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1. Introduction

Cancer is a frequently occurring and 
common disease nowadays which has 
become one of the leading causes of 
death.[1] As an indispensable strategy for 
the treatment of solid tumors, surgery may 
cause a major challenge of tumor recur-
rence.[2] For optimized therapeutic effects, 
combining both presurgical and postoper-
ative treatment strategies is promising in 
overcoming the mentioned barrier.[3] Nev-
ertheless, the current mainly-used strategy 
of surgical adjuvant treatments focuses 
on noninvasive treatment strategies 
triggered by external energy, including 
photodynamic therapy (PDT), photo-
thermal therapy (PTT), and sonodynamic 
therapy (SDT).[4] External energy, such as 
near-infrared (NIR) light and ultrasonic 
generator, still faces obstacles.[5] Addition-
ally, the effect of these adjuvant combina-
tion therapies is still limited by the special 
tumor microenvironment, for example, 
the upregulation of heat shock proteins 

neutralizes the efficiency of PTT and hypoxia limits the efficacy 
of traditional PDT and SDT based on a single product.[6] There-
fore, developing novel cancer therapeutic tactics is still urgently 
desired.

Thermoelectric technology, realizing the energy conversion 
process between thermal and electricity under temperature 
gradient between opposite surfaces of thermoelectric mate-
rial, has been extensively applied as a potential way to solve 
the energy crisis and environmental pollution.[7] Therefore, it 
is possible that thermoelectric technology could also convert 
the heat of the body to electricity through charge pairs (elec-
trons and holes) separation under the temperature gradient. 
As well-known from the mechanism of PDT, electron and 
hole pairs separation can not only achieve electricity conver-
sion but also convert to chemical energy through catalyzing 
reduction of O2 and oxidation of H2O, producing ·O2

− and 
·OH, respectively.[6b,c,8] Furthermore, the reactive oxygen spe-
cies (ROS) including ·O2

− and ·OH, are potential candidates 
for mediating tumor cell apoptosis and sterilization for direct 
cancer therapy and postoperative treatment.[5b,9] Therefore, 

As an indispensable strategy for tumor treatment, surgery may cause two 
major challenges: tumor recurrence and wound infection. Here, a thermo-
electric therapeutic strategy is provided as either an independent cancer 
therapy or surgical adjuvant treatment. Bi0.5Sb1.5Te3 (BST) and Bi2Te2.8Se0.2 
(BTS) nanoplates composed of Z-scheme thermoelectric heterojunction 
(BST/BTS) are fabricated via a two-step hydrothermal processes. The 
contact between BST and BTS constructs an interfacial electric field due to 
Fermi energy level rearrangement, guiding electrons in the conductive band 
(CB) of BTS combine with the holes in the valance band (VB) of BST, leaving 
stronger reduction/oxidation potentials of electrons and holes in the CB 
of BST and the VB of BTS. Moreover, under a mild temperature gradient, 
another self-built-in electric field is formed facilitating the migration of 
electrons and holes to their surfaces. Based on the PEGylated BST/BTS het-
erojunction, a novel thermoelectric therapy platform is developed through 
intravenous injection of BST/BTS and external cooling of the tumors. This 
thermoelectric strategy is also proved effective for combination cancer 
therapy with β-elemene. Moreover, the combination of heterojunction and 
hydrogel is administrated on the wound after surgery, achieving efficient 
residual tumor treatment and antibacterial effects.
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thermoelectric technology, based on the thermal-electricity-
ROS conversion principle, could be a potential cancer thera-
peutic tactic and surgical adjuvant therapeutic strategy. Very 
recently, Lin et al. reported an interesting and promising 
thermocatalytic strategy to produce hydrogen peroxide (H2O2) 
under a small surrounding temperature difference using 
thermoelectric materials, such as Bi2Te3, Sb2Te3, and PbTe, 
as thermocatalysts.[10] This research not only highlighted the 
horizon-shifting impacts of thermoelectric materials for real-
time purification and antibacterial applications, but also may 
provide theoretical and experimental support for exploring 
the potential application of thermoelectric materials in cancer 
thermoelectric therapy.

