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  1  Introduction
According to the World Health Organization, cancer is the leading cause of death world-
wide. In 2022, approximately 20  million cancer cases and 9.7  million cancer-related 
deaths were reported globally, with the incidence still rising [1]. It is projected that in 
the next 50 years, the number of cancer patients worldwide will surge to around 34 mil-
lion [2, 3, 4]. Traditional cancer treatments, including surgery, radiotherapy, and che-
motherapy, can effectively remove large tumors and reduce tumor burden, making them 
suitable for early-stage cancer patients. However, metastasis and recurrence remain the 
primary causes of death in patients with malignant tumors, and completely removing 
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Abstract
Photothermal therapy (PTT) represents a promising advance in oncological 
treatments, utilizing light-induced heat mediated by photothermal agents to target 
and destroy cancer cells with high precision. Despite its potential, the clinical 
application of PTT is often limited by the efficiency of photothermal agents and 
their biocompatibility, highlighting a crucial need for novel materials that can safely 
and effectively convert light into therapeutic heat. This study demonstrates the 
two-dimensional Bi2Se3 nanosheets with tailored nanostructure via a solvothermal 
process. This study controls over their structural and photothermal properties by 
accurately optimizing synthesis conditions. In situ experiments provide insights 
into the crystallographic and phonon characteristics at varying temperatures, 
underscoring the thermal stability of Bi2Se3 nanosheets. Notably, these nanosheets 
demonstrate a high photothermal conversion efficiency, rapidly raising the tumor site 
temperature to 53.1 °C within 180 s, resulting in rapid tumor cell ablation. Significant 
tumor growth suppression is also observed, with the median survival of mice treated 
with the particle and light combination extending to 34 days. These findings confirm 
the stable in vivo thermal properties of Bi2Se3 nanosheets, establishing them as a 
potent candidate for future photothermal therapy applications.

Keywords  Photothermal therapy (PTT), Bi2Se3 nanosheets, Solvothermal synthesis, 
Photothermal conversion efficiency, Thermal stability
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tumor cells from surrounding tissues is often challenging. Therefore, developing effec-
tive therapeutic strategies, such as chemodynamic therapy [5], photodynamic therapy 
[6], and photothermal therapy (PTT) [7, 8, 9], to eradicate primary tumors is clinically 
significant.

Photothermal therapy is a novel treatment that converts light energy into heat energy 
via photothermal materials [10, 11]. PTT employs relatively high light power to achieve 
subcoagulative (43–55  °C) or coagulative (55–100  °C) temperatures, inducing rapid 
cell death through protein denaturation and cell membrane damage [12, 13]. This heat 
energy can selectively destroy cancer cells. The heat generated by these materials can be 
precisely controlled by adjusting the light’s intensity and duration, as well as the concen-
tration and size of the photothermal material. This selective treatment minimizes dam-
age to healthy tissue and is a minimally invasive technique. PTT employs light, usually 
in the near-infrared (NIR) range, to increase tissue temperature. Photothermal materials 
have been developed into nanoscale forms and engineered into functional nanostruc-
tures. These photothermal effects are prevalent in a wide range of nanomaterials, includ-
ing semiconductors [14, 15], metal nanoparticles [16, 17], carbon-based nanomaterials 
[18, 19], two-dimensional (2D) nanomaterials involving metallenes [20, 21], transition 
metal dichalcogenide (TMD) [22, 23, 24] and transition metal carbides/nitrides (MXene) 
[25, 26]. Silver-doped TiO2 nanofibers (STF) have been demonstrated as effective agents 
for photothermal therapy in tumor ablation. STF displayed excellent biocompatibility, 
causing no harm to vital organs or adverse effects in treated mice. Under irradiation, 
STF was able to raise body surface temperatures to 47.96 °C within 5 min, successfully 
inhibited tumor growth for up to 24 days, and significantly improved survival rates [27]. 
2D MXene nanomaterials, characterized by their unique planar structure and chemi-
cal diversity, demonstrate exceptional photothermal conversion properties. This photo-
thermal conversion in MXenes is primarily attributed to the localized surface plasmon 
resonance (LSPR) effect, which arises from their metallic nature [25]. The uniform appli-
cation of a thin mesoporous silica layer onto 2D Ti3C2 MXene enhances the hydrophilic-
ity, dispersion, and surface chemistry, making it more suitable for targeted drug delivery 
and therapy. The photothermal conversion efficiency (η) was determined to be 23.2%. 
Combining chemotherapy via the mesoporous silica shell with photothermal hyperther-
mia via the Ti3C2 MXene core demonstrated high effectiveness in eliminating tumors 
and preventing recurrence [28]. 

