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Abstract

Background The novel nanomaterials PNA-TN (PN) and PNA-TN-Dox (PND) have been shown to have strong
inhibitory effects on breast cancer; however, it is unclear whether PN and PND have anti-head and neck squamous
cell carcinoma (HNSCC) activity, and their potential mechanisms of activity are unknown. So, our study aims to explore
the therapeutic effects of PN and PND on HNSCC and their possible mechanisms.

Methods We used a series of phenotypic research to evaluate the effects of PN+ Laser (L) and PND+L on the
biological function of HNSCC cells in vitro and in vivo. We subsequently used mechanism research to examine
changes in mRNA and protein expression related to apoptosis, epithelial-mesenchymal transition (EMT), and the JNK
signalling pathway.

Results Our study revealed that PN and PND have strong inhibitory effects on HNSCC cells both in vitro and in vivo.
In vitro, PN and PND significantly inhibited the proliferation, migration, invasion and EMT ability of HNSCC cells and
promoted apoptosis; the inhibitory effect in the PND + L group was significantly greater than that in the PN+ L group.
In vivo, both treatments led to significant reductions in tumour volume and weight. Notably, the tumour volume and
weight in the PND + L group were significantly lower than those in the PN+ L group. Mechanism research confirmed
that PN + L activated the expression of apoptosis-related proteins and inhibited the expression of EMT-related proteins
via the JNK pathway. Furthermore, the anti-HNSCC effect of PN+ L was blocked after the use of a INK pathway
inhibitor.
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Conclusion Treatment with PN+L or PND +L significantly inhibited the malignant progress of HNSCC cells, and
the therapeutic effect of PND + L was significantly stronger than that of PN+ L. The JNK signalling pathway is a key

mechanism by which PN exerts its anti-HNSCC activity.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) origi-
nates from the mucosal epithelium of the oral cavity,
pharynx, and larynx and is the most common malignant
tumour in the head and neck region [1]. In 2023, over
400,000 people worldwide were diagnosed with HNSCC,
with a recurrence rate exceeding 50% within two years of
treatment [2]. The incidence of HNSCC, particularly oro-
pharyngeal cancer, is influenced by geographical factors,
is often associated with smoking and excessive alcohol
consumption, and is strongly associated with the HPV-
16 subtype [3]. The main treatment methods for HNSCC
include surgery, radiotherapy, and chemotherapy. For
patients with small primary cancers without lymph node
involvement or involving only a single lymph node, the
cure rate can exceed 80% through single-modality inter-
ventions such as surgical resection or radiotherapy [4].
However, for patients with advanced HNSCC, concur-
rent chemoradiation therapy (CCRT) is the preferred
treatment method [5], and immune checkpoint inhibitors
(ICIs) have been effective for patients with recurrence or
metastasis [6]. Although these clinical trial results have
shown an improvement in the overall survival rate of
patients, some patients are not sensitive to these treat-
ments, resulting in no significant increase in the 5-year
survival rate of HNSCC patients over the past 30 years
[7, 8]. Therefore, the development of new efficient drug
treatments for HNSCC is highly important.

Compared with traditional methods such as surgery,
radiotherapy, and chemotherapy, phototherapy has
unique advantages such as noninvasiveness, high spa-
tial and temporal controllability, minimal side effects,
and low drug resistance [9]. Among them, photothermal
therapy (PTT), as a supplement to traditional radioche-
motherapy, is receiving increasing attention [10]. This
treatment method can effectively convert near-infrared
(NIR) radiation into thermal energy by activating pho-
tothermal converters, inducing tumour cell apoptosis
through thermal ablation [11]. Although PTT is usually
not sufficient to completely eradicate tumours, its combi-
nation with chemotherapy has been more effective than
the use of either therapy alone [12].

In recent years, nanomaterials have been widely devel-
oped for tumour treatment, drug delivery, and disease
imaging [12-14], among which materials and nanopar-
ticles related to aggregation-induced emission (AIE) have
attracted widespread attention because of their multi-
functional characteristics [15]. Many studies have shown

that AIE-based nanomaterials have broad prospects in
the fields of luminescent materials, sensors, bioimaging,
drug delivery, and theranostics [14, 16, 17].

C-Jun N-terminal kinases (JNKs) and their variants
JNK1, JNK2, and JNK3 constitute a subfamily of mito-
gen-activated protein kinases (MAPKs) [18]. The JNK
signalling pathway affects a series of cellular activities,
including proliferation, differentiation, apoptosis, angio-
genesis, and migration [19], by integrating a wide range of
intracellular signalling pathways to regulate gene /expres-
sion and the homeostasis of macromolecules (including
mRNAs and proteins) [20]. In recent years, numerous
studies have shown that JNK plays an important role in
cell apoptosis and tumour suppression [21-24]. The JNK
signalling pathway directly targets mitochondria through
the phosphorylation of Bad and Bim to activate Bax and/
or Bak, and these proapoptotic proteins can also inhibit
the activity of antiapoptotic proteins such as Bcl-2 and
Bcl-xL, thus promoting cell apoptosis [25]. In addition,
JNK signal transduction plays an important role in the
regulation of cell migration and tumour invasion [26].