The thermoelectric conversion efficiency is determined by 
the parameter of ZT = S2sT/κ, where S, s, κ, and T represented 
the Seebeck coefficient, electrical conductivity, thermal con-
ductivity, and the working temperature respectively.[7c,11] As the 
equation depicted, high ZT needs a low κ and a high powder 
factor (S2s). As for large S2s, semiconductors with narrow 
bandgaps are preferred; and semiconductors containing heavy 
elements with obvious lattice anharmonicity or complicated 
structures are desired for a low κ. With the above considered, 
Zintl phases, Half-Heusler alloys, and V–VI elements-based 
semiconductors are being widely applied in the thermoelectric 
field.[11b,12] Considering the low-temperature range of the human 
body, bismuth telluride (Bi2Te3) derived alloys are the desir-
able candidates because of their excellent ability in generating 
power and refrigeration within the temperature from 200 to  
400  K.[12c,d,13] To further optimize thermoelectric efficiency, 
regulating compositions with the development of novel mate-
rial synthesis approaches are the two crucial research hotspots. 
Regulating compositions via fabricating ternary phases (i.e., 
n-type Bi2Te3-xSex and p-type BixSb2-xTe3), with extra elements 
doping, can be utilized to control the densities and types of 
point defects and/or broaden the bandgaps for higher S2s, 
and further lower κ owing to the enhanced phonon scattering 
induced by point defects.[14] In addition, as our previous studies 
reported, heterojunction structure containing Z-scheme junc-
tion and Z-scheme junction has been regarded to be promising 
in promoting the separation of electron–hole pairs and opti-
mizing the catalytic performance.[6c,d,15] Specifically, the elec-
tric field could be constructed at the interface between p-type 
and n-type semiconductors, and the separated electrons and 
holes would transfer and relocate to the opposite direction and 
locate in different semiconductors. Subsequently, the undesir-
able electron–hole pairs recombination would be inhibited, 
inducing satisfactory catalytic efficiency.[9b]

Here, we demonstrated the proof-of-concept application 
of thermoelectric materials composed of Z-scheme hetero-
junction for both a novel direct cancer therapeutic tactic and 
an ingenious assistant treatment strategy after surgery. This 
novel thermoelectric technology could not only directly mediate 
cancer cell apoptosis but also potently suppress tumor recur-
rence after tumor removal surgery. The Z-scheme heterojunc-
tion, composed of Bi0.5Sb1.5Te3 (BST) nanoplates (NPs) and 
Bi2Te2.8Se0.2 (BTS) NPs, was fabricated via a two-step hydro-
thermal approach. As shown in Scheme  1, the Fermi energy 
level (EF) of BST and BTS was calculated to be 0.20 and 0.63 eV, 
respectively. Due to the effect of EF rearrangement, the contact 

between BST and BTS induces electron transfer from BST 
with a higher EF to BTS with a lower EF. Thus, in the BST, a 
region near the junction becomes positively charged, and in the 
BTS, a region near the junction becomes negatively charged. 
Hence, this interfacial electric field would guide a Z-scheme 
heterojunction, in which the electrons in the conductive band 
(CB) of BTS would combine with the holes in the valance band 
(VB) of BST, leaving stronger reduction/oxidation potentials 
of separated electrons and holes in the CB of BST and the VB 
of BTS, respectively. Moreover, under a mild temperature gra-
dient (37 to 25 °C), another self-built-in electric field is formed 
facilitating the electrons and holes migration to their surfaces, 
which would further restrain the unwanted electrons–hole 
pairs recombination of thermoelectric nanomaterials. There-
fore, efficient ROS generation triggered by a mild temperature 
gradient at the low concentration of thermoelectric materials 
was obtained according to the thermoelectric effect. Based on 
the PEGylated BST/BTS heterojunction, a new thermoelectric 
therapy (TET) platform was developed, which exhibited dual 
independently targeted ROS generation and effective cancer 
cell apoptosis through i.v. injection of BST/BTS and hydrogel 
mediated the cooling of tumor temperature. The antitumor 
effects could be further enhanced by combining β-elemene (a 
commonly-used clinical chemotherapeutic drug), which may 
expand this strategy's application to low-dosage combination 
therapy. Besides confirming the theranostic ability of BST/BTS 
for adjuvant treatment before surgery, we further introduced 
a BST/BTS@hydrogel for the postoperative assistant treat-
ment. After dressing BST/BTS@hydrogel at the site of surgical 
removal of solid tumor, a mild temperature gradient ranging 
from the initial temperature of hydrogel (20  °C) to body tem-
perature (37 °C) was constructed and triggered the thermoelec-
tric effect of BST/BTS heterojunction. Therefore, the generated 
ROS could further kill residual tumors and bacteria immedi-
ately. The results also supported its potential in wound-healing 
acceleration when using the BST/BTS@hydrogel. Overall, this 
study presented a comprehensive strategy for treating solid 
tumors with novel thermoelectric materials through 1) i.v. injec-
tion of PEGylated BST/BTS heterojunction induced effective 
cancer cell apoptosis, and 2) in situ postoperative treatment 
via the BST/BTS heterojunction composed hydrogel to inhibit 
recurrence of tumor and potential caused wound infection.

