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ARTICLE INFO ABSTRACT

Keywords: Graphene-based nanomaterials (GBNMs) has been thoroughly investigated and extensively used in many
Graphene biomedical fields, especially cancer therapy and bacteria-induced infectious diseases treatment, which have
Phototherapy

attracted more and more attentions due to the improved therapeutic efficacy and reduced reverse effect. GBNMs,
as classic two-dimensional (2D) nanomaterials, have unique structure and excellent physicochemical properties,
exhibiting tremendous potential in cancer therapy and bacteria-induced infectious diseases treatment. In this
review, we first introduced the recent advances in development of GBNMs and GBNMs-based treatment strategies
for cancer, including photothermal therapy (PTT), photodynamic therapy (PDT) and multiple combination
therapies. Then, we surveyed the research progress of applications of GBNMs in anti-infection such as antimi-
crobial resistance, wound healing and removal of biofilm. The mechanism of GBNMs was also expounded.
Finally, we concluded and discussed the advantages, challenges/limitations and perspective about the devel-
opment of GBNMs and GBNMs-based therapies. Collectively, we think that GBNMs could be potential in clinic to

Cancer therapy
Anti-infection
2D materials

promote the improvement of cancer therapy and infections treatment.

1. Introduction

Graphene has unique two-dimensional structure and excellent
physicochemical properties, which is the most promising nanomaterial
in 21st century [1,2]. Graphene and its derivatives like graphene
quantum dots (GQDs), graphene oxide (GO) and reduced graphene
oxide (rGO) (so-called graphene-based nanomaterials, GBNMs) have
been widely applied in biomedical fields due to the superior properties
[3-15]. For example, GQDs exhibit excellent photoluminescence prop-
erty [16], high photostability [17], and good biocompatibility [18]. GO
and rGO possess large surface area, sharp edges, and great photothermal
conversion effect [19,20]. These unique properties play an important
role for the application of GBNMs in many biomedical fields.

It’s of great significance to develop efficient therapeutics and effec-
tive treatments for cancer which is one of the highest mortality diseases
in the world [21-24]. Although chemotherapy is one of the most com-
mon cancer treatments in clinic, there are some intrinsic drawbacks,
such as severe side-effects, low therapeutic efficacy, multi-drug resis-
tance, off-targeting and so on [25,26]. Radiotherapy is another
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conventional cancer treatment, which depends on huge laser energy to
destroy tumor cells. However, the oxygen-deficient microenvironment
within tumor cells limits cells’ sensitivity to X-ray laser, resulting in poor
therapeutic efficacy [27,28]. Meanwhile, bacteria-induced infection is
one of the greatest threats to public health, causing difficult recovery
and high mortality diseases [29,30]. In the past decades, antibiotics are
the major therapeutic strategy for infectious diseases treatment. How-
ever, antibiotics are meeting huge challenge with drug-resistant bacteria
strains (superbugs) due to the overuse and misuse of antibiotics [31-34].
In recent years, phototherapy has attracted wide attention due to its
excellent therapeutic efficacy for cancer and infectious diseases, reduced
side-effects and negligible damage to normal tissues [35-37]. Moreover,
phototherapy does not induce the drug resistance from bacteria in
anti-infection treatment [38,39]. Photothermal therapy (PTT) and
photodynamic therapy (PDT) are the two major parts of phototherapy.
PTT is depending on photothermal agent that can adsorb laser energy
and transfer to heat under laser irradiation, resulting in local hyper-
thermal which can cause the death of tumor cells or bacteria. For PTT,
photothermal conversion efficiency is the most important factor
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[40-43]. PDT is relying on generating reactive oxygen species (ROS) to
inhibit the growth of tumor cells or kill bacteria under laser irradiation,
indicating the photosensitizer (PS) is the key factor for PDT [44-47]. As
reported, GBNMs exhibit great photothermal effect under near infrared
ray (NIR) irradiation, indicating the potential as photothermal agent in
PTT [20,48-53]. What’s more, GBNMs can produce ROS under laser
irradiation, inducing oxidative stress to tumor cells or bacterial cells to
kill them [54-56]. Summarily, phototherapy based on GBNMs exhibits
excellent performance in cancer therapy and infectious diseases treat-
ment, providing a promising therapeutic approach in clinic. Some
studies reported that bacteria-induced infections were related to cancer,
particularly increasing the risk of cancer [57]. Cancer patients have
defective immune response system due to the side-effects induced by
chemotherapy and other treatments. Furthermore, it has been proved
that bacteria-induced infections with inflammation could cause DNA
damage of host cells, which increase the risk of cancer [58,59].

Herein, it is worth summarizing the recent research updates on
GBNMs-based therapies for cancer and bacteria-induced infectious dis-
eases (Scheme 1 and Table 1). In this review, we firstly sum up the recent
studies on GBNMs-based treatment strategies for cancer from three as-
pects: single therapy, combination therapy and multi-therapy. Then,
considering the bacteria-induced infectious disease treatment, antimi-
crobial resistance (AMR), wound healing and infection management
based on GBNMs were introduced and discussed. Furthermore, some
current challenges/limitations and future perspectives of GBNMs used in
cancer therapy and bacteria-induced infectious disease treatment are
included here. In summary, we think that GBNMs might be a promising
candidate in many biomedical applications.