In this study, we demonstrate that AIE-based functional
nanogels, effectively integrating the AIE photothermal
contrast agent and the traditional chemotherapeutic drug
Doxorubicin (Dox) to achieve precise synergistic photo-
chemotherapy [27]. Our results reveal that PNA-TN (PN)
and PNA-TN-Dox (PND) combined with NIR irradia-
tion can significantly inhibit the proliferation and EMT
process of HNSCC cells, inducing cell apoptosis. Mecha-
nistically, PN +Laser (L) effectively activated the JNK sig-
nalling pathway and suppressed the malignant phenotype
of HNSCC.

Materials and methods

Cell culture and reagents

Human tongue squamous cell carcinoma Cal27 cells and
human laryngeal squamous cell carcinoma Tu686 cells,
normal oral epithelial keratinocytes HOK cells were
purchased from the American Type Culture Collection
(ATCC). The culture conditions for all the cells were as
follows: Dulbecco’s modified Eagle medium (DMEM;
Servicebio, Wuhan, China), 10% fetal bovine serum (FBS;
Servicebio, Wuhan, China), and 1% penicillin-strepto-
mycin solution (Biosharp, Hefei, China). The incubator
environment was maintained at 37 °C and 5% CO,. All
experiments were conducted on cells in the logarithmic
growth phase and were repeated at least three times.
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The materials PN and PND used in this study were
kindly provided by the research group of Professor Ben
Zhong Tang from the Chinese University of Hong Kong,
and the specific synthesis scheme can be found in previ-
ous reports [27]. The synthesis process is roughly as fol-
lows: First, a thermo/pH-responsive polymer backbone
with thermo-responsive and pH-responsive segments
was synthesized through precipitation polymerization,
namely poly (N-isopropylacrylamide-co-acrylic acid)
nanogels (abbreviated as PNA). Then, TPA-NDTA
(referred to as TN) was encapsulated as an AIE photo-
thermal agent and contrast agent into the crosslinked
network of PNA nanogels to produce P-TN nanogels
(referred to as PN). Subsequently, Dox was incorporated
into the nanogels through electrostatic interactions to
obtain P-TN-Dox nanogels (referred to as PND). After
the PND reaches the tumor site via blood circulation, low
pH triggers a burst release of Dox to induce tumour cell
death. Under NIR laser irradiation, photohyperthermia
generated by light-induced PN can accelerate tumour
cell death. Meanwhile, local temperature elevation can
also promote drug release, which synergistically produces
an effective photochemotherapy effect and complete
tumour ablation.

Dox was purchased from Beyotime Technology
(Shanghai, China), with a stock solution of 10 mg/mL,
and was stored at -20 °C until use. The Cisplatin (CDDP,
gold standard treatment), JNK inhibitor SP600125 were
purchased from MedChemExpress (MCE, USA).

The primary antibodies used in this study against
B-cell CLL/lymphoma 2 (Bcl-2), BCL2 associated X
(Bax), E-cadherin (E-ca), N-cadherin (N-ca), Vimentin,
and phosphorylated ASK1 (p-ASK1) and the secondary
antibody horseradish peroxidase-conjugated affinipure
goat anti-rabbit IgG were all purchased from Protein-
tech (Wuhan, China). The primary antibodies for apop-
tosis signal-regulating kinase 1 (ASK1), c-Jun N-terminal
kinase (JNK), phosphorylated JNK (p-JNK) and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) were all
purchased from Servicebio (Wuhan, China). The c-Fos
and c-Jun primary antibodies were purchased from
ABclonal Technology (Wuhan, China).

Laser instrument

The cells treated with different solutions were irradiated
with an 808 nm laser at a power density of 0.5 W cm™?
for 10 min. For the xenograft tumour model, the right
dorsal subcutaneous tumour was irradiated with a fixed-
power 4 W 808 nm laser for 10 min.

Experimental groups

For the in vitro experiments, the groups were divided
as follows: PBS as a control group (Group a), PBS with
808 nm laser irradiation (Group b, PBS+L), Dox (Group
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¢), Dox with 808 nm laser irradiation (Group d, Dox+L),
PN (Group e), PN with 808 nm laser irradiation (Group
f, PN+L), PND (Group g), and PND with 808 nm laser
irradiation (Group h, PND+L).

Cell viability assay

The effects of the different groups on cell viability were
determined via a Cell Counting Kit-8 (CCK-8; YEASEN
Biotechnology, 40203ES60) according to the manufac-
turer’s protocol. The cells were plated in 96-well plates
at a density of 5x1073/well and treated with fixed watt-
age NIR for 10 min after different treatments. After
incubation for different times, the absorbance at 450 nm
was measured via a Victor3 plate reader (Perkin-Elmer,
Waltham, MA, USA) following a 1.5 h incubation with
CCK-8 reagent (10 uL/well) at 37 °C.

Cell viability is calculated as follows: Cell viability (%)
= (ODtreated group ~ ODblank control group) / (ODcontrol group "
ODyyjank control group) X 100%. Subsequently, the half maxi-
mal inhibitory concentration (IC50) was calculated using
GraphPad Prism.

