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Cancer is a grave threat to human life and well-being today. Photothermal therapy, a non-invasive
method that converts light energy into heat energy to eliminate tumor cells, has emerged as a
promising approach. In this study, bismuth nanosheets were utilized as photothermal agents, while
5-fluorouracil and metformin served as model drugs. By designing a temperature-sensitive liposome
(BiNSs/Met/5-FU@TSL) that encapsulates bismuth nanosheets, a multifunctional drug delivery system
was developed, combining photothermal therapy with synergistic chemotherapy for enhanced anti-
tumor effects. Through transmission electron microscopy, it was confirmed that bismuthene nanosheets
were successfully encapsulated in stable and uniformly spherical liposomes. Photothermal performance
tests demonstrated the system’s effectiveness and stability in generating heat. In vitro release
experiments further confirmed the thermosensitive liposomes’ responsiveness to photothermal stimuli.
Both in vitro and in vivo studies showcased the system’s excellent anti-tumor effects and the safety of
the blank carriers. This research presents a novel concept, providing insights into the combination of
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1. Introduction

Cancer, being one of the primary causes of mortality worldwide,
poses a severe and imminent threat to human existence. Con-
ventional treatment modalities, such as surgical resection, radio-
therapy, and chemotherapy, have been employed; however, they
are associated with numerous limitations, including contraindi-
cations and severe adverse reactions. As a result, these tradi-
tional approaches often fall short in significantly enhancing the
quality of life of cancer patients.' Hence, there arises an urgent
need for a broad spectrum of treatments that offer reduced
adverse reactions while effectively combating the disease.
Phototherapy, specifically photothermal therapy (PTT), is an
emerging and promising approach for tumor treatment. PTT
utilizes a photothermal agent (PTA) to convert light energy into
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tumor photothermal therapy with chemotherapy, opening new avenues for effective cancer treatment.

heat energy,* effectively eradicating tumor cells when exposed to
external light sources, such as near-infrared (NIR) radiation.>™
This treatment modality offers several advantages,'® including
non-invasiveness, minimal adverse reactions, and high specifi-
city, making it a highly attractive avenue for advancing tumor
therapies with substantial potential for development.'*™?

The scattering and absorption of near-infrared light within
the tumor site pose challenges for the complete eradication of
tumor cells through standalone photothermal therapy.'*™°
Therefore, combining photothermal therapy with chemotherapy
has emerged as a promising approach for tumor treatment.>* %,
This integration not only leverages the respective advantages of
both modalities but also overcomes the limitations associated
with individual treatments. Furthermore, this combination
approach enhances the efficacy of tumor treatment, improves
long-term prognoses, and reduces drug-related side effects.
Under external laser irradiation, the photothermal agent induces
a localized increase in the temperature of the tumor tissue,>°
facilitating the release of chemotherapeutic drugs from the
carrier system and promoting their uptake by tumor cells.

Recent studies have highlighted the immense potential of
two-dimensional nanomaterials in the field of tumor treat-
ment, particularly in photothermal therapy and the combi-
nation of photothermal therapy with chemotherapy. Two-
dimensional nanomaterials possess unique nanostructures

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and exceptional physical and chemical properties, making them
highly promising for biomedical applications. Among these mate-
rials, bismuthene nanosheets stand out due to their low toxicity
and cost-effectiveness.®® However, there is currently limited
research on the utilization of bismuthene nanosheets in biomedi-
cine. In this study, we focused on the preparation of bismuthene
nanosheets (BiNSs) and the self-assembly of thermosensitive
liposomes with small molecule anticancer drugs, namely
5-fluorouracil (5-FU) and metformin (Met).*** Our objective was
to explore the application of this novel system in cancer treatment,
specifically by harnessing its potential in photothermal and photo-
catalytic therapies,*® as well as chemotherapy. By combining
these modalities, we aimed to develop a multifunctional approach
with enhanced therapeutic efficacy for the treatment of cancer.*”

Temperature-sensitive liposomes (TSL) hold great promise
as anti-tumor drug carriers by effectively leveraging the dual
benefits of liposomes and temperature sensitivity to enhance
therapeutic efficacy and minimize adverse reactions.®® As an
emerging drug delivery system, thermosensitive liposomes offer
the following advantages: they can encapsulate both hydrophilic
and hydrophobic drugs, and modified TSLs enable targeted drug
delivery to specific sites. By modulating the local temperature at
the tumor site, the drug can be rapidly released at the desired
location, thereby improving bioavailability, reducing adverse
drug reactions, and mitigating drug resistance.***°

Building upon these findings, we developed a multifunctional
drug delivery system for anti-tumor therapy by preparing a thermo-
sensitive liposome encapsulating BiNSs, Met, and 5-FU (BiNSs/Met/
5-FU@TSL) to combine chemo-PTT treatments for colorectal cancer.
The bismuth nanosheets served as the photothermal agent, and 5-
FU is one of the firstline therapy for colon cancer, so it is the
preferred drug while Met can inhibit the growth of cancer cells, so
when it combined with 5-FU, it can play a synergistic role in
chemotherapy, which can not only reduce the dosage of chemother-
apy drugs, but also increase the sensitivity of chemotherapy. More-
over, 5-FU/Met can also effectively reduced the expression of HSPs
and solved the problem of general effect of single photothermal
therapy. However, since BiNSs are inherently unstable and we expect
Met and 5-FU to be effective at the tumor site, we need to
encapsulate them with a stable and targetable vector. Therefore,
we chose to synthesize a thermosensitive liposome to promote the
penetration of drugs in the tumor site, accelerate the release of 5-FU
and Met, and improve the sensitivity of tumor cells to chemotherapy
while realizing photothermal therapy. Both in vitro and in vivo
experiments showed that the preparation had good photothermal
conversion efficiency and could synergistically inhibit tumor
growth. This integrated system combines photothermal therapy
with chemotherapy, leveraging the unique properties of bismuth
nanosheets, to achieve an efficient and synergistic anti-tumor effect.

2. Materials and methods
2.1. Material

Bismuth powder, 5-fluorouracil, metformin, DIR fluorescent dye,
CCK-8 reagent (Shanghai Aladdin Biochemical Technology);
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DPPC, DSPE-PEG,q, (Aiweituo Pharmaceutical Technology); cho-
lesterol (Shanghai Bailingwei Chemical Technology); HT29 cells,
DMEM high glucose medium (Jiangsu Kaiji Biotechnology); PBS
buffer (Hangzhou Jinuo Biomedical Technology); DAPI staining
reagent (Sigma); 4% paraformaldehyde tissue fixative (white shark
biotechnology company).