2. Application of GBNMs in cancer therapy
2.1. GBNMs-based PTT

Graphene-based nanomaterials mainly include graphene (G), gra-
phene quantum dots (GQDs), graphene oxide (GO), and reduced gra-
phene oxide (rGO). GQDs exhibit intrinsic photoluminescent property
which is used for imaging and tracking for cancer therapy [66]. GQDs
can be rapidly cleared from the body due to the small particle size. In
addition, GQDs exhibit high photothermal conversion ability reported
by Thakur and co-workers [51]. They synthesized GQDs using withered
leaves as raw materials, which was an environment friendly and
low-cost method. In this work, GQDs exhibited great biocompatibility
and concentration-dependent photothermal conversion ability under
NIR laser irradiation. MDA-MB-231 breast cells treated with different
concentrations of GQDs solutions with NIR laser irradiation expressed
different cell viability, and the highest concentration corresponded to
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the lowest survival rate. The results indicated that GQDs was a prom-
ising candidate for PTT. Liu et al. synthesized GQDs-based nanoparticles
which could respond to NIR-II (1000-1700 nm) irradiation, showing
enhanced inhibition of tumor growth compared with controls (Fig. 1a)
[67]. As reported, considering the penetration activity, the second NIR
window (1000-1700 nm, NIR-II) showed about 1.5 times penetration
depth compared with first NIR window (700-950 nm, NIR-I) in body,
indicating the improved therapeutic efficacy of phototherapy based on
the prepared GQD nanoparticles [68]. Fig. 1b was the synthesis method
of GQDs-based nanoparticles (so-called 9T-GQDs). The photothermal
conversion ability of 9T-GQDs under NIR-II irradiation was further
confirmed, as shown in Fig. 1c. The higher concentration of 9T-GQDs,
the more temperature changes in the experiment results. There were
negligible temperature changes in the control group (pure water with
NIR-II irradiation). These results demonstrated that the photothermal
conversion ability of 9T-GQDs was increased with the concentration
increasing. The authors next studied the in vitro cytotoxicity of 9T-GQDs
with or without NIR-II irradiation against 4T1 cells. As shown in Fig. 1d,
even at the highest concentration of 9T-GQDs (100 mg/L) without NIR-II
irradiation, the cell viability was still higher than 90%, showing the
negligible cytotoxicity of 9T-GQDs. By contrast, under NIR-II irradia-
tion, the cell viability of 4T1 cells was significantly decreased with in-
crease of 9T-GQDs concentration. The confocal laser scanning
microscopy (CLSM) images demonstrated that 4T1 cells could be killed
effectively while treated with high concentration 9T-GQDs with NIR-II
light (Fig. 1le-h). They further evaluated the therapeutic efficacy in
vivo (Fig. 1i-m). 9T-GQDs exhibited excellent fluorescence ability under
NIR light, which could locate tumor position in mice after intravenous
injection with 9T-GQDs (Fig. 1i-j). As shown in Fig. 1k, the relative
tumor volume of mice treated with 9T-GQDs with NIR-II irradiation was
much lower compared to those of controls (PBS, PBS with NIR-II and free
9T-GQDs treatments), showing the much higher therapeutic efficacy.
The images and volume of tumor of mice with different treatments at
Day 14 were shown in Fig. 1m, further evidencing the higher therapeutic
efficacy of 9T-GQDs with NIR-II irradiation. Furthermore, the body
weight of mice treated with different formulations did not show signif-
icant difference, and slowly increased during the whole experiment
(Fig. 11), indicating the low side-effect. The PTT mechanism of 9T-GQDs
was based on the larger conjugated system including z bonding molec-
ular orbital and z* antibonding molecule orbital. The & electrons in z
bonding molecular orbital absorb the energy of laser under the irradi-
ation and transition to z* antibonding molecule orbital. In the process of
the excited electrons returning to the ground state, part of the energy is
released in the form of heat, resulting in a photothermal effect [69,70].
Hyperthermia in the tumor could induce the death of tumor cells. Taken
together, 9T-GQDs-based PTT exhibited higher cancer therapeutic

Scheme 1. Illustration of GBNMs-based therapies for
cancer and bacteria-induced infectious diseases.

_ Figures for GBNMs: Reproduced with permission
Vo § [60].
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Figure for single PTT: Reproduced with
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Reproduced with permission [61]. Figure for
multi-combination  therapy: Reproduced with
permission [62]. Figure for anti-bacteria in vivo:
Reproduced with permission [63]. Figure for
anti-bacteria in wound: Reproduced with permission
[64]. Figure for anti-biofilm: Reproduced with
permission [65].
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Table 1
The information of GBNMs-based therapies for cancer and bacteria-induced
infectious diseases treatments.

GBNMs Properties Treatment Application Ref.
Bare GBNMs
G Sharp edges Membrane Anti- [112,
disruption bacterial 133]
GQDs PTA PTT Anti-cancer [51,67]
PS PDT Anti-cancer [54-56]
Interfering PTT/Anti-biofilm Anti- [65]
molecule bacterial
GO Sharp edges/ Membrane Anti- [106,
ROS disruption/trap/ bacterial 107,
oxidative stress 109]
rGO Sharp edges/ Membrane Anti- [107,
ROS disruption/ bacterial 108]
oxidative stress
Modified GBNMs
GO-PEG PTA PTT Anti-cancer [48]
rGO-HA PTA PTT Anti-cancer [50]
mfG/PEG- PTA/drug PTT/ Anti-cancer [78]
FA/ICG/ carrier chemotherapy
Dox
BiPsW3o/ PTA/RSs carrier PTT/radiotherapy Anti-cancer [84]
rGO/PVP
PAH/FA/ PTA/gene PTT/gene therapy Anti-cancer [92]
PEG/GO/ carrier
siRNA
GO- PS/carrier PDT/ Anti-cancer [99]
(HPPH)- immunotherapy
PEG-HK
rGO/MTX/ PTA/drug PTT/ Anti-cancer [15]
SB carrier chemotherapy/
immunotherapy
GP/AgNW/ Transparent PTT/PDT/ Anti-cancer [102]
doped/ bioelectronics detecting/
GP/IrOy chemotherapy
N-GQD/ PTA PTT/PDT/imaging Anti-cancer [100]
HMSN/
C3N4/
PEG-RGD
GO/Ti Shape edges/ Membrane Anti- [126]
substrate ROS disruption/ bacterial
oxidative stress
GO/Zn/Ni/ ROS Oxidative stress/ Anti- [125]
Sn/steel Electron transfer bacterial
substrate
GO/NCD/ Electron donors PTT/PDT/electron Anti- [127]
Hap/Ti or receptors/ transfer bacterial
carrier
GO/Ag Sharp edges/ Membrane Anti- [110]
ROS disruption/ bacterial
oxidative stress/
Ag?*
GO/ZnO Sharp edges/ Membrane Anti- [113]
ROS disruption/ bacterial
oxidative stress
GO-PVK Large surface Wrap Anti- [114]
bacterial
rGO/Ag PTA/ROS Hyperthermia/ Anti- [123]
oxidative stress/ bacterial
Ag?*
rGO-Gu,0O Carrier/sharp Membrane Anti- [122]
edges/ROS disruption/Cu"/ bacterial
oxidative stress
rGO-NPF/ Sharp edges/ Membrane Anti- [115]
rGO-NBF ROS disruption/ bacterial
oxidative stress
Ag/Gu/G Carrier Ag>t/Cu®* Anti- [124]
bacterial
TRB-ZnO/G PTA/carrier/ Membrane Anti- [64]
sharp edges disruption/Zn?**/ bacterial