Among these, bismuth selenide (Bi2Se3) has shown exceptional potential. Bi2Se3 is a 
type of topological insulator known for its distinctive physical and chemical properties 
[29, 30, 31, 32]. Topological insulators are characterized by their metallic surface states 
coupled with insulating bulk crystals. The metallic surface states facilitate electron accu-
mulation and provide efficient electron transport channels at the surface [33, 34]. These 
unique features make Bi2Se3 an appealing candidate for applications in thermoelectrics 
[35, 36, 37] and photocatalysis [38, 39, 40]. Furthermore, Bi2Se3 nanocrystals exhibit 
excellent photothermal effects and have been utilized in PTT due to their favorable 
bioactivity and biocompatibility [41, 42, 43, 44]. The Bi2Se3/CdSe-Au nanorods dem-
onstrate exceptional photothermal conversion efficiency, attributed to integrating plas-
monic Au nanorods with a type-II semiconductor heterojunction composed of Bi2Se3 
and CdSe. When subjected to NIR laser irradiation, the temperature increase (ΔT) 
of these nanorods is 4.3 times greater than that of bare Au nanorods, rendering them 
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highly effective for PTT [45]. The study investigates using Bi2Se3 nanodisks for PTT 
in treating GL261 tumor-bearing nude mice. Injected via the tail vein, these nanodisks 
effectively ablated tumors and minimized the inflammatory response caused by thermal 
injury. Key indicators of success included reduced tumor volume, nuclear shrinkage in 
H&E-stained sections, enlarged intercellular spaces, and decreased proinflammatory 
factors. Bi2Se3 nanodisks also demonstrated strong reactive oxygen species (ROS) scav-
enging abilities. This is crucial since ROS accumulation can trigger inflammation and 
oxidative stress, causing cellular damage. The nanodisks eradicated free radicals, elimi-
nated approximately 78% of superoxide ion radicals, and showed high hydroxyl radical 
scavenging ability. They also effectively scavenged reactive nitrogen species (RNS). The 
ability to reduce intracellular ROS levels in healthy cells further highlights their anti-
inflammatory potential [29]. 

In this study, we synthesized Bi2Se3 through a simple solvothermal process. To achieve 
homogeneous and nanostructured Bi2Se3, the synthesis conditions were carefully 
adjusted step by step. Thickness-dependent features such as crystallography and phonon 
characteristics derived from Raman spectroscopy demonstrated significant changes in 
Bi2Se3 formation under various conditions, leading to pronounced photothermal con-
version. To highlight its superior light absorption capability and explore its potential 
for practical applications, solar irradiation generated by a xenon lamp was employed. 
In vitro experiments showed that the optimally synthesized Bi2Se3 agent exhibited out-
standing photothermal conversion, significantly increasing temperature. During in vivo 
experiments, mice treated with the Bi2Se3 agent displayed excellent outcomes across all 
survival factors. These results suggest that Bi2Se3 possesses stable in vivo thermal prop-
erties and holds significant potential for photothermal therapy applications.