According to the research by Gao D et al. [28], the
combination index (CI) is calculated as follows: CI =
(Coni1,50/1CpN1,50) + (Cpoxer,50/ICpoxs150)- In the for-
mula, Cpy,1 50 and Cp, 1 50 represent the individual con-
centrations of PN and Dox in the combination treatment
of PND+L required to achieve 50% inhibition, respec-
tively. Additionally, ICpy\;,; 50 and ICp,, .1 50 refer to the
concentrations of the single drugs when treated alone
to reach 50% inhibition. A CI value less than 1 indicates
synergistic action, a CI value equal to 1 indicates additive
effect, and a CI value greater than 1 indicates antagonis-
tic action.

Colony formation assay

The cells from the different groups were plated on
6-well plates at a density of 1x1073/well and cultured
in a cell incubator at 37 °C and 5% CO,. The medium
was replaced with fresh medium every 3 days, and after
2 weeks, the cell colonies were fixed with 4% parafor-
maldehyde (Servicebio, Wuhan, China) for 30 min and
then stained with 1% crystal violet (Servicebio, Wuhan,
China). Colonies with more than 50 cells were counted.

Cell cycle analysis

The different groups were prepared as described above
and incubated for 48 h, after which single-cell suspen-
sions were prepared using trypsin without ethylene-
diaminetetraacetic acid (EDTA) (Servicebio, Wuhan,
China). After centrifugation, the cells were fixed with
75% ethanol overnight at 4 °C. The next day, after a single
wash, the cells were treated with PBS containing RNase
A (final concentration: 100 pg/mL) and propidium iodide
(final concentration: 50 pg/mL) for 30 min at room
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temperature and then filtered through a 300-mesh nylon
filter. The cell cycle distribution was detected via a Cyto-
FLEX S flow cytometer (Beckman, USA), and experimen-
tal data were analysed via FlowJo software.

Apoptosis assay by flow cytometry

The different treatment groups were prepared as
described above, and after a 48-hour incubation, single-
cell suspensions were prepared using trypsin without
EDTA (Servicebio, Wuhan, China). After centrifugation,
the cells were double-stained with an Annexin V-FITC/
PI apoptosis detection kit (Beyotime, Shandong, China)
according to the manufacturer’s instructions, incubated
in the dark for 30 min, and filtered through a 300-mesh
nylon filter. Apoptotic cells were detected via a Cyto-
FLEX S flow cytometer (Beckman, USA), and experimen-
tal data were analysed via FlowJo software.

Phalloidin staining

Different groups of the two cell lines were fixed with 4%
paraformaldehyde for 30 min, permeabilised with 0.2%
Triton X-100 for 5 min, stained with fluorescent phalloi-
din solution (Yeasen, Shanghai, China), incubated in the
dark for 30 min, and washed three times with PBS. The
cell nuclei were stained with 4/,6-diamidino-2-phenylin-
dole (DAPI, Servicebio, Wuhan, China) for 2 min. Images
were then captured under a fluorescence microscope
(Olympus, Japan).

Wound-healing assay

Cal27 or Tu686 cells were plated in 6-well plates and
incubated at 37 °C and 5% CO, until the bottom of the
well was completely covered with a single layer of cells,
and straight lines were generated with the tip of a 200 pl
pipette. Images of the scratch healing were taken at 0 h
and 48 h. The area of the scratch was measured and anal-
ysed via Image] software (1.54) to assess the degree of cell
migration.

Transwell assay

Matrigel was diluted at a ratio of 1:8 in serum-free
medium, applied to the transwell membrane, and incu-
bated at 37 °C for 1 h. After digestion and centrifugation,
5x1074 cells were resuspended in 200 pL of serum-free
medium and added to the transwell chamber. In the
lower chamber, medium supplemented with 20% FBS
was added, and the culture was continued for 72 h. The
transwell chamber was then removed, and nonmigrating
cells were discarded. The remaining cells were fixed with
4% paraformaldehyde, stained with 1% crystal violet, and
washed. After five different fields of view were examined,
the cells were counted via a microscope.
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RNA isolation and quantitative reverse transcription
polymerase chain reaction (QRT-PCR)

The cells treated with O pg/mL or 5 ug/mL PN were irra-
diated with a fixed power for 10 min and cultured for
2448 h, after which total RNA was extracted from the
cultured cells using TRIzol. The OD value at 260 nm
was measured to calculate the RNA concentration. Total
RNA (1 pg) was reverse transcribed via a reverse tran-
scriptase kit (Servicebio, Wuhan, China) according to
the manufacturer’s protocol. The resulting cDNA (20 ng)
was mixed with SYBR-Green Master Mix (Servicebio,
Wuhan, China) and amplified via PCR with the appropri-
ate primers.

