the efficacy and a decrease in the side effects of the 
system [92]. A study used PEG-functionalized graphene 
sheets, which showed a highly efficient passive breast 
cancer-targeting effect and low retention in reticuloen-
dothelial systems. These properties are attractive for the 
design of drug-delivery systems [48].

Reversing drug resistance
MDR is the bottleneck of breast cancer chemotherapy. 
Conjugation with GBNs has been studied as a remarkable 
and novel strategy to solve this problem. Several molecu-
lar mechanisms of MDR have been revealed, including 
decreased drug uptake, the activation of DNA repair, 
the escape of drug-induced apoptosis, enhanced detoxi-
fication activities and enhanced expression of the P-gp 
transporter [78]. In detail, these enhanced detoxifica-
tion activities acquired by drug-resistant cells can trans-
form chemotherapeutics into innocuous derivatives, and 
their anticancer effects are diminished as a result [79]. 
GBNs are helpful in overcoming the enhanced detoxifi-
cation activities of drug-resistant cells by increasing cel-
lular uptake, resulting in enhanced drug absorption. A 
study proved that GO-loaded adriamycin could reverse 
the drug resistance of MCF-7/ADR cells that are resist-
ant to adriamycin by increasing its cellular uptake while 
also showing good biosafety [116]. In another MDR 
mechanism, the enhanced multidrug resistance gene in 
drug-resistant cells promotes encoding and expression 
of the P-gp transporter, which pumps drugs out of breast 
cancer cells and fails to kill them [137]. The strategy of 
designing a drug carrier that can codeliver chemothera-
peutics and P-gp inhibitors is a valid method, but the 
carrier needs to be nontoxic and must have the ability 
to increase therapeutic effects [138]. GBNs can silence 
multiplex genes to inhibit P-gp expression and reverse 
MDR. Li et al. used two molecular beacons to modify GO 
and reverse MDR. These molecular beacons hybridized 
with target sequences could decrease the efflux of DOX 
by decreasing expression of the P-gp transporter [139]. 
Another strategy is to avoid P-gp export effects to reverse 
MDR in breast cancer cells [119]. GBNs are taken into 
breast cancer cells in both endocytosis-dependent and 
endocytosis-independent manners. GBNs can enter cells 
by endocytosis and then release drugs into the cytoplasm 
at low pH levels in endosomes or lysosomes, which effec-
tively avoids the export effects of surface-expressed P-gp 
in MCF-7/ADR cells [139]. Adriamycin localizes to the 
nuclei of breast cancer cells by escaping the recognition 
and export effects of P-gp when GO is used as a carrier, 
resulting in the reversal of drug resistance [140]. These 
results suggest that the utilization of GBNs as chemo-
therapeutic carriers is attractive for MDR breast cancer 
treatment.

Codelivering drugs
Functional GBNs as nanocarriers of mixed antican-
cer drugs are an efficient strategy to fight breast can-
cer. Codelivery, a widely adopted clinical practice, is the 
combined use of two or more chemotherapeutics [141]. 
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Codelivery has the clinical potential to produce a syn-
ergistic effect from the different mechanisms of action 
of multiple drugs against breast cancer. Compared with 
delivery of a single drug, codelivery showed improved 
therapeutic efficacy to inhibit breast cancer cell prolifera-
tion and a reduced required dose of each drug. Moreo-
ver, GBNs can solve the problem of the easy excretion of 
drugs due to their low molecular weight [125]. Ko et al. 
designed a multifunctional nanosystem in which Her-
ceptin and DOX dual delivery was achieved by using 
PEG-functionalized GQDs for the treatment of HER2-
positive cancer. This nanosystem displayed a synergisti-
cally enhanced antitumor effect both in vivo and in vitro 
[127]. The premise of codelivery is that the bioavailabil-
ity and activity of each drug are not affected [40]. Due to 
the different drug-release sequences and release effects, 
the drug-delivery system should have a controlled release 
mode that is different from that of free drug. For exam-
ple, the advanced release of curcumin can achieve a 
chemosensitization effect in breast cancer cells, thereby 
improving the therapeutic effects of PTX [142]. Deb et al. 
used chitosan and FA to functionalize GO to simultane-
ously deliver camptothecin and 3,3’-diindolylmethane 
into MCF-7 cells [126]. The results showed that code-
livery could help to overcome the toxicological effects 
of free camptothecin and enhance its anticancer activ-
ity. The use of GBNs to control the loading and targeted 
release of mixed anticancer drugs has broad application 
prospects in biomedicine.

Gene‑based therapy
Gene therapy is based on the introduction of nucleic 
acids into targeted cells through gene knockout or expres-
sion [143]. Gene therapy solves the root of the problem of 
gene abnormalities, breaks through traditional treatment 
methods and can be developed into precision medicine. 
A carrier to transport and protect nucleic acids from deg-
radation during transportation due to the properties of 
genes, including their negative charge, unstable structure 
and poor cellular uptake, is needed [144]. Viral and non-
viral vector systems are two strategies for gene delivery. 
The efficiency of viral vector gene transfer is high, but 
there are some deficiencies, such as high cost, the host 
immune response and insecurity [145, 146]. The prepa-
ration of nonviral vectors is simple, and the risk of an 
immune response is low. However, due to the influence 
of many extracellular and intracellular barriers, its trans-
fection efficiency is always low [147]. Due to the limited 
ability of siRNA to cross the cell membrane, several kinds 
of nanodelivery systems have been developed as nonvi-
ral vectors to promote siRNA entry into the cytoplasm of 
breast cancer cells [148]. The ideal vector not only con-
centrates genes effectively but also protects genes from 

degradation by nucleases [149]. GBNs might be suit-
able candidate vectors. For example, GO protects siRNA 
from enzyme digestion and shows satisfactory transfec-
tion efficiency. It also has the advantages of low cost and 
easy mass production [150]. The applications of GBNs in 
gene-based therapy are summarized in Table 2.

Many regulatory factors, such as siRNA [152], pDNA 
[156], microRNA-101 (miR-101) [153]and the herpes 
simplex virus thymidine kinase gene (HSV-TK) [139] 
have been used in graphene-based gene therapy for 
breast cancer treatment. Huang et al. produced PEI-func-
tionalized GO to transfect siRNA against invasive breast 
cancer cells. The results indicate that PEI-functionalized 
GO is effective in siRNA delivery and may be helpful for 
targeted gene therapy to inhibit breast tumor metastasis 
[151]. The prepared nanoplatform GO-PEG-(P-L-Arg) 
was reported to deliver miR-101, showing a high miR-101 
payload and internalization in breast cancer cells. In this 
study, the nanoplatform showed highly selective transfec-
tion due to the targeting effects of P-L-Arg, which signif-
icantly reduced the side effects [154]. The use of GBNs 
to transfer transcriptional regulatory elements is an 
effective method of gene therapy. For example, estrogen 
response elements and hypoxia-responsive elements have 
been used to direct the expressed genes to breast tumors 
[157, 158]. Cheang et  al. used GO to deliver estrogen 
response elements and hypoxia-responsive elements to 
increase the expression of HSV-TK in breast cancer cells, 
inhibiting proliferation and inducing apoptosis. This con-
tributed to noteworthy antitumor effects [139].

Phototherapy
Phototherapy is a noninvasive treatment that does not 
produce scars and heals quickly. PTT and PDT are rep-
resentative phototherapies with great potential to over-
come the limitations of conventional chemotherapy in 
cancer treatment [159]. GBNs with light-induced prop-
erties have been explored for the phototherapy of breast 
cancer cells. The applications of GBNs in phototherapy 
are summarized in Table 3.

PTT
PTT is a cancer treatment technique in which breast 
tumors are exposed to a laser and the received light is 
converted into heat to ablate tumors. Increasing the tem-
perature of breast cancer cells to over 40  °C inactivates 
many intracellular structural and enzymatic proteins 
and leads to irreversible tumor destruction [173, 174]. 
Another advantage of PTT is that this damage is limited 
to specific areas, so healthy tissue can be preserved. The 
application of PTT in clinical breast cancer treatments 
has been confronted with limitations, such as the low 
penetration depth of NIR irradiation into tissues and low 
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photo-to-heat conversion efficiency. This leads to incom-
plete tumor ablation and therefore a high risk of recur-
rence [175]. To address these limitations, high absorption 
by photosensitizers in the NIR region is required, and 
these photosensitizers need to be selectively absorbed 
by breast cancer cells rather than normal cells to lead to 
the precise heating of tumor cells [176]. PTT employs 
nanotransducers as photosensitizers, which can effi-
ciently convert photon energy to thermal energy. The 
excellent NIR optical absorption behavior and enhanced 
surface activity of GBNs endow them with the potential 
to be used as photothermal therapeutic agents in breast 
cancer treatment [177]. The introduction of target-
ing agents on GBNs was used to obtain specific target-
ing capabilities and improve the ablation efficacy of PTT 
[31]. In addition, compared to the individual components 
alone, graphene-based multifunctional hybrid nanomate-
rials such as GO and gold nanostar hybrids have greater 
photothermal effects [160]. It has been reported that the 
degree and duration of HSP70 protein expression are 

related to the effects of PTT against breast cancer. Apt-
AuNP-hybridized GO as a photosensitizer combined 
with an HSP70 inhibitor produced a synergistic PTT 
therapeutic effect, which was proven to be more efficient 
than the effect of GBNs alone [161]. To obtain deep pen-
etration, high-power NIR irradiation is often utilized. 
However, high-power irradiation can cause damage to 
adjacent normal tissues, especially during long-term irra-
diation. Nanocomposites composed of GBNs showed a 
rational killing effect in breast cancer cells even with a 
low-level laser. Ag/ZnO- and Nd/ZnO-functionalized 
rGO exposed to a 630-nm laser rather than the usual 
810-nm laser were proven to be an effective drug-free 
approach to kill MCF-7 cells [163]. Breast tumors can 
shield some tumor cells from NIR radiation due to their 
three-dimensional structure. GBNs can increase the 
destruction rate of breast tumor cells by enhancing the 
bystander effect, which transfers the toxic signal of the 
individual damaged cells to adjacent cells. Yu et al. suc-
cessfully developed polydopamine-functionalized rGO 

Table 2 Applications of GBNs in gene-based therapy

PEI, polyethylenimine; siRNA, small interfering RNA; CPPs, cell penetrating peptide; PL-PEG, a phospholipid-based amphiphilic polymer; Au, gold; P-L-Arg, poly-L-
arginine; miR-101, microRNA-101; PEG, polyethylene glycol; HSV-TK, herpes simplex virus thymidine kinase gene; Hap, hydroxyapatite; PEG-diamine, aminated-
polyethylene glycol; R8, octaarginine; MDR1, multidrug resistance 1; ETS1, erythroblastosis virus E26 oncogene homolog 1; PAMAM, polyamidoamine; GPD, hybrid 
vector consisting of GO, PAMAM and PEG

References Type of GBN Targeting ligands Modification Gene Properties Cell line Results

[151] GO _ PEI siRNA _ MDA-MB-231 Suppressed the 
gene expression 
and metastatic 
potential of 
breast cancer 
cells

[152] GO _ CPPs, PL-PEG siRNA _ MCF-7 Showed significant 
cell death

[153] GO P-L-Arg Au miRNA-101 Gene release was 
improved by NIR 
thermal therapy

MCF-7, MDA Reduced the 
viability of MCF-7 
cell lines

[154] GO P-L-Arg PEG miR-101 Higher miRNA 
payload, selec-
tive transfection

MCF-7, MDA-
MB-231

Autophagy was 
downregulated, 
and the apopto-
sis cascade was 
activated

[155] GO _ Hap, ganciclovir HSV-TK Tumor-specific 
promoters

MCF-7, MDA-
MB-231, MCF-
10A

Induced the apop-
tosis of breast 
cancer cells and 
inhibited their 
growth

[156] GO _ PEG-diamine, R8 siRNA and pDNA Superior internali-
zation

efficacy of 85%

MCF-7, MDA-
MB-231

Protected siRNA 
and pDNA 
against enzyme 
degradation

[139] GO _ _ MDR1 beacon, 
ETS1 beacon

_ MCF-7/Adr Reversed MDR

[150] GO _ PAMAM, PEG siRNA pH-triggered 
release of siRNA

MDA-MB-231 Effectively silenced 
genes with high 
transfection 
efficiency
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to enhance the bystander effect to solve the problem of 
partial tumor penetration [33]. A study used tamoxifen 
to modify nanosized rGO, which combined hormonal 
therapy with PTT and showed improved stability and low 
cytotoxicity. PTT takes advantage of the ability of hor-
monal therapy to target hormone receptors, which ena-
bles precise tumor ablation [165].

