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Abstract: To improve five-year survival rate of oral squamous cell carcinoma (OSCC), the development of a novel
composite material of black phosphorus nanosheets (BPNSs) and gold nanoparticles (AuNPs) for tumor treatment was
carried out. The purpose of this study is to evaluate the cytostatic effects of BPNSs, AuNPs loaded with cisplatin
(CDDP) on human tongue squamous cell carcinoma cells lines (SCC-9), and 7,12-dimethylbenz anthracene induced
cheek squamous cell carcinoma was validated in golden hamsters animal models. The results showed that BPNSs could
efficiently inhibit the metastasis and growth of OSCC compared with CDDP and AuNPs. And a combination composite
of AuNPs—BPNSs loaded with CDDP could more effectively inhibit the metastasis and growth of OSCC, which might
be due to the high drug-loading capacity, excellent photothermal properties and the combination of photodynamic and
photothermal therapy of BPNSs and AuNPs, as well as the synergistic effects of AuNPs, BPNSs and CDDP.
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use of chemotherapeutic drugs could improve the

1 Introduction

Oral squamous cell carcinoma (OSCC)
accounts for more than 90% of all head and neck
squamous cell carcinoma cases and is diagnosed as
the most common primary tumor in the oral
cavity [1]. Currently, the treatment of OSCC has
mainly been based on the stage of cancer
progression. Early-stage cancers (Stages I and II)
can basically be cured by surgery or radiation
therapy. However, even with a combination of
surgery, radiation and chemotherapy, it is difficult
to obtain satisfactory results for the treatment of
advanced OSCC (Stages III and IV). Hence, some
scholars have studied the chemotherapy regimen to
improve the prognosis of patients with OSCC. The

overall survival rate of patients with oral cancer [2],
and the consideration of induction chemotherapy
could reduce local recurrence [3]. At present,
cisplatin (CDDP) [4], fluorouracil (5-FU) [5],
carboplatin [6], paclitaxel [7], methotrexate [8] and
so on [9] have been considered to be the most
commonly used drugs. Although substantial
progresses have been made in cancer chemotherapy,
many side effects could be observed due to the
unsatisfactory selectivity of chemical agents
between normal cells and tumor cells [10]. To
overcome the limitations of chemotherapeutic
drugs, and realize attenuating and enhancing effects,
nanotechnology-based drug treatment has attracted
widespread attention. Currently, nanoparticle-based
drug loading systems have exhibited higher drug-
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loading capacities and special drug accumulation
effects [11].

Various nanoparticles (NPs) and nanosheets
(NSs) including magnetic mesoporous silica NPs
(MMSNPs) [12], iron oxide NPs [13], graphene
oxide NPs (GONPs) [14], gold nanoshells [15],
platinum NPs (PtNPs) [16], Ag NPs [17],
antimonene NSs (AMNSs) [18], AM quantum dots
(AMQDs) [19], Ti;C, NSs [20,21], boron NSs
(BNSs) [22], tellurium—selenium (TeSe) NPs [23],
black phosphorus NSs (BPNSs) [24-26], and
others [27] have been clinically confirmed for the
effective treatment of various cancers such as
ovarian cancer [28], and oral cancer [29]. Besides,
NPs-based drug-loading systems generally possess
biocompatible and  biodegradable inorganic
nanostructures, which could facilitate their use in
biomedicine [30,31]. Importantly, some satisfactory
results have been obtained by the medical
application of NPs in the treatment of OSCC. It is
well-known that gold NPs (AuNPs) have been used
for the treatment of cancers and human diseases due
to their outstanding properties such as reduced
cytotoxicity, high stability, easy-to-control sizes
and good surface chemistry [32], as well as high
surface area/volume ratio and high drug-loading
capacity [33]. Meanwhile, AuNPs with strong light
absorption can quickly and effectively convert light
energy into heat. Therefore, they are usually used
as excellent sensitizers for photothermal therapy
(PTT) [34]. AuNPs could harvest light in the
near-infrared (NIR) region at which the tissue has
low absorption and convert it into heat, which could
be quickly released in the surrounding tumor
tissues [35]. For example, photoactivated AuNPs-
mediated PTT has been reported to have grater
efficacy in killing breast cancer cells without
genetic side effects [36]. With the assistance of a
delivery system, a combination of AuNPs with the
engineered bi-functional recombinant fusion protein
TRAF(C) (TR), the target-specific delivery of an
anticancer drug namely doxorubicin (DX) and
erbB2-siRNA (si) into ovarian cancer cell lines
could be achieved [28]. Compared with traditional
drugs, the PTT properties of nanoparticle-based and
its drug-loading systems have shown many obvious
advantages in terms of drug solubility, number of
drug cycles and efficacy [37]. However, concerns
have been expressed about the safety and
biocompatibility of these nanomaterials.