2.2. Preparation of BiNSs and BiNSs/Met/5-FU@TSL

2.2.1. Preparation of BiNSs. 300 mg bismuth powder was
weighed in 60 mL ethanol, and ultrasound was performed with a
cell disruptor for 8 h under ice bath. The power was 500 W, and
the ultrasonic switching period was 2 s/2 s. After ultrasonication,
the obtained black suspension was transferred to a 50 mL
centrifuge tube, centrifuged at 12000 rpm for 30 min to remove
the ethanol in the supernatant, and added an appropriate amount
of deionized water to re-suspend the bismuth powder. After that, it
was frozen in a refrigerator at —80 °C overnight. The next day, after
thawing, the supernatant was removed by centrifugation at 12 000
rpm for 30 min, and 60 mL of anhydrous ethanol was added to
continue the ultrasound for 8 h. After centrifugation at 3000 rpm
for 10 min, the large unpeeled bismuth powder was removed. The
supernatant was centrifuged at 12000 rpm for 30 min, and the
black precipitate at the bottom of the tube was collected and
repeatedly washed with deionized water and centrifuged three
times (centrifuged at 0 °C to prevent BiNSs from oxidation in
water). The remaining bismuth nanosheets were dispersed in
deoxygenated deionized water and freeze-dried to obtain BiNSs
black powder, which was stored in a refrigerator at 4 °C.

2.2.2. Preparation of BiNSs/Met/5-FU@TSL. Liposomes
were prepared by reverse phase evaporation method. Precise
weighing DPPC, cholesterol and DSPE-PEG,,, (DPPC: choles-
terol : DSPE-PEG,p9p = 86:10:4) were placed in a 50 mL
eggplant-shaped bottle and dissolved in 4 mL CHCl;. 3.9 mg
Met and 3.9 mg 5-FU were accurately weighed and dissolved in
2 mL of water (pH 4.0), ultrasonically dissolved for 15 min to
complete dissolution, and 500 pL of appropriate concentration
of BiNSs solution was added. The water phase was slowly
dropped into the eggplant-shaped bottle at a control speed of
1 mL min~ ", and the organic phase and the water phase were fully
mixed after vortexing for 3 min. The uniform and stable W/O
emulsion was formed by ultrasonication in the water bath and
allowed to stand for 30 s without stratification. The organic solvent
was removed by rotary evaporation at 55 °C, so that the emulsion
formed a gel on the wall of the bottle, and then continued rotary
evaporation until the gel fell off to obtain a uniform liposome
suspension. After the suspension was adjusted to an appropriate
concentration by adding distilled water, it was hydrated in a water
bath at 55 °C for 15 min. The liposome suspension was sonicated
with a cell disruptor for 20 min, the power was 35%, and the
ultrasonic switching cycle was 2 s/3 s. Then the liposomes were
successively squeezed through 0.45 pm and 0.22 pm filters for 5
times to obtain the target product BiNSs/Met/5-FU@TSL.

2.3. Characterization of BiNSs and BiNSs/Met/5-FU@TSL

2.3.1. TEM. BiNSs and BiNSs/Met/5-FU@TSL were pre-
pared according to 2.2.1 and 2.2.2 methods. The BiNSs
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suspension was obtained by adding deoxygenated deionized water
to the black powder of BiNSs and ultrasonic for 1 h. 10 pL
suspended droplets were collected on a carbon-coated copper
mesh and dried under an infrared lamp. The prepared samples
were put into TEM to observe the microscopic characteristics. The
preparation of BiNSs/Met/5-FU@TSL sample is the same as above.

2.3.2. Particle size and zeta potential. BiNSs and BiNSs/
Met/5-FU@TSL were prepared by 2.2.1. and 2.2.2. The BiNSs black
powder was re-suspended with deionized water and ultrasonically
dispersed. The particle size distribution and zeta potential of the
samples were measured by a particle size analyzer.

2.4. Proportion screening and encapsulation efficiency

BiNSs/Met/5-FU@TSL was prepared and the drug loading of
different drug-lipid ratios (0.07, 0.1, 0.15) was investigated to
screen out the optimal ratio of BiNSs/Met/5-FU@TSL drug
loading system.

Free drugs were separated by ultrafiltration centrifugation.
1 mL of the prepared drug-loaded liposomes were taken into
the ultrafiltration tube, centrifuged at 4000 rpm for 30 min,
1 mL of deionized water was added to the tube, and centrifuged
for 30 min. The filtrate in the tube was collected to determine
the free drug content. 1 mL of drug-loaded liposome was placed
in an ultrafiltration tube, and 1 mL of methanol was added for
ultrasonic demulsification for 30 min. After centrifugation at
4000 rpm for 30 min, the filtrate was taken to determine the
total content of the drug, the encapsulation efficiency was
calculated according to formula (1):

m Lip

Encapsulation rate(%) =
MLip + MFree

x 100% (1)

myp: encapsulated drug amount of liposome; mpy.: free drugs
volume.

2.5. Invitro release study

2.5.1. Study on in vitro release of thermosensitive lipo-
somes at different temperatures. The amount of BiNSs/Met/5-
FU@TSL 1 mL was added to the dialysis bag (molecular weight
cut-off: 6-8 kDa) and placed in a 50 mL centrifuge tube, and a
release medium of 25 mL was added. Six groups of experiments
were set at 37, 38, 39, 40, 41 and 42 °C, the rotation speed was
100 rpm. At 24 h, taking 1 mL of dialysate outside the bag to
determine the content of Met and 5-FU, and the drug release
rate was calculated.

2.5.2. Study on time-dependent in vitro release of thermo-
sensitive liposomes. Other operations were the same as 2.5.1.
The shaker temperature was set at 37 and 42 °C, and the
rotation speed was 100 rpm. 1 mL samples were taken at 0.5,
1, 2, 4, 6, 12 and 24 h, respectively. After each sampling, the
isothermal and the same volume of release medium was
supplemented. The contents of Met and 5-FU in the sample
solution were determined, the cumulative release rate was
calculated according to formula (2):

xV

Total

Cumulative release rate(%) =

x100%  (2)
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C: drug concentration (mg mL™"); V: volume of release medium
(mL); Wrrorar: total drugs (mg).

2.6. Photothermal performance test

2.6.1. Photothermal conversion test. In order to determine
the photothermal performance of BiNSs/Met/5-FU@TSL, an
808 nm laser was selected as the near-infrared laser light source
to irradiate the sample for 10 min. The temperature change
of the sample was detected by a thermal imager, and the
temperature of the sample was recorded every 30 s. The photo-
thermal curve was drawn with time as abscissa and tempera-
ture as ordinate.