hyperthermia
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efficacy under NIR-II laser irradiation. In this work, GQDs exhibited
higher photothermal conversion efficiency, higher therapeutic efficacy
and low toxicity, which could be a promising PTA in PTT field.
Similarly, many studies reported the photothermal conversion effect
of graphene [49], graphene oxide [48], and reduced graphene oxide
[50], which are potential candidates for PTT in cancer therapy.
Although they have nanosheet structure and large surface area, these
materials are easy to aggregate in the solution which limits their
application in PTT. The effective method to overcome this barrier is
functionalization on the surface using functional materials such as
polymer (e.g. polyethylene glycol, PEG) to enhance the dispersibility and
biocompatibility. Therefore, graphene, graphene oxide, and reduced
graphene oxide need proper functionalization before use in PTT. For
instance, Yang et al. prepared a nanographene sheet (NGS) modified
with hydrophilic PEG segment as protect shell and Cy7 as label for im-
aging and tracking [48]. The hydrophilic PEG shell was able to enhance
the biocompatibility of NGS system, and Cy7 was used to label the be-
haviors of NGS-PEG in body. In this work, NGS-PEG nanosystem
absorbed the light energy and transfer to heat in the tumor cell under the
NIR light irradiation, followed by generating the local hyperthermal to
kill the tumor cells effectively, which was attributed to the great pho-
tothermal conversion efficiency of NGS. In addition, Lima-Sousa et al.
reported an efficient photothermal material based on rGO modified with
hyaluronic acid (HA) which was not only an amphiphilic material to
enhance the biocompatibility but also a target ligand for specific de-
livery of drug [50]. PTT mediated by this prepared rGO-based system
showed much higher therapeutic efficacy compared with the controls.

2.2. GBNMs-based combination therapy

Single therapy, as the common strategy for cancer therapy in the past
decades, is limited by the unsatisfied treatment outcome. In recent
years, combination therapy is attracting huge attentions due to the
synergic effect, which is promising treatment strategy.

2.2.1. GBNMs-based PTT/chemotherapy combination therapy

It is of great significance to develop effective strategy to overcome
the multi-drug resistance of chemotherapy in clinic. PTT can improve
the therapeutic efficacy of chemotherapy through the promotion of drug
release at tumor site via hyperthermia, followed by enhancing the
cellular uptake of drug through the increased cell membrane perme-
ability [71-75]. Therefore, the combination therapy based on chemo-
therapy and PTT exhibits higher therapeutic efficacy than chemotherapy
or PTT alone. GBNMs have large surface area and can be easily func-
tionalized, which can be used as drug carriers for chemotherapy. In
addition, GBNMs exhibits excellent adsorption ability in NIR region and
photo-thermal transformation efficiency under NIR irradiation. With
these properties, GBNMs could become great PTA for PTT. Wang et al.
prepared a novel GO-PEG/LA-CUR nano-hybrid system for targeted
treatment of hepatocellular carcinoma (HCC). The results indicated
GO-PEG/LA-CUR could specifically target to the tumor cells, enhance
the cellular uptake of drugs and effectively inhibit the tumor growth
through the synergistic effect of chemotherapy and PTT under NIR light
[76]. Qi et al. synthesized Dox@rGO-COOH/Au nanocomposites which
exhibited great photothermal effect and significantly promoted the drug
release under NIR irradiation [77]. Lucherelli et al. designed and pre-
pared a mfG/PEG-FA/ICG/Dox nanocomposite based on multifunc-
tional graphene (mfG), which exhibited superior synergetic therapeutic
efficiency through combination of PTT and chemotherapy [78]. The
synthesis method of nanocomposites was showed in Fig. 2a.
MfG/PEG-FA/ICG/Dox nanocomposites showed obvious fluorescence at
815 nm laser (Fig. 2b). The lateral size of mfG/PEG-FA/ICG/Dox
nanocomposites was about 700 nm (Fig. 2c) [79-81]. The authors
next measured the anti-tumor ability of mfG/PEG-FA/ICG/Dox nano-
composites in vitro, and the cell viability of HeLa cells was decreased to
about 40% after treated with mfG/PEG-FA/ICG/Dox nanocomposites
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Fig. 1. a. The schematic illustration of 9T-GQDs-based imaging guide PTT under NIR-II laser irradiation. b. The schematic of synthesis of 9T-GQDs. c. Temperature
change of pure water and 9T-GQDs at different concentrations under NIR-II irradiation for 5 min. d. Cell viability of 4T1 cells treated with 9T-GQDs at different
concentrations with or without NIR-II irradiation. e-h. CLSM images of 4T1 cells treated with 9T-GQDs at different concentrations (e, 0 pg/mL; f, 25 pg/mL; g, 50 pug/
mL; h, 100 pg/mL) under NIR-II irradiation for 5 min. The samples were stained with caltein AM (green for live cells) and propidium iodide (red for dead cells). Scale
bar: 50 pm. i. NIR images of PBS and 9T-GQDs under 710 nm laser irradiation. j. Bright (left) and NIR images (right) of tumor-bearing mice treated with 9T-GQDs for
2 days. The relative tumor volume (k) and body weight (1) curves of tumor-bearing mice treated with different formulations within 14 days. m. The tumor volume

and optical pictures (inset) of tumor-bearing mice on Day 14. Student’s two-tailed t-test was used for statistical analysis (n =