Recently, newly discovered black phosphorus
NPs (BPNSs) have offered some new opportunities
for the design of novel electronic and biomedical
devices [24]. For example, BPNSs have been
considered to be a highly effective photosensitizer
and used as a photodynamic treatment (PDT) agent
to generate singlet oxygen due to their unique
electronic structure and layer-dependent energy
band [38]. For instance, PEG-modified BP nano-
particles were used to treat breast tumor by PTT
with photoacoustic imaging [39]. In addition,
BPNSs could be used as an efficient drug carrier
due to their unique puckered lattice configuration
and physicochemical properties. Compared with
other two dimensional (2D) materials such as
grapheme, molybdenum disulfide (MoS,) and Au
nanosheets, BPNSs possess higher drug-loading
capacity due to their puckered lattice configuration
and higher surface-to-volume ratio [24].

Herein, the effects of BPNSs, AuNPs and
CDDP on the growth of OSCC in vitro and in vivo
were evaluated. The human SCC-9 cells were
employed as in vitro research system, and golden
hamster cheek cancer models induced by
7,12-dimethylbenz anthracene (DMBA) were used
as in vivo research system. The representative
protein index of OSCC was determined by
immunohistochemistry. Compared with CDDP, the
use of BPNSs or AuNPs had stronger effect on
promoting apoptosis of SCC-9 cells. A combination
composite of AuNPs and BPNSs loaded with CDDP
can effectively inhibit the growth of OSCC,
providing some positive evidences for the treatment
of OSCC.

2 Experimental

2.1 Chemicals and apparatus

7,12-dimethylbenz anthracene (DMBA) powder
was provided by Sigma Chemical Co., BP powder
was purchased from Nanjing Ji Cang Nano
Technology Co., Ltd. N-methyl-2-pyrrolidone
(NMP) was provided by Aladdin Chemistry Co.,
Ltd. Chloroauric acid tetrahydrated (HAuCl,-4H,0)
was bought from Sinopharm Chemical Reagent
Co., Ltd. Trisodium citrate dihyrate (99 wt.%) was
obtained from Hunan Huihong Reagent Co., Ltd.
Cisplatin (CDDP) was purchased from Shanghai
EKEAR Bio@Tech Co., Ltd. Citrate, periodic acid,
phosphate-buffered saline (PBS) and diamino-
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benzidine were acquired from Sinopharm Chemical
Reagent Co., Ltd. Tumor protein p53 (P53) and
proliferating cell nuclear antigen (PCNA) were
obtained from Wuhan Sanying Biotechnology Co.,
Ltd. Cell Counting Kit-8 (CCK-8) was provided
by Dojindo China Co., Ltd. All reagents were of
analytical grade and wused without further
purification. The aqueous solutions were freshly
prepared using double distilled water (DDW). The
morphological characterization of BPNSs was
carried out on a field emission scanning electron
microscopy (FE-SEM, TESCAN MIRA3 LMH/
LMU; Czech). The morphologies of BPNSs and
AuNPs were characterized using high resolution
transmission electron microscopy (HR-TEM, JEM—
2100F, JEOL Ltd., Tokyo, Japan). Cytotoxicity
and optical density values were analyzed by
Microplate Reader (Shenzhen Huisong Technology
Development Co., Ltd., Shenzhen, China).