Firstly, the photothermal curves of different concentrations
of BiNSs/Met/5-FU@TSL suspension (0, 25, 50, 100 pg mL ")
under near-infrared light intensity of 1.0 W em ™~ for 10 min were
determined. Then, the concentration of BiNSs/Met/5-FU@TSL
suspension was fixed at 100 pug mL ", and the photothermal
curves at different powers (0.5, 1.0, 1.5 W cm™ ) were drawn.

2.6.2. Photothermal stability test. In order to verify the
photothermal stability of BiNSs/Met/5-FU@TSL, the ‘“‘on/off
cycle”” experiment of near-infrared light irradiation was carried
out. 1 mL BiNSs/Met/5-FU@TSL suspension with a concen-
tration of 100 pg mL ™" was taken, and a laser with a wavelength
of 808 nm and a power intensity of 1.0 W cm ™2 was selected as
the near-infrared light source. Irradiate for 10 min, turn off the
laser, and wait for the sample to cool naturally as a cycle, using
a thermal imager to record the temperature every 1 min. Repeat
5 times, with temperature as the ordinate and time as the
abscissa to draw the curve of temperature changing with time.

2.7. Calculation for photothermal conversion efficiency

In the photothermal therapy of cancer, the photothermal con-
version efficiency (n) is an important parameter used to evalu-
ate the conversion of light energy into heat energy by
photothermal materials and increase the temperature at the
tumor site. The Roper method was used to calculate the
photothermal efficiency of BiNS when the concentration of
BiNS was 100 pg mL™' and the near-infrared power was
1.0 W cm ™% The specific operation was as follows: 10 g of
BiNSs/Met/5-FU@TSL suspension with BiNS concentration of
100 pg mL ™! was placed in a centrifuge tube, and the center
of the suspension was irradiated with an 808 nm near-infrared
laser for 10 min and then naturally cooled to room tempera-
ture. Infrared thermography was used to record the tempera-
ture during irradiation and cooling, and the curve of
temperature change with time was plotted with time and
temperature as coordinates.

Following Roper’s report, the n was calculated using eqn (3)

_ /’lS(TmaX — Tsur) - Qdiss (3)
1(1 — IO*AX()S)

where £, S and Qq;ss are heat transfer coefficient, irradiated area
and the baseline energy inputted by the sample cell, T,.x and
Tsur are the highest temperature of system and the temperature
of surrounding, I and Aggg are the power density and absorption
at 808 nm respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.8. In vitro biocompatibility

This experiment evaluated the cytotoxicity of the unloaded
nanosheets BINS@TSL and investigated its biocompatibility
by using the Cell Counting Kit-8 (CCK-8) method. The method
was as follows: HT29 cells were seeded into 96-wells cell culture
plates at a density of 5 x 10 per well, and then the 96-wells
plates were incubated in a constant temperature incubator for
24 h. After removing the stale medium with a disposable
pipette, 100 pL of BiINS@TSL medium diluted with DMEM
medium was added to each well, and the final concentrations
of BiNS@TSL were 5, 10, 25, 50, and 100 pL, and 5 wells were
added for each concentration; the blank group was selected as
the wells without cells, added the same volume of fresh DMEM
medium. After 24 h of incubation in a constant temperature
incubator, 10 pL of CCK-8 solution was added to each well, and
the incubation was continued for 2 h in a constant temperature
incubator. Finally, the absorbance of each well at 450 nm
excitation wavelength was measured using an enzyme-linked
immunosorbent assay (ELISA) reader. The replicate wells with-
out cell culture medium were selected as the blank group, and
the replicate wells without BINS@TSL treatment were selected
as the control group, and the cell viability of each experimental
group was calculated. The cell viability was calculated accord-
ing to the formula (4):

ODexperiment - ODblank
ODcomrol - O]:)blank

Cell viability(%) = x 100% (4)

2.9. Synergistic effect of Met combined with 5-FU

CCK-8 assay was used to detect the inhibitory effects of 5-FU and
Met alone or in combination on cell proliferation. CompuSyn was
used to analyze the data. CompuSyn is the third generation of drug
combination effect developed for Chou-Talalay mathematical
model. It uses the intermediate effect equation of mass conserva-
tion as the medium to establish the relationship between phar-
macokinetics and metabolism. The CI value given by Compusyn
can be used to determine whether the drug has additive, synergis-
tic or antagonistic effects according to the value of CI value. CI =1
is additive effect, CI > 1 is the role of antagonism, CI < 1 is
synergy (0.7 < CI < 1, slight synergism; 0.3 < CI < 0.7, synergy;
CI < 0.3, the strong synergy), at present this method is the most
recognized method for quantitative analysis of drugs synergy.

2.10. Cellular uptake

BiNSs@TSL/DIR can be obtained by replacing Met/5-FU with
DIR fluorescent dye, and the uptake of BiNSs@TSL/DIR by
HT29 cells was observed by fluorescence microscopy. HT29
cells were seeded into 6-wells cell culture plates at a density of
5 x 10* per well and placed in a constant temperature sterile
incubator for 24 h. Three sample groups were set up:

(1) Control group.

(2) BiNSs@TSL/DIR group.

(3) BiNSs@TSL/DIR + NIR irradiation group.

After the cells were completely adhered to the plate, the stale
medium was removed by aspiration with a disposable pipette,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and 100 pL of BiNSs@TSL/DIR (BiNSs@TSL: 50 ug mL™", DIR:
30 ug mL ") diluted with DMEM medium was added to group
2 and 3, in the group 3, near-infrared laser with a wavelength of
808 nm and an irradiation intensity of 1.0 W cm ™2 was used for
5 min, followed by continued incubation for 4 h. After removing
the supernatant and washing with PBS buffer for 3 times, the
cells were fixed with 4% paraformaldehyde solution, stained by
adding 5 ug mL ™" of DAPI solution for 5 min, and washed with
PBS buffer for 3 times. The cells were imaged under a fluores-
cence microscope to observe cellular uptake, and fluorescence
photographs were collected.

2.11. In vitro cytotoxicity

The liposomes of drug-loaded nanosheets were evaluated for
anti-tumor activity in vitro using HT29 cells. 7 sample groups
were set up:

(1) Control group.

(2) NIR irradiation group.

(3) BiNSs@TSL group.

(4) BiNSs@TSL + NIR irradiation group.

(5) Met/BiNS@TSL group.