Cited and reproduced from Ref. [67].

for 48 h (Fig. 2d-e). As reported, the tumor cells overexpressed the folic
acid (FA) receptors compared with normal cells [82], FA functionalized
mfG/PEG-FA/ICG/Dox nanocomposites could specifically target to the
tumor cells, as shown in Fig. 2f. The authors next studied the viability of
HeLla cells treated with mfG/PEG-FA/ICG/Dox nanocomposites and
controls (BSA and ICG) with or without NIR irradiation for 24 h. As
shown in Fig. 2g, the viability of HeLa cells was decreased to approxi-
mately 50% after treatment with mfG/PEG-FA/ICG/Dox nano-
composites under NIR irradiation for 24 h, which was much lower than
those of controls. Here, mfG was used as a template for fabrication of
multi-functional drug delivery system, followed by being modified with
PEG-FA as tumor-targeted ligand and loaded with Dox for chemo-
therapy. When the nanotherapeutics targeted to the tumor cells,
hyperthermal caused by GBNMs under NIR irradiation could damage the
tumor cells and accelerate the release and uptake of Dox by tumor cells,
resulting in synergetic therapeutic effect through combined PTT and
chemotherapy. This work provided a promising strategy to overcome
the drawbacks of chemotherapy and opened a new door in clinic cancer
therapy.

2.2.2. GBNMs-based PTT/RT combination therapy

Radiotherapy (RT) is one of traditional cancer therapy methods in
clinic, which can kill local tumor cells without invasive treatment.
However, therapeutic efficacy of RT is influenced by oxygen-deficient
tumor microenvironment. The hypoxic cancer cells show less sensi-
tivity to X-ray irradiation, seriously reducing the therapeutic efficacy. In
recent years, some studies reported that hyperthermal induced by
photothermal effect can dramatically improve intratumoral oxygen
content through promoting blood flow, which can enhance the thera-
peutic efficacy of RT [83]. Therefore, the combination of RT and PTT is a
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4, %P < 0.05, **P < 0.01, ***P < 0.001).

promising cancer therapy strategy. Zhou et al. reported a powerful
nanoplatform composed of BiPsW3g, rGO and PVP (so-called PVP-PG)
[84]. The synthesis process was showed in Fig. 3a. BiPsW3 could
absorb more X-rays and deposited the energy in tumor cells to improve
RT effect, and rGO could increase the oxygen concentration within
tumor cells resulting from enhanced intratumoral blood flow induced by
photothermal effect. Firstly, the authors explained the mechanism of
radiocatalystic effect and redox-reaction effect based on PVP-PG for
cancer combination therapy (Fig. 3b and d). With X-ray, the PVP-PG
could product toxic hydroxyl radical through consumption hydrogen
peroxide and increase the ROS content through decreasing glutathione
[85-88], followed by improving the anti-tumor effect of PVP-PG. Then,
they qualitatively and quantitatively analyzed the ROS, as shown in
Fig. 3c—e. Finally, they evaluated the therapeutic efficacy of PVP-PG via
combination RT and PTT in vivo, as shown in Fig. 3f-g. The tumor
weights of mice treated with PBS, PVP-PG, PVP-PG with NIR and
PVP-PG with X-ray for 25-day were approximately 1.25g,1.05g,0.35 g
and 0.24 g, respectively. By contrast, the tumor of mice treated with
PVP-PG with NIR and X-ray for 25-day was almost disappeared (<0.05
g), indicating the highest therapeutic efficacy of combination therapy
(PTT and RT) basing on PVP-PG.

2.2.3. GBNMs-based PTT/gene therapy combination therapy

Gene therapy (GT), as an emerging cancer therapy, is a strategy for
delivering gene to specific tumor cells to express proapoptotic proteins
or reduce overexpressed oncogenic proteins to cure cancer. The main
drawbacks of GT are the natural instability [89] and low uptake gene in
tumor cells [90]. As aforementioned, hyperthermia induced by PTT has
capability to enhance cellular uptake, which can be used to enhance the
therapeutic efficacy of GT. Meanwhile, GT can also improve PTT
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efficiency via decreasing the tumor cells resistance against hyperthermal
injury or inhibiting expression of heat shock protein. Therefore,
combining GT and PTT based on GBNMs is a promising cancer thera-
peutic method. Kim et al. reported a photothermally controlled gene
delivery carriers based on PEG-BPRI-rGO nanocomposites which could
load plasmid DNA (pDNA), resulting in PEG-BPRI-rGO/pDNA nano--
system that showed great gene transfection in vitro studies. With NIR
irradiation, PEG-BPRI-rGO/pDNA showed much higher gene trans-
fection effect due to faster endosomal escape of nanocomposites induced
by photothermal effect of rGO [91]. Yin et al. also reported the excellent
synergistic therapeutic efficacy for cancer treatment via the combination
of GT and PTT [92]. They selected Histone deacetylase 1 (HDAC1) and
K-Ras as therapeutic siRNA, and prepared nanocomposites GO/FA/-
PEG/PAH(FA/GO) as gene delivery system. FA/GO/(H+K) siRNA sys-
tem was fabricated following the route (Fig. 4a). Fig. 4b showed the
uptake level and distribution of HDAC1 and K-Ras siRNA inside tumor
cells in vitro, indicating the strongest accumulation of siRNAs in tumor
cells treated with FA/GO/(H+K) siRNA. They also proved that FA/G-
O/(H+K) siRNA could effectively inhibit the expression of HDAC1 and
K-Ras gene inside the tumor cells which could induce the apoptosis of
tumor cells [93-98]. The above results showed the great cancer thera-
peutic efficacy through GO-based GT. Inspired by these results, they
evaluated the in vivo therapeutic efficacy of FA/GO/(H+K) siRNA under
NIR irradiation. The tumor-bearing mice were injected with PBS or
GO-based nano-formulations with or without NIR light. As shown in
Fig. 4d and e, the FA/GO/(H+K) siRNAs with NIR light exhibited the
highest therapeutic efficacy compared with other controls.