2.2 Preparation of BPNSs and AuNPs

BPNSs were fabricated according to the
following procedures: 5.0 mg of BP powder was
dispersed in 30.0mL of NMP solution, and
sonicated in an ice-bath for 11h. After
centrifugation at 2000 r/min for 5 min to remove
residual unexfoliated particles, the supernatant was
collected, then centrifuged at 10000 r/min for 5 min
and washed twice with DDW to obtain a brown
suspension of BPNSs.

The facile synthesis of AuNPs could be
performed by the chemical reduction of HAuCl, in
aqueous solutions [40]. That is, 1.0 mL of 1 wt.%
HAuCl; solution was added immediately to
99.0 mL of DDW which was heated to 60 °C. The
mixed solution was heated to boil, and 4.0 mL of
trisodium citrate solution was added into the
reactor. After 12 min, it was naturally cooled to
room temperature to obtain a dispersion of AuNPs.

2.3 Animals and cell cultures

Human tongue squamous cell carcinoma cells
line (SCC-9) was purchased from the Cell Bank of
the Chinese Academy of Sciences (Shanghai).
Golden hamsters were provided by Beijing Vital
River Laboratory Animal Technology Co., Ltd.,
China and were bred in ventilation cages
independent of the barrier environment of the
Department of Laboratory Animals, Central South
University, China.

2.4 Cytotoxicity assay

Cell Counting Kit-8 (CCK-8) analyses were
performed to detect the cytotoxicity of BPNSs,
AuNPs and CDDP. The cells in the logarithmic
growth phase were extracted, digested and counted,
and seeded into a 96-well plate at a density of
5x10* cells/mL, 100 pL per well. And 5 replicate
wells per group were designed. After the cells were

adhered, they were treated with different
drug-containing media (50 pg/mL of BPNSs
dispersion, 50 pg/mL of AuNPs dispersion,

2 mg/mL of CDDP solution, and DDW) for 4 h.
After the drug-containing medium was removed,
100 pL of the medium (containing 10 pL of CCK-8)
was added to each well. After 4 h of incubation at
37 °C and 5 vol.% CO,, the optical density (OD)
values at 450 nm were analyzed by microplate
reader.

2.5 Animal experiments

Healthy golden hamsters were rubbed with
0.5% DMBA in acetone solution on their left cheek
pouches three times a week [41]. After 16 weeks,
3 hamsters were randomly executed and their cheek
tumor specimens were sent to the Department of
Oral Pathology for hematoxylin-eosin staining (HE
staining) to identify the nature of the tumor. The
remaining mice were divided into 5 groups, which
were a combined drug group (the concentration of
nanomaterials (BPNSs and AuNPs) was diluted
to 50 pg/mL, and the mass ratios (x:y) of AuNPs
to BPNSs (AuNPs-to-BPNSs,.,) were AuNPs-
to-BPNSss.1, AuNPs-to-BPNSs;., AuNPs-to-
BPNSs;.;, AuNPs-to-BPNSs;.;, AuNPs-to-BPNSs; 5,
and dissolved in 2 mg/mL of CDDP, respectively),
three groups of pure medication group (50 pg/mL
BPNSs, 50 pg/mL AuNPs and 2 mg/mL CDDP) and
a control group (DDW), respectively. 30 uL of the
drug was injected into the remaining golden
hamster tumors every three days. After the
injection, the tumor was irradiated with infrared
rays at a wavelength of 808 nm for 5 min. The
survival rates, tumor volumes and mass changes of
the golden hamsters during the treatment were
recorded. All hamsters were executed 4 weeks after
injection of the drug.

2.6 Immunohistochemical assay
At the end of the animal experiment, hamster
cheek tumors were collected into paraffin sections
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for immunohistochemistry analysis. The sections
were incubated at 60 °C for 2h, immersed in
dimethylbenzene to dewax, then dipped in alcohol
with a gradually reduced hydrate degree, and
washed with DDW. Citrate buffer was used as an
antigen retrieval solution to thermally repair
sections in a microwave oven. Endogenous
peroxidase was inactivated with 1% periodic acid at
room temperature. Then, appropriately diluted
primary antibodies, PCNA and P53 were added to
the sections for incubation, and the sections were
stored at 4 °C overnight. The next day, the sections
were washed three times with PBS, the secondary
antibody was added to incubate for 30 min at 37 °C,
and then washed with PBS. The sections were
incubated with diaminobenzidine solution as a
developer for 5 min at room temperature, followed
by DDW washing. Subsequent sections were
counterstained with hematoxylin. After rinsing with
DDW, the sections were dehydrated with alcohol
and cleared with xylene, and then the slides were

sealed and observed.