(6) 5-FU/BiNS@TSL group.

(7) BiNSs/Met/5-FU@TSL group.

(8) BiNSs/Met/5-FU@TSL + NIR irradiation groupHT29 cells
were seeded in 96-wells cell culture plates at a cell density of 5 x
10* per well, and cultured in a constant temperature incubator
for 24 h. In groups 1 and 2, pure DMEM medium was added,
and the medium in groups 3-8 was replaced with medium
containing BiNSs@TSL (50 pg mL "), BINSS@TSL (50 pg mL "),
Met/5-FU (30 pg mL™"), BiNSs/Met/5-FU@TSL (BiNSs@TSL:
50 pg mL™', Met/5-FU: 30 pg mL '), and BiNSs/Met/5-
FU@TSL (BiNSs@TSL: 50 pg mL ™", Met/5-FU: 30 pug mL™ ") in
fresh DMEM medium with 5 replicate wells per group. Cells in
groups 2, 4, and 8 were irradiated with a near-infrared laser at
808 nm for 5 min at a light intensity of 1.0 W cm ™. After
incubation in a constant temperature sterile incubator for 18 h,
10 pL of CCKS8 solution was added to each well, and the
incubation was continued for 2 h. Finally, the absorbance
values were determined using an enzyme-linked immunosor-
bent assay (ELISA) reader at an excitation wavelength of
450 nm. The cell viability without any treatment was specified
as 100%, and the cell viability of different sample groups was
calculated according to the formula (4).

2.12. Western blot analysis of HSP70 expression

In the process of photothermal therapy, the temperature is in
the mild region, which leads to the overexpression of HSPs
proteins, which can repair and protect tumor cells, resulting in
a decrease in the efficacy of photothermal therapy. According to
literature research, adding chemotherapy drugs can effectively
inhibit the expression of this protein. Therefore, different
groups were set up in this study to verify whether it can
effectively reduce the expression of HSPs by WB experiments.
The specific grouping setting is as follows:

(1) Control.

(2) BiNSs@TSL.

Mater. Adv., 2024, 5, 2456-2469 | 2459
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(3) BiNSs/Met/5-FU@TSL.
(4) BINSs@TSL + 808 nm light.
(5) BiNSs/Met/5-FU@TSL + 808 nm light.

2.13. In vivo anti-tumor study

2.13.1. Mouse model establishment. Cultivate HT29 mouse
breast cancer cell suspension at a density of about 7 x 10° mL ™"
and set aside. Healthy female Nod/scid mice (5-6 weeks old,
15-18 g) were purchased and kept in a standard animal observa-
tion room. 100 pL of the prepared cell suspension was injected
subcutaneously into the right axilla of the mice, and the growth
of the mice was observed every day, and the length and width of
the tumors were recorded, and the tumor volume was calculated
by using the formula in (5) All animal experimental protocols
were approved by the Animal Ethics Committee of China Phar-
maceutical University.

L 2
V:XTW (5)

V: volume of the tumors, L: length of the tumors, W: width of the
tumors.

2.13.2. In vivo imaging. DIR fluorescent dyes were loaded
on BiINSs@TSL and the distribution in vivo was examined by
in vivo imaging system. Appropriate concentration of
BiNSs@TSL/DIR solution was obtained by dilution with saline.

Three tumor-bearing mice with a tumor volume of approxi-
mately 200 mm?® were taken and injected with DIR liposomes
loaded with nanosheets (the dose of DIR per mouse was
equivalent to 1 mg kg™ ') into the tail vein in an injection
volume of 100 pL/20 g. The in vivo distribution of BINSs@TSL/
DIR in the mice was observed at 1, 2, 4, 8, 12 and 24 h after the
administration of BiNSs@TSL/DIR. After 24 h, mice were dis-
sected out of tumors and organs (heart, liver, spleen, lungs and
kidneys), and the distribution of DIR in each tissue was
observed in the imager.

2.13.3. In vivo photothermal therapy study. Female mice
carrying HT29 cell tumors were used as an experimental animal
model to investigate the effect of in vivo photothermal therapy
in mice. When the tumor volume of the mice reached about
150 mm®, the mice were divided into two groups:

(1) The saline group.

(2) The BiNSs/Met/5-FU@TSL group (BiNSs@TSL: 5 mg kg ',
Met/5-FU: 20 mg kg~ ', administered by tail vein injection).

After 24 h of drug administration, the mice were irradiated
with an 808 nm near-infrared laser, setting the laser intensity at
1.0 W cm ™2, at a distance of 1 cm from the tumor site for 5 min.
Thermal imaging photographs of the tumor site of the mice were
taken with an infrared thermography camera at intervals of
1 min, and the temperature changes of the mice were recorded.

2.13.4. In vivo anti-tumor study. 20 mice were randomly
divided into 4 groups of 5 mice each when the mouse implant
tumors grew to about 150 mm?®. The drug administration
program was as follows:

(1) Saline group: saline was injected into the tail vein, and
the administration volume was 200 pL/20 g.

2460 | Mater. Adv, 2024, 5, 2456-2469
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(2) Met/5-FU group: free Met/5-FU solution was injected into
the tail vein, and the dose of Met/5-FU administered was about
20 mg kg .

(3) BiNSs/Met/5-FU@TSL group: BiNSs/Met/5-FU@TSL was
injected into the tail vein, BINSs@TSL was administered at a
dose of approximately 5 mg kg™, and Met/5-FU was adminis-
tered at a dose of approximately 20 mg kg™ .

(4) BiNSs/Met/5-FU@TSL + NIR irradiation group: BiNSs/
Met/5-FU@TSL was injected into the tail vein, BINSs@TSL was
administered at a dose of about 5 mg kg™', and Met/5-FU was
administered at a dose of about 20 mg kg™ "; 24 h after injection
of therapeutic drugs into the tail vein, a near-infrared laser light
at a wavelength of 808 nm and a light intensity of 1.0 W ecm >
was used to irradiate the tumor site of mice for 5 min.

The date of the first administration was designated as day 0,
and the drug was administered every 3 days for 5 consecutive
administrations. The tumor volume was measured and the
mice were weighed every other day during the experiment,
and the treatment cycle totaled 14 days. At the end of the
animal experiments, the animals were executed and dissected
out of the tumor tissues, which were washed with saline and
photographed to record the appearance and size. The mouse
tumor tissues were fixed with 4% paraformaldehyde for sub-
sequent sectioning, Tunel assay and Ki67 immunohistochem-
ical analysis.