2.2.4. GBNMs-based PDT/immunotherapy combination therapy
Immunotherapy is an emerging therapeutic strategy via activating
the host immune response to kill the tumor cells. It is reported that PDT
could accelerate the release of debris from tumor cells to stimulate the
antitumor immunity, which can activate cytotoxic T lymphocytes to go
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inside the cancer cells, followed by inducing the destruct of residual
cancer cells to prevent metastasis. Therefore, combination therapy
based on PDT and immunotherapy might be a promising efficient
treatment for cancer therapy. Yu et al. prepared a nanocomposite
composed of GO, HPPH (photosensitizer), HK peptide (targeting ligand)
and PEG (hydrophilic shell) (so-called GO(HPPH)-PEG-HK, Fig. 5a) for
PDT-immunotherapy combination therapy [99]. They firstly studied the
specific targeting ability of GO(HPPH)-PEG-HK for 4T1 tumor and
metastatic 4T1 cells in pulmonary in vivo. The fluorescence intensity and
accumulation of nanocomposite in 4T1 tumor and metastatic tumor in
pulmonary was much higher compared with those of controls, as shown
in Fig. 5b—d. The accumulated amount of nanocomposite was increased
with the time increase. These results demonstrated that GO
(HPPH)-PEG-HK nanocomposite could specifically target to the tumor
cells after intravenous administration. Then, they evaluated the thera-
peutic efficiency of GO(HPPH)-PEG-HK for 4T1-bearing mice, and the
tumor volume was obviously inhibited in comparison to the controls
(Fig. 5e). The authors next investigated whether the PDT based on
nanocomposite could activate the antitumor immunity for the second
tumor. After 10 days of first treatment, the 4T1 tumor was further
xenografted into the mice. And the indicated PDT was administrated for
the mice. The tumor volume was significantly reduced compared with
controls (Fig. 5f). Furthermore, the lung metastases tumor cells were
also inhibited through the host immunity (Fig. g-i). Inspired by above
results, they prepared the prophylactic vaccination with necrotic 4T1
cells using PDT based on GO(HPPH)-PEG-HK. The authors collected the
necrotic 4T1 tumor cells through flow cytometry from the 4T1-bearing
mice after PDT treatment. The healthy mice were vaccinated with
necrotic 4T1 tumor cells. 7-day later, the tumor cells were inoculated
into the mice to investigate the immunological memory of mice. The
tumor volume of mice with and without prophylactic vaccination was
recorded (Fig. 5j). They further confirmed that the antitumor immunity
induced by necrotic 4T1 tumor cell vaccination was depended CD8" T
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cells (Fig. 5k). Moreover, the prophylactic vaccination also showed high
inhibition effect of lung metastasis in vivo compared with controls, as
shown in Fig. 5l The results demonstrated combination
PDT-immunotherapy based on GO(HPPH)-PEG-HK was an effective
synergistic therapeutic strategy for cancer therapy. Here, GO acted as a
delivery system, FEG-HK was used as tumor-targeted ligand and HPPH
was a photosensitizer for PDT. After deposition of GO(HPPH)-PEG-HK at
tumor site, photosensitizer HPPH produced abundant ROS to cause
oxidative stress to tumor cells, followed by inducing the apoptosis of
tumor cells under NIR irradiation. Therefore, GO(HPPH)-PEG-HK could
improve the solubility and target activity of conventional photosensi-
tizer, causing effectively damage to tumor cells with improved thera-
peutic efficacy.

2.3. GBNMs-based multi-combination therapy

Recently, GBNMs-based multi-combination therapy is studied to
further improve the therapeutic outcome [100]. Wo et al. fabricated a
liposome-coated HMNS/Si02/GQDs-Dox nanocomposite for
multi-combination therapy including magneto mechanical therapy,
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PTT, PDT, and chemotherapy, which showed a superior antitumor effect
with laser irradiation and a magnetic field [101]. GBNMs, as a candidate
for PTA and PDA, exhibit excellent therapeutic effect in PTT and PDT. In
addition, GBNMs show great electronics properties to apply in detection
aspect. Lee et al. reported a smart endoscope system integrated diagnosis
and therapy together [102]. The whole tumor treatment procedures
were showed in Fig. 6a, and the structure of endoscope was showed in
Fig. 6b. In this work, transparent bioelectronics based on the graphene
hybrid was used for tumor diagnosis (Fig. 6¢). Graphene hybrid
exhibited good transparency, great stability and low contact impedance
in the interface between tumor and endoscope, which play an important
role in diagnosis (Fig. 6d-e). To investigate the diagnostic efficacy of
graphene hybrid based transparent bioelectronics, resected HT-29 tis-
sues and healthy tissues were used. The endoscope could recognize
HT-29 tissues exactly through the difference contact impedance and pH
level, then ablate the tissues to cure cancer, demonstrated effective
diagnostic ability. In addition, they integrated therapeutic nanoparticles
into this endoscope, which promoted the inhibition of tumor obviously
via PTT, PDT, and chemotherapy simultaneously (Fig. 6f). In this work,
the combination of diagnosis and multi-combination therapy exhibited
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great synergistic effects, enhancing the tumor recognition accuracy and
therapeutic efficacy for cancer.