2. Results

2.1. Preparation and Characterization of PEGylation of BST, BTS, 
and BST/BTS

p-Type thermoelectric materials, BST, were synthesized by 
hydrothermal process applying SbCl3, Bi(NO3)3·5H2O, and 
Na2TeO3 as substrates in ethylene glycol solution for 8  h at 
230 °C (Scheme 1). After centrifuging at 5000 rpm for 10 min, 
BST NPs with relatively uniform size were achieved (PDI = 
0.097). According to transmission electron microscopy (TEM) 
images and size distribution results, the morphology of BST 
was uniform and the average size was ≈110  nm (Figure  1a; 
Figure S1, Supporting Information). The representative high-
resolution transmission electron microscopy (HRTEM) image 
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in Figure 1b clearly showed that the main crystalline structure 
of BST had lattice spaces of 0.34  nm for the planes of (009). 
Using a similar hydrothermal process, n-type thermoelectric 
materials, BTS were fabricated by applying TeO2, SeO2, and 
Bi2O3 as substrates and polyvinyl pyrrolidone (PVP) as the sur-
factant in ethylene glycol solution for 10 h at 200 °C (Scheme 1). 
The morphology and size distribution of BTS were character-
ized by TEM, in which BTS had a size of ≈100 nm with a PDI 
of 0.103 (Figure  1c; Figure S2, Supporting Information). The 
HRTEM image of BTS also exhibited a clear crystalline struc-
ture with 0.22  nm for the planes of (010) (Figure  1d). To con-
struct a Z-scheme thermoelectric heterojunction, BST/BTS 
heterojunction was synthesized using two steps hydrothermal 
processes by applying BST as the template for in situ syn-
thesis of BTS (Scheme 1). As shown in Figure 1e and Figure S3  
(Supporting Information), the BST/BTS heterojunction had a 
size of ≈135  nm with a PDI of 0.132. The HRTEM image of 
BST/BTS heterojunction (blue color for BST and red color 
for BTS, Figure  1f) further clearly depicted the planes of BST 
(Figure 1g) and BTS (Figure 1h) according to the obvious inter-
ference fringe and d-spacing, verifying the successful synthesis 
of designed heterojunction structure. The scanning electron 

microscope (SEM) images of BST and BST/BTS heterojunction 
provided direct evidence of BST/BTS heterojunction, in which 
the BTS (red color) mainly formed on the surface of BST (blue 
color) (Figure 1i,j). In addition, energy dispersive spectrometer 
(EDS) mapping was introduced to further demonstrate the suc-
cessful synthesis of BST/BTS heterojunction. Figure 1k,l exhib-
ited the EDS mapping images of BTS and BST, respectively, 
in which the specific elements were all observed in their EDS 
mapping images. Moreover, all these characteristic elements, 
including Bi (green), Te (red), Sb (blue), and Se (olive-green), 
were observed in the EDS mapping images of BST/BTS het-
erojunction. The element of Se is precisely distributed on the 
surface-bound structure of BST (yellow circle), further dem-
onstrating that BTS is mainly formed on the surface of BST. 
Given thermoelectric materials are a branch of piezoelectric 
materials with piezoelectric properties, the piezoelectric prop-
erty of BST/BTS heterojunction was determined through a pie-
zoresponse force microscope (PFM) and scanning Kelvin probe 
force microscopy (SKPFM). The piezoelectricity of the BST/
BTS heterojunction is fundamental for the piezocatalytic effect, 
which can be powerful proof of their thermoelectric proper-
ties. The 2D topography image and 3D image (Figure  1m–o) 

Scheme 1. Schematic illustration of preparation and mechanism of BST/BTS Z-scheme heterojunction-based thermoelectric therapy (TET). BST/
BTS Z-scheme heterojunction was fabricated via a two-step hydrothermal approach, and used as both i.v. injected nanomedicine and postoperative 
adjuvant treatment.
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Figure 1. Characterization of BST/BTS-based Z-scheme heterojunction. a) TEM (scale bar: 100 nm) and b) HRTEM (scale bar: 1 nm) images (inset: FFT 
diffraction patterns) of BST. c) TEM (scale bar: 100 nm) and d) HRTEM (scale bar: 1 nm) images (inset: FFT diffraction patterns) of BTS. e) TEM images 
of BST/BTS heterojunction (scale bar: 100 nm). f) HRTEM image of BST/BTS heterojunction (scale bar: 10 nm). g) HRTEM image of BST from BST/
BTS heterojunction (scale bar: 5 nm). h) HRTEM image of BTS from BST/BTS heterojunction (scale bar: 5 nm). i) SEM image of BST. j) SEM image of 
BST/BTS heterojunction (scale bar: 100 nm). k) SEM-EDX mapping images of BTS (scale bar: 100 nm for all panels). l) SEM-EDX mapping images of 
BST (scale bar: 100 nm for all panels). m) SEM-EDX mapping images of BST/BTS heterojunction (scale bar: 100 nm for all panels). n) 2D AFM image 
of BST/BTS heterojunction (scale bar: 100 nm). o) 3D AFM image of BST/BTS heterojunction. p) Phase image of the piezoelectric response of BST/
BTS heterojunction. q) Piezoelectric potential of BST/BTS heterojunction.
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showed the clear nanoplate morphology of an individual BST/
BTS heterojunction with a thickness of ≈30  nm and size of 
≈135 nm. Meanwhile, the phase map in Figure 1p matched the 
morphology map result well. The piezoelectric potential map 
of BST/BTS heterojunction (Figure 1q) acquired by SKPFM in 
the darkness presented a surface potential of ≈30  mV, indi-
cating its piezoelectric property. In order to improve their bio-
compatibility and biostability, PEG(5k)-NH2 positively charged 
was absorbed on the negatively charged surface of prepared 
BST, BTS, and BST/BTS (Figure S4, Supporting Information) 
via electrostatic attraction. The amount of PEG(5k)-NH2 that 
was coated on the surface of the BST/BTS was ≈20.6% (w/w) as 
measured by thermogravimetric analysis (TGA).