2.13.5. In vivo safety evaluation. The organs (heart, liver,
spleen, lungs and kidneys) of the four groups of mice were
stripped, washed with saline and then fixed, embedded, sec-
tioned and stained with H&E, and the tissues of each organ
were observed to see whether there were any adverse reactions
such as necrosis and inflammation.

3. Results

3.1. Characterisation of BiNSs and BiNSs/Met/5-FU@TSL

3.1.1. TEM. The surface morphology of BiNSs and BiNSs/
Met/5-FU@TSL was characterized using transmission electron
microscopy (TEM). As shown in Fig. 1(A), BiNSs exhibited a thin
flake-like structure with an average particle size of approxi-
mately 120 nm. In Fig. 1(B), the nanosheets appeared as
multilayered black flakes with an average particle size of
around 130 nm. Fig. 1(C) displayed liposomes successfully
encapsulating the BiNSs, which exhibited a liposomal structure
with an average particle size of approximately 180 nm.

3.1.2. Particle size and zeta potential. In Fig. 1(D),
the particle sizes of BiNSs and BiNSs/Met/5-FU@TSL were
measured to be 135.43 nm and 192.47 nm, respectively.
The polydispersity index (PDI) was found to be less than 0.3,
which is consistent with the nanosheet sizes observed
through TEM. Furthermore, the zeta potentials of BiNSs and
BiNSs/Met/5-FU@TSL were determined to be —37.56 mV and
—7.44 mV (Fig. 1(E)), respectively. These results indicate that
the BiNSs were successfully encapsulated within the liposomes,
effectively shielding them from the negative charges on their
surfaces.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3), (F) and (G) BiNSs/Met/5-FU@TSL encapsulation rate, particle size and PDI (n = 3).

3.2. Ratio screening and encapsulation rate

At a drug-lipid ratio of 0.1, BiNSs/Met/5-FU@TSL exhibited the
highest encapsulation rates for Met, 5-FU, and BiNSs, which were
measured as 97.06%, 97.9%, and 95.9%, respectively (Fig. 1(F)).
The corresponding particle size and PDI were determined to be
201.3 nm and 0.233, respectively, indicating a uniform particle
size distribution (Fig. 1(G)). Conversely, at a drug-lipid ratio of
0.15, the encapsulation rates decreased significantly, with values
of 66.13% for Met, 63.27% for 5-FU, and 61% for BiNSs. Addi-
tionally, the particle size increased to 278.10 nm, and the PDI
exceeded 0.3, suggesting a non-uniform particle size distribution.
This decrease in encapsulation rate and increase in particle size
may be attributed to the limited space available within the
phospholipid bilayer of the liposome. Excessive drug input can
lead to overloading, resulting in larger particle sizes and incom-
plete encapsulation within the liposome. As a result of these
findings, a drug-lipid ratio of 0.1 was selected as it demonstrated
optimal encapsulation efficiency and maintained a uniform par-
ticle size distribution within the liposomes.

3.3. Invitro release

3.3.1. In vitro release studies of temperature-sensitive lipo-
somes at different temperatures. As depicted in Fig. 2(A), the

© 2024 The Author(s). Published by the Royal Society of Chemistry

release rates of Met and 5-FU from BiNSs/Met/5-FU@TSL were
relatively low, not exceeding 20% within 24 h when the water bath
temperature was below 40 °C. However, when the temperature
reached 40 °C, the release rate of both Met and 5-FU significantly
accelerated. At 42 °C, the release rate of Met reached 92%, while
the release rate of 5-FU reached 89%. These results indicate that
BiNSs/Met/5-FU@TSL exhibits good temperature sensitivity, with
increased release of drugs at elevated temperatures.

3.3.2. Time-dependent thermosensitive in vitro release study
of temperature-sensitive liposomes. As shown in Fig. 2(B) and (C),
the release rate of BiNSs/Met/5-FU@TSL at 42 °C was considerably
higher compared to its release rate at 37 °C. After 24 h, the
cumulative release rates at 37 °C were measured to be 7.81% for
Met and 6.6% for 5-FU, while at 42 °C, the cumulative release rates
increased to 91.13% for Met and 82.77% for 5-FU. These results
clearly demonstrate that the in vitro drug release behavior of BiNSs/
Met/5-FU@TSL is temperature-dependent. The release of the drugs
is significantly accelerated at higher temperatures, leading to a
greater cumulative release within the given time frame.

3.4. Photothermal performance test

3.4.1. Photothermal conversion test. In the conducted
experiment, the photothermal conversion performance of

Mater. Adv,, 2024, 5, 2456-2469 | 2461
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(A) 24 h drug release of BiNSs/Met/5-FU@TSL at different temperatures, (B) and (C) drug release of 5-FU and Met from BiNSs/Met/5-FU@TSL,

(D) different concentrations of BiNSs/Met/5-FU@TSL (808 nm, 1.0 W cm™2), (E) photothermal heating profiles of BiNSs/Met/5-FU@TSL solutions at
different power intensities, (F) temperature cycling profile of BiNSs/Met/5-FU@TSL, (G) photothermal heating/cooling curve of 100 ug mL™* BiNS under
1 W cm™2 808 nm laser irradiation, (H) relevant linear relationship between —In6 and time of 100 pg mL™ BiNS according to photothermal heating/

cooling curve.

different concentrations of BiNSs and varying laser intensities
was investigated. As shown in Fig. 2(D) and (E), the sample
temperature increased as the concentration of BiNSs or the
laser power increased after 10 min of irradiation with an
808 nm near-infrared laser.

At a laser power of 1.5 W ecm ™2 for 10 min, the temperature
of the BiNSs/Met/5-FU@TSL solution reached 59.3 °C. Accord-
ing to literature, tumor cells are typically damaged and killed
when the temperature reaches 42.0-43.0 °C, while normal
tissue cells generally remain unharmed. Additionally, at this
temperature, the structure of the temperature-sensitive lipo-
somes is disrupted, leading to the release of 5-FU and Met,
which synergistically exert anti-tumor effects.

Based on the photothermal effect experiment, it was
observed that even low-concentration nanosheets encapsulated
within BiNSs/Met/5-FU@TSL can rapidly reach the critical
temperature or a higher temperature required for tumor treat-
ment. To avoid potential damage to normal tissues while
ensuring excellent photothermal therapy effectiveness, a near-
infrared laser intensity of 1.0 W cm™? and a concentration of

2462 | Mater. Adv., 2024, 5, 2456-2469

100 pg mL~" for BiNSs were selected for subsequent in vitro and
in vivo experiments.