3. Application of GBNMs in infectious diseases treatment

Microbial infection is a serious threat to human health in the world.
The multi-functional nanomaterials-based therapeutics with antimicro-
bial activity play an important role in the fight with bacteria. GBNMs are
attracting more and more attentions in the treatment and management
of bacteria-induced infectious diseases due to their unique structure and
excellent physicochemical properties [103-110]. Some studies have
reported that GBNMs exhibited great antimicrobial activity [111-115].
For instance, Pandit et al. reported an array of graphene flakes grown
perpendicularly to the surface by a plasma-enhanced CVD (PECVD)
process which can effectively prevent the formation of biofilm. The
authors proved that the vertically aligned graphene flakes could pene-
trate the bacterial membrane and drain the cytosolic content, followed
by killing the bacteria. Meanwhile, the vertically aligned graphene
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flakes could prevent the formation of bacterial biofilms, resulting in
improved antimicrobial activity. Additionally, this strategy would not
induce the microbial drug resistance [112]. Zou et al. synthesized GO
with wrinkled surface, which formed “traps” to destroy the bacterial
membrane, exhibiting excellent antimicrobial ability [116]. Liu et al.
prepared a GO-coating nanosystem which exhibited high antimicrobial
activity by produce of oxidative stress [117]. In addition, some con-
troversies about the antimicrobial activity of GBNMs have been re-
ported. For example, Ruiz et al. reported GO didn’t possess
antimicrobial activity and could induce the increasing of bacteria pro-
liferation [118]. Some studies have been done to clarify this confliction
[119]. Palmieri et al. studied the controversy of GO antimicrobial ac-
tivity in solution, and pointed out the size, doses, morphology, exposure
time, and treatment method in the experiment would influence the
properties of GO, resulting in different antimicrobial activity [120].
However, the antibacterial mechanisms of GBNMs are mainly summa-
rized to nanoknives, trapping, and oxidative stress.

Inspired by the antimicrobial activity of GBNMs, functionalized
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GBNMs possess excellent antimicrobial activity due to the synergetic
efficacy with other functional materials (e.g polypeptide, polycationic

GBNMs-based therapies could be a promising strategy for

bacteria-induced infectious diseases treatment.

polymer, lipid) [121-126]. Here, we introduced and summarized the
antimicrobial activity of GBNMs and functionalized GBNMs as well as

the GBNMs-based therapies. For example, GQDs can self-assemble with

3.1. GBNMs-based antibacterial therapy

bacterial amyloid proteins to damage the biofilm of bacteria. GO coated

with the metal surface with electron transferring is an effective strategy
to disrupt bacteria structure. Metal oxide doped on graphene surface

with the metal ions released to kill the bacteria.
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heterojunction on titanium (Ti) film (so-called GO/NCD/Hap/Ti) for
antibacterial treatment [127]. They evaluated the PDT and PTT effi-
ciency of the GO/NCD/Hap/Ti under NIR irradiation. The results
showed that GO/NCD/Hap/Ti could produce abundant ROS with
obvious increase of temperature, showing great potential of photo-
therapy. Fig. 7a showed that the ROS output was caused by the electrons
transfer inside the GO/NCD/Hap/Ti and depleting h* for neutralization
of anion from Hap. Then, the antibacterial activity of the GO/NCD/-
Hap/Ti film was thoroughly investigated, as shown in Fig. 7b.
GO/NCDs/Hap/Ti under NIR light treatment possessed the best anti-
microbial activity compared with other controls against staphylococcus
aureus (S. aureus), resulting from the highest level of ROS which could
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kill the bacteria and played an important role for antimicrobial activity
(Fig. 7c). The antibacterial mechanism of GO/NCDs/Hap/Ti with NIR
light might be due to the electrons transfer between Ti film and bacteria
[128], resulting in high ROS concentration and low production of
adenosine triphosphate, which could destruct the bacterial membrane
and break bacterial respiration chain, subsequently killing the bacteria
(Fig. 7d). Fig. 7e demonstrated that the GO/NCDs/Hap/Ti had high
biocompatibility and low cytotoxicity. Additionally, the authors also
found GO/NCDs/Hap/Ti with NIR light exhibited tissue reconstruction
ability due to the electron transfer between the surface of GO/NCD-
s/Hap/Ti and bacteria. The electron transfer could promote the Ca®*
flow [129], then induce fast cell migration to reconstruct tissue (Fig. 7f).
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The phototherapy effect in vivo of GO/NCDs/Hap/Ti for S. aureus was
further evaluated. The mice treated with GO/NCDs/Hap/Ti with NIR
light showed the highest temperature compared with other controls, as
shown in Fig. 7g. The GO/NCDs/Hap/Ti under NIR light treatment
showed the highest antimicrobial activity compared with others, as
shown in Fig. 7h. Furthermore, GO/NCDs/Hap/Ti under NIR light
obviously diminished the inflammatory level in vivo caused by S. aureus
(Fig. 7i), and repaired the damage vessels, which were achieved via
PLCy1/ERK and P13K/P-AKT pathways [130,131]. In a word, photo-
therapy based on GO/NCDs/Hap/Ti in this work possessed great anti-
bacterial activity, high anti-inflammatory ability and vessels repair
efficiency in vivo, which could be a promising alternative for antibac-
terial in the biomaterial field.