X-ray photoelectron spectroscopy (XPS) and X-ray diffraction 
(XRD) were employed to further confirm the successful syn-
thesis of BST, BTS, and BST/BTS heterojunctions. As shown 
in XPS spectra (Figure 2a), the corresponding Bi, Sb, Te, and 
Se, were observed in XPS spectra of BST, BTS, and BST/BTS 
heterojunction. As shown in Figure S5 (Supporting Informa-
tion), the typical high-resolution XPS spectra of Bi 4f, Te 3d, 
Sb 3d, and Se 3d from BST and BTS were analyzed in detail. 
Specifically, the Bi3+ 4f5/2, Bi3+ 4f7/2, Sb3+ 3d3/2, Sb3+ 3d5/2,  
Te2− 3d3/2, and Te2− 3d5/2, were observed in the high-resolution 
XPS spectra of BST, and the Bi3+ 4f5/2, Bi3+ 4f7/2, Te2− 3d3/2, 
Te2− 3d5/2, Se2− 3d3/2, and Se2− 3d5/2 were observed in the high-
resolution XPS spectra of BTS. In addition, a small amount 
of elementary Bi and Te occurs in BST and BTS. For the XRD 
detection, as shown in Figure  2b, the obtained rhombohedral 
NPs, including BST and BTS also exhibit high phase purity, 
which is evidenced by their XRD pattern. All the XRD peaks 
are well-matched with JCPDS card no. 49–1713 (corresponding 
to rhombohedral structured BST nanocrystals) and JCPDS 
card no. 50–0954 (corresponding to rhombohedral structured 
BTS nanocrystals), demonstrating the high purity of synthe-
sized BST and BTS. Moreover, the corresponding XRD peaks 
of rhombohedral structured BST and BTS nanocrystals were 
all observed in the XRD spectrum of BST/BTS heterojunction, 
which further demonstrated the successful synthesis of high-
purity BST/BTS heterojunction.

2.2. Thermoelectric Properties of BST and BTS

The electrical properties of the prepared BST and BTS were pre-
sented in Figure  2c–h. First, the temperature (T) dependence 
electrical conductivity (σ) for the BST and BTS was measured 
and recorded in the temperature range 295–335  K (21.85–
61.85 °C). The electrical conductivity decreased along with the 
temperature increment for both BST and BTS (Figure 2c). The 
temperature-dependent Seebeck coefficient (S) of BST and 
BTS was recorded in Figure  2d. The result showed the posi-
tive Seebeck coefficient in BST and the negative Seebeck coef-
ficient in BTS under the measured temperature range. The 
positive result of S indicated the p-type property of BST and the 
negative result of S indicated the n-type property for BTS. The 
power factors of the BST and BTS were revealed in Figure 2e. 
An obvious decreasing trend of the power factor of BST was 
observed because of the decreased electrical conductivity. The 
ultralow thermal conductivity of BST and BTS was shown in 

Figure 2f, and decreased thermal conductivity with the temper-
ature might be caused by enhanced heat vibration of the lattice. 
The temperature-dependent merit ZT values of BST and BTS 
were shown in Figure  2g, which was an important parameter 
for estimating the performance of thermoelectric material and 
calculated by the formula:

/2ZT S sT κ=  (1)

An increasing trend of BST and BTS was observed due to the 
synergistic suppression of κ and σ and the improvement of S. 
Figure 2h showed that the Seebeck coefficient at room tempera-
ture and the Seebeck coefficient of the BST and BTS fell into 
a linear curve along with natural logarithm electrical conduc-
tivity, clearly indicating less varying carrier mobility and higher 
fluctuating carrier concentration.

2.3. BST/BTS Heterojunction-Mediated ROS Generation 
through Thermoelectric Effect

Due to the hydrophobic surface of BST/BTS heterojunction, 
aggregation and precipitation were observed when BST/BTS 
heterojunction dispersed in a water solution (Figure S6, Sup-
porting Information). Given that physiological dispersibility 
and stability are the keys to playing thermoelectric effect and 
biomedical applications, PEGylation was carried out for BST, 
BTS, and BST/BTS heterojunction. Due to the negatively 
charged surface of BST, BTS, and BST/BTS (Figure S3, Sup-
porting Information), PEG-NH2 was applied to modify the 
surface via electrostatic attraction. On the one hand, PEG-NH2 
modification would neutralize the negative charge of the cata-
lyst, avoiding the influence of electron–hole separation of the 
catalyst. On the other hand, PEG modification forms a hydrated 
film on the surface of the nanocatalyst, and the dispersibility 
and stability of BST/BTS heterojunction were largely improved, 
which showed nearly no aggregation or precipitation after 24 h 
in water, PBS, and medium (Figure S6, Supporting Informa-
tion). Therefore, more catalytic active sites of PEGylated nano-
catalysts were exposed to substrates than those of aggregated 
nanocatalysts. In addition, since the catalytic substrates are dis-
solved in water, PEG modification can effectively increase the 
surface hydrophilicity of nanomaterials, and thus increase the 
adsorption of substrate molecules, such as dissolved oxygen and 
water, on the surface of prepared NPs. Therefore, PEGylation 
of prepared NPs or other nanocatalysts is necessary for safe-
guarding their catalytic activity. The successful PEGylation of 
BST/BTS heterojunction was subsequently determined by Fou-
rier transform infrared (FT-IR) spectra. As exhibited in Figure 
S7 (Supporting Information), the FT-IR absorption wavelength 
at ≈1250 and ≈2900 cm−1 of PEGylated BST/BTS heterojunction 
indicated the CO stretching vibration and -CH vibrations cor-
respondingly, verifying the DSPE-PEG modification.