3.4.2. Photothermal stability test. The photothermal stabi-
lity of BiNSs/Met/5-FU@TSL was investigated by subjecting
it to repeated cycles of irradiation using an 808 nm near-
infrared laser at a power of 1.0 W em ™2 for 10 min, followed
by a 10-minute rest period. As shown in Fig. 2(F), experimental
findings revealed that the maximum temperature exhibited
slight fluctuations, with a temperature difference consistently
within 0.8 °C. Specifically, the maximum temperatures
recorded for each cycle were 45.7, 45.4, 45.6, 46.3 and
45.6 °C, respectively.

These results demonstrate that even after undergoing five
repeated cycles of NIR laser irradiation, the BiNSs in BiNSs/
Met/5-FU@TSL exhibited excellent photothermal conversion
efficiency and maintained their stability. The observed minimal
temperature variations indicate that the material effectively
absorbed and converted the laser energy into heat without
significant degradation. Thus, it can be concluded that BiNSs/
Met/5-FU@TSL possesses reliable and stable photothermal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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characteristics, making it a promising candidate for applica-
tions in photothermal therapy.

3.5. Calculation for photothermal conversion efficiency

As shown in Fig. 2(G), we recorded the temperature rise of
100 pug mL ™' BiNS irradiated with 1 W cm 2 power 808 nm
wavelength near infrared light and the temperature fall in the
case of natural cooling. The » of BiNS was calculated according
to the time and temperature data combined with the most
classical method of calculating the photothermal conversion
efficiency of photothermal materials reported in the literature—
Roper method: The time of —In(0) (0 is the ratio of the temperature
change at each time point to the maximum temperature change
during the heating process) was plotted and the time constant 7
and the photothermal conversion efficiency # were calculated by
linear fitting. As shown in Fig. 2(H), the photothermal conversion
efficiency of BiNS is calculated to be 23.5%, which is higher than
the photothermal efficiency of gold nanoshells and copper nano-
wires (13%, 12.5%). BINS is a highly potential and efficient
photothermal agent.

3.6. In vitro biocompatibility

To evaluate the biocompatibility of BINS@TSL, HT29 cytotoxi-
city was assessed using the CCK-8 assay. As illustrated in
Fig. 3(A), HT29 cells were co-incubated with BINS@TSL for
24 h, and the survival rate of HT29 cells remained above 95%
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even at BiNS@TSL concentrations of up to 100 ug mL™". This
experimental outcome clearly indicates that the blank
nanosheet carrier, BINS@TSL, exhibited exceptional biocom-
patibility and safety within the concentration range of 5-
100 pg mL™". These results confirm that the blank nanosheet
carrier is non-toxic and well-tolerated by HT29 cells, further
supporting its potential applicability in biomedical contexts.

3.7. Synergistic effect of Met combined with 5-FU

Analysis and calculation through Compusyn of the index (CI) of
the treatment of 5-FU and Met on HT29 cells, and the results
as shown in Table 1, joined the two drugs in different concen-
trations, the majority of cases, CI < 1, 5-FU and Met on HT29
cell showed synergistic effect. To ensure excellent synergy,
5-FU:Met ratio of 1:1 was chosen.

3.8. Cellular uptake

Fluorescence microscopy was employed to observe cellular
uptake in the control group, BiNSs@TSL/DIR group, and
BiNSs@TSL/DIR + NIR irradiated group. Fig. 3(C) depicts the
results, where blue fluorescence corresponds to DAPI-stained
nuclei, and green fluorescence corresponds to the DIR dye.
Analysis of the experimental findings reveals that the green
fluorescence signals in the cytoplasm and nucleus of the
BiNSs@TSL/DIR + NIR irradiated group were more pronounced
compared to those of the BINSs@TSL/DIR group, which did not

BiNSs@TSL/DIR BiNSs@TSL/DIR+NIR

0@
Q¥ & Q,s\ 8
s &
.55 Q§§
% Qa\%

(A) Cell viability after incubation with BINS@TSL at different concentrations in different cell lines (n = 3), (B) cytotoxicity map of HT29 treated with

Met, 5-FU, BiNSs and NIR (n = 5), (C) fluorescence image of HT29 cells treated with BiINSs@TSL/DIR (original magnification x 400), (D) estern blot analysis
of HSP70 expression in HT29 cells after different treatments. Different groups: (1) control, (2) BiNSs@TSL, (3) BiNSs/Met/5-FU@TSL, (4) BiNSs@TSL +
808 nm light and (5) BiNSs/Met/5-FU@TSL + 808 nm light.
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undergo NIR laser irradiation under the same incubation time
conditions. This observation suggests an increased cellular
uptake of DIR in the BiNSs@TSL/DIR + NIR irradiated group.
This result can be attributed to the localized temperature
increase in the cell culture medium solution caused by NIR
light irradiation. The elevated temperature facilitated the
release of the DIR dye from BiNSs@TSL/DIR, thereby promot-
ing its enhanced uptake by the cells. The augmented green
fluorescence signals in the BiNSs@TSL/DIR + NIR irradiated
group provide evidence of the NIR-induced accelerated release
and subsequent increased cellular uptake of the DIR dye.

3.9. Invitro cytotoxicity

The antitumor capacities of Met, 5-FU, BINS@TSL, and BiNSs/
Met/5-FU@TSL were assessed through in vitro chemotherapy,
while the combined photothermal and chemotherapy effects of
BiNSs/Met/5-FU@TSL were evaluated using CCK-8 experiments.
In Fig. 3(B), the cell survival rates of both the group 2, 3, 5 were
found to be above 97%, indicating minimal cytotoxicity from
NIR irradiation, BiINS@TSL or Met alone. However, when
BiINS@TSL was combined with NIR laser irradiation, the survi-
val rate of HT29 cells decreased to 73.5%. In contrast, the
combination of BiNSs/Met/5-FU@TSL with NIR laser irradia-
tion resulted in a significantly lower cell survival rate of 22.7%,
indicating substantial inhibition of cell growth. These results
underscore the superior efficacy of combining photothermal
therapy with chemotherapy compared to single antitumor
treatments. BiNSs/Met/5-FU@TSL demonstrates outstanding
potential as a multifunctional nanoplatform for enhancing
the therapeutic outcomes of tumor treatments, showcasing its
ability to serve as a promising strategy for improving overall
treatment effectiveness.

3.10. Western blot analysis of HSP70 expression

Since the expression of HSPs is an important factor affecting
the photothermal effect, we used western blot to detect the
expression of HSP70, which is most sensitive to temperature, in
cells after different treatments. As shown in Fig. 3(D), we found
that the cells treated with Met and 5-FU could down-regulate
HSP70 after 808 nm light irradiation compared with cells not
treated with Met and 5-FU, thereby avoiding the protection of
tumor cells and achieving the purpose of combined chemother-
apy and PTT treatment.