PDT
PDT is a promising local breast cancer treatment strat-
egy that uses a photosensitizer to absorb NIR light and 
convert excited energy to produce ROS. The production 
of ROS leads to tumor destruction [178]. Most of the 
photosensitizers used in PDT have poor water solubility 
and exhibit a limited ability to permeate cell membranes 
[179, 180]. Therefore, great attention has been given to 
the preparation of GBNs, which can optimize the prop-
erties of photosensitizers and increase apoptosis and 
death through PDT. GBN systems have the advantages 
of improving the transfer of insoluble photoactive agents 
and promoting the transmembrane transfer of photo-
sensitizers [181]. Due to these attractive advantages of 
the intrinsic optical properties of GBNs, one strategy is 
to utilize GBNs themselves as photosensitizers. There 
have been reports on the phototoxicity of GBNs in breast 
cancer cells. In an experimental study, GO-silver NP 
nanocomposites showed cytotoxicity and photodynamic 
effects toward MCF cells [168]. GQDs exhibit the largest 
emission in NIR light. Due to their excellent photolumi-
nescence properties and efficiency in generating singlet 
oxygen, GQDs also show great potential in breast cancer 
PDT. Future investigations in breast cancer treatment 
are encouraged due to the similarly considerable photo-
dynamic effects of GQDs [182]. Yang et al. incorporated 
GQDs into the cavity of hollow mesoporous silica NPs 
to form a hybrid nanoplatform. These nanocomposites 
solved the problem of rapid clearance of GQDs through 
the renal system while exhibiting similar singlet oxygen-
generation efficiency [171]. Another strategy is to load 
photosensitizers onto GBNs via electrostatic and π–π 
stacking interactions or hydrophobic cooperative inter-
actions [170]. GQDs loaded with a photosensitizer could 
produce more singlet oxygen than that produced by any 
of the components alone and enhanced toxicity in breast 
cancer cells [183]. The synthesis composite ratio has a 
great influence on the singlet oxygen production out-
put. Methylene blue is a common photosensitizer used 
in PDT. A study proved that the free form of methyl-
ene blue increases within decreasing GO concentration, 
which leads to decreased PDT effectiveness. There-
fore, it is necessary to modulate the ratio of photosensi-
tizer and GO to find a suitable composition [170, 172]. 
Tumor integrin αvβ6-targeting peptide-functionalized 

GO loaded with a photosensitizer (HPPH) was applied in 
PDT of subcutaneous and lung metastatic mouse models. 
The necrotic breast cancer cells induced by PDT could 
increase the infiltration of  CD8+ T lymphocytes, which 
further activated dendritic cells to inhibit the growth of 
primary breast tumors and lung metastasis [169]. The 
use of GBNs as photosensitizers or as carriers to deliver 
photosensitizers to breast tumor cells can improve the 
effectiveness of PDT, making it possible to combine PDT 
with other treatments. Compared with that in combined 
PDT/PTT treatment groups, undesirable necrosis was 
found to be increased in groups administered PDT alone 
or PTT alone, which showed that combined PDT/PTT is 
a cleaner treatment.

Combined phototherapeutic strategy
Absorption in the strong NIR visible light range and their 
high surface area make GBNs suitable for loading with 
both hydrophilic and hydrophobic molecules to act as 
photosensitizers. Together, these properties may allow 
for the possibility of combining PDT and PTT in a sin-
gle GBN device [184, 185]. This combined phototherapy 
strategy performed surprisingly well in preventing breast 
cancer metastasis by promoting breast tumor ablation 
and stopping breast tumor progression. In addition, 
metastasis seemed to be hampered after combined pho-
totherapy treatment. The use of NanoGO-methylene blue 
induced more toxicity in breast cancer cells than in nor-
mal breast cells by combined PDT/PTT. Photoacoustic 
(PA) imaging uses an ultrasound signal generated by light 
excitation to image the structure and function of biologi-
cal tissue and is especially suitable for the early detection 
of cancer and treatment monitoring. The combined use 
of PA imaging with PTT is another effective strategy. Hu 
et  al. applied polydopamine-functionalized rGO to load 
indocyanine green for PA imaging-guided PTT in 4T1 
breast cancer cell subcutaneous and orthotopic mouse 
models. The obtained composites exhibited a stronger 
PTT effect and higher PA contrast than pure rGO or 
polydopamine-rGO [186]. These results demonstrate 
that the combined phototherapy strategy is a promising 
strategy for breast cancer treatment.

MTT
MTT is a new clinical method for the treatment of breast 
cancers. Breast tumors are placed under an external 
alternating magnetic field and killed though the ther-
mal effect induced by magnetic NPs. The applications of 
GBNs in MTT are summarized in Table 4.

For the magnetothermal ablation of breast tumors, 
the temperature usually increases to 37 ~ 45  °C or 
higher than 45 °C [191]. Graphene itself is not magnetic, 
so it needs to bind magnetic particles. One example of 
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MTT is superparamagnetic IONPs anchored to rGO. 
rGO nanosheets have thermal conductivity, which is 
beneficial for distributing heat evenly to promote tumor 
ablation [192]. Compared to PDT and PTT modali-
ties, MTT has the advantages of deep tissue penetra-
tion and magnetic selectivity to kill breast cancer cells 
without injuring the surrounding healthy breast tissues 
[193]. By coupling targeted ligands such as hyaluronic 
acid to GBNs, the selectivity of MTT can be further 
improved, increasing the attraction of MTT [189]. Fur-
thermore, PEI- or PEG-functionalized rGO showed 
improved compatibility and magnetothermal proper-
ties [187, 188]. Alhasan et  al. synthesized PEGylated 
rGO to bind superparamagnetic IONPs, which were 
used under an external magnetic field for MCF-7 breast 
tumor cell ablation. In the absence of anticancer drugs, 
such a design significantly enhanced the magnetic ther-
mal ablation of breast cancer [188]. The disadvantage of 
conventional MTT is that it depends only on the heat-
ing effects of the magnetic NPs. Liu et  al. introduced 
magnetothermodynamic (MTD) therapy by combining 
MTT and immune effects related to ROS to overcome 
the limited therapeutic effects of MTT. In a 4T1 cell 
subcutaneous tumor model, a mixture of ferrimagnetic 
vortex-domain iron oxide nanorings and GO was used 
as an effective MTD agent, and the symbiotic combina-
tion of heating effects and ROS-related immune effects 
was used to effectively eliminate the tumor at a physio-
logically tolerable temperature [190]. MTT is expected 

to be combined with other therapies, which can pro-
vide new ideas for breast cancer treatment.

As a platform for different therapies
Although GBNs have great prospects in the treatment 
of breast cancer, nanodrugs that work through only one 
therapeutic mechanism may fail and lead to drug resist-
ance. Therefore, a multieffective therapy aimed at killing 
breast cancer cells in different ways is expected. Com-
bination therapy that uses a graphene-based platform 
is regarded as a valid anticancer therapeutic strategy to 
overcome the limitations of treatment with a single ther-
apeutic [194]. Designing such a platform requires finding 
a biocompatible material with a large surface area that 
is able to simultaneously load different drugs and genes. 
This platform should also have light-induced properties. 
Therefore, GBNs may be suitable. One of their advan-
tages is that graphene-based platforms can exhibit all of 
the desirable features of each treatment mechanism, and 
these different treatment methods are concentrated into 
a single, easy-to-prepare intelligent drug-delivery sys-
tem [195, 196] (Fig. 6). Compared with single therapies, 
this platform displays an improved therapeutic effect, 
the reduced possibility of drug resistance and fewer side 
effects [197].

Graphene-based platforms with two or more thera-
peutic effects, including synergistic multichemotherapy 
[198], chemothermal therapy [199, 200], chemogene 
therapy [201, 202], chemo-PDT [203] and thermal gene 

Table 4 Application of GBNs in magnetothermal therapy

PEI, polyethylenimine; IONPs, iron oxide nanoparticles; FVIOs, ferrimagnetic vortex-domain iron oxide nanorings; AMF, alternating magnetic field

References Type of GBN Targeting 
ligands

Modification Drugs Properties Cell line Animal model Results

[187] GO _ PEI, IONPs DOX Intratumorally 
injected

MCF-7 BALB/c mice Led to more 
apoptosis and 
demonstrated 
higher antitu-
mor efficacy 
combined with 
AMF

[188] rGO _ SPIONs, PEG _ _ MCF-7 _ Enhanced the 
magnetothermal 
ablation efficacy

[189] GO HA _ DOX, PTX Targeted delivery MDA-MB-231, 
BT-474

_ MTT was used 
to enhance 
the efficacy of 
chemothera-
peutics in killing 
tumor cells

[190] GO _ FVIOs _ Combined magne-
tothermal effect 
and ROS-related 
immunologic 
effect

4T1 A mouse 4T1 cell 
subcutaneous 
breast tumor 
model

Eliminated the 
tumor at a low 
dose and short 
time under AMF 
exposure
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therapy [153], have been studied for breast cancer treat-
ment and can induce the apoptosis of breast cancer cells 
and inhibit breast tumor tissue growth. Among these 
studies, graphene-based chemo-phototherapy for breast 
cancer has been the hottest research topic and has been 
widely studied. It can not only improve the loading capac-
ity and pharmacokinetics of chemotherapeutics but also 
release the loaded drugs at a controlled rate through the 
photothermal trigger process. In addition, GO absorbs 
NIR radiation and converts it into heat, thus inducing 
sensitization to the action of chemotherapeutics [204]. 
Gadeva et al. used quercetin to reduce FA-functionalized 
GO to achieve chemo-PTT in triple-negative breast can-
cer. The platform performed well in MDA-MB-231 cells 
and showed the advantages of high cellular uptake and 
strong cytotoxic effects, especially under NIR (808  nm) 
laser irradiation [42]. A multifunctional platform for 
synergistic breast cancer therapy with controlled DOX 
release, MTT, and PTT consisted of GQDs and magnetic 
mesoporous silica NPs showed a significant synergis-
tic effect to kill breast cancer cells with improved effi-
cacy [200]. Treating MDR breast tumor cells with both 
chemotherapy and gene therapy is an effective approach. 
Gu et  al. used GO to codeliver DOX and MMP-9 
shRNA for breast cancer treatment, which had a more 

significant tumor-killing effect than monotherapy [140]. 
However, no related study has investigated the suit-
able ratio of chemotherapeutic drugs to gene drugs, and 
whether these drugs would exhibit mutual interference is 
unknown. Future work is needed to explore this question.