In the next stage of this study, the ROS generation, including 
superoxide anion (·O2

−) and hydroxyl radical (·OH), of BST, 
BTS, and BST/BTS heterojunction through thermoelectric 
effect triggered by thermocycler with PID heating and cooling 
system triggering temperature gradient (37–25 °C) were evalu-
ated in detail.[10] Macroscopically, through the heating and 
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cooling cycle, the temperature of the whole reaction solution 
is relatively uniform, but microscopically, the thermoelectric 
material has very low thermal conductivity, so there is a certain 

temperature difference between the opposite surfaces. In addi-
tion, for the Z-scheme heterojunction, the similar core-shell 
structure aggravates the temperature difference, especially 
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Figure 2. Chemical composition and thermoelectric characterization. a) XPS spectra of BST, BTS, and BST/BTS heterojunction. b) XRD spectra of BST, 
BTS, and BST/BTS heterojunction. Thermoelectric characteristics of BST and BTS: c) σ, d) S, e) PF f) κ, g) ZT, and h) S versus ln (σ), respectively.
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between the surface and interface, improving the thermoelec-
tric effect. To test ·OH generation efficiency, BST, BTS, or BST/
BTS heterojunction suspension was mixed with methylene blue 
(MB) and H2O2 in PBS and exposed to a thermocycler with a 
temperature ranging from 37 to 25 °C (Figure S8, Supporting 
Information). The degradation ratio of MB was then evalu-
ated and recorded via UV–vis–NIR spectrophotometer after 
every cycle (Figure S9, Supporting Information). As shown 
in Figure  3a, an obvious degradation of MB was observed by 
treatment with BST and BTS, which confirmed the feasibility 
of ·OH generation through a thermoelectric effect triggered by 
the temperature gradient between 37 and 25 °C. In contrast, a 
much more obvious and faster degradation of MB was recorded 
in BST/BTS heterojunction-treated group. Next, dihydrorhoda-
mine 123 (DHR 123) was used as the specific probe to detect 
the generation of ·O2

−. Similar to ·OH production, both BST 
and BTS exhibited an obvious ·O2

− generation under a tem-
perature gradient ranging from 37 to 25  °C (Figure  3b). BST/
BTS heterojunction also revealed the strongest ability to cata-
lyze ·O2

− production. In addition, there was no ·OH or ·O2
− 

generation only under a temperature gradient ranging from 37 
to 25  °C, further demonstrating the thermo-electric effect of 
BST and BTS is responsible for ROS production (Figure S10, 
Supporting Information). Electron spin resonance (ESR) and 
corresponding 5,5-dimethyl-1-pyrroline N-oxide trapping agent 
were used to understand that the BST and BTS with thermo-
electric effect could generate ROS and BST/BTS heterojunc-
tion exhibited the strongest signals of generated ·O2

− and ·OH 
(Figure  3c,d). Additionally, three different speeds, including 
high speed: 2.5 °C min−1, middle speed: 1.2 °C min−1, and low 
speed: 0.5 °C min−1, controlled by thermocycler were applied to 
detect the influence of the speed of the rising and cooling pro-
cess on the catalytic performance of BST/BTS NPs. Figure S11 
(Supporting Information) exhibited that there was no obvious 
difference among the three different rising and cooling speeds. 
Although the influence of the speed change in a certain range 
on the catalytic efficiency is low, the effect of extremely low or 
high speed should be further studied in other applications.