2.7 Statistical analysis

All the data were expressed in the form of
mean and error bars (standard deviation of three
independent measurements). Kaplan—Meier method
was used to analyze survival data. One-way
analysis of variance (ANOVA) was performed to
assess the significance which was accepted with
p<0.05. All data analyses were performed using the
SPSS 25.0 software.

3 Results and discussion

3.1 Characterization of nanomaterials

BPNSs were coated on an electrode surface for
FE-SEM characterization. As shown in Fig. 1(a),
BPNSs show discontinuous and nonhomogeneous
flake-like structures. The as-prepared BPNSs and
AuNPs were characterized by means of HR-TEM.
Figures 1(b) and (c) show the HR-TEM images of

Fig. 1 FE-SEM image of BPNSs on electrode surface (a), and HR-TEM images of nanomaterials of BPNSs (b, c¢) and

AuNPs (d, e)
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BPNSs. The typical HR-TEM images indicated that
BPNSs having a layered structure with high crystal
quality were successfully prepared [42]. As shown
in Figs. 1(d, €), AuNPs with an elliptical structure
are uniformly dispersed, and the ordered lattices are
obvious, indicating that AuNPs possess relatively
highly ordered nanostructures and high purity.

3.2 Cytotoxicity of nanomaterials

In the in vitro cytotoxicity experimental, we
only used two nanomaterials (BPNSs and AuNPs)
to directly treat -cells,
nanomaterials as an efficient drug carrier and
photodynamic therapy medium were not compared.
The inhibitory effects of BPNSs (50 pg/mL) and
AuNPs (50 pg/mL) on human SCC-9 cells were
investigated, and DDW was used as a blank control,
while the traditional drug CDDP
(2 mg/mL) was used as a positive control. It can be
clearly seen form Fig. 2 that the use of low-dose
of nanomaterials (BPNSs and AuNPs) can more
efficiently promote the apoptosis of human SCC-9
cells compared to the normal doses of CDDP, and
BPNSs have shown stronger cells killing ability
than AuNPs. AuNPs possessed stronger cells killing
ability than CDDP, which might be due to the
inhibition of vascular endothelial growth factor 165
to inhibit tumors [43] and the alteration of cell
cycle [44]. In addition, BPNSs exhibited the
strongest cells killing ability. It might be due to the
fact that cancer cells have more vigorous
endocytosis and faster metabolic rate than normal
cells, BPNSs are easily taken up by cancer cells
through endocytosis and rapidly degraded in the

and the functions of
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Fig. 2 Effects of BPNSs, AuNPs and CDDP on growth
of human SCC-9 cells in cytotoxicity experiments
(* Significantly different from DDW group, p<0.05)

cells to produce a large number of phosphate ions.
This process led to changes in the internal
environment of cancer cells causing G2/M phase
arrest, thereby  effectively  inhibiting  the
proliferation of cancer cells [10]. After the
proliferation was inhibited, cancer cells further
entered programmed cells death through apoptosis
and autophagy.

3.3 Construction of animal model of buccal

squamous cell carcinoma

After the potential application of nano-
materials for targeting in vitro was confirmed, we
studied the efficacy of nanomaterials in vivo based
on established models. As shown in Fig. 3(a), after
16 weeks of DMBA-induced golden hamsters
cheek cancer models, the left cheek of the golden
hamsters showed tumor-like changes of different
sizes. Three golden hamsters were sacrificed, and
cheek tumor specimens were collected and sent to
HE stained sections to show cancerous tissue. And
cancer cells can be seen from HE staining

(Fig. 3(b)).