3.11. In vivo antitumor studies

3.11.1. In vivo imaging. In Fig. 4(A), the distribution of
BiNS@TSL/DIR in tumor-bearing mice was examined after tail

Table 1 Combined index (Cl) of 5-FU and Met

5-FU: Met CI

1:1 0.31
1:2 0.90
2:1 0.92
1:5 0.96
5:1 1.86
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vein injection. Fluorescent signals at the tumor site gradually
intensified over time, indicating the accumulation of the drug.
The prolonged presence of fluorescence at the tumor site can
be attributed to the molecular weight of PEG portion of the
DSPE-PEG,o, molecule in the temperature-sensitive liposome,
which hinders immediate uptake by the mononuclear phago-
cyte system (MPS). This allows the liposomes to circulate in the
bloodstream for an extended period, increasing the chances of
reaching pathological tissues, such as tumors.

Autopsy images revealed fluorescent signals in both the
tumor and the liver. The liver uptake may be due to the initial
capture of liposomes by the reticuloendothelial system in the
liver before reaching the tumor site. Nevertheless, the experi-
mental results demonstrate the effective targeting ability of
BiNS@TSL/DIR in delivering the drug to the tumor site during
tumor therapy. Overall, the findings highlight the promising
potential of BINS@TSL/DIR as an efficient drug delivery system.
The extended circulation time and enhanced accumulation in
tumors indicate its effectiveness in delivering drugs to the
desired site. This drug delivery approach shows great promise
for improving tumor treatment outcomes.

3.11.2. In vivo photothermal therapy studies. In Fig. 4(B),
the effects of photothermal treatment were evaluated in tumor-
bearing mice. After 24 h of tail vein injection with saline and
BiNSs/Met/5-FU@TSL, the tumor site was exposed to a near-
infrared laser with a wavelength of 808 nm and power intensity
of 1.0 W em ™2 for 5 min. The temperature change at the tumor
site was monitored using an infrared thermography camera,
capturing thermal imaging pictures every 1 min. The results
demonstrated significant temperature elevation at the tumor
site in mice treated with BiNSs/Met/5-FU@TSL. The tempera-
ture increased from 34.9 °C to 46.5 °C, indicating a substantial
rise of 11.6 °C. This significant temperature increase was
attributed to the excellent photothermal conversion efficiency
of BiNSs/Met/5-FU@TSL, which effectively raised the local
temperature at the tumor site. The high local temperature
triggered the destruction of the temperature-sensitive liposome
structure, leading to the release of Met/5-FU. This combination
of photothermal effects and drug release exhibited a synergistic
therapeutic effect, effectively targeting and combating the
tumor cells. In contrast, the temperature of the tumor area in
mice injected with saline through the tail vein increased by only
2.4 °C after irradiation with the near-infrared laser at a wave-
length of 808 nm and power intensity of 1.0 W cm > The
modest temperature increase had no detrimental effect on the
tumor cells. These in vivo photothermal experiments clearly
demonstrated the excellent photothermal conversion ability of
BiNSs/Met/5-FU@TSL.

Overall, the findings indicate that BiNSs/Met/5-FU@TSL
exhibits outstanding photothermal conversion efficiency, lead-
ing to a significant increase in the local temperature at the
tumor site. This capability, coupled with the release of ther-
apeutic agents, can effectively combat tumors and potentially
induce tumor cell death.

3.11.3. In vivo antitumor studies. In Fig. 4(C), the tumor
volume change curves for mice over a 14-day period after

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(A) In vivo imaging of BINS@TSL/DIR in mice, (B) BiNSs/Met/5-FU@TSL in vivo infrared thermography, (C) tumor growth curves after

administration of BINS@TSL/DIR in a tumor-bearing mouse model, (D) graphs of body weight changes within 14, (E) tumor weights on day 14, and (F)
tumor graphs of isolated tumors in tumor-bearing mice on day 14. (*p < 0.05, **p < 0.01, ***p < 0.001) (n = 5).

administration were plotted, with the day of administration
as day 0. The saline group exhibited the largest solid tumors,
with an average tumor volume of 934.7 mm®. The BiNSs/Met/
5-FU@TSL group showed slightly smaller tumor volumes
compared to the free Met/5-FU group. This can be attributed
to the accumulation of DSPE-PEG,,,, molecules from the
temperature-sensitive liposomes at the tumor site. The accu-
mulated warm BiNSs/Met/5-FU@TSL then slowly released the
drugs, allowing the synergistic antitumor effect of 5-fluoro-
uracil and metformin. The excellent tumor inhibition effect
of the BiNSs/Met/5-FU@TSL + laser irradiation group can be
attributed to two factors. Firstly, NIR laser irradiation increased
the permeability of the tumor cell membrane. Secondly, the
heat generated by the bismuthene nanosheets disrupted the
structure of the temperature-sensitive liposomes, leading to
drug release and the synergistic antitumor effects of 5-FU and
Met, combined with the photothermal effect of bismuthene
nanosheets.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fig. 4(D) evaluated the safety of the treatment by monitoring
the body weight of the mice. The free Met/5-FU group showed a
significant downward trend in body weight, indicating specific
toxic effects. In contrast, the average body weights of mice in
the other groups either increased or remained unchanged,
indicating that the BiNSs/Met/5-FU@TSL drug delivery system
was safe with low toxicity.

In Fig. 4(E), the tumor weights of each group were measured.
The average tumor weight of the saline group, Met/5-FU group,
and BiNSs/Met/5-FU@TSL group were 1.08 g, 0.67 g, and 0.33 g,
respectively. These weights showed significant differences com-
pared to the BiNSs/Met/5-FU@TSL + NIR group, consistent with
the tumor volume results.

Fig. 4(F) displayed images of the tumors from each group,
with the smallest tumor observed in the BiNSs/Met/5-FU@TSL +
NIR laser irradiation group. This observation aligns with the
experimental results of tumor volume and weight, demonstrating
that the combined photothermal and chemotherapy treatment

Mater. Adv., 2024, 5, 2456-2469 | 2465
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using the BiNSs/Met/5-FU@TSL drug-carrying system exhibited
superior antitumor effects compared to single antitumor
therapies.