The mechanism and superiority of BST/BTS heterojunction-
mediated ROS generation were analyzed in detail. At first, the 
optimized conformations of BST and BTS with the lowest total 
energy is illustrated in Figure 3e,f. In BST, Sb atoms are uni-
formly doped into two Bi sub-layers. The lattice parameters of 
BST are 8.49 and 8.49  Å with a total energy of −79.01  eV. In 
BTS, a Te atom is replaced by a Se atom with a total energy 
of −80.08  eV, and the lattice parameters are 8.90 and 8.90  Å. 
To further confirm the type of BST/BTS-based heterojunction, 
the interfacial charge transfer between BST and BTS was fur-
ther investigated by applying density functional theory (DFT) 
computational calculations. The electronic properties of BST 
and BTS were also calculated as shown in Figure 3i,j. For easy 
comparison, the standard hydrogen electrode (SHE) was set to 
0 here. The calculation results show that the work function of 
BST and BTS was 4.64 and 5.07 eV, respectively, and the Fermi 
energy level (EF) of BST and BTS was 0.20 and 0.63 eV, respec-
tively. The results indicated that electrons are much easier 
escape from BST to BTS. In addition, the band structures of 
BST and BTS were also detected. As shown in Figure 3g,h, the 
bandgaps (Eg) of BST and BTS were 1.65 and 1.90 eV, respec-

tively, and the VB of BST and BTS were 1.00 and 1.60  eV, 
respectively. Hence, the CB of BST and BTS were calculated to 
be −0.65 and −0.3 eV, respectively. According to their electronic 
band structure, BST and BTS belong to p-type and n-type ther-
moelectric materials, respectively, which means BST contains 
an excess of holes, while the BTS contains an excess of elec-
trons in the outer shells of the electrically neutral atoms there. 
However, their EF was very close to the middle of the Eg, indi-
cating the excess of holes and electrons in BST and BTS were 
very limited. In summary, due to the effect of EF rearrange-
ment, electrons transfer from BST with a higher EF to BTS 
with a lower EF after BST-BTS contact, leading to the bending 
of the electronic energy band of BST and BTS to the higher 
and lower fields, respectively. The effect of EF rearrangement 
further mediates the construction of a built-in electric field at 
the interface between BST and BTS. Under thermal excitation, 
a Z-scheme heterojunction was formed, in which the excited 
electrons in the CB of BTS will be combined with the holes in 
the VB of BST guided by the built-in electric field at their inter-
face, leaving stronger reduction/oxidation potentials of sepa-
rated electrons and holes in the CB of BST and the VB of BTS.

For the ·O2
− generation, the CB potentials of BST (−0.65 eV) 

and BTS (−0.30 eV) are more negative than the redox potential 
of O2/·O2

− (−0.28 eV), so that the electrons in the CB of BST 
and BTS could easily catalyze the reduction of O2 producing 
·O2

−. As shown in Figure 3l, the favorite adsorption energy was 
calculated to be −0.13  eV, the weak physical adsorption allows 
O2 to escape from BTS after the interaction. Further, Bader's 
charge analysis shows that after O2 adsorption, 0.1  eV nega-
tive charge transferred from BST to O2. Thus, we hypothesize 
that the weak physical adsorption mode and directed electron 
transfer make BST an efficient catalyst for ·O2

− generation. For 
the ·OH generation, the △G of H2O2 generation on BTS was 
calculated to estimate the Fenton-like catalytic activity of BTS 
with the following pathway,

H O OH ·OH2 2∗+ → ∗ +  (2)

OH ·OH∗ → ∗+  (3)

where *OH represents the BTS-OH pair.
As illustrated in Figure  3k, the total energy of 2.31  eV is 

required for one H2O2 decomposition into two ·OH without 
catalyst participation. When BTS intervenes, the H2O2 decom-
position is divided into two steps: a) One H2O2 adsorbed on 
BTS and then quickly released one ·OH molecule, remaining 
one ·OH bonded with BTS through O–Te bond. The calculated 
△G of step (a) is 0.16 eV. b) The O–Te bond broke and released 
another ·OH molecule with a △G of 2.14 eV. It is obvious that 
under the hole-catalysis of BTS, the energy required for H2O2 
to generate free ·OH molecule is significantly reduced. In addi-
tion, for the BST/BTS-based Z-scheme heterojunction, the sep-
arated electrons and holes were assembled in the CB of BST 
and the VB of BTS with stronger reduction/oxidation potentials 
have more potential energy for O2 reduction and H2O2 dissocia-
tion. The mechanism of BST, BTS, and BST/BTS heterojunc-
tion-based thermoelectric catalysis was displayed in Figure 3m.

Moreover, the stabilities of morphology, structure, and ther-
moelectric effect of prepared BST/BTS heterojunction were 
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Figure 3. ROS generation and mechanism of TET. a) ·OH generation of BST, BTS, and BST/BTS heterojunction under temperature gradient from 37 
to 25 °C. b) ·O2

− generation of BST, BTS, and BST/BTS heterojunction under temperature gradient from 37 to 25 °C. c) The signal of ·OH generated 
by BST, BTS, and BST/BTS heterojunction in ESR spectra. d) The signal of ·O2