2  Experimental section
Detailed experimental procedures are reported in Supporting Information. All experi-
ments involving laboratory animals were conducted in accordance with the Guide-
lines for Animal Experiments of Chang Gung Memorial Hospital and were approved 
by the Animal Research Committee at Chang Gung Memorial Hospital (IACUC No. 
2023031401). The animals used in this study were obtained from National Laboratory 
Animal Center, Taiwan.

3  Result and discussion
Solvothermal synthesis is a widely used method for producing 2D materials. These reac-
tions typically occur in an autoclave containing water and organic solvents. By adjusting 
factors such as reactant composition, solvent type, reaction temperature, and reaction 
time, it is possible to fine-tune the morphology, size, thickness, and crystallinity of the 
resulting products. Figure  1(a) illustrates the synthesis of nanomaterials, morphologi-
cal control, and application in photothermal therapy. The process begins with the sol-
vothermal synthesis of a nanostructure, where precursor solutions are mixed, stirred 
for 1 h, and then subjected to high-pressure heating for 12 h. This step yields a layered 
base material. Next, the nanostructure undergoes morphological modification in an 
alkaline NaOH solution of varying concentrations. By adjusting the NaOH concentra-
tion, the nanostructure’s shape is controllably transformed from triangular to hexagonal, 
showcasing a tunable growth process that enhances its functional properties. Finally, the 
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modified nanostructure is applied in photothermal therapy. Under near-infrared (NIR) 
light irradiation, the nanomaterial efficiently converts light energy into heat, selectively 
targeting and destroying cancer cells. This demonstrates the potential of such nanomate-
rials for effective, localized cancer treatment through photothermal effects.

X-ray diffraction (XRD) characterization was conducted to investigate the effect of 
NaOH concentration and reaction temperature on the formation of Bi2Se3 nanostruc-
tures. The NaOH concentrations used were 0.00, 0.10, 0.50, and 1.00 M (Fig. 1(b)), while 
the reaction temperatures were set at 120, 140, 160, and 180 °C (Fig. 1(c)). All XRD pat-
terns confirm the existence of the Bi2Se3 phase, displaying characteristic peaks corre-
sponding to the hexagonal structure of Bi2Se3 as reported (JCPDS 00-33-0214). In the 
absence of NaOH, traces of the Bi2O3 phase and Se can be observed. The oxidation reac-
tion of ethylene glycol causes the reaction environment to acidify, causing the precursors 
of Bi and Se to dissociate and reduce to form bismuth oxide and metallic Se. Further-
more, the Se peak disappears in the presence of NaOH, which helps prevent the forma-
tion of impurities and promotes the complete reaction between bismuth and selenium, 
leading to well-crystallized Bi2Se3 nanostructures. However, increasing the NaOH con-
centration to 0.50 M results in weaker diffraction peaks, suggesting that excessive alka-
line conditions may lead to poor crystallization of Bi2Se3, along with the formation of 
impurity phases such as Bi2O3 and Bi(OH)2. Regarding the effect of reaction temperature 
on the crystalline structure, Bi2Se3 did not crystallize at 120  °C, and the XRD pattern 
mainly showed oxide phases. At temperatures between 140 and 180 °C, the diffraction 
peaks correspond well to Bi2Se3, indicating the formation of well-crystallized Bi2Se3.

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 
images of Bi2Se3 nanosheets synthesized without and with various alkaline conditions 
are shown in Fig.  2(a–f). Figure  2(a) depicts the morphology of Bi2Se3 synthesized 
without alkaline conditions, where the nanosheets exhibit agglomerated structures. In 

Fig. 1  a Schematic of Bi2Se3 preparation and photothermal therapy for tumor ablation. Crystal structure of Bi2Se3 
nanosheets. XRD patterns of Bi2Se3 nanosheet synthesized b under various alkaline conditions and c at various 
temperatures

 