Western blot (WB)

Cells treated with PN at 0 ug/mL and 5 pg/mL were irra-
diated in parallel for 10 min, cultured for 72 h, and lysed
in RIPA buffer (Servicebio, Wuhan, China). The protein
concentration was determined via a BCA protein assay
kit (Beyotime). The lysed proteins (20 pg/lane) were
separated by SDS-PAGE (10% gel) and then transferred
onto a 0.45 um PVDF membrane (Millipore, USA). The
membrane was blocked with rapid sealing solution (Ser-
vicebio, Wuhan, China) at room temperature for 15 min,
followed by three washes with 1x TBST for 10 min each.
The membrane was incubated with primary antibod-
ies against GAPDH, Bax, Bcl-2, E-ca, N-ca, vimentin,
ASK1, p-ASK1, JNK, p-JNK, c-Fos, and c-Jun at a dilu-
tion of 1:1000 overnight at 4 °C. On the second day, the
membrane was incubated with a goat anti-rabbit IgG sec-
ondary antibody at a dilution of 1:3000 for 1 h at room
temperature. Finally, the protein bands were visualised
via an enhanced chemiluminescence (ECL) imaging sys-
tem (ChemiDoc, Bio-Rad, Hercules, CA, USA). The grey
values of the bands were quantitatively measured via
Image J (version 1.54).

In vivo xenograft model

Twenty-five female BALB/c nude mice, aged 4 weeks and
weighing 16—18 g, were obtained from the Shulaibao Bio-
technology Company in Wuhan, China and housed in the
SPF animal room of the Animal Experiment Centre at the
People’s Hospital of Wuhan University. After one week
of adaptive feeding, 100 uL of Cal27 cells suspended in
PBS (1x1077/mL) were implanted subcutaneously in the
right dorsal region of each nude mouse, and the growth
of the xenograft was monitored every 2 days. When the
tumour volume reached approximately 100 mm3, the
nude mice were randomly divided into 5 groups (5 mice
per group): PBS as a control group (group a), PBS with
808 nm laser irradiation (group b, PBS+L), Dox with
808 nm laser irradiation (group c, Dox+L), PN with
808 nm laser irradiation (group d, PN+L), and PND with
808 nm laser irradiation (group e, PND+L).
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On Day 1, groups a-e were injected via the tail vein
with 100 pL of PBS and 100 pL of PBS with Dox (2 mg/
kg), PN (4 mg/kg), or PND (4 mg/kg), respectively.
Twenty-four hours after administration, groups b-e were
anaesthetised with gas, and the tumours were irradi-
ated locally with a fixed power laser at 4 W and 808 nm
for 10 min, which was repeated after a 1-day interval.
Tumour size and mouse weight were monitored every
two days. The tumour volume (TV) was calculated via
the formula TV (mm”3)=0.5 X a2 X b, where a is the
shortest diameter and b is the longest diameter. The
relative tumour volume (RTV) was calculated via the for-
mula RTV=V,/V,, where V is the initial tumour volume
and V, is the tumour volume on day t. The tumour inhi-
bition rate (TIR) was calculated via the formula TIR(%)
= (1 - RTVieated / RT Veoniro) X 100%, where RT V,,oateq iS
the relative tumour volume of the mice treated with vari-
ous drugs, and RTV_ ., is the relative tumour volume of
the mice in the blank control group. After 14 days, all the
nude mice were euthanised, and the tumours and major
organs (heart, liver, spleen, lung, and kidney) were imme-
diately excised from the mice.

Histopathological examination (HE)

Tumour and major organ sections were stained with hae-
matoxylin and eosin via a standard protocol. After dehy-
dration and clearing with ethanol and xylene, images
were captured via a microscope (Olympus, Japan).

Immunofluorescence (IF)

The protein levels in the tumour tissues were detected
via immunofluorescence. The tumour tissue sections
were deparaffinised and hydrated with a gradient of etha-
nol. After antigen retrieval, the sections were treated
with a 10% bovine serum albumin (BSA; Yamei, Shang-
hai, China) solution for 60 min. The sections were sub-
sequently incubated with primary antibody (1:800)
overnight. Then, the sections were incubated with a fluo-
rescent secondary antibody (1:500) in the dark. The cell
nuclei were then stained with DAPI (5 pg/mL).

Statistical analysis

Data with a normal distribution are presented as the
meanzstandard deviation (meanxSD). Comparisons
between groups for normally distributed quantitative
data were made via t tests or one-way ANOVA. All the
data were analysed and plotted via GraphPad Prism
10.1.2 software (GraphPad, USA). A p value of less than
0.05 was considered statistically significant. For each
experiment, when the p value was greater than 0.05, it
was indicated as ns; when the p value was less than 0.05,
it was indicated as *; when it was less than 0.01, it was
indicated as **; when it was less than 0.001, it was indi-
cated as ***; and when it was less than 0.0001, it was

Page 5 of 17

indicated as ****. For the in vitro experiments, compared
with PBS+L group, #p<0.001. Compared with PN+L
group, +p<0.001, "p>0.05.

Results

PN and PND inhibited the proliferation of HNSCC cells

The chemical structures of PN and PND are shown in
Fig. 1A. We evaluated the effects of PN and PND on
cell proliferation through CCK-8 and colony formation
assays.

Firstly, to explore whether the combination treatment
of the two drugs plus phototherapy has a synergistic or
antagonistic effect, according to the combination index
formula, we calculated the IC50 values of PND+L,
PN+L, and Dox+L on two HNSCC cell lines after 48 h
of treatment, as shown in Fig. 1B-C. The calculated com-
bination indices of Cal27 and Tu686 cells were 0.571
and 0.837, respectively, which were less than 1, confirm-
ing the synergistic effect of PN+L and Dox+L added to
PND+L.