− generated by BST, BTS, and BST/BTS heterojunction in ESR spectra. 
Top and side views of e) BST and f) BTS, respectively. The green, violet, orange, and gray balls show the Te, Bi, Sb, and Se atoms, respectively. g) The 
bandgap of BST and BTS. h) The valence band level of BST and BTS. Plannar-averaged electrostatic potential (green solid line), vacuum level (blue 
dashed line) and Fermi level (red dashed line) of i) BST and j) BTS. The insets show the corresponding structures. The green, violet, orange, and gray 
balls show the Te, Bi, Sb, and Se atoms, respectively. The standard hydrogen electrode (SHE) was set to 0. k) Calculated △G of ·OH generation on 
BTS. The green, violet, gray, red, and blue balls show the Te, Bi, Se, O, and H atoms, respectively. l) Optimized adsorption pattern of O2 on BST. The 
green, violet, orange, and red balls show the Te, Bi, Te, and O atoms, respectively. The iso-value presented here is 1 × 10−4 e Å−3. m) The mechanism 
of BST, BTS, and BST/BTS heterojunction mediated TET.
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detected after 12 h of incubation at 37 °C. As shown in Figure 
S12 (Supporting Information), the TEM images and XRD spec-
trum of BST/BTS heterojunction after 12  h of incubation at 
37  °C exhibited negligible change compared with fresh BST/
BTS heterojunction, which indicated good stability of prepared 
BST/BTS heterojunction. Figure S13 (Supporting Information) 
exhibited the excellent thermoelectric effect of BST/BTS hetero-
junction after 15 heating/cooling cycles, indicating good ther-
moelectric stability of prepared BST/BTS heterojunction.

2.4. Biocompatibility and Anticancer Effects In Vitro

In order to deeply excavate the biocompatibility of PEGylated 
BST, BTS, and BST/BTS NPs and illustrate the effect of PEGyla-
tion, the cytotoxicity of prepared BST, BTS, and BST/BTS NPs 
with and without PEGylation to human normal cells, such as 
human skin fibroblast cells (HSF) and human umbilical vein 
endothelial cells (HUVEC), and human cancer cells, such as 
human breast cancer cells (MCF-7) and human cervical car-
cinoma cells (Hela) were detected. These cells were treated 
under different treatment conditions and the AlamarBlue cell 
viability assay was executed to test the cell viability according to 
the standard protocol. As revealed in Figure 4a and Figure S14 
(Supporting Information), the PEGylated BST, BTS, and BST/
BTS NPs all exhibited relatively high biocompatibility to either 
normal cells or cancer cells without a temperature gradient, in 
which more than 80% viability of cells were retained after co-
incubation with that of 200  µg  mL−1. However, the pure BST, 
BTS, and BST/BTS NPs without PEGylation all showed concen-
tration-related cytotoxicity to either normal cells or cancer cells 
without the temperature gradient, in which <30% viability of 
cells were retained after co-incubation with that of 200 µg mL−1 
(Figure S15, Supporting Information). The obvious gap in the 
biocompatibility of prepared NPs with or without PEGylation 
further demonstrates the necessity of PEGylation. However, 
after treating the cells with thermoelectric materials and cooling 
the temperature from 37 to 25  °C, obvious cytotoxicities were 
observed for these three PEGylated thermoelectric materials, 
in which under this temperature gradient the PEGylated BST/
BTS heterojunction showed the largest cytotoxicity to MCF-7 
and Hela cells shown in Figure 4b and Figure S16 (Supporting 
Information). In contrast, the cells treated with only a tem-
perature gradient showed negligible cytotoxicity (Figure S17,  
Supporting Information). Therefore, we speculated that the 
thermoelectric effect inducing ROS generation of BST/BTS 
heterojunction should be the main reason for the cytotox-
icity under this mild temperature gradient. Moreover, when 
increasing the heating cycles (37–25 °C), an increasing cell cyto-
toxic effect of thermoelectric materials was detected, while the 
negligible cytotoxic effect of the single temperature gradient 
was detected (Figure  4c; Figure S18, Supporting Information). 
The results further indicated that the thermoelectric effect of 
thermoelectric materials was the main factor to generate ROS 
and realize well cytotoxicity. Additionally, the cells incubated 
with BST/BTS heterojunction exhibited the highest cytotox-
icity, in which after 3 cycles of this temperature gradient, <10% 
viability of cancer cells were retained. This strong cytotoxicity 
demonstrated the enhanced thermoelectric effect of Z-scheme 

heterojunction. To confirm our speculation, flow cytometer 
(FCM) analysis was introduced to detect the manner of death 
and intracellular ROS generation. As depicted in Figure 4d and 
Figure S19 (Supporting Information), the main death manner 
of cancer cells was apoptosis, which was mainly caused by a 
drastic ROS burst. When compared with the group of BST/
BTS heterojunction only, the highest amount of ROS in the 
cells treated with thermoelectric materials along with temper-
ature gradient (37–25  °C) was obviously detected, which dem-
onstrated the satisfactory match of thermoelectric effect and 
Z-scheme heterojunction. In addition, the intracellular ROS 
contents of various groups were detected by the ROS fluores-
cent probe. Indeed, the intracellular ROS levels in the BST and 
BTS coupling with temperature gradient treated groups were 
significantly higher than the control group, and the highest 
ROS concentration was recorded in the group of BST/BTS het-
erojunction with the temperature gradient (Figure  4e–g). The 
live/dead images of cells in various groups were co-stained with 
calcein-AM and propidium iodide probes and then recorded, 
which also confirmed the anti-cancer effect of prepared thermo-
electric materials (Figure 4h).