3.4 Inhibition of nanomaterials

hamster cheek cancer

Golden hamsters were rubbed with DMBA to
induce golden hamster cheek cancer for 16 weeks,
and then injected intratumorally for 4 weeks
(Fig. 4(a)), and divided into nine groups, namely
Group I: untreated (DDW) golden hamsters;
Group II: golden hamsters treated with AuNPs-
to-BPNSss.,/CDDP  complex; Group III: golden
hamsters treated with AuNPs-to-BPNSs;.;,/CDDP
complex; Group IV: golden hamsters treated with

on golden

AuNPs-to-BPNSs,.;/CDDP  complex; Group V:
golden  hamsters treated with  AuNPs-to-
BPNSs;3/CDDP  complex; Group VI:  golden

hamsters treated with AuNPs-to-BPNSs;.s/CDDP
complex; Group VII: golden hamsters treated with
50 pg/mL. BPNSs; Group VIII: golden hamsters
treated with 50 pg/mL AuNPs; Group IX: golden
hamsters treated with 2 mg/mL CDDP. After the
injection, the tumor was irradiated with infrared
rays at a wavelength of 808 nm for 5 min.

Since the mortality rate of the golden hamster
increased in the last week of the experiment, the
data of the first three weeks after injection were
selected for comparison. And the survival rates,
tumor volumes and mass changes of the golden



Jun-jie ZENG, et al/Trans. Nonferrous Met.

Soc. China 31(2021) 2812-2822

2817

Fig. 3 Models of golden hamster buccal squamous cell carcinoma: (a) Representatwe 1mages of golden hamster cheek
cancer model; (b) Representative images of HE staining
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hamsters during the treatment were recorded. As
can be seen form Figs. 4(b) and (c), the survival
rate of each group of golden hamsters showed that
the survival rate of the control group was lower
than that of the five groups of combined drug group
(AuNPs-t0o-BPNSss.,/CDDP,  AuNPs-to-BPNSss;.,/
CDDP, AuNPs-to-BPNSs;.;/CDDP, AuNPs-to-
BPNSs;.;/CDDP, and AuNPs-to-BPNSs,.s/CDDP)
and the three groups of pure medication group
(BPNSs, AuNPs and CDDP). The results showed
that drug-treated chemotherapy can improve rate of
golden hamsters [2]. As can be seen from Fig. 4(b),
in the comparison of survival rates among the three
pure drug groups, the survival rates of the AuNPs
group and the CDDP group were similar, while the
survival rate of BPNSs group was significantly
higher than both, indicating that BPNSs might
benefit from the effect of photothermal therapy,
thus has a stronger ability to inhibit cancer cells
than AuNPs and CDDP. As shown in Fig. 4(c),
among the five groups of combined drug groups,
the survival rate of AuNPs-to-BPNSs;.s/CDDP was
higher than that of AuNPs-to-BPNSss.;/CDDP,
further indicating that BPNSs has a stronger ability
to inhibit cancer cells than AuNPs.

In addition, the tumor volumes of the golden
hamsters were calculated according to the following
formula: V=1/2LW* (V is the tumor volume, L is the
length, and W is the width). It can be clearly seen
from Fig. 4(d) that, compared with the control
group, all the combined drug groups and the pure
drug groups have a certain inhibitory effect on
OSCC growth. In particular, the tumor volumes of
four combined drug groups (AuNPs-to-BPNSs;./
CDDP, AuNPs-to-BPNSs,;,;/CDDP, AuNPs-to-
BPNSs;3/CDDP and AuNPs-to-BPNSs;.s/CDDP)
showed negative growth trend, of which the
AuNPs-t0-BPNSs;.s/CDDP had the most obvious
antitumor effect, which might be attributed to the
drug loading of BPNSs much higher than that of
AuNPs [24], and the photothermal effect of BPNSs
(808 nm laser irradiated further promotes the
release of drugs), as well as synergistic effects of
AuNPs, BPNSs and CDDP to enhance the
stability and efficacy of nanomaterials drug delivery
system.

Furthermore, the mass changes of the golden
hamsters during the treatment were recorded. As
shown in Fig. 4(e), the mass loss rate of each group
of golden hamsters was less than 10%, which might

be due to the individual differences of golden
hamsters and the space-occupying lesions as well as
pain that affects eating, and the toxic and side
effects of these drugs were somewhat limited.