Page 5 of 13Wu et al. Discover Nano          (2025) 20:106 

contrast, Fig. 2(b–d) illustrates the significant morphological transformation induced by 
increasing NaOH concentrations (0.10 M, 0.50 M, and 1.00 M). In 0.10 M NaOH solu-
tion, Bi2Se3 nanostructures displayed distinct layered features, as seen in Fig.  2(b). As 
NaOH concentration increased, at 0.50  M and 1.00  M, the structures began to show 
irregular growth and agglomeration. TEM and high-resolution TEM (HRTEM) images 
provide further insight into the structural evolution of Bi2Se3 nanosheets under various 
synthesis conditions. Figure  2(e-1) shows a truncated hexagon- or triangle-like mor-
phology in the absence of alkaline conditions, which is attributed to the acidic reaction 
environment created by the decomposition of ethylene glycol. Under optimal alkaline 
conditions (0.10 M NaOH), TEM imaging in Fig.  2(f-1) shows well-defined hexagonal 
Bi2Se3 nanosheets with sharp edges and uniform dimensions, measuring approximately 
370  nm across. HRTEM imaging confirms the interplanar spacing of 2.10 Å, consis-
tent with the (110) planes of Bi2Se3, as supported by the selected area electron diffrac-
tion (SAED) pattern, which displays hexagonal symmetry. These results highlighted 
the critical role of the NaOH concentration in modulating the reaction environment, 
which controlled the morphology and crystallinity of Bi2Se3 nanosheets. Adjusting the 
NaOH concentration allowed for precise tuning of the pH, leading to the formation of 
well-defined hexagonal Bi2Se3 structures, as observed at the optimized 0.10  M NaOH 
condition.

The reaction temperature in the solvothermal method significantly impacted the 
reaction rate and nucleation dynamics, which in turn influenced the morphology and 

Fig. 2  Morphology of Bi2Se3 nanosheets. SEM images of Bi2Se3 synthesized a without and with various alkaline 
conditions, including b 0.10 M, c 0.50 M, and d 1.00 M NaOH. Corresponding TEM and HRTEM images of Bi2Se3 
nanosheets synthesized e without alkaline and f in 0.10 M NaOH solution. SEM images of Bi2Se3 synthesized at 
temperatures of g 120, h 140, i 160, and j 180 °C. Corresponding k TEM and HRTEM images of Bi2Se3 nanosheets 
synthesized at 160 °C
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size of the Bi2Se3 nanosheets. Figure  2(g-j) shows that the nanosheets synthesized at 
lower temperatures (120  °C) exhibited agglomerated and poorly defined structures. At 
higher temperatures (140–160  °C), the morphology transitioned to more well-defined, 
layered hexagonal nanosheets. The sample synthesized at 160 °C (Fig. 2(i)) showed the 
most uniform and well-crystallized hexagonal morphology. In solvothermal synthesis, 
Bi2Se3 nanostructures grow via the formation of charge-neutralized layers composed of 
Se1-Bi-Se2-Bi-Se1 atomic sheets [46]. Atoms adsorbed onto the top surface cannot form 
covalent bonds with the edge Se atoms. Consequently, they migrate towards the outer 
rims, leading to faster growth in lateral dimensions compared to vertical dimensions 
[47]. TEM images revealed that Bi2Se3-160 showed uniform hexagonal growth with clear 
lattice fringes, which exhibited interplanar spacing of 2.10 Å, consistent with the (110) 
planes of Bi2Se3.

Raman spectroscopy confirmed the formation of Bi2Se3 nanostructures, as shown by 
the three prominent Raman-active vibrational modes: A1g

1 (out-of-plane), Eg
2 (in-plane), 

and A1g
2 (in-plane) are visible in the spectral range of 50–200  cm− 1 (Fig.  3(a)). Nota-

bly, the A1g
1 mode at ~ 72 cm− 1, reflecting the out-of-plane vibrations of the Se and Bi 

atoms, was relatively sensitive to thickness due to the influence of interlayer van der 
Waals interactions on the effective restoring forces acting on these atoms. The relative 
motion of the various atoms for these three observed phonons is illustrated in Fig. 3 (b). 
Magnified Raman spectra for the A1g