3.2. GBNMs-based therapy for wound healing

GBNMs have become superior antibacterial agency due to its excel-
lent therapeutic efficacy in anti-infection field. In particular, GBNMs
also exhibit excellent skin disinfection ability to promote wound heal-
ing. Fan and coworkers synthesized a nanosheets (TRB-ZnO@G) which
was constructed with graphene, metal-organic-frame and thermal-
responsive brushes (TRB) (Fig. 8a) [64]. The XPS Zn 2p spectrum
showed the successful synthesis of nanocomposite (Fig. 8b). The authors
proved that the TRB-ZnO@G had excellent disinfection ability due to
phase-to-size transform properties of TRB. In Fig. 8¢, TRB-ZnO@G could
change from hydrophilicity to hydrophobicity under NIR irradiation,
then wrapped bacteria inside and resulted in aggregation, followed by
killing the bacteria (Escherichia coli, E. coli and S. aureus). The antibac-
terial mechanism might be that bacteria wrapped inside the
TRB-ZnO@G could promote Zn®" release, followed by producing
hyperthermal under NIR light which can induce the destruction of
bacterial membrane and the death of bacteria [132-134]. Next, the in
vitro antibacterial activity of TRB-ZnO@G against S. aureus was per-
formed, and the results were showed in Fig. 8d. Under NIR irradiation,
the growth of S. aureus treated with TRB-ZnO@G was significantly
suppressed compared with other groups, indicating the highest antimi-
crobial activity of TRB-ZnO@G. Finally, the authors evaluated the in vivo
antimicrobial efficacy of TRB-ZnO@G based in rabbit model with the
S. aureus-infected wound (Fig. 8e, PBS with NIR used as control group).
In Fig. 8f, a severe infected wound in the rabbits in control group was
still obviously observed. By contrast, no obvious suppurative wound in
the rabbits treated with TRB-ZnO@G under NIR light was found.
Furthermore, the new skin could be observed in the rabbits (bottom),
indicating TRB-ZnO@G with NIR light treatment had superior wound
healing ability compared with control. In summary, TRB-ZnO@G with
NIR light exhibited excellent antibacterial ability and effectively pro-
moted the wound healing, providing a promising strategy in clinic.

3.3. GBNMs-based anti-biofilms agents for infection management

Anti-infective therapy, as a hot topic in biomedicine field, includes
destroy bacterial structure such as cell membrane directly to kill bacteria
to receive therapeutic efficacy. Bacterial biofilm exhibits excellent
adaptability and recovery ability to environment changes and antibi-
otics for bacteria, which are huge barrier for antibacterial treatment.
Therefore, efficient anti-biofilms agent needs to be developed to
enhance therapeutic efficacy of antibacterial treatment. Wang and co-
corkers reported GQDs was a superior anti-biofilm agent due to its
unique physicochemical properties such as polarizability, amphiphilic
character, ability to form hydrogen bonds, and participation in z-z
stacking [65]. They suggested GQDs had anti-biofilm activity, it could
assembly with bacterial amyloid proteins and destructed biofilms. They
studied the influence of GQDs to amyloid-rich biofilms. The biofilms of
S. aureus were used as an experimental model and incubated with
peptone-NaCl-glucose (PNG) and tryptic soy broth supplemented with
glucose (TSBG) media, respectively. TSBG could limit the formation of
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amyloid. Then, different concentration GQDs were used in these groups,
as shown in Fig. 9a-f. The obvious destruct of biofilms in the S. aureus
treated with PNG at highest concentration GQDs was found. And the
biofilms treated with TSBG at different concentration GQDs showed
negligible changes. These results demonstrated that GQDs destructed
the biofilms through targeting to amyloid. Extracellular matrix (ECM)
was important for biofilms which influenced the properties of biofilms.
As seen in Fig. 9g-h, ECM was completely damaged. Then, the authors
measured the influence of GQDs to mature amyloids fibers. PSMa1 fibers
contained in PSM peptides which could assembly to amyloid fibers to
promote ECM mature were used. The matured PSMal fibers were
treated with GQDs at different concentration, as shown in Fig. 9i-k. The
matured PSMal fibers treated with highest concentration GQDs were
obviously changed and damaged, indicating GQDs could damage the
PSM peptides to break biofilms. The anti-biofilms mechanism of GQDs
could be that it damaged the functional amyloids by inhibition of
fibrillation and destruction of mature amyloid fibers (Fig. 91) [135]. In
this work, GQDs exhibited great anti-biofilm capability, which was a
promising anti-biofilms agent to enhance the efficacy of anti-infection
therapy.

4. Summary and perspective

In this review, we summarize the recent updates related to GBNMs
for cancer and infectious diseases treatments, indicating GBNMs is a
promising candidate in biomedicine field. For cancer therapy, photo-
therapy has attracted more and more attention due to improved thera-
peutic efficacy and reduced side effect. GBNMs exhibit excellent
photothermal conversion effect under light irradiation and has been
used as a potential PTA. In addition, GQDs possess the ability to generate
ROS under light irradiation and has been considered as a novel PS agent.
Furthermore, GO and rGO become superior chemical drug or gene de-
livery carrier due to the large surface area and easy functionalized
properties. Therefore, combination therapy based on GBNMs has been
widely developed in recent years. For example, the combination of PTT
and chemotherapy has an enhanced therapeutic efficacy, GO and rGO
are used as vehicle for target delivery of cargos to tumor site. Under light
irradiation, local hyperthermia induced by PTT could significantly
improve the drug release profile and enhance the cellular uptake of
cargos by tumor cells. For PTT and RT combination therapy, the oxygen-
deficient microenvironment of tumor cells is the major obstacle for RT,
whereas local hyperthermia induced by PTT can improve intratumor
oxygenation to increase cells sensitivity to RT, which can effectively
enhance the therapeutic effect of RT effectively.