The superior antitumor performance of the graphene-
based platform implies its good potential in metastatic 
breast cancer treatment. Wang et al. synthesized a plat-
form including rGO conjugated with polydopamine and 
gold nanostars to load DOX, which, after exposure to 
laser irradiation, could synergistically inhibit the growth 
of primary tumors and reduce the number of pulmonary 
metastatic nodules in the lungs of a metastatic 4T1 cell 
breast tumor model. Furthermore, unlike the free DOX-
treated mice, no metastasis was observed in the livers of 
the mice with this platform treated with a laser, show-
ing the ability of the platform to suppress distant metas-
tasis [205]. A platform composed of a tumor integrin 
αvβ6-targeting peptide, GO and a photosensitizer was 
explored to trigger host immunity with tumor-targeted 
PDT in 4T1-fLuc pulmonary metastatic mice. In the PDT 
group, lung metastasis was significantly limited, which 
supported the notion that the combined chemo-photo-
therapy and immunotherapy platform could effectively 
activate host antitumor immunity to prevent distant 

Fig. 6 Schematic illustrations of the graphene-based nanoplatform. The graphene-based nanoplatform incorporates various therapeutic 
strategies into one multifunctional platform to achieve optimal therapeutic effects. For example, a graphene-based platform is not only 
capable of simultaneously loading multiple drugs and genes but can also be used in phototherapy and MTT at the same time. Abbreviations: 
NIR, near-infrared; PTT, photothermal therapy; PDT, photodynamic therapy; ROS, reactive oxygen species; MTT, magnetothermal therapy; AMF, 
alternating magnetic field
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metastasis and inhibit breast tumor recurrence by stimu-
lating immune memory [169]. The use of GBNs as a plat-
form provides encouraging prospects for breast cancer 
treatment.

Prospects
Targeted therapy
Targeted therapy is a treatment method at the cellular 
and molecular levels aimed at a well-defined carcino-
genic site (the site can be a protein molecule or a gene 
fragment in the tumor cell) [206]. There are differences 
between targeted therapy and the abovementioned tar-
geting effects. Here, the targeted ligands have the ability 
to not only specifically guide drugs to enter tumor cells 
but also inhibit the growth pathway of tumors to obtain 
therapeutic effects. Targeted therapy is currently the 
most promising therapeutic method for breast cancer. It 
can improve the bioavailability, biocompatibility, specific 
targeting and safety of therapeutic drugs [207]. However, 
these properties cannot be satisfied with single targeted 
therapy, so the combination of targeted therapy and 
chemotherapy is a current research hotspot. The strategy 
of coupling antibodies with chemotherapeutic drugs has 
been successfully developed. Antibody–drug conjugates 
such as T-DM1 and DS-8201 have been put on the mar-
ket and yielded remarkable achievements in the treat-
ment of breast cancer. Unlike the traditional method, 
the two treatments are not used separately but rather 
are loaded together into a graphene-based nanomate-
rial, which can increase their anticancer efficacy. GBNs 
can provide a platform for antibodies to bind potentially 
two or more chemotherapeutic drugs with different 
mechanisms. Herceptin, the most widely used targeted 
drug in the clinic, plays a profound role in HER2-posi-
tive breast cancer treatment [60]. Herceptin-conjugated 
GQDs loaded with DOX have been prepared for the 
treatment of HER2-positive breast cancer and can simul-
taneously deliver herceptin and DOX, taking advantage 
of the specific targeting effects of herceptin, and these 
GQDs exert a synergistically enhanced antitumor effect 
[127]. In addition to HER2 inhibitors, other types of tar-
geted drugs, including CDK4/6 inhibitors, inhibitors of 
PARP, ER-targeting drugs, and PI3K/Akt/mTOR pathway 
inhibitors, are available. These new targeted drugs have 
achieved good results in clinical application and bring 
hope to breast cancer patients. Although there has been 
no relevant research, we believe that all of these new tar-
geted drugs used with graphene-based carriers have the 
potential for multifold therapeutic effects. Future studies 
should focus on combining these various targeted drugs 
and chemotherapeutic drugs to find the appropriate 
ratio of antibody to chemotherapeutic drug to determine 
the best regimen. Furthermore, GBNs conjugated with 

targeted drugs are expected to overcome the problem of 
brain metastasis in breast cancer. The treatment of brain 
metastases in breast cancer remains difficult because 
herceptin and other macromolecular monoclonal anti-
bodies have difficulty crossing the BBB [208]. Current 
studies have proven that GBNs can cross a variety of 
biological barriers, including the BBB [208]. The use of 
GBNs as carriers to assist these macromolecules in cross-
ing the BBB can result in effective drug concentrations at 
intracranial tumor sites, bringing hope for the treatment 
of patients with brain metastases from breast cancer.

Intratumoral drug delivery
Intratumoral drug delivery is an appealing locoregional 
therapy through direct intratumoral injection [209]. 
Compared with traditional intravenous injection, this 
strategy shows advantages in the loading and release of 
insoluble anticancer drugs. Intratumoral delivery sends 
chemotherapeutics directly to the breast tumor site, 
which reduces toxicity by avoiding exposure to normal 
tissues and improves the efficacy of the drugs [210]. The 
breast is a superficial organ, so it is suitable for intratu-
moral administration. There are two common types of 
intratumoral delivery systems for therapeutics: injectable 
gelling depots with thermosensitive hydrogels and pre-
shaped implant systems. Injectable gelling depots are less 
invasive and less painful to inject. However, challenges 
with their intratumoral administration remain, includ-
ing burst release, insufficient drug-loading capacity, 
implant biocompatibility and poor drug solubility issues 
that affect the release kinetics [211]. In addition, bolus 
injections into breast tumors can be quickly cleared, 
inspiring the exploration of drug-delivery carriers [212]. 
Graphene-based intratumoral drug-delivery systems 
could solve these limitations due to their controlled 
drug-release properties. Zhu et  al. used chitosan gel-
functionalized GO as an intratumoral delivery system to 
load docetaxel (DTX), which was showed a higher con-
centration and longer residence time in the breast tumor 
tissues of mice with no obvious toxicity to normal organs. 
This system proved to be a safe and effective intratu-
moral drug-delivery system for breast cancer treatment 
[197]. Fong et  al. encapsulated FA-functionalized GO 
loaded with DOX into injectable hydrogels, which were 
administered by standard needles [46]. Intratumoral drug 
delivery has the advantages of low dose requirements, a 
reduced number of drug administration cycles and the 
absence of systemic drug uptake, which can minimize 
adverse effects [129]. Few intratumoral delivery formula-
tions are currently available, and more graphene-based 
in  situ intratumoral injectable formulations need to be 
explored. For example, suppose a subcutaneous, local, 
and intratumor drug-delivery system based on GBNs 
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could be developed to maintain an effective drug concen-
tration in the tumor in a continuous and controlled man-
ner. New intratumoral delivery modes such as this could 
reduce patient hospitalization rates and length of stay, 
which would have economic benefits.

Immunotherapy
Tumor immunotherapy aims to activate the human 
immune system and kill cancer cells by autoimmune 
function. Unlike previous therapeutic strategies, the tar-
get of immunotherapy is not tumor cells but the body’s 
own immune system. Immunotherapy can effectively 
remove residual cancer cells and small lesions after sur-
gery, radiotherapy and chemotherapy; stop the regen-
eration of cancer cells; and prevent the recurrence and 
metastasis of tumors. Immunotherapy has the advan-
tages of fewer side effects, increased biological sensitiv-
ity, and a persistent immune response [213]. GBNs can 
activate the immune system, creating opportunities for 
immunotherapy [214]. Yu et  al. employed functional-
ized GO to trigger host immunity by activating den-
dritic cells and recruiting  CD8+ T cell infiltration to 
enhance the immunological memory effect, which could 
inhibit the recurrence of breast cancer [169]. Recently, 
photoimmunotherapy has drawn increasing attention. 
PTT can produce tumor-associated antigens by caus-
ing immunogenic cell death, which leads to antitumor 
immunity. Wang et  al. used hybridized  Fe3O4 NPs and 

rGO nanocomposites to combine PTT and immuno-
therapy (Fig. 7), and the results showed that the primary 
breast tumor was destroyed through PTT and that dis-
tant metastasis could be prevented through the immune 
response activated by PTT-induced dendritic cell matu-
ration and cytokine secretion [166]. Individualized treat-
ment of tumors has always been a popular research topic. 
It is expected that a personalized cancer vaccine will be 
developed through the use of GBNs, which can be used 
as a carrier to deliver mRNA with patient-specific tumor 
antigen and protect it from degradation, inducing T cell 
antitumor immunity in the body. However, there have 
been few related studies on the application of GBNs in 
immunotherapy, and this appealing strategy calls for 
more attention.

Conclusion
GBNs have the potential to be used in breast cancer diag-
nosis and treatment due to their distinctive structures 
and attractive physicochemical properties. To improve 
the application prospects of GBNs, balance between 
the anticancer ability and toxicity of GBNs is an urgent 
problem. Thus, we have summarized GBN modifica-
tion strategies to enhance their targeting ability and bio-
compatibility. In addition, we stress the applications of 
GBNs in breast cancer treatment, including drug and 
gene delivery, phototherapy, and MTT, and as a plat-
form to combine multiple therapies. Finally, we provide 

Fig. 7 Schematic illustrations of NIR-mediated photothermal immunotherapy. A nanocomposite (FNPs/rGO-PEG) formulated by hybridizing 
Fe3O4 nanoparticles (FNPs), rGO and PEG-NH2 developed to destroy primary tumors was shown to elicit an anti-metastatic effect via photothermal 
immunotherapy. Under laser irradiation, FNPs/rGO-PEG nanocomposites generate heat and trigger immunogenic cell death (ICD). Then, the 
released tumor-associated antigens trigger the maturation of dendritic cells (DCs). DCs capture antigens and migrate to the tumor-draining lymph 
node to present antigens and activate T cells [166]. Reproduced by permission from the Royal Society of Chemistry
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interesting perspectives on the potential applications of 
GBNs in targeted therapy, intratumoral drug delivery and 
immunotherapy. This review aims to provide information 
for drug design and clinical therapy, thereby facilitating 
the eventual application of GBNs in clinical breast cancer 
treatment.

Abbreviations
AAP10: Antiarrhythmic peptide 10; ADR: Adriamycin drug resistance; Ag: Silver; 
A-Im: 1-(10-Bromoanthracene-9-yl)-1H-imidazole-4,5-dicarboxylic acid; AMF: 
Alternating magnetic field; Anti-MUC1 IgG: Mucin 1 receptor immunoglobulin 
G antibody; Apt-AuNP: Aptamer- gold nanoparticle; AptMUC1: MUC1-bindin-
gaptamer; Au: Gold; AuNPs: Gold nanoparticles; CA IX: Carbonic anhydrase IX 
(CA IX); CPPs: Cell penetrating peptide; CPT: Camptothecin; CuSQDs: Copper 
sulfide quantum dots; DESs: Deep eutectic solvents; DOX: Doxorubicin; DTX: 
Docetaxel; EA: Ellagic acid; EGFR: Epidermal growth factor receptor; EPR: 
Enhanced permeability and retention; ETS1: Erythroblastosis virus E26 onco-
gene homolog 1; F38: Pluronic F38; FA: Folic acid; FSHR: Follicle-stimulating 
hormone receptor; FU: Fluorouracil; GA: Gambogic acid; GBNs: Graphene-
based nanomaterials; Gd: Gadolinium; GDC0941: A phosphatidylinositide 
3-kinase/Akt phosphorylation inhibitor; Gd-DTPA: Gd diethylene penta-acetic 
acid; GO: Graphene oxide; GPD: Hybrid vector consists of GO: PAMAM and PEG; 
GQDs: And graphene quantum dots; GSH: Glutathione; Hap: Hydroxyapatite; 
HER2: Human epidermal growth factor receptor 2; HIF: Hypoxia-inducible fac-
tor; hMSN: Hollow mesoporous silica nanoparticles; HPPH: A photosensitizer; 
HSP: Heat shock protein; HSV-TK: Herpes simplex virus thymidine kinase gene; 
HSV-TK: Herpes simplex virus thymidine kinase gene; HY: Hypericin; IC50: The 
half maximal inhibitory concentration; IONP: Iron oxide nanoparticle; L-Arg: 
L-arginine; MB: Methylene blue; MD: Maltodextrin; MDR: Multidrug resistance; 
MDR1: Multidrug resistance 1; miR-101: MicroRNA-101; MIT: Mitoxantrone; MRI: 
Magnetic resonance imaging; MTD: Magnetothermodynamic; MTT: Magneto-
thermal therapy; MTX: Methotrexate; NIR: Near infrared; OCT: Octreotide; PA: 
Photoacoustic; PAH: Poly(allylamine hydrochloride); PAMAM: Poly amidoamine; 
pDA: Polydopamine; PDT: Photodynamic therapy; PEG: Polyethylene glycol; 
PEG-diamine: Aminated-polyethylenglycole; PEI: Polyethylenimine; PET: 
Positron emission tomography; PF-127: An amphiphilic polymer; P-gp: P- gly-
coprotein; P-L-Arg: Poly-L-arginine; PL-PEG: A phospholipid-based amphiphilic 
polymer; Pt: Platinum; PTT: Photothermal therapy; PTT: Photothermal therapy; 
PTX: Paclitaxel; PVP: Polyvinylpyrrolidone; R8: Octaarginine; rGO: Reduced 
graphene oxide; ROS: Reactive oxygen species; siRNA: Small interfering RNA; 
SPECT: Single-photon emission computerized tomography; T80: Tween 80; Tf: 
Transferrin; TPGS: D-α-tocopheryl polyethylene glycol 1000 succinate; β-CD: 
β- Cyclodextrin.