Furthermore, the experimental results showed that the
IC50 values of PN+L treatment group in Cal27 cells and
Tu686 cells were 5.04 and 4.032, respectively, so the sub-
sequent PN working concentration was selected as 5 pg/
mL. Based on previous experiments, the fixed ratio of PN
and Dox in PND was set to 2:1. With the PN concentra-
tion fixed to 5 pg/mL, the Dox concentration in PND was
selected to 2.5 pg/mL, so the Dox concentration used
alone was also 2.5 pg/mL. The IC50 values of the CDDP
group in cal27 cells and Tu686 cells was 4.923 and 4.76,
respectively, so the subsequent working concentration of
the CDDP group was determined to be 5pM.

In addition, to assess the effects of Dox+L, PN+L,
PND+L, and CDDP on healthy cells, HOK cell line (nor-
mal oral epithelial keratinocytes) was used for supple-
mentary CCK8 assay. The time gradients (24,48 h) and
concentration gradients were set to calculate the cell
survival rate, as shown in Fig. 1D-G. Our experimental
results revealed that the PN+L had the least effect on
the vitality of HOK cells, whereas the Dox+L and CDDP
group were more toxic to normal cells. Notably, at the
same concentration of Dox, the PND+L group demon-
strated a markedly lower toxicity to HOK cells than that
of Dox+L group, which could play a role in reducing the
toxic side effects of Dox.

In the two HNSCC cell lines, CCK8 assays were con-
ducted on eight treatment groups to record the OD val-
ues and perform statistical analysis among the groups
(Fig. 1H-I). Compared with the control cells, the cells
treated with NIR irradiation alone did not significantly
inhibit proliferation in either HNSCC cell line. There was
no significant difference in cell proliferation between the
Dox group and the Dox+L group. However, compared
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Fig. 1 PN and PND inhibited the proliferation of HNSCC cell. A 2D structures of PN and PND. B-C Cal27 and Tu686 cells were treated with various con-
centrations of Dox+L, PN+L, PND+L, CDDP for 48 h, and then cell viability was assessed using the CCK-8 assay. D-G HOK cells were treated with various
concentrations of Dox+L, PN+L, PND+L, CDDP for 24 h and 48 h, and then cell viability were assessed using the CCK-8 assay. H-1 Cal27 and Tu686 cells
were divided into eight groups and treated for 24 h, 48 h, and 72 h, and then OD values was assessed using the CCK-8 assay. J-L The colony formation
assay was was used to detect the colony formation of Cal27 and Tu686 cells in different treatment groups. Colony numbers were quantified. *p <0.05,
**p<0.01, ***p<0.001, ****p <0.0001. Compared to PBS+L group: #p < 0.001. Compared to PN +L group: +p <0.001, p>0.05. All data are shown as the

mean + SD from three independent experiments

with the PN group, the PN+L group presented a more
significant inhibitory effect on HNSCC cell proliferation.
The colony formation assay revealed that, compared
with drug treatment or single NIR irradiation, PND+L
significantly hindered the colony formation ability of
HNSCC cells (Fig. 1J-L). In Cal27 cells, there was no dif-
ference in colony formation ability between PND+L and
PN+L, possibly due to the strong inhibitory effect of
PN+L, and the inhibited colony formation ability after
combination drug treatment did not significantly differ;
however, in Tu686 cells, there was a significant difference
in the inhibition rate between the PND+L group and the
PN+L group. In summary, the experimental results indi-
cated that photothermal chemotherapy, i.e., the PND+L
treatment group used in this study, had a strong syner-
gistic effect on the inhibition of tumour cell aggregation.

PN and PND induced the apoptosis of HNSCC cells

Cell proliferation is reported to be closely intrinsically
linked to cell cycle progression [29]. To gain a deeper
understanding of the effects of two new types of nano-
drugs on the proliferation of HNSCC, we measured the
fluorescence intensity of the PI-DNA complex within
cells via FlowJo software to calculate the cell cycle distri-
bution (Fig. 2A-C). After the addition of NIR irradiation,
there was no significant difference in the cell cycle distri-
bution between the PN+L group and the PN-only group.
Compared with the blank control group, the Dox and
PND groups presented clear arrest at the G2/M phase,
and the proportion of cells arrested at the G2/M phase
remained greater than that of the PBS+L group even
after the addition of NIR irradiation.

Next, we used flow cytometry to assess the impact of
different treatment combined with NIR irradiation on
the apoptosis of HNSCC cells (Fig. 2D-F). The cells were
double-stained with FITC-annexin V/PI, and data analy-
sis was performed via Flow]Jo software. The total apopto-
sis rate was calculated as the sum of the percentages of
FITC-positive cells (FITC+). Our study revealed that, in
Cal27 and Tu686 cells, there was no significant differ-
ence in the rate of apoptosis between the PBS group and
Dox group and their respective laser-irradiated groups
(PBS+L and Dox+L). However, compared with the PN
group, the PN+L group presented a significant increase
in cell apoptosis. Furthermore, compared with the PND
group, the PND+L group exhibited a significantly greater
rate of cell apoptosis. In both types of HNSCC cells, the

apoptosis rate in the PND+L group was significantly
greater than that in the PN+L group, which is consis-
tent with the results of the CCK-8 and colony formation
assays.