3.5 Cytokine response following nanomaterials

administration

In order to determine the host immunological
response upon treatment with nanomaterials,
immunohistochemical experiments were performed
on tumor tissues, and the expression of P53 protein
and PCNA expression in OSCC tissues were
evaluated. P53 protein was thought to counteract
oncogenic transformation and tumor growth by
preventing the replication of genetically impaired
cells [45]. And the expression of PCNA was
considered to be positively correlated with the
histological grade of OSCC, that is, the increased
expression of PCNA might be related to poor tumor
differentiation and higher malignancy [46]. As can
be seen from Fig. 5(a), in addition to the AuNPs-
to-BPNSs;.,/CDDP, the expression of a tumor
suppressor gene P53 protein in the AuNPs-
to-BPNSss.;/CDDP, AuNPs-to-BPNSs;.,/CDDP,
AuNPs-t0-BPNSs;;/CDDP,  AuNPs-to-BPNSs; .5/
CDDP, BPNSs, and AuNPs was higher than that of
the CDDP, of which AuNPs-to-BPNSs;.s/CDDP
exhibited the highest P53 expression, which
indicated that AuNPs-to-BPNSs;.s/CDDP possessed
the strongest inhibitory effect on OSCC due to the
fact that the drug loading of BPNSs was much
higher than that of AuNPs, and the photothermal
therapy effect of BPNSs as well as synergistic
effects of AuNPs, BPNSs and CDDP. However, the
expression of P53 was the lowest in AuNPs-to-
BPNSs,;.;,/CDDP, which may be due to the fact that
AuNPs and BPNSs were proportionally equal, and
AuNPs were completely attached to the surface of
BPNSs, resulting in a decrease in drug loading. As
shown in Fig. 5(b), the expression of PCNA by
CDDP group was higher than that of other groups,
indicating that CDDP alone could not effectively
inhibit OSCC, while AuNPs or BPNSs alone
had a certain ability to inhibit OSCC. The
above histopathological results indicated that the
developed nanocomposites (AuNPs-to-BPNSs)
loading with CDDP could help to inhibit the growth
of OSCC. In particular, the most recently reported
results have indicated that BPNSs might carry
a risk of developmental perturbation even at lower
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Fig. 5 Immunohistochemical results of tumor tissue (Positive staining is yellow or brownish yellow (dark to brown)):

(a) Representative images of P53 protein immunohistochemical staining; (b) Representative images of PCNA

immunohistochemical staining

concentrations [47]. Meanwhile, the researches on
the toxicity of AuNPs still remain fragmentary and
even contradictory with each other due to the
variety in experimental conditions [48]. Therefore,
more deep researches should be carried out to
evaluate their further practical applications.

4 Conclusions

(1) The two nanomaterials (BPNSs and
AuNPs) have both shown stronger inhibitory effects
on oral squamous cells than the traditional
anticancer drug CDDP.

(2) A novel and stable BPNSs- and AuNPs-
based drug delivery system (AuNPs-to-BPNSs;.s/
CDDP) was constructed by the CDDP- loaded
AuNPs—BPNSs nanocomposites. The ability of the
system to inhibit human SCC-9 cells and buccal
squamous cell carcinoma in the golden hamster

models was evaluated. The results showed that the
tumor suppressor ability of AuNPs-to-BPNSs;.s/
CDDP was stronger than that of the traditional
chemotherapy drug CDDP.

(3) The inhibition of OSCC cells by the system
was obvious due to the photothermal effect of
BPNSs, which further promoted the release of
drug through 808 nm laser magnification. And the
high drug loading -capacity, excellent photo-
thermal properties and the synergistic effect of
photodynamic and photothermal therapy of BPNSs
and AuNPs, as well as the synergistic effects of
AuNPs, BPNSs and CDDP enhanced the stability
and efficacy of nanomaterials drug delivery
system.

(4) This approach might provide some new
ideas for photothermal therapy based on nano-
materials and a new perspective for the treatment of
OSCC.
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