In Fig. 5, H&E staining, Ki67 immunohistochemistry, and
TUNEL assay were employed to further examine the tumor
tissues of mice in each treatment group after 14 days of drug
administration, aiming to assess tumor cell apoptosis. The
results of H&E staining revealed that the free drug 5-FU/Met
group did not exhibit a significant increase in necrotic cell
death. In contrast, the BiNSs/Met/5-FU@TSL group demon-
strated a synergistic antitumor effect resulting in some cell
death within the tumor. Notably, a substantial number of
tumor cells in the BiNSs/Met/5-FU@TSL + NIR group exhibited
necrosis and nuclear loss. The findings from Ki67 immunohis-
tochemistry and TUNEL immunohistochemistry concurred
with the H&E staining results. The BiNSs/Met/5-FU@TSL group
exhibited the highest number of apoptotic cells, indicative of
effective antitumor activity. Conversely, the free drug 5-FU/Met
group did not show a substantial increase in necrotic
cells. These results further support the conclusion that the
outstanding antitumor effect of the BiNSs/Met/5-FU@TSL
group arises from the photothermal effect induced by bis-
muthene nanosheets. This effect disrupts the temperature-
sensitive liposomes, thereby enhancing the synergistic antitu-
mor effect through efficient drug release.

3.11.4. In vivo safety evaluation. To assess the safety of the
temperature-sensitive liposome drug delivery system, various
organs including the heart, liver, spleen, lungs, and kidneys
were extracted at the conclusion of the experiment and sub-
jected to H&E staining for analysis. The results, as depicted in
Fig. 6, demonstrated no observable signs of organ damage in
any of the treatment groups when compared to the control
group. This indicates that the BiNSs/Met/5-FU@TSL drug

Saline Met/5-FU

Ki67

Tunnel
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delivery system does not exhibit significant toxicity towards the
major organs of mice and exhibits favorable in vivo biosafety.

4. Discussion

BiNSs were successfully synthesized using a liquid phase separa-
tion method. The surface morphology and particle size of the
nanosheets were characterized using TEM, dynamic light scat-
tering, and a zeta potential analyzer. In vitro photothermal
experiments were conducted to evaluate the photothermal con-
version ability and stability of the bismuth nanosheets using an
808 nm near-infrared laser and an infrared thermal imager.

The experimental results revealed that the average size of the
BiNSs was approximately 130 nm, and the zeta potential was
—37.67 mV, indicating uniform dispersion of the bismuth
nanosheets in ethanol. After 10 min of irradiation, the tempera-
ture of the BiNSs increased to 53 °C, demonstrating strong
photothermal performance and excellent photothermal stability.

To prepare the thermosensitive liposomes, the reverse phase
evaporation method was used, and the resulting BiNSs/Met/5-
FU@TSL liposomes were characterized for their morphology,
particle size distribution, and stability using transmission elec-
tron microscopy, dynamic light scattering, and a zeta potential
analyzer. The photothermal transformation ability of the lipo-
somes was evaluated using an 808 nm near-infrared laser and an
infrared thermal imager. In vitro release studies were conducted
via dialysis, and the stability of the liposomes over 72 h in
DMEM (containing 10% FBS) was assessed.

The experimental results indicated that the average particle
size of BiNSs/Met/5-FU@TSL was around 180 nm with PDI less
than 0.2, demonstrating uniform particle size distribution. The

zeta potential was —6.31 mV. Transmission electron

BiNSs/Met/5-FU@TSL
BiNSs/Met/5-FU@TSL

Fig. 5 HG&E, Ki67, and TUNEL staining of tumour tissues after 14 days (scale bar = 50 um).
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Fig. 6 HG&E staining of major organs in tumour-bearing mice after drug administration (scale bar = 50 pm).

microscopy revealed the presence of bismuth nanosheets
coated within some liposomes. Upon 10 min of irradiation
with BiNSs/Met/5-FU@TSL, the temperature increased to
50.93 °C, indicating good photothermal properties and stability
of the liposomes. Dialysis studies showed a max release of 10%
of the drug at 37 °C and a max release of 92% at 42 °C,
demonstrating successful preparation of BiNSs/Met/5-
FU@TSL with the desired drug release behavior. The liposomes
exhibited good stability.

Using HT29 human colon cancer cells as the model, the
uptake of BiNSs/Met/5-FU@TSL by these cells was observed
using a fluorescence microscope. The co-administration coeffi-
cient of Met/5-FU and the cell biocompatibility of BiNSs/Met/5-
FU@TSL were evaluated using a CCK-8 assay. The cytotoxicity
of the multifunctional drug delivery system, combining in vitro
photothermal therapy with chemotherapy, was investigated.

The results demonstrated that compared to BiNSs/Met/5-
FU@TSL alone, the uptake of Met/5-FU in cells treated with
near-infrared irradiation increased, indicating a synergistic effect.
BiNSs/Met/5-FU@TSL exhibited good cytocompatibility and bio-
safety in vitro. The BiNSs/Met/5-FU@TSL + NIR irradiation group
showed the strongest anti-tumor effect on cancer cells.

To evaluate the in vivo performance, a Nod/scid tumor-
bearing mouse model was established. DiR-labeled liposomes

© 2024 The Author(s). Published by the Royal Society of Chemistry

were injected into the tail vein, and the photothermal conver-
sion ability at different time points was investigated using an
808 nm near-infrared laser and an infrared thermal imager.
Live imaging and tissue distribution imaging were conducted
at various time points. The in vivo pharmacodynamics of the
liposomes were studied using tumor growth curve, tumor mass,
body weight, and analyses such as H&E staining, TUNEL, and
Ki67 immunohistochemistry.

The results demonstrated that the liposomes exhibited
excellent photothermal conversion ability at the tumor site,
with the temperature rising to 46.5 °C after 5 min of irradiation.
The accumulation of liposomes at the tumor site increased
significantly, while maintaining stable circulation in vivo.
BiNSs/Met/5-FU@TSL effectively inhibited tumor growth.
Furthermore, BiNSs/Met/5-FU@TSL exhibited good cytocom-
patibility and minimal toxicity to major organs.

5. Conclusion

In conclusion, the combination of BiNSs/Met/5-FU@TSL
demonstrated synergistic antitumor effects by utilizing the
photothermal effect generated by bismuthene nanosheets,
leading to tumor cell death. The self-assembled nanodelivery

Mater. Adv,, 2024, 5, 2456-2469 | 2467
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system incorporating 5-FU and Met within bismuthene
nanosheets exhibited several advantages, including high drug
loading capacity, potent efficacy, and straightforward preparation.
This study provides a novel approach for tumor treatment and
holds promising prospects for future applications in the field.
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