This study subsequently used qRT-PCR and WB detec-
tion to assess the mRNA and protein levels of apoptosis-
related genes (Fig. 2G-I, Fig S1 A-B). Compared with
that in the PBS+L group, the expression of the proapop-
totic Bax mRNA and protein was significantly increased,
whereas the expression of the antiapoptotic Bcl-2 mRNA
and protein was significantly reduced in the PN +L group.

PN and PND inhibited the migration, invasion and EMT
ability of HNSCC cells

To assess the impact of PN and PND on cell migration,
invasion and epithelial-mesenchymal transition (EMT)
ability, phalloidin staining was conducted for cytoskel-
eton, wound healing, and transwell assays. The selected
concentrations of PN and PND (1 pg/mL) induced less
than 20% inhibition of HNSCC cell proliferation, mini-
mising the potential confounding effects of proliferation
inhibition on migration and invasion.

Phalloidin staining was used to detect skeletal changes
in HNSCC cells after treatment with Dox, PN, PND, or
NIR (Fig. 3A). Compared with untreated control cells,
cells treated with NIR alone presented minimal morpho-
logical changes. The cytoskeletal structures of Cal27 and
Tu686 cells, including cell lamellipodia and stress fibres,
were reduced to varying degrees after treatment with
various drugs with or without NIR. In both cell lines,
the PND+L group presented the most epithelial-like cell
morphology, with fewer surrounding pseudopodia, sug-
gesting that the PND +L group had the weakest ability to
migrate and infiltrate the surroundings.

To further evaluate the occurrence of EMT, we con-
ducted a scratch test to assess cell migration (Fig. 3B-C).
In the Cal27 and Tu686 cell lines, there was no signifi-
cant difference in the cell migration rate between the
PBS+L group and the PBS group. Similarly, there was
no significant difference in the migration rate between
the Dox group and the Dox+L group. In contrast, in the
PN+L group, the HNSCC cell migration rate was signifi-
cantly lower than that in the PN group. In the Tu686 cell
line, the PND+L group clearly inhibited migration com-
pared with the PND-only group, whereas in the Cal27
cell line, there was no significant difference in the migra-
tion rate between the PND and PND+L groups, possibly
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because of the strong baseline inhibitory effect of PND
on cell migration, making the effect of adding NIR sta-
tistically insignificant. Furthermore, compared with the
PBS+L group, the PN+L group presented obviously
limited migration, and the PND+L group presented the
most significant migration inhibition in both HNSCC cell
lines. The invasive ability of the cells was further assessed

via the Matrigel invasion assay, and the results were con-
sistent with those of the wound healing test (Fig. 3D-E).
To understand the underlying mechanism of the inhibi-
tory effect of PN on HNSCC cell migration and invasion,
we studied its impact on EMT (Fig. 3F-H, Fig S1 C-D).
In both Cal27 and Tu686 cells, after treatment with
PN+L, the expression of the epithelial marker E-ca at the
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mRNA and protein levels increased, whereas the expres-
sion of the mesenchymal markers N-ca and vimentin sig-
nificantly decreased compared with that in the PBS+L

group.

PN induced apoptosis and inhibited proliferation and EMT
ability via the JNK pathway

A previous study clearly established the pivotal role of
the JNK signalling pathway in drug-induced cell prolifer-
ation, apoptosis, and EMT [30]. To elucidate the precise
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mechanism by which PN+L affects HNSCC cells, we
examined the expression levels of key proteins in the JNK
signalling cascade. In Cal27 and Tu686 cells, treatment
with PN+L significantly increased the levels of p-ASK1,
p-JNK, c-Jun, and c-Fos without altering the total protein
levels of ASK1 and JNK (Fig. 4A-B).

In subsequent experiments, to confirm these findings
and explore the specificity of the mechanism, we treated
HNSCC cells with the specific JNK inhibitor SP600125
for rescue experiments. Protein immunoblotting analysis
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revealed that SP600125 (0.5 uM) significantly decreased
the levels of p-JNK and the downstream pathway pro-
teins c-Fos and c-Jun in HNSCC cells treated with
PBS+L or PN+L (Fig. 4C-D). We subsequently investi-
gated the impact of inhibiting JNK on the phenotypic
changes induced by PN +L in HNSCC cells. Using CCK-8
and colony formation assays, we observed that SP600125
partially mitigated the inhibitory effects of PN+L on
the proliferation and colony formation of HNSCC cells
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(Fig. 4E-G). Flow cytometry analysis revealed that, com-
pared with treatment with PN+L alone, cotreatment
with SP600125 significantly reduced the apoptosis rate
of HNSCC cells (Fig. 5A-B). Furthermore, SP600125 par-
tially counteracted the inhibitory effect of PN+L on the
migratory ability of HNSCC cells (Fig. 5C-D). Protein
immunoblotting analysis revealed that SP600125 partially
reversed the changes in the protein levels of Bax, Bcl-2,
E-ca, N-ca, and vimentin induced by PN +L. (Fig. 5E-G).
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PN and PND exerted antitumour effect on HNSCC in vivo
On the basis of the findings from our cellular experi-
ments, we used a nude mouse xenograft tumour model to
further investigate the in vivo biological effects of PN and
PND. Figure 6A displays the animal experimental proce-
dure. Over time, there were no significant differences in
the body weights of the tumour-bearing mice in all the
groups or in the histological morphology of important
organs in the four drug-treated groups, indicating that
the therapeutic intervention was well tolerated (Fig. 6B
and G). After completing the 14-day treatment regimen,
the tumour growth in the blank control group and the
NIR treatment group was rapid, whereas the tumour pro-
gression in the other three groups significantly slowed,
with the PND+L group showing the most pronounced
reduction (Fig. 6C). Compared with the tumour volume
at the end of the study in the blank control group, the
TIRs for the Dox+L, PN+L, and PND+L groups were
65.37%, 79.28%, and 90.62%, respectively (Fig. 6D).