1 and Eg
2 modes vibration were plotted in Fig. 3 (c, 

Fig. 3  a Raman spectra of Bi2Se3 nanosheet synthesized at 120, 140, 160, and 180oC. b The unit cell of Bi2Se3 with a 
schematic representation of Raman active modes. c, d Magnified Raman spectra of Bi2Se3 nanosheet highlighting 
the A1g

1 and Eg
2 modes. e Schematic illustration of the growth of Bi2Se3 nanosheet at various reaction tempera-

tures and the relationship between the FWHM of Eg
2 and A1g

1 modes for Bi2Se3 nanosheets
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d), highlighting significant shifts in peak position and variations in the full width at half 
maximum (FWHM) under various synthesis conditions. The relationship of FWHM is 
further elucidated in Fig. 3(e). As the reaction temperature increased to 160 °C, the spec-
tral intensity of A1g

1 weakened and posed a redshift, highly relevant to the phonon soft-
ening occurring along the c-axis. Moreover, the relatively broad FWHM and asymmetric 
line at 160 °C implied reduced nanosheet thickness [48, 49]. Besides, at 180 °C, the A1g

1 
mode intensity increased, indicating that higher temperatures supplied the necessary 
thermal energy for enhanced crystallization and thicker nanosheet formation. These 
observations implied the effects of morphology and size also reflected the optical prop-
erties. These results imply that changes in morphology and size also influence the optical 
properties. As shown in Figure S1, the optical absorbance of the Bi2Se3 series increased 
with rising synthesis temperature. Notably, at 180 °C, light scattering induced by particle 
size effects became clearly observable.

For effective tumor ablation via photothermal therapy, the material design must meet 
several key criteria: stable dispersion in biological media, efficient photothermal con-
version capable of reaching temperatures between 40 and 50 °C, and excellent thermal 
stability. To evaluate dispersion stability, the zeta potential of each Bi2Se3 agent was 
measured, summarized in Table S1-S2 and Figure S2. A higher absolute zeta potential 
indicates improved colloidal stability in aqueous suspension. Among highly crystalline 
series of Bi2Se3 nanosheets, Bi2Se3-160 nanosheets exhibited the highest zeta poten-
tial value of −33.33 ± 0.88 mV, demonstrating superior dispersion stability. Owing to 
this property, Bi₂Se₃-160 was further evaluated under solar-simulated irradiation. Sun-
light is a sustainable natural source of both heat and illumination. Its high flux, large-
area coverage, and broad spectral distribution from ultraviolet to near-infrared aligning 
well with the broadband absorption characteristics of Bi₂Se₃. These features contribute 
to its strong potential in photothermal therapy. To evaluate the photothermal proper-
ties, a measurement system equipped with a thermocouple and a solar simulator was 
configured to monitor real-time temperature changes in the solution. We observed the 
photothermal performance of Bi2Se3 with error bar synthesized at various reaction tem-
peratures (Fig. 4(a,b)). The error bars represent the standard deviations obtained from 
eight measurements. Upon continuous illumination by a xenon lamp, the solution tem-
perature for all samples rapidly rose to ~ 30  °C within 5  min, reaching ~ 40  °C within 
20 min. The Bi2Se3-160 showed the most prominent temperature change within 40 min 
(19.4 °C), possibly due to the relatively low thickness and large surface area for light har-
vesting. Furthermore, increasing the concentration of Bi2Se3-160 to 10,000 ppm led to a 
temperature increase to ~ 57.3 °C, as shown in Fig. 4(c, d). The photothermal conversion 
efficiency under solar irradiation was calculated, and the value for Bi2Se3-160 at 10,000 
ppm aqueous was approximately 5.95%. A comparison of selected Se-based nanomateri-
als used in photothermal therapy is summarized in Table S3.