Acknowledgements
Not applicable.

Authors’ contributions
GC, JW and JL contributed equally to this work. All authors read and approved 
the final manuscript.

Funding
This work was supported by Special Fund of Foshan Summit Plan [Grant 
Numbers 2020B018, 2019D039, 2019D041].

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors gave their consent for publication.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Breast Center, Department of General Surgery, Nanfang Hospital, Southern 
Medical University, Guangzhou, China. 2 Stomatological Hospital, Southern 
Medical University, Guangzhou, China. 3 Department of Breast Surgery, The 
First People’s Hospital of Foshan, Sun Yat-Sen University, Guangdong, China. 
4 Guangdong Provincial Key Laboratory of New Drug Screening, School 
of Pharmaceutical Sciences, Southern Medical University, Guangzhou, China. 

Received: 27 January 2021   Accepted: 20 May 2021

References
 1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, 

et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence 
and mortality worldwide for 36 cancers in 185 countries. CA Cancer J 
Clin. 2021;71:209.

 2. DeSantis CE, Ma J, Gaudet MM, Newman LA, Miller KD, Goding Sauer A, 
et al. Breast cancer statistics, 2019. CA Cancer J Clin. 2019;69:438–51.

 3. Lv Y, Tao L, Annie Bligh SW, Yang H, Pan Q, Zhu L. Targeted deliv-
ery and controlled release of doxorubicin into cancer cells using a 
multifunctional graphene oxide. Mater Sci Eng, C Mater Biol Appl. 
2016;59:652–60.

 4. Fan J, Liu B, Long Y, Wang Z, Tong C, Wang W, et al. Sequentially-
targeted biomimetic nano drug system for triple-negative breast 
cancer ablation and lung metastasis inhibition. Acta Biomater. 
2020;113:554–69.

 5. Tan C, Cao X, Wu X-J, He Q, Yang J, Zhang X, et al. Recent 
advances in ultrathin two-dimensional nanomaterials. Chem Rev. 
2017;117:6225–331.

 6. Novoselov KS, Geim AK, Morozov SV, Jiang D, Zhang Y, Dubonos SV, 
et al. Electric field effect in atomically thin carbon films. Science (New 
York, NY). 2004;306:666–9.

 7. Ribeiro BFM, Souza MM, Fernandes DS, do Carmo DR, Machado-Santelli 
GM. Graphene oxide-based nanomaterial interaction with human 
breast cancer cells. J Biomed Mater Res A. 2020;108:863–70.

 8. Ashjaran M, Babazadeh M, Akbarzadeh A, Davaran S, Salehi R. Stimuli-
responsive polyvinylpyrrolidone-NIPPAm-lysine graphene oxide 
nano-hybrid as an anticancer drug delivery on MCF7 cell line. Artif Cells 
Nanomed Biotechnol. 2019;47:443–54.

 9. Wu J, Yang R, Zhang L, Fan Z, Liu S. Cytotoxicity effect of graphene 
oxide on human MDA-MB-231 cells. Toxicol Mech Methods. 
2015;25:312–9.

 10. Patil R, Bahadur P, Tiwari S. Dispersed graphene materials of biomedical 
interest and their toxicological consequences. Adv Colloid Interface Sci. 
2020;275:102051.

 11. Fusco L, Garrido M, Martín C, Sosa S, Ponti C, Centeno A, et al. Skin irrita-
tion potential of graphene-based materials using a non-animal test. 
Nanoscale. 2020;12:610–22.

 12. Yao J, Wang H, Chen M, Yang M. Recent advances in graphene-based 
nanomaterials: properties, toxicity and applications in chemistry, biol-
ogy and medicine. Mikrochim Acta. 2019;186:395.

 13. Lalwani G, D’Agati M, Khan AM, Sitharaman B. Toxicology of graphene-
based nanomaterials. Adv Drug Deliv Rev. 2016;105:109–44.

 14. Li Y, Feng L, Shi X, Wang X, Yang Y, Yang K, et al. Surface coating-
dependent cytotoxicity and degradation of graphene derivatives: 
towards the design of non-toxic, degradable nano-graphene. Small. 
2014;10:1544–54.

 15. Lin JY, Lai PX, Sun YC, Huang CC, Su CK. Biodistribution of gra-
phene oxide determined through postadministration labeling 
with DNA-conjugated gold nanoparticles and ICPMS. Anal Chem. 
2020;92:13997–4005.

 16. Syama S, Paul W, Sabareeswaran A, Mohanan PV. Raman spectroscopy 
for the detection of organ distribution and clearance of PEGylated 
reduced graphene oxide and biological consequences. Biomaterials. 
2017;131:121–30.

 17. Yan Y, Gong J, Chen J, Zeng Z, Huang W, Pu K, et al. Recent advances on 
graphene quantum dots: from chemistry and physics to applications. 
Adv Mater. 2019;31:e1808283.



Page 26 of 30Cui et al. J Nanobiotechnol          (2021) 19:211 

 18. Sahu A, Min K, Jeon J, Yang HS, Tae G. Catalytic nanographene oxide 
with hemin for enhanced photodynamic therapy. J Control Release. 
2020;326:442–54.

 19. Yuan X, Liu Z, Guo Z, Ji Y, Jin M, Wang X. Cellular distribution and cyto-
toxicity of graphene quantum dots with different functional groups. 
Nanoscale Res Lett. 2014;9:108.

 20. Li Y, Wu Q, Zhao Y, Bai Y, Chen P, Xia T, et al. Response of microRNAs to 
in vitro treatment with graphene oxide. ACS Nano. 2014;8:2100–10.

 21. Abbasi E, Akbarzadeh A, Kouhi M, Milani M. Graphene: synthesis, 
bio-applications, and properties. Artif Cells Nanomed Biotechnol. 
2016;44:150–6.

 22. Marrella A, Giannoni P, Pulsoni I, Quarto R, Raiteri R, Scaglione S. 
Topographical features of graphene-oxide-functionalized substrates 
modulate cancer and healthy cell adhesion based on the cell tissue of 
origin. ACS Appl Mater Interfaces. 2018;10:41978–85.

 23. Tang Z, Zhao L, Yang Z, Liu Z, Gu J, Bai B, et al. Mechanisms of oxidative 
stress, apoptosis, and autophagy involved in graphene oxide nanoma-
terial anti-osteosarcoma effect. Int J Nanomed. 2018;13:2907–19.

 24. Zhu J, Xu M, Gao M, Zhang Z, Xu Y, Xia T, et al. Graphene oxide induced 
perturbation to plasma membrane and cytoskeletal meshwork 
sensitize cancer cells to chemotherapeutic agents. ACS Nano. 
2017;11:2637–51.

 25. Lee J, Kim J, Kim S, Min DH. Biosensors based on graphene oxide and its 
biomedical application. Adv Drug Deliv Rev. 2016;105:275–87.

 26. Sun X, Liu Z, Welsher K, Robinson JT, Goodwin A, Zaric S, et al. Nano-
graphene oxide for cellular imaging and drug delivery. Nano Res. 
2008;1:203–12.

 27. Zhou H, Zhang B, Zheng J, Yu M, Zhou T, Zhao K, et al. The inhibition of 
migration and invasion of cancer cells by graphene via the impairment 
of mitochondrial respiration. Biomaterials. 2014;35:1597–607.

 28. Zhou T, Zhang B, Wei P, Du Y, Zhou H, Yu M, et al. Energy metabolism 
analysis reveals the mechanism of inhibition of breast cancer cell 
metastasis by PEG-modified graphene oxide nanosheets. Biomaterials. 
2014;35:9833–43.

 29. Park S, Ruoff RS. Chemical methods for the production of graphenes. 
Nat Nanotechnol. 2009;4:217–24.

 30. Li J, Zhang X, Jiang J, Wang Y, Jiang H, Zhang J, et al. Systematic assess-
ment of the toxicity and potential mechanism of graphene derivatives 
in vitro and in vivo. Toxicol Sci. 2019;167:269–81.

 31. Hashemi M, Omidi M, Muralidharan B, Smyth H, Mohagheghi MA, 
Mohammadi J, et al. Evaluation of the photothermal properties of 
a reduced graphene oxide/arginine nanostructure for near-infrared 
absorption. ACS Appl Mater Interfaces. 2017;9:32607–20.

 32. Wu J, Lin Z, Weng X, Owens G, Chen Z. Removal mechanism of mitox-
antrone by a green synthesized hybrid reduced graphene oxide @ iron 
nanoparticles. Chemosphere. 2020;246:125700.

 33. Yu J, Lin YH, Yang L, Huang CC, Chen L, Wang WC, et al. Improved 
anticancer photothermal therapy using the bystander effect enhanced 
by antiarrhythmic peptide conjugated dopamine-modified reduced 
graphene oxide nanocomposite. Adv Healthc Mater. 2017;6:1600804.

 34. Kersting D, Fasbender S, Pilch R, Kurth J, Franken A, Ludescher M, et al. 
From in vitro to ex vivo: subcellular localization and uptake of graphene 
quantum dots into solid tumors. Nanotechnology. 2019;30:395101.

 35. Wu C, Wang C, Han T, Zhou X, Guo S, Zhang J. Insight into the cellular 
internalization and cytotoxicity of graphene quantum dots. Adv 
Healthc Mater. 2013;2:1613–9.

 36. Sacks D, Baxter B, Campbell BCV, Carpenter JS, Cognard C, Dippel D, 
et al. Multisociety consensus quality improvement revised consensus 
statement for endovascular therapy of acute ischemic stroke. Int J 
Stroke. 2018;13:612–32.

 37. Yan Q-L, Gozin M, Zhao F-Q, Cohen A, Pang S-P. Highly energetic com-
positions based on functionalized carbon nanomaterials. Nanoscale. 
2016;8:4799–851.

 38. Nasrollahi F, Koh YR, Chen P, Varshosaz J, Khodadadi AA, Lim S. Targeting 
graphene quantum dots to epidermal growth factor receptor for deliv-
ery of cisplatin and cellular imaging. Mater Sci Eng C Mater Biol Appl. 
2019;94:247–57.