Posttreatment necropsy and subsequent tumour weight
measurements revealed that the average tumour weights
for the PBS, PBS+L, Dox+L, PN+L, and PND+L groups
were 0.372 g, 0.306 g, 0.172 g, 0.112 g, and 0.054 g,
respectively (Fig. 6E-F). Among them, the PND+L group
had the least massive tumours, coupled with the most
massive TIR, indicating that this group had the best
therapeutic effect, once again confirming the superior
synergistic effect of PND-mediated chemo-photothermal
therapy.

Furthermore, the expression levels of proteins related
to apoptosis, EMT, and the JNK signalling pathway in
animal tumour tissues were detected via IF. The results
revealed that the expression of Bax, E-ca, p-Askl, p-JNK,
c-Fos, and c-Jun increased to varying degrees, whereas
the expression of Bcl-2, N-ca, and vimentin decreased.
These changes were consistent with the mRNA and pro-
tein expression data from the in vitro experiments. These
findings confirmed that PN+L intervention, through
the JNK signalling pathway, delayed the progression of
HNSCC both in vivo and in vitro (Fig. 6H-I).

Discussion

Currently, the conventional treatment for locally
advanced HNSCC patients often employs a combination
of surgery, radiotherapy, and chemotherapy, but typically,
only approximately 50% of patients experience significant
therapeutic effects [31]. In recent years, advancements
in anticancer drug therapies have been rapid, with their
importance increasing annually [32]. However, since
effective treatment outcomes usually require high doses
of drugs, monotherapy inevitably leads to noticeable sys-
temic side effects. Therefore, developing drugs with dual
antitumour effects and synergistic nanotherapy systems
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to achieve high therapeutic efficiency and minimal side
effects may be a potential solution to this problem [33].

The combination of chemotherapy and photothermal
therapy, which is characterised by noninvasiveness, pre-
cise spatiotemporal control, and low toxicity, offers sig-
nificant advantages and has encouraged the research and
development of multimodal nanomedical approaches
[10]. Research by Wan et al. [34] has shown that charge-
reversal polymeric nanoparticles (MPPD@IR825/DTX
NPs) serve as an effective platform for synergistic che-
mophotothermal therapy, with markedly improved effi-
cacy and fewer toxic side effects than monotherapies of
chemotherapy or photothermal therapy. However, tra-
ditional organic fluorophores have fatal limitations in
terms of aggregation-caused quenching (ACQ) effects
[35]. In contrast, AIE fluorophores exhibit outstanding
advantages, such as high emission intensity in aggregated
states, large Stokes shifts, remarkable photostability, and
high in vivo on-off capability, providing a viable alterna-
tive for constructing synergistic therapies [36].

PN and PND, the novel materials used in this study,
have been validated for their therapeutic efficacy in 4T1
breast cancer cells and a mouse model of orthotopic
breast cancer [27]. However, the potential of PN and
PND as novel anticancer drugs for HNSCC treatment
has not been reported. On the basis of these findings, the
present study investigated their effects on HNSCC pro-
liferation, apoptosis, and metastatic phenotypes through
in vitro and in vivo models. The results of this study con-
firmed that the efficacy of PN with or without light expo-
sure significantly differed in terms of cell proliferation,
apoptosis, invasion, migration, and EMT phenotypes,
indicating that PN, as a new type of nanomaterial, must
exert its anticancer effects through photothermal therapy
after NIR treatment. Moreover, PND, which is a func-
tionalised nanogel based on AIE, effectively integrates
the chemotherapeutic drug Dox, thereby synergistically
producing effective chemothermal therapy and complete
tumour ablation, with significantly superior anticancer
efficacy compared with PN combined with NIR treat-
ment alone. Furthermore, at the same Dox concentration,
PND+L group has less toxicity to normal oral epithelial
cells.The reason may be that PND is required to trigger
a burst release of Dox at low pH to induce cell death.
The pH value in the environment of normal oral epithe-
lial cells is higher than that in the tumour microenviron-
ment, resulting in a low Dox release efficiency.