Furthermore, it is reported that PDT could accelerate the release of
tumor cells debris and then stimulate antitumor immunity, which acti-
vate cytotoxic T lymphocytes and infiltrate into the cancer cells to
damage residual cancer cells to prevent metastasis. Therefore, the
combination of PDT and immunotherapy can obtain enhanced thera-
peutic efficacy for cancer. Finally, it is confirmed that GBNMs-based
multiple therapy also exhibits excellent ability to inhibit tumor
growth. From above discuss, we believe GBNMs is a promising candidate
for cancer therapy in the future. For anti-infection therapy, GBNMs ex-
hibits high antibacterial activity to cure infectious diseases. GBNMs
exhibit the ability to transfer electrons from bacterial cells resulting in
damage to bacterial and then generate ROS to suppress bacteria. GBNMs
also exhibit excellent skin disinfection to promote wound healing, and it
can wrap bacteria and kill them under NIR irradiation following the
generation of metal ions, physical cutting and hyperthermal. What’s
more, GBNMs exhibits excellent ability to disperse biofilms of bacteria,
which exhibit strong adaptability and fast recovery to environmental
and medicine. In brief, GBNMs and GBNMs-based therapies can effec-
tively inhibit bacteria and damage bacteria structure due to its excellent
physicochemical properties and unique structure.

Here, GBNMs-based treatment strategies showed high therapeutic
efficacy and reduced side effect in cancer therapy and bacteria-induced
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Fig. 9. a—c. Confocal microscopy of S. aureus biofilm incubated with TSBG media with different concentration GQDs. Scale bar: 200 pm. d-f. Confocal microscopy of
S. aureus biofilm incubated with PNG media with different concentration GQDs. Scale bar: 200 pm. g-h. ECM extracted from S. aureus biofilm treated without or with
50 pg/mL GQDs, Scale bar: 100 nm. i-k. TEM images of matured PSMul fibers treated with GQDs in different concentrations. Scale bars: 100 nm. 1. The schematic of
GQDs interact with PSM peptides. Cited and reproduced from the reference [61].

infectious diseases treatment due to the excellent physicochemical
properties and unique structure. However, there are still some chal-
lenges or limitations of GBNMs in both cancer and bacteria-induced
infectious diseases treatments before clinical use. First, the biosafety
of GBNMs-based therapies should be concerned and thoroughly inves-
tigated before wide use in clinic. The body reactions after long-term use
of GBNMs are different for everyone. More long-term experiments need
to be completed and evaluated to make sure the biosafety of GBNMs. For
example, it needs high doses of drugs to get better therapeutic efficacy
for patients, but some studies showed that high doses of GBNMs in body
were harmful to organs like kidney and liver [136]. The particle size of
GBNMs in body also is an important factor for the patient. As reported,
the big size of GBNMs can cause inflammation which could induce the
aggravation of cancer or infections [137]. In addition, there will be some
residual chemicals in the preparation process of GBNMs, which could
cause a certain burden in body [138]. Therefore, the biosafety of
GBNMs-based therapies is the most important issue for the clinical use of
GBNMs. Second, most GBNMs used in biomedical fields are functiona-
lized/modified via complex procedures, following the strict re-
quirements for each step. It will take a long time to prepare the
multi-functional GBNMs with high quality that can be used in vivo. To
make sure the component of functionalized GBNMs in each batch
consistent completely is the basic requirement for the clinical applica-
tion, which is time-consuming and expensive. So, it brings great chal-
lenges to scale-up produce in practice applications. Furthermore,
considering the influence of type and quality (size and purity) on the
physicochemical properties of GBNMs, the preparation process of
GBNMs and the purity, state, and dosage of raw materials should be
focused and rigidly controlled. Third, the mechanism of antimicrobial
activity of GBNMs is not clear so far [139-145]. More efforts and further
researches should be promoted to investigate the mechanism of
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antimicrobial activity of GBNMs for the clinic applications in future.
Fourth, GBNMs have become potential nanomaterials in many
biomedical fields. So, the wide clinic use will need quantity production
of GBNMs, which will raise concern about the influence in environment.
Ahmed et al. reported that GO-based waste could influence the bacterial
metabolic activity, enhance the turbidity of effluent and reduce the
dewaterability of sludge [146]. Finally, the evaluations of therapeutic
efficacy of GBNMs are mainly based on small animals like mouse. More
experiments in vivo should be completed to further confirm the thera-
peutic efficacy of GBNMs before clinic use. Herein, it’s a long way to
promoting the wide clinic use of GBNMs.

Although there are some challenges and limitations of GBNMs for the
clinic use, GBNMs have great potential in many biomedical fields. The
method to obtain high-quality GBNMs is the main problem facing now.
The synthesis processes of GBNMs used in the experiment are generally
complicated and only suitable for small-scale production. For some
multi-functional GBNMs, the surface modification processes are difficult
to control accurately, especially the chemical modification with func-
tional organic polymer. The functionalization using noncovalent, such
as z-x stacking, van der Waals interaction, electrostatic interaction, and
hydrogen bond, the interaction force between them is not strong
enough. In the functionalization process, it is difficult to guarantee ac-
curate numbers of functional groups, causing huge challenges for
quantity production. Therefore, synthesis process and preparation pro-
cedure are the key issues that needs to be solved urgently. Additionally,
the antibacterial mechanism of GBNMs is not understood well. As re-
ported, not all GBNMs exhibited antimicrobial activity in the experi-
ments. On the contrary, some GBNMs were proved to enhance the
growth of bacteria in some studies. Phototherapy based on GBNMs
possesses great therapeutic efficacy, but the side effect (biosafety) of
phototherapy is still controversial. Although many studies point out that



Y. Wang et al.

phototherapy will not damage normal cells, some references reported
that phototherapy can cause the damage of normal cells and tissues like
blood vessels. However, GBNMs, as a 2D material with unique structure
and excellent properties, is one of most promising nanomaterials in
many biomedical fields. We encourage more efforts and researches
should be devoted to develop great GBNMs and GBNMs-based therapy
strategies with improved therapeutic efficacy, reduced side-effect and
enhanced biosafety for different diseases treatment.
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