 39. Luo C, Li Y, Guo L, Zhang F, Liu H, Zhang J, et al. Graphene quantum 
dots downregulate multiple multidrug-resistant genes via interacting 
with their C-rich promoters. Adv Healthc Mater. 2017;6:1700328.

 40. Muthoosamy K, Abubakar IB, Bai RG, Loh HS, Manickam S. Exceedingly 
higher co-loading of curcumin and paclitaxel onto polymer-function-
alized reduced graphene oxide for highly potent synergistic anticancer 
treatment. Sci Rep. 2016;6:32808.

 41. Wu B, Zhao N. A targeted nanoprobe based on carbon nanotubes-nat-
ural biopolymer chitosan composites. Nanomaterials (Basel, Switzer-
land). 2016; 6.

 42. Gadeval A, Maheshwari R, Raval N, Kalyane D, Kalia K, Tekade RK. Green 
graphene nanoplates for combined photo-chemo-thermal therapy of 
triple-negative breast cancer. Nanomedicine (Lond). 2020;15:581–601.

 43. Mauro N, Scialabba C, Agnello S, Cavallaro G, Giammona G. Folic acid-
functionalized graphene oxide nanosheets via plasma etching as a 
platform to combine NIR anticancer phototherapy and targeted drug 
delivery. Mater Sci Eng C Mater Biol Appl. 2020;107:110201.

 44. Zhang J, Song L, Zhang H, Zhou S, Jiao Y, Zhang X, et al. New polylactic 
acid multifunctional ultrasound contrast agent based on graphene 
oxide as the carrier of targeted factor and drug delivery. ACS Omega. 
2019;4:4691–6.

 45. Vinothini K, Rajendran NK, Ramu A, Elumalai N, Rajan M. Folate receptor 
targeted delivery of paclitaxel to breast cancer cells via folic acid con-
jugated graphene oxide grafted methyl acrylate nanocarrier. Biomed 
Pharmacother. 2019;110:906–17.

 46. Fong YT, Chen CH, Chen JP. Intratumoral delivery of doxorubicin on 
folate-conjugated graphene oxide by in-situ forming thermo-sensitive 
hydrogel for breast cancer therapy. Nanomaterials (Basel). 2017;7:388.

 47. Diaz-Diestra D, Thapa B, Badillo-Diaz D, Beltran-Huarac J, Morell G, 
Weiner BR. Graphene oxide/ZnS: Mn nanocomposite functionalized 
with folic acid as a nontoxic and effective theranostic platform for 
breast cancer treatment. Nanomaterials (Basel). 2018;8:484.

 48. Shi J, Wang B, Chen Z, Liu W, Pan J, Hou L, et al. A multi-functional 
tumor theranostic nanoplatform for MRI guided photothermal-chemo-
therapy. Pharm Res. 2016;33:1472–85.

 49. Tang M, Chen Z, Wu D, Chen L. Ferritinophagy/ferroptosis: iron-related 
newcomers in human diseases. J Cell Physiol. 2018;233:9179–90.

 50. He J, Fan K, Yan X. Ferritin drug carrier (FDC) for tumor targeting 
therapy. J Control Release. 2019;311–312:288–300.

 51. Nasrollahi F, Varshosaz J, Khodadadi AA, Lim S, Jahanian-Najafabadi A. 
Targeted delivery of docetaxel by use of transferrin/poly(allylamine 
hydrochloride)-functionalized graphene oxide nanocarrier. ACS Appl 
Mater Interfaces. 2016;8:13282–93.

 52. Zhu H, Zhou B, Chan L, Du Y, Chen T. Transferrin-functionalized nanog-
raphene oxide for delivery of platinum complexes to enhance cancer-
cell selectivity and apoptosis-inducing efficacy. Int J Nanomedicine. 
2017;12:5023–38.

 53. Zaretsky JZ, Barnea I, Aylon Y, Gorivodsky M, Wreschner DH, Keydar I. 
MUC1 gene overexpressed in breast cancer: structure and transcrip-
tional activity of the MUC1 promoter and role of estrogen receptor 
alpha (ERalpha) in regulation of the MUC1 gene expression. Mol Cancer. 
2006;5:57.

 54. Nath S, Mukherjee P. MUC1: a multifaceted oncoprotein with a key role 
in cancer progression. Trends Mol Med. 2014;20:332–42.

 55. Rubio N, Mei KC, Klippstein R, Costa PM, Hodgins N, Wang JT, et al. 
Solvent-free click-mechanochemistry for the preparation of cancer cell 
targeting graphene oxide. ACS Appl Mater Interfaces. 2015;7:18920–3.

 56. Lyu Y, Chen G, Shangguan D, Zhang L, Wan S, Wu Y, et al. Generating cell 
targeting aptamers for nanotheranostics using cell-SELEX. Theranostics. 
2016;6:1440–52.

 57. Bahreyni A, Yazdian-Robati R, Hashemitabar S, Ramezani M, Ramezani 
P, Abnous K, et al. A new chemotherapy agent-free theranostic system 
composed of graphene oxide nano-complex and aptamers for treat-
ment of cancer cells. Int J Pharm. 2017;526:391–9.

 58. Huang RC, Chiu WJ, Po-Jung Lai I, Huang CC. Multivalent aptamer/gold 
nanoparticle-modified graphene oxide for mass spectrometry-based 
tumor tissue imaging. Sci Rep. 2015;5:10292.

 59. Ross JS, Slodkowska EA, Symmans WF, Pusztai L, Ravdin PM, Hortobagyi 
GN. The HER-2 receptor and breast cancer: ten years of targeted anti-
HER-2 therapy and personalized medicine. Oncologist. 2009;14:320–68.

 60. Stern HM. Improving treatment of HER2-positive cancers: opportunities 
and challenges. Sci Transl Med. 2012;4:127rv122.

 61. Vu T, Claret FX. Trastuzumab: updated mechanisms of action and resist-
ance in breast cancer. Front Oncol. 2012;2:62.



Page 27 of 30Cui et al. J Nanobiotechnol          (2021) 19:211  

 62. Cornelissen B, Able S, Kersemans V, Waghorn PA, Myhra S, Jurkshat K, 
et al. Nanographene oxide-based radioimmunoconstructs for in vivo 
targeting and SPECT imaging of HER2-positive tumors. Biomaterials. 
2013;34:1146–54.

 63. Zheng XT, Ma XQ, Li CM. Highly efficient nuclear delivery of anti-cancer 
drugs using a bio-functionalized reduced graphene oxide. J Colloid 
Interface Sci. 2016;467:35–42.

 64. Seon BK, Matsuno F, Haruta Y, Kondo M, Barcos M. Long-lasting 
complete inhibition of human solid tumors in SCID mice by targeting 
endothelial cells of tumor vasculature with antihuman endoglin immu-
notoxin. Clin Cancer Res. 1997;3:1031–44.

 65. Fonsatti E, Nicolay HJM, Altomonte M, Covre A, Maio M. Targeting 
cancer vasculature via endoglin/CD105: a novel antibody-based 
diagnostic and therapeutic strategy in solid tumours. Cardiovasc Res. 
2010;86:12–9.

 66. Dallas NA, Samuel S, Xia L, Fan F, Gray MJ, Lim SJ, et al. Endoglin 
(CD105): a marker of tumor vasculature and potential target for therapy. 
Clin Cancer Res. 2008;14:1931–7.

 67. Rosen LS, Hurwitz HI, Wong MK, Goldman J, Mendelson DS, Figg WD, 
et al. A phase I first-in-human study of TRC105 (Anti-Endoglin Antibody) 
in patients with advanced cancer. Clin Cancer Res. 2012;18:4820–9.

 68. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000;100:57–70.
 69. Shi S, Yang K, Hong H, Valdovinos HF, Nayak TR, Zhang Y, et al. Tumor 

vasculature targeting and imaging in living mice with reduced gra-
phene oxide. Biomaterials. 2013;34:3002–9.

 70. Zhang Y, Yang K, Hong H, Engle J, Feng L, Theuer C, et al. WE-C-
217BCD-06: in vivo targeting and imaging of tumor vasculature 
with radiolabeled, antibody-conjugated nano-graphene. Med Phys. 
2012;39:3950.

 71. Zhang X, Yang C, Zhou J, Huo M. Somatostatin receptor-mediated 
tumor-targeting nanocarriers based on octreotide-PEG conjugated 
nanographene oxide for combined chemo and photothermal therapy. 
Small. 2016;12:3578–90.

 72. Yang D, Feng L, Dougherty CA, Luker KE, Chen D, Cauble MA, et al. 
In vivo targeting of metastatic breast cancer via tumor vasculature-
specific nano-graphene oxide. Biomaterials. 2016;104:361–71.

 73. Farell M, Self A, Guza C, Song H, Apollon L, Gomez EW, et al. Lipid-
functionalized graphene loaded with hMnSOD for Selective inhibition 
of cancer cells. ACS Appl Mater Interfaces. 2020;12:12407.

 74. Han C, Zhang C, Ma T, Zhang C, Luo J, Xu X, et al. Hypericin-function-
alized graphene oxide for enhanced mitochondria-targeting and 
synergistic anticancer effect. Acta Biomater. 2018;77:268–81.

 75. Gupta N, Jangid AK, Singh M, Pooja D, Kulhari H. Designing two-dimen-
sional nanosheets for improving drug delivery to fucose-receptor-
overexpressing cancer cells. ChemMedChem. 2018;13:2644–52.

 76. Oz Y, Barras A, Sanyal R, Boukherroub R, Szunerits S, Sanyal A. Function-
alization of reduced graphene oxide via thiol-maleimide “click” chemis-
try: facile fabrication of targeted drug delivery vehicles. ACS Appl Mater 
Interfaces. 2017;9:34194–203.

 77. Wang Q, Ji Y, Shi J, Wang L. NIR-driven water splitting H(2) production 
nanoplatform for H(2)-mediated cascade-amplifying synergetic cancer 
therapy. ACS Appl Mater Interfaces. 2020;12:23677–88.

 78. Bukowski K, Kciuk M, Kontek R. Mechanisms of Multidrug Resistance in 
Cancer Chemotherapy. Int J Mol Sci. 2020;21:3233.

 79. Stavrovskaya AA. Cellular mechanisms of multidrug resistance of tumor 
cells. Biochemistry (Mosc). 2000;65:95–106.

 80. Tsvetkova Y, Beztsinna N, Baues M, Klein D, Rix A, Golombek SK, et al. 
Balancing passive and active targeting to different tumor compart-
ments using riboflavin-functionalized polymeric nanocarriers. Nano 
Lett. 2017;17:4665–74.

 81. Lei Z, Ding L, Yao C, Mo F, Li C, Huang Y, et al. A Highly Efficient Tumor-
Targeting Nanoprobe with a Novel Cell Membrane Permeability 
Mechanism. Adv Mater. 2019;31:e1807456.

 82. Webb BA, Chimenti M, Jacobson MP, Barber DL. Dysregulated pH: a 
perfect storm for cancer progression. Nat Rev Cancer. 2011;11:671–7.

 83. Li L, Yang WW, Xu DG. Stimuli-responsive nanoscale drug delivery 
systems for cancer therapy. J Drug Target. 2019;27:423–33.

 84. Rahmatolahzadeh R, Hamadanian M, Ma’mani L, Shafiee A. Aspartic 
acid functionalized PEGylated MSN@GO hybrid as an effective and 
sustainable nano-system for in-vitro drug delivery. Adv Med Sci. 
2018;63:257–64.

 85. Jahanshahi M, Kowsari E, Haddadi-Asl V, Khoobi M, Lee JH, Kadumudi 
FB, et al. Sericin grafted multifunctional curcumin loaded fluorinated 
graphene oxide nanomedicines with charge switching properties for 
effective cancer cell targeting. Int J Pharm. 2019;572:118791.