The Bax/Bcl-2 apoptotic signalling pathway, as a regu-
lator of cell apoptosis and survival, is associated with
the occurrence and development of many diseases,
where the Bcl-2 family plays a key role in promoting or
inhibiting the intrinsic apoptotic pathway triggered by
mitochondrial dysfunction [37, 38]. Bax is a key execu-
tor of the mitochondrial regulation of cell death, and
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its increased expression can increase the sensitivity of
tumour cells to apoptosis [39]. During the course of this
study, we observed an increase in the rate of cell apop-
tosis after treatment with PN+L and PND+L, with the
proapoptotic effect of PND+L being more pronounced.
The results from WB and PCR indicated that after PN+L
treatment, the expression levels of Bax and the Bax/
Bcl-2 ratio significantly increased, whereas the expres-
sion of Bcl-2 significantly decreased, compared with that
of NIR alone in both HNSCC cell types. These molecu-
lar changes were further validated in a xenograft tumour
model: the changes in the expression levels of Bax and
Bcl-2 after PN+L treatment were consistent with the
results of the in vitro experiments. These results confirm
that PN, after NIR treatment, regulates Bax/Bcl-2 apop-
totic signalling to promote apoptosis in HNSCC.
HNSCC is an aggressive cancer with strong invasive
and metastatic capabilities. One of the key pathways
for tumour cell migration and invasion is EMT, which
is characterised by the transition of epithelial cells to
a mesenchymal phenotype, enhancing cell migration
and invasion capabilities [40]. Changes in cell adhesion
junctions are considered one of the hallmarks of can-
cer invasion and progression [41]. In epithelial malig-
nancies, especially squamous cell carcinomas, the main
component of these adhesion molecules is E-ca [42].
Phalloidin, which tightly binds to filamentous actin, can
be used to reveal the cytoskeletal structure [43]. This
study revealed through phalloidin experiments that after
various drug treatments, the Cal27 and Tu686 cell mor-
phologies tended to favour epithelial cells, with inhibited
EMT capabilities. Scratch and invasion assays revealed
that after NIR treatment with PN and PND, cell migra-
tion and invasion were significantly inhibited, with the
PND+L group showing a significantly greater inhibition
rate than PN+L or the traditional chemotherapeutic
drug Dox. The PCR and WB results revealed a significant
increase in the expression of the epithelial marker E-ca,
whereas the expression of mesenchymal markers, includ-
ing N-ca and vimentin, decreased. The IF staining of
the xenograft tumours indicated that the changes in the
expression of the aforementioned EMT-related proteins
in the PN+L group were consistent with the findings of
the in vitro experiments, with a marked increase in epi-
thelial cell marker expression and a significant decrease
in mesenchymal phenotype marker expression. This
series of experiments demonstrated that PN+L inhibits
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the migration and invasion of HNSCC cells, with the
underlying mechanism being the suppression of EMT.

The JNK signalling pathway has dual roles in different
types of cancer [44]. The JNK pathway is disrupted by
various factors, such as cytokines, growth factors, reac-
tive oxygen species (ROS), pathogens, and drugs, thereby
affecting a series of cellular activities. In HNSCC, the
JNK pathway has been shown to act alone or in synergy
with other MAPK pathways to exert either oncogenic or
tumour-suppressive effects [45—-48]. In this study, PCR
and WB results revealed that PN+L activates the JTNK
pathway by promoting the phosphorylation of ASKI,
which subsequently activates its downstream target
proteins c-Fos and c-Jun. These transcription factors
are involved in regulating different cellular responses,
such as the proliferation, apoptosis, and EMT processes
investigated in this study, thereby delaying the malig-
nant progression of HNSCC. To confirm this finding and
explore the specificity of the JNK pathway, we conducted
rescue experiments using the JNK inhibitor SP600125.
The results showed that SP600125 partially negated the
inhibitory effects of PN+L on HNSCC cell proliferation,
migration, and invasion; partially inhibited the proapop-
totic effects induced by PN+L; and mitigated the impact
of PN+L on tumour cell EMT. These results collectively
confirm that PN+L specifically and effectively treats
HNSCC through the JNK signalling pathway (Fig. 7).

However, this study also has several limitations. Firstly,
this study used only two HNSCC cell lines to verify
the effects of PN and PND in vitro. In the future, more
HNSCC cell lines could be used to fully validate the anti-
cancer efficacy of the new nanomaterials PN and PND.
Secondly, we will conduct animal experiments to inves-
tigate the difference in efficacy and toxicity between the
novel photochemotherapy dual-functional drug delivery
nanosystem and the HNSCC gold standard treatment
(CDDP). Additionally, in order to adapt to the needs of
preclinical research of drugs in the future, more xeno-
graft and metastatic tumour models will be studied to
determine the efficacy and targeting characteristics of
this drug against head and neck tumours. Lastly, from a
mechanistic perspective, we focused only on the impact
of PN+L on the JNK signalling pathway, but the specific
mechanism of the more efficacious photochemotherapy
dual system PND+L was not elucidated in this study.
These issues warrant further research in the future.
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Conclusion

In summary, our study revealed that the PN+L and
PND+L treatments significantly inhibited the prolif-
eration, metastatic and EMT capabilities of HNSCC
while inducing cell apoptosis. The therapeutic effect of
PND+L was markedly stronger than that of PN+L. Our
research also revealed that PN+L promotes the apopto-
sis of HNSCC cells by activating the JNK signalling path-
way. The combination of photochemotherapy, namely,
PND+L, shows greater efficacy in inhibiting tumour

growth and holds promise as a new potential therapeutic
approach for HNSCC.
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