We further evaluated the thermal stability of Bi2Se3-160 nanosheets by in situ syn-
chrotron X-ray spectroscopy (Fig. 5(a, b)). Under the operation temperature range for 
photothermal therapy (40–70  °C), Bi2Se3-160 exhibited outstanding stability with no 
significant changes in the crystal structure. As the temperature was further increased 
to 110  °C, the characteristic peaks weakened, and the background signal, induced by 
synchrotron X-ray scattering, became more pronounced. Additionally, unfavorable dif-
fraction patterns derived from Bi and Se derivatives were also observed. Furthermore, 
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the Raman spectra showed that the peak position and FWHM of the Eg
1 mode varied 

with temperature (Fig.  5(c-e)). As the temperature increased to 150oC, the Eg
1 mode 

red-shifted noticeably. The FWHM of Eg
1 mode broadened when the temperature 

ascended to 190oC. The developed temperature-dependent Raman spectroscopy is an 
effective method for investigating thermal expansion, thermal conductivity, and inter-
layer coupling. In our experiment, the Raman peaks exhibited a clear red shift with 
increasing temperature, and the peak shifts displayed a direct correlation with tempera-
ture increase. It has been suggested that the temperature-dependent shifts in peak posi-
tions observed in Raman spectroscopy can be attributed to anharmonic effects arising 
from the thermal expansion and contraction of the crystal, as well as changes in phonon 
modes [50]. This phenomenon is closely associated with undesirable phase transitions 
that occur during temperature increases, particularly when the temperature reaches 
up to 190  °C. Figure 5(f ) illustrates a schematic diagram of lattice deformation due to 
increasing temperature. As the temperature rose, thermal expansion caused distor-
tions in the lattice, evidenced by the broadening of the FWHM of the Eg

2 mode, which 
was highly sensitive to temperature. Typically, for first-order Raman modes, changes in 
phonon frequency are primarily due to thermal anharmonicity. In summary, under the 
typical operational conditions for photothermal therapy, ranging from 40 to 70 °C, the 
as-prepared Bi2Se3 nanosheets were not only cost-effective and stable but also resistant 
to thermal decomposition.

To examine the in vivo thermal features and therapeutic potentials of Bi2Se3 
nanosheets, we designed the in vivo experiment, illustrated in Fig. 6(a). Mice were sub-
cutaneously inoculated with U87MG cells on day 0 and were injected with the mixture 

Fig. 4  a Photothermal performance, and b temperature changes of Bi2Se3 nanosheets synthesized at 120, 140, 
160, and 180oC. c Photothermal performance, and d temperature changes of Bi2Se3-160 nanosheets with various 
concentrations
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solution of Bi2Se3 nanosheets/phosphate buffered saline (PBS) to the tumor growing 
area on day 12. We then exposed the target area of the mice to the simulated sunlight 
and recorded the temperature change using infrared thermography for 180 s on day 12, 
day 13, day 14, and day 20. Figure 6(b) presents photothermal images of the U87MG cell 
injection site under three conditions: (1) injection of PBS with light irradiation (control 
group), (2) injection of Bi2Se3/PBS without light irradiation, and (3) injection of Bi2Se3/
PBS with light irradiation on day 12, recorded for 180 s. In the control group, continuous 
irradiation resulted in a slight temperature increase at the tumor site, from 31.5  °C to 
36.3 °C within 180 s.

In contrast, for the Bi2Se3/PBS injection group under light irradiation, the tumor site 
temperature rapidly increased to 53.1  °C, while there was no significant temperature 
change for the group without light irradiation. Bi2Se3 nanosheets injected mice showed 
better light-heat transfer than PBS-injected mice, and this photothermal feature was 
stable 8 days after particle injection (Fig. 6(c)). Both the temperature increase (Fig. 6(d)) 
and the temperature increase rate (Fig. 6(e)) were better in Bi2Se3 nanosheets injected 
mice. These results were consistent with our in-situ experiment (Fig. 4). In addition, we 
observed that the temperature rise slowed down around 90  s after the light exposure 