 86. Malekmohammadi S, Hadadzadeh H, Farrokhpour H, Amirghofran Z. 
Immobilization of gold nanoparticles on folate-conjugated dendritic 
mesoporous silica-coated reduced graphene oxide nanosheets: a new 
nanoplatform for curcumin pH-controlled and targeted delivery. Soft 
Matter. 2018;14:2400–10.

 87. Malekimusavi H, Ghaemi A, Masoudi G, Chogan F, Rashedi H, Yazdian 
F, et al. Graphene oxide-l-arginine nanogel: a pH-sensitive fluorouracil 
nanocarrier. Biotechnol Appl Biochem. 2019;66:772–80.

 88. Gulzar A, Xu J, Xu L, Yang P, He F, Yang D, et al. Redox-responsive UCNPs-
DPA conjugated NGO-PEG-BPEI-DOX for imaging-guided PTT and 
chemotherapy for cancer treatment. Dalton Trans. 2018;47:3921–30.

 89. Dong L, Shi C, Guo L, Yang T, Sun Y, Cui X. Fabrication of redox and pH 
dual-responsive magnetic graphene oxide microcapsules via sono-
chemical method. Ultrason Sonochem. 2017;36:437–45.

 90. Jiang W, Zhang C, Ahmed A, Zhao Y, Deng Y, Ding Y, et al. H(2) O(2) -sen-
sitive upconversion nanocluster bomb for tri-mode imaging-guided 
photodynamic therapy in deep tumor tissue. Adv Healthc Mater. 
2019;8:e1900972.

 91. Luan X, Guan YY, Liu HJ, Lu Q, Zhao M, Sun D, et al. A tumor vascular-
targeted interlocking trimodal nanosystem that induces and exploits 
hypoxia. Adv Sci (Weinh). 2018;5:1800034.

 92. Bugárová N, Špitálsky Z, Mičušík M, Bodík M, Šiffalovič P, Koneracká M, 
et al. A Multifunctional Graphene Oxide Platform for Targeting Cancer. 
Cancers (Basel). 2019;11(6):753.

 93. Izadi S, Moslehi A, Kheiry H, Karoon Kiani F, Ahmadi A, Masjedi A, et al. 
Codelivery of HIF-1α siRNA and dinaciclib by carboxylated graphene 
oxide-trimethyl chitosan-hyaluronate nanoparticles significantly sup-
presses cancer cell progression. Pharm Res. 2020;37:196.

 94. Xiaoli F, Qiyue C, Weihong G, Yaqing Z, Chen H, Junrong W, et al. Toxicol-
ogy data of graphene-family nanomaterials: an update. Arch Toxicol. 
2020;94:1915–39.

 95. Mahanta S, Paul S. Bovine α-lactalbumin functionalized graphene oxide 
nano-sheet exhibits enhanced biocompatibility: a rational strategy for 
graphene-based targeted cancer therapy. Colloids Surf B Biointerfaces. 
2015;134:178–87.

 96. Bottari G, Herranz MÁ, Wibmer L, Volland M, Rodríguez-Pérez L, Guldi 
DM, et al. Chemical functionalization and characterization of graphene-
based materials. Chem Soc Rev. 2017;46:4464–500.

 97. Liao KH, Lin YS, Macosko CW, Haynes CL. Cytotoxicity of graphene oxide 
and graphene in human erythrocytes and skin fibroblasts. ACS Appl 
Mater Interfaces. 2011;3:2607–15.

 98. Xu Z, Zhu S, Wang M, Li Y, Shi P, Huang X. Delivery of paclitaxel using 
PEGylated graphene oxide as a nanocarrier. ACS Appl Mater Interfaces. 
2015;7:1355–63.

 99. Mugesh S, Arun R, Arunkumar K, Murugan M. Synthesis of biogenic 
copper nanoparticles embedded in graphene oxide-chitosan compos-
ite and its anti-bacterial and cytotoxic activities. J Nanosci Nanotechnol. 
2019;19:2625–32.

 100. Mahanta S, Paul S. Bovine alpha-lactalbumin functionalized graphene 
oxide nano-sheet exhibits enhanced biocompatibility: a rational 
strategy for graphene-based targeted cancer therapy. Colloids Surf B 
Biointerfaces. 2015;134:178–87.

 101. Zainal-Abidin MH, Hayyan M, Ngoh GC, Wong WF. Doxorubicin loading 
on functional graphene as a promising nanocarrier using ternary deep 
eutectic solvent systems. ACS Omega. 2020;5:1656–68.

 102. Wang P, Chen S, Cao Z, Wang G. NIR light-, temperature-, pH-, and 
redox-responsive polymer-modified reduced graphene oxide/
mesoporous silica sandwich-like nanocomposites for controlled release. 
ACS Appl Mater Interfaces. 2017;9:29055–62.

 103. Chen W, Yi P, Zhang Y, Zhang L, Deng Z, Zhang Z. Composites of 
aminodextran-coated  Fe3O4 nanoparticles and graphene oxide for 
cellular magnetic resonance imaging. ACS Appl Mater Interfaces. 
2011;3:4085–91.

 104. Wate PS, Banerjee SS, Jalota-Badhwar A, Mascarenhas RR, Zope KR, 
Khandare J, et al. Cellular imaging using biocompatible dendrimer-
functionalized graphene oxide-based fluorescent probe anchored with 
magnetic nanoparticles. Nanotechnology. 2012;23:415101.



Page 28 of 30Cui et al. J Nanobiotechnol          (2021) 19:211 

 105. Pan W, Liu B, Gao X, Yu Z, Liu X, Li N, et al. A graphene-based fluores-
cent nanoprobe for simultaneous monitoring of miRNA and mRNA in 
living cells. Nanoscale. 2018;10:14264–71.

 106. Rakhshaei R, Namazi H, Hamishehkar H, Rahimi M. Graphene 
quantum dot cross-linked carboxymethyl cellulose nanocomposite 
hydrogel for pH-sensitive oral anticancer drug delivery with potential 
bioimaging properties. Int J Biol Macromol. 2020;150:1121–9.

 107. Fan Z, Nie Y, Wei Y, Zhao J, Liao X, Zhang J. Facile and large-scale syn-
thesis of graphene quantum dots for selective targeting and imaging 
of cell nucleus and mitochondria. Mater Sci Eng C Mater Biol Appl. 
2019;103:109824.

 108. Estelrich J, Sánchez-Martín MJ, Busquets MA. Nanoparticles in mag-
netic resonance imaging: from simple to dual contrast agents. Int J 
Nanomedicine. 2015;10:1727–41.

 109. Wang H, Revia R, Mu Q, Lin G, Yen C, Zhang M. Single-layer boron-
doped graphene quantum dots for contrast-enhanced in vivo T(1)-
weighted MRI. Nanoscale Horiz. 2020;5:573–9.

 110. Derks MGM, van de Velde CJH. Neoadjuvant chemotherapy in breast 
cancer: more than just downsizing. Lancet Oncol. 2018;19:2–3.

 111. Xu Z, Wang S, Li Y, Wang M, Shi P, Huang X. Covalent functionaliza-
tion of graphene oxide with biocompatible poly(ethylene glycol) for 
delivery of paclitaxel. ACS Appl Mater Interfaces. 2014;6:17268–76.

 112. Singla AK, Garg A, Aggarwal D. Paclitaxel and its formulations. Int J 
Pharm. 2002;235:179–92.

 113. Hashemi H, Namazi H. Sonochemically synthesized blue fluorescent 
functionalized graphene oxide as a drug delivery system. Ultrason 
Sonochem. 2018;42:124–33.

 114. Li J, Liang X, Zhang J, Yin Y, Zuo T, Wang Y, et al. Inhibiting pulmo-
nary metastasis of breast cancer based on dual-targeting graphene 
oxide with high stability and drug loading capacity. Nanomedicine. 
2018;14:1237–48.

 115. Yan J, Song B, Hu W, Meng Y, Niu F, Han X, et al. Antitumor effect of 
GO-PEG-DOX complex on EMT-6 mouse breast cancer cells. Cancer 
Biother Radiopharm. 2018;33:125–30.

 116. Wu J, Wang YS, Yang XY, Liu YY, Yang JR, Yang R, et al. Graphene oxide 
used as a carrier for adriamycin can reverse drug resistance in breast 
cancer cells. Nanotechnology. 2012;23:355101.

 117. Kakran M, Sahoo NG, Bao H, Pan Y, Li L. Functionalized graphene 
oxide as nanocarrier for loading and delivery of ellagic Acid. Curr 
Med Chem. 2011;18:4503–12.

 118. Saeed LM, Mahmood M, Pyrek SJ, Fahmi T, Xu Y, Mustafa T, et al. 
Single-walled carbon nanotube and graphene nanodelivery of gam-
bogic acid increases its cytotoxicity in breast and pancreatic cancer 
cells. J Appl Toxicol. 2014;34:1188–99.

 119. Hou L, Feng Q, Wang Y, Yang X, Ren J, Shi Y, et al. Multifunctional 
hyaluronic acid modified graphene oxide loaded with mitox-
antrone for overcoming drug resistance in cancer. Nanotechnology. 
2016;27:015701.

 120. Khodadadei F, Safarian S, Ghanbari N. Methotrexate-loaded 
nitrogen-doped graphene quantum dots nanocarriers as an efficient 
anticancer drug delivery system. Mater Sci Eng C Mater Biol Appl. 
2017;79:280–5.

 121. Saeednia L, Yao L, Berndt M, Cluff K, Asmatulu R. Structural and 
biological properties of thermosensitive chitosan-graphene hybrid 
hydrogels for sustained drug delivery applications. J Biomed Mater 
Res A. 2017;105:2381–90.

 122. Karimi Shervedani R, Mirhosseini H, Samiei Foroushani M, Torabi M, 
Rahsepar FR, Norouzi-Barough L. Immobilization of methotrexate 
anticancer drug onto the graphene surface and interaction with calf 
thymus DNA and 4T1 cancer cells. Bioelectrochemistry. 2018;119:1–9.

 123. Karki N, Tiwari H, Pal M, Chaurasia A, Bal R, Joshi P, et al. Functional-
ized graphene oxides for drug loading, release and delivery of poorly 
water soluble anticancer drug: a comparative study. Colloids Surf B 
Biointerfaces. 2018;169:265–72.

 124. Zare-Zardini H, Taheri-Kafrani A, Amiri A, Bordbar AK. New generation 
of drug delivery systems based on ginsenoside Rh2-, Lysine- and 
Arginine-treated highly porous graphene for improving anticancer 
activity. Sci Rep. 2018;8:586.

 125. Zhang L, Xia J, Zhao Q, Liu L, Zhang Z. Functional graphene oxide as 
a nanocarrier for controlled loading and targeted delivery of mixed 
anticancer drugs. Small. 2010;6:537–44.

 126. Deb A, Andrews NG, Raghavan V. Natural polymer functionalized gra-
phene oxide for co-delivery of anticancer drugs: in-vitro and in-vivo. 
Int J Biol Macromol. 2018;113:515–25.

 127. Ko NR, Van SY, Hong SH, Kim SY, Kim M, Lee JS, et al. Dual pH- and 
GSH-responsive degradable pegylated graphene quantum dot-based 
nanoparticles for enhanced HER2-positive breast cancer therapy. Nano-
materials (Basel). 2020;10:91.

 128. Kutwin M, Sawosz E, Jaworski S, Wierzbicki M, Strojny B, Grodzik M, et al. 
Nanocomplexes of graphene oxide and platinum nanoparticles against 
colorectal cancer Colo205, HT-29, HTC-116, SW480, liver cancer HepG2, 
human breast cancer MCF-7, and adenocarcinoma LNCaP and human 
cervical hela B cell lines. Materials (Basel). 2019;12:909.

 129. Fakhari A, Anand SJ. Engineered in-situ depot-forming hydrogels for 
intratumoral drug delivery. J Controlled Release. 2015;220:465–75.

 130. De Jong WH, Borm PJA. Drug delivery and nanoparticles: applications 
and hazards. Int J Nanomed. 2008;3:133–49.

 131. Georgakilas V, Tiwari JN, Kemp KC, Perman JA, Bourlinos AB, Kim KS, 
et al. Noncovalent functionalization of graphene and graphene oxide 
for energy materials, biosensing, catalytic, and biomedical applications. 
Chem Rev. 2016;116:5464–519.

 132. Jahan S, Karim ME, Chowdhury EH. Nanoparticles targeting receptors 
on breast cancer for efficient delivery of chemotherapeutics. Biomedi-
cines. 2021;9:114.

 133. Cho K, Wang X, Nie S, Chen ZG, Shin DM. Therapeutic nanoparticles for 
drug delivery in cancer. Clin Cancer Res. 2008;14:1310–6.

 134. Grobmyer SR, Zhou G, Gutwein LG, Iwakuma N, Sharma P, Hochwald 
SN. Nanoparticle delivery for metastatic breast cancer. Maturitas. 
2012;73:19–26.

 135. Bamrungsap S, Zhao Z, Chen T, Wang L, Li C, Fu T, et al. Nanotechnol-
ogy in therapeutics: a focus on nanoparticles as a drug delivery system. 
Nanomedicine (Lond). 2012;7:1253–71.

 136. Alexis F, Pridgen EM, Langer R, Farokhzad OC. Nanoparticle technolo-
gies for cancer therapy. Handbook of experimental pharmacology. 
2010:55–86.

 137. Fan Y, Si W, Ji W, Wang Z, Gao Z, Tian R, et al. Rack1 mediates Src binding 
to drug transporter P-glycoprotein and modulates its activity through 
regulating Caveolin-1 phosphorylation in breast cancer cells. Cell Death 
Dis. 2019;10:394.

 138. Dong J, Qin Z, Zhang WD, Cheng G, Yehuda AG, Ashby CR Jr, et al. 
Medicinal chemistry strategies to discover P-glycoprotein inhibitors: an 
update. Drug Resist Updat. 2020;49:100681.

 139. Li Y, Gao X, Yu Z, Liu B, Pan W, Li N, et al. Reversing multidrug resistance 
by multiplexed gene silencing for enhanced breast cancer chemo-
therapy. ACS Appl Mater Interfaces. 2018;10:15461–6.

 140. Gu Y, Guo Y, Wang C, Xu J, Wu J, Kirk TB, et al. A polyamidoamne 
dendrimer functionalized graphene oxide for DOX and MMP-9 shRNA 
plasmid co-delivery. Mater Sci Eng C Mater Biol Appl. 2017;70:572–85.

 141. Aditya NP, Aditya S, Yang H, Kim HW, Park SO, Ko S. Co-delivery of hydro-
phobic curcumin and hydrophilic catechin by a water-in-oil-in-water 
double emulsion. Food chemistry. 2015;173:7.

 142. Ruttala HB, Ko YT. Liposomal co-delivery of curcumin and albumin/
paclitaxel nanoparticle for enhanced synergistic antitumor efficacy. 
Colloids Surf, B. 2015;128:419–26.

 143. High KA, Roncarolo MG. Gene therapy. N Engl J Med. 2019;381:455–64.
 144. Deng X, Cao M, Zhang J, Hu K, Yin Z, Zhou Z, et al. Hyaluronic 

acid-chitosan nanoparticles for co-delivery of MiR-34a and doxoru-
bicin in therapy against triple negative breast cancer. Biomaterials. 
2014;35:4333–44.

 145. Colella P, Ronzitti G, Mingozzi F. Emerging issues in AAV-mediated 
in vivo gene therapy. Mol Ther Methods Clin Dev. 2018;8:87–104.

 146. Katz MG, Fargnoli AS, Williams RD, Bridges CR. Gene therapy deliv-
ery systems for enhancing viral and nonviral vectors for cardiac 
diseases: current concepts and future applications. Hum Gene Ther. 
2013;24:914–27.

 147. Niidome T, Huang L. Gene therapy progress and prospects: nonviral 
vectors. Gene Ther. 2002;9:1647–52.

 148. Ngamcherdtrakul W, Yantasee W. siRNA therapeutics for breast cancer: 
recent efforts in targeting metastasis, drug resistance, and immune 
evasion. Transl Res. 2019;214:105–20.



Page 29 of 30Cui et al. J Nanobiotechnol          (2021) 19:211  

 149. Zhou Z, Liu X, Zhu D, Wang Y, Zhang Z, Zhou X, et al. Nonviral cancer 
gene therapy: delivery cascade and vector nanoproperty integration. 
Adv Drug Deliv Rev. 2017;115:115–54.

 150. Yadav N, Kumar N, Prasad P, Shirbhate S, Sehrawat S, Lochab B. Stable 
dispersions of covalently tethered polymer improved graphene oxide 
nanoconjugates as an effective vector for siRNA delivery. ACS Appl 
Mater Interfaces. 2018;10:14577–93.

 151. Huang YP, Hung CM, Hsu YC, Zhong CY, Wang WR, Chang CC, et al. Sup-
pression of breast cancer cell migration by small interfering RNA deliv-
ered by polyethylenimine-functionalized graphene oxide. Nanoscale 
Res Lett. 2016;11:247.

 152. Imani R, Shao W, Taherkhani S, Emami SH, Prakash S, Faghihi S. Dual-
functionalized graphene oxide for enhanced siRNA delivery to breast 
cancer cells. Colloids Surf B Biointerfaces. 2016;147:315–25.

 153. Assali A, Akhavan O, Adeli M, Razzazan S, Dinarvand R, Zanganeh S, 
et al. Multifunctional core-shell nanoplatforms (gold@graphene oxide) 
with mediated NIR thermal therapy to promote miRNA delivery. Nano-
medicine. 2018;14:1891–903.

 154. Assali A, Akhavan O, Mottaghitalab F, Adeli M, Dinarvand R, Razzazan S, 
et al. Cationic graphene oxide nanoplatform mediates miR-101 delivery 
to promote apoptosis by regulating autophagy and stress. Int J Nano-
medicine. 2018;13:5865–86.

 155. Cheang TY, Lei YY, Zhang ZQ, Zhou HY, Ye RY, Lin Y, et al. Graphene 
oxide-hydroxyapatite nanocomposites effectively deliver HSV-TK 
suicide gene to inhibit human breast cancer growth. J Biomater Appl. 
2018;33:216–26.

 156. Imani R, Prakash S, Vali H, Faghihi S. Polyethylene glycol and octa-
arginine dual-functionalized nanographene oxide: an optimization for 
efficient nucleic acid delivery. Biomater Sci. 2018;6:1636–50.

 157. Sotiriou C, Wirapati P, Loi S, Harris A, Fox S, Smeds J, et al. Gene 
expression profiling in breast cancer: understanding the molecular 
basis of histologic grade to improve prognosis. J Natl Cancer Inst. 
2006;98:262–72.

 158. Harris AL. Hypoxia–a key regulatory factor in tumour growth. Nat Rev 
Cancer. 2002;2:38–47.

 159. Jin CS, Lovell JF, Chen J, Zheng G. Ablation of hypoxic tumors with 
dose-equivalent photothermal, but not photodynamic, therapy using a 
nanostructured porphyrin assembly. ACS Nano. 2013;7:2541–50.

 160. Nergiz SZ, Gandra N, Tadepalli S, Singamaneni S. Multifunctional hybrid 
nanopatches of graphene oxide and gold nanostars for ultraef-
ficient photothermal cancer therapy. ACS Appl Mater Interfaces. 
2014;6:16395–402.

 161. Yang L, Tseng YT, Suo G, Chen L, Yu J, Chiu WJ, et al. Photothermal 
therapeutic response of cancer cells to aptamer-gold nanoparticle-
hybridized graphene oxide under NIR illumination. ACS Appl Mater 
Interfaces. 2015;7:5097–106.

 162. de Melo-Diogo D, Pais-Silva C, Costa EC, Louro RO, Correia IJ. D-alpha-
tocopheryl polyethylene glycol 1000 succinate functionalized nanogra-
phene oxide for cancer therapy. Nanomedicine (Lond). 2017;12:443–56.

 163. Jafarirad S, Hammami Torghabe E, Rasta SH, Salehi R. A novel non-
invasive strategy for low-level laser-induced cancer therapy by using 
new Ag/ZnO and Nd/ZnO functionalized reduced graphene oxide 
nanocomposites. Artif Cells Nanomed Biotechnol. 2018;46:800–16.

 164. Li Y, Ye J, Zhou S, Bai R, Fu G, Zhang W, et al. Multi-parameter MRI to 
investigate vasculature modulation and photo-thermal ablation combi-
nation therapy against cancer. Nanomedicine. 2018;14:2179–89.

 165. Zhang YJ, Li BA, Li ZY, Xia N, Yu HY, Zhang YZ. Synthesis and charac-
terization of Tamoxifen citrate modified reduced graphene oxide 
nano sheets for breast cancer therapy. J Photochem Photobiol B. 
2018;180:68–71.

 166. Wang L, Wang M, Zhou B, Zhou F, Murray C, Towner RA, et al. PEGylated 
reduced-graphene oxide hybridized with Fe3O4 nanoparticles for can-
cer photothermal-immunotherapy. J Mater Chem B. 2019;7:7406–14.

 167. Wang L, Yan J. Superficial synthesis of photoactive copper sulfide 
quantum dots loaded nano-graphene oxide sheets combined with 
near infrared (NIR) laser for enhanced photothermal therapy on 
breast cancer in nursing care management. J Photochem Photobiol B. 
2019;192:68–73.

 168. Shaheen F, Hammad Aziz M, Fakhar EAM, Atif M, Fatima M, Ahmad R, 
et al. An in vitro study of the photodynamic effectiveness of Go-Ag 

nanocomposites against human breast cancer cells. Nanomaterials 
(Basel). 2017;7:401.

 169. Yu X, Gao D, Gao L, Lai J, Zhang C, Zhao Y, et al. Inhibiting metastasis 
and preventing tumor relapse by triggering host immunity with 
tumor-targeted photodynamic therapy using photosensitizer-loaded 
functional nanographenes. ACS Nano. 2017;11:10147–58.

 170. Hosseinzadeh R, Khorsandi K, Hosseinzadeh G. Graphene oxide-meth-
ylene blue nanocomposite in photodynamic therapy of human breast 
cancer. J Biomol Struct Dyn. 2018;36:2216–23.

 171. Yang D, Yao X, Dong J, Wang N, Du Y, Sun S, et al. Design and investi-
gation of core/shell GQDs/hMSN nanoparticles as an enhanced drug 
delivery platform in triple-negative breast cancer. Bioconjug Chem. 
2018;29:2776–85.

 172. Monroe JD, Belekov E, Er AO, Smith ME. Anticancer photodynamic 
therapy properties of sulfur-doped graphene quantum dot and 
methylene blue preparations in MCF-7 breast cancer cell culture. 
Photochem Photobiol. 2019;95:1473–81.

 173. Overgaard J. The current and potential role of hyperthermia in radio-
therapy. Int J Radiat Oncol Biol Phys. 1989;16:535–49.

 174. Lepock JR. Cellular effects of hyperthermia: relevance to the mini-
mum dose for thermal damage. Int J Hyperthermia. 2003;19:252–66.

 175. Yu HH, Lin CH, Chen YC, Chen HH, Lin YJ, Lin KA. Dopamine-modified 
zero-valent iron nanoparticles for dual-modality photothermal 
and photodynamic breast cancer therapy. ChemMedChem. 
2020;15:1645–51.