Fig. 5  Thermal stability of Bi2Se3 nanosheets at ascending process under ambient atmosphere measured by a 
synchrotron X-ray diffraction and b diffraction intensities along the operation temperature. c Raman spectroscopy 
and d, e the relationship between temperature and FWHM of Eg

2 modes. f Schematic diagram of lattice deforma-
tion caused by increasing temperature
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started. This could be the thermoregulation of the mice, which is beginning to react to 
prevent heat damage. The tumor growths were suppressed in the Bi2Se3 and light expo-
sure paired mice (Fig.  6(f )). The median survival days of the particle and light-paired 
mice were 34 days longer than those without particle or light exposure (Fig. 6(g)). No 
significant body weight loss was observed among all the mice (Figure S3(b)), suggest-
ing the treatment was not harmful to the mice but to tumor cells. The expression Ki-67 
is commonly associated with the proliferation of tumor cells and is now a promising 
cancer diagnostic target molecule. Here we examine the Ki-67 expression at the tumor 
regions via immunohistochemistry (IHC) staining (Fig. 6(h)). The Bi2Se3 and light expo-
sure paired group showed reduced Ki-67 expression level (Fig. 6(h), middle row). This 
result suggested that the proliferation of the tumor cells was suppressed after the subse-
quent treatments, which aligned with our tumor growth result.

Fig. 6  Bi2Se3 showed stable in vivo thermal features and potential for photothermal therapy. a Schematic image 
for the in vivo test. b The thermal images during the exposure to simulated sunlight on Day 12. c The temperature 
was recorded during the 3-min of exposure to light on Day 13, Day 14, and Day 20. N = 3 for each group. The solid 
line indicates the mean temperature at each time point, while the areas with lighter colors represent the Standard 
error of the mean (SEM). d Temperature increases in 3 min (left) and the first minute increase rate (right) at Day 13, 
Day 4, and Day 20. N = 3 for each group. Bar graphs represent the mean value ± SEM (standard error of the mean, 
SEM). Unpaired t-tests were carried out, *p < 0.05 and **p < 0.01. e Tumor volume was measured during the in vivo 
test. Day12 data normalized tumor volume. N = 3 for Bi2Se3 + Light and PBS + Light groups, whereas N = 2 for Bi2Se3 
only group. f Tumor volume was measured during the in vivo test. Day12 data normalized tumor volume. N = 3 for 
Bi2Se3 + Light and PBS + Light groups, whereas N = 2 for Bi2Se3 only group. g Survival curve of the groups of mice 
(left) and the median survival day (right). N numbers are as indicated. h H&E staining and IHC staining of tumor 
surface area. The brown color indicates the presence of Ki67 or Hsp70 in the corresponding IHC pictures. Blue or 
purple color indicates the presence of the nucleus. Scale bar = 200 μm
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4  Conclusion
PTT represents a cutting-edge, minimally invasive approach in oncology, leverag-
ing photothermal agents that absorb light and convert it into localized heat to ablate 
cancer cells selectively. Despite its potential, the clinical implementation of PTT faces 
challenges due to limitations in the efficiency, stability, and biocompatibility of existing 
photothermal agents. This study examined the in vivo thermal properties and the ther-
apeutic potential of Bi2Se3 nanosheets for cancer treatment. Mice injected with Bi2Se3 
nanosheets and exposed to simulated sunlight showed enhanced light-to-heat conver-
sion and stable photothermal effects, leading to significant tumor growth suppression 
and extended survival. Infrared thermography confirmed increased temperature and 
heating rates in treated mice, with thermoregulation observed after 90 s of light expo-
sure. Importantly, no harmful effects on body weight were observed, indicating selective 
targeting of tumor cells. Reduced Ki-67 expression in treated tumors further confirmed 
suppressed tumor cell proliferation, aligning with decreased tumor growth.
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