 176. Fisher JW, Sarkar S, Buchanan CF, Szot CS, Whitney J, Hatcher HC, 
et al. Photothermal response of human and murine cancer cells 
to multiwalled carbon nanotubes after laser irradiation. Can Res. 
2010;70:9855–64.

 177. Chen J, Ning C, Zhou Z, Yu P, Zhu Y, Tan G, et al. Nanomaterials as 
photothermal therapeutic agents. Prog Mater Sci. 2019;99:1–26.

 178. Yang T, Liu L, Deng Y, Guo Z, Zhang G, Ge Z, et al. Ultrastable near-
infrared conjugated-polymer nanoparticles for dually photoactive 
tumor inhibition. Adv Mater. 2017;29:1700487.

 179. Yan X, Niu G, Lin J, Jin AJ, Hu H, Tang Y, et al. Enhanced fluorescence 
imaging guided photodynamic therapy of sinoporphyrin sodium 
loaded graphene oxide. Biomaterials. 2015;42:94.

 180. Lim EJ, Oak C-H, Heo J, Kim Y-H. Methylene blue-mediated photody-
namic therapy enhances apoptosis in lung cancer cells. Oncol Rep. 
2013;30:856–62.

 181. Li Y, Dong H, Li Y, Shi D. Graphene-based nanovehicles for photody-
namic medical therapy. Int J Nanomedicine. 2015;10:2451–9.

 182. Zheng XT, Than A, Ananthanaraya A, Kim D-H, Chen P. Graphene 
quantum dots as universal fluorophores and their use in revealing 
regulated trafficking of insulin receptors in adipocytes. ACS Nano. 
2013;7:6278–86.

 183. Kholikov K, Ilhom S, Sajjad M, Smith ME, Monroe JD, San O, et al. 
Improved singlet oxygen generation and antimicrobial activity of 
sulphur-doped graphene quantum dots coupled with methylene 
blue for photodynamic therapy applications. Photodiagnosis Photo-
dyn Ther. 2018;24:7–14.

 184. Gulzar A, Xu J, Yang D, Xu L, He F, Gai S, et al. Nano-graphene 
oxide-UCNP-Ce6 covalently constructed nanocomposites for NIR-
mediated bioimaging and PTT/PDT combinatorial therapy. Dalton 
Trans. 2018;47:3931–9.

 185. Sahu A, Choi WI, Lee JH, Tae G. Graphene oxide mediated delivery 
of methylene blue for combined photodynamic and photothermal 
therapy. Biomaterials. 2013;34:6239–48.

 186. Hu D, Zhang J, Gao G, Sheng Z, Cui H, Cai L. Indocyanine green-
loaded polydopamine-reduced graphene oxide nanocomposites 
with amplifying photoacoustic and photothermal effects for cancer 
theranostics. Theranostics. 2016;6:1043–52.

 187. Zhu X, Zhang H, Huang H, Zhang Y, Hou L, Zhang Z. Functional-
ized graphene oxide-based thermosensitive hydrogel for magnetic 
hyperthermia therapy on tumors. Nanotechnology. 2015;26:365103.

 188. Alhasan AH, Fardous RS, Alsudir SA, Majrashi MA, Alghamdi WM, 
Alsharaeh EH, et al. Polymeric reactor for the synthesis of super-
paramagnetic-thermal treatment of breast cancer. Mol Pharm. 
2019;16:3577–87.

 189. Pramanik N, Ranganathan S, Rao S, Suneet K, Jain S, Rangarajan A, et al. 
A composite of hyaluronic acid-modified graphene oxide and iron 



Page 30 of 30Cui et al. J Nanobiotechnol          (2021) 19:211 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

oxide nanoparticles for targeted drug delivery and magnetothermal 
therapy. ACS Omega. 2019;4:9284–93.

 190. Liu X, Yan B, Li Y, Ma X, Jiao W, Shi K, et al. Graphene oxide-grafted 
magnetic nanorings mediated magnetothermodynamic therapy favor-
ing reactive oxygen species-related immune response for enhanced 
antitumor efficacy. ACS Nano. 2020;14:1936–50.

 191. Kumar CSSR, Mohammad F. Magnetic nanomaterials for hyperthermia-
based therapy and controlled drug delivery. Adv Drug Deliv Rev. 
2011;63:789–808.

 192. Xu C, Shi S, Feng L, Chen F, Graves SA, Ehlerding EB, et al. Long 
circulating reduced graphene oxide-iron oxide nanoparticles for 
efficient tumor targeting and multimodality imaging. Nanoscale. 
2016;8:12683–92.

 193. Sangnier PA, Preveral S, Curcio A, Silva AKA, Lefèvre CT, Pignol D, et al. 
Targeted thermal therapy with genetically engineered magnetite mag-
netosomes@RGD: photothermia is far more efficient than magnetic 
hyperthermia. J Controlled Release. 2018;279:271–81.

 194. Mauro N, Scialabba C, Cavallaro G, Licciardi M, Giammona G. Biotin-
containing reduced graphene oxide-based nanosystem as a multieffect 
anticancer agent: combining hyperthermia with targeted chemother-
apy. Biomacromol. 2015;16:2766–75.

 195. Gautam M, Thapa RK, Poudel BK, Gupta B, Ruttala HB, Nguyen HT, et al. 
Aerosol technique-based carbon-encapsulated hollow mesoporous 
silica nanoparticles for synergistic chemo-photothermal therapy. Acta 
Biomater. 2019;88:448–61.

 196. Wang Y, Wang K, Zhang R, Liu X, Yan X, Wang J, et al. Synthesis of 
core-shell graphitic carbon@silica nanospheres with dual-ordered 
mesopores for cancer-targeted photothermochemotherapy. ACS Nano. 
2014;8:7870–9.

 197. Zhu X, Zhang Y, Huang H, Zhang H, Hou L, Zhang Z. Functionalized gra-
phene oxide-based thermosensitive hydrogel for near-infrared chemo-
photothermal therapy on tumor. J Biomater Appl. 2016;30:1230–41.

 198. de Melo-Diogo D, Costa EC, Alves CG, Lima-Sousa R, Ferreira P, Louro 
RO, et al. POxylated graphene oxide nanomaterials for combination 
chemo-phototherapy of breast cancer cells. Eur J Pharm Biopharm. 
2018;131:162–9.

 199. Tian Z, Yao X, Ma K, Niu X, Grothe J, Xu Q, et al. Metal-organic frame-
work/graphene quantum dot nanoparticles used for synergistic 
chemo- and photothermal therapy. ACS Omega. 2017;2:1249–58.

 200. Yao X, Niu X, Ma K, Huang P, Grothe J, Kaskel S, et al. Graphene quantum 
dots-capped magnetic mesoporous silica nanoparticles as a multifunc-
tional platform for controlled drug delivery, magnetic hyperthermia, 
and photothermal therapy. Small. 2017;13:1602225.

 201. Zhi F, Dong H, Jia X, Guo W, Lu H, Yang Y, et al. Functionalized graphene 
oxide mediated adriamycin delivery and miR-21 gene silencing to over-
come tumor multidrug resistance in vitro. PLoS One. 2013;8:e60034.

 202. Wu C, Tian Y, Zhang Y, Xu J, Wang Y, Guan X, et al. Acid-triggered charge-
convertible graphene-based all-in-one nanocomplex for enhanced 
genetic phototherapy of triple-negative breast cancer. Adv Healthc 
Mater. 2020;9:e1901187.

 203. Tran TH, Nguyen HT, Pham TT, Choi JY, Choi HG, Yong CS, et al. Develop-
ment of a graphene oxide nanocarrier for dual-drug chemo-photother-
apy to overcome drug resistance in cancer. ACS Appl Mater Interfaces. 
2015;7:28647–55.

 204. Chen X, Zou J, Zhang K, Zhu J, Zhang Y, Zhu Z, et al. Photothermal/
matrix metalloproteinase-2 dual-responsive gelatin nanoparticles for 
breast cancer treatment. Acta Pharm Sin B. 2021;11:271–82.

 205. Wang F, Sun Q, Feng B, Xu Z, Zhang J, Xu J, et al. Polydopamine-func-
tionalized graphene oxide loaded with gold nanostars and doxorubicin 
for combined photothermal and chemotherapy of metastatic breast 
cancer. Adv Healthc Mater. 2016;5:2227–36.

 206. Lee YT, Tan YJ, Oon CE. Molecular targeted therapy: treating cancer with 
specificity. Eur J Pharmacol. 2018;834:188–96.

 207. Zhang D, Zhang J, Li Q, Tian H, Zhang N, Li Z, et al. pH- and enzyme-
sensitive IR820-paclitaxel conjugate self-assembled nanovehicles for 
near-infrared fluorescence imaging-guided chemo-photothermal 
therapy. ACS Appl Mater Interfaces. 2018;10:30092–102.

 208. Mendonça MC, Soares ES, de Jesus MB, Ceragioli HJ, Ferreira MS, Catha-
rino RR, et al. Reduced graphene oxide induces transient blood-brain 
barrier opening: an in vivo study. J Nanobiotechnology. 2015;13:78.

 209. van Herpen CM, De Mulder PH. Locoregional immunotherapy in cancer 
patients: review of clinical studies. Ann Oncol. 2000;11:1229–39.

 210. Li C, Ren S, Dai Y, Tian F, Wang X, Zhou S, et al. Efficacy, pharma-
cokinetics, and biodistribution of thermosensitive chitosan/β-
glycerophosphate hydrogel loaded with docetaxel. AAPS PharmSc-
iTech. 2014;15:417–24.

 211. Wu W, Chen H, Shan F, Zhou J, Sun X, Zhang L, et al. A novel doxoru-
bicin-loaded in situ forming gel based high concentration of phospho-
lipid for intratumoral drug delivery. Mol Pharm. 2014;11:3378–85.

 212. Wolinsky JB, Colson YL, Grinstaff MW. Local drug delivery strategies for 
cancer treatment: gels, nanoparticles, polymeric films, rods, and wafers. 
J Controlled Release. 2012;159:14–26.

 213. Chen DS, Mellman I. Oncology meets immunology: the cancer-immu-
nity cycle. Immunity. 2013;39:1–10.

 214. Yan T, Zhang H, Huang D, Feng S, Fujita M, Gao XD. Chitosan-function-
alized graphene oxide as a potential immunoadjuvant. Nanomaterials 
(Basel). 2017;7:59.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Graphene-based nanomaterials for breast cancer treatment: promising therapeutic strategies
	Abstract 
	Introduction
	Properties of GBNs for cancer treatment
	Modifications of GBNs for breast cancer treatment
	Modifications for targeting effects
	Active targeting

	Folic acid (FA)
	Transferrin (Tf)
	The MUC1 ligand
	Anti-human epidermal growth factor receptor 2 (HER2) antibody
	TRC105
	Other targeting ligands
	Passive targeting
	Tumor microenvironment (TME) targeting
	pH-sensitive targeting
	Redox-responsive targeting
	Hypoxia-mediated targeting
	Modifications for better biocompatibility
	Imaging and diagnosis
	Various therapeutic strategies involving GBNs in breast cancer treatment
	Delivering chemotherapeutic drugs
	Reducing the toxicity of chemotherapeutic drugs
	Increasing the solubility and bioavailability of chemotherapeutic drugs
	Increasing the specificity of chemotherapeutic drugs
	Reversing drug resistance
	Codelivering drugs
	Gene-based therapy
	Phototherapy
	PTT
	PDT
	Combined phototherapeutic strategy
	MTT
	As a platform for different therapies
	Prospects
	Targeted therapy

	Intratumoral drug delivery
	Immunotherapy

	Conclusion
	Acknowledgements
	References