2.5. In Vivo Antitumor Strategy Mediated by BST/BTS 
Heterojunction

To further demonstrate the superiority of thermoelectric het-
erojunction-based TET, the in vivo anti-cancer effect of BST/
BTS heterojunction was evaluated on the MCF-7 cancer cells-
derived tumor-bearing mice. At first, the pharmacokinetics and 
biodistribution of BST/BTS heterojunction were detected using 
Cy7-labelled BST/BTS heterojunction. Cy7-labeled heterojunc-
tion (5  mg/kg) was intravenously injected into MCF-7 tumor-
bearing mice. At different time intervals, 20  µL blood was 
collected and the corresponding fluorescence intensity of Cy7 
was carefully detected. As shown in Figure 5c, a much longer 
circulation of the Cy7-loaded heterojunction was observed than 
free Cy7, which guaranteed stronger tumor accumulation. 
This high tumor accumulation of Cy7-loaded heterojunction 
was further confirmed through the fluorescence images of 
major organs at 24  h after i.v. injection (Figure  5d). Addition-
ally, to more precisely understand the in vivo biodistribution 
of NPs, the quantitative concentration of NPs in tumors and 
major organs at 24  h was monitored through the inductively 
coupled plasma emission spectrometer (ICP). The ICP spectra 
shown in Figure 5e also demonstrated a high tumor accumu-
lation of prepared BST/BTS heterojunction. Next, the MCF-7 
tumor-bearing mice were separated into the following groups 
randomly: Group 1: control, Group 2: BST/BTS heterojunction, 
Group 3: BST +  ΔT, Group 4: BTS +  ΔT, and Group 5: BST/
BTS heterojunction + ΔT. As shown in Figure 5b, the ΔT means 
temperature gradient (37–25 °C) induced by hydrogel coated on 
the tumor site. During the water in the hydrogel evaporates, the 
temperature of the tumor gradually dropped to 25 °C in 10 min. 
After removing this hydrogel coating, the temperature of the 
tumor then raised to 37 °C in 15 min. Since tumor cells have a 
powerful system regulating redox balance, including GSH and 
various antioxidants, to continuously disrupt intracellular redox 
homeostasis of tumor cells and prevent tumor recurrence, the 
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Figure 4. In vitro anti-tumor effect of TET. a) Human breast cell (MCF-7) viability after the treatment with BST, BTS, or BST/BTS heterojunction at 
various concentrations for 24 h. The data showed mean ± s.d., n = 6 biologically independent cells. In vitro antitumor effect of BST, BTS, and BST/BTS 
heterojunction-based TET with ΔT at b) different concentrations of the NPs and c) with different numbers of ΔT cycles. The data showed mean ± s.d., 
n = 6 biologically independent cells. d) FCM images of MCF-7 cells after different treatments. e) CLSM images of ROS content in MCF-7 cells under 
different treatments. Scale bar: 100 µm. f,g) Quantitative fluorescence analysis of the intracellular ROS. h) Live/Dead cell staining results of MCF-7 
cells after different treatments (green, live cells; red, dead cells). Scale bar: 100 µm.
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Figure 5. In vivo imaging, biodistribution, and anti-tumor study. a) Illustration of treatment schedule. b) Thermal infrared imaging of the temperature 
gradient of BST/BTS heterojunction treated mice. c) Blood circulation results of NPs-Cy 7 and free Cy 7. The data showed mean ± s.d., n = 3 biologi-
cally independent mice. d) Fluorescence images of major organs with i.v. injection of Cy 7 functionalized BST/BTS heterojunction. e) Biodistribution 
of BST/BTS heterojunction in MCF-7 tumor-bearing mice by ICP measurement. The data showed mean ± s.d., n = 3 biologically independent mice.  
f) Mice weights after different treatments. g) The survival curves of MCF-7 tumor-bearing mice after different treatments. h) Anti-tumor effects of TET. 
Group 1: PBS, Group 2: BST/BTS, Group 3: BST + ΔT, Group 4: BTS + ΔT, and Group 5: BST/BTS + ΔT. i) Tumors weights after different treatments. 
The data showed mean ± s.d., n = 5 biologically independent mice. j) The anticancer effect of thermoelectric therapy strategy combined with β-elemene 
based chemotherapy. Group 6: saline, Group 7: β-elemene, Group 8: BST/BTS NPs + ΔT, Group 9: β-elemene + BST/BTS NPs + ΔT. The dosages 
of β-elemene and BST/BTS NPs were 5 mg kg−1 and 2.5 mg kg−1. β-elemene was i.v. administrated on Days 0, 2, 4, and 6. k) Tumors weights after 
different treatments. The data showed mean ± s.d., n = 5 biologically independent mice. l) In vivo ROS images of the tumor sections determined by 
dihydroethidium (DHE). m) TUNEL staining and n) H&E staining in the tumor sections after different treatments. Scale bar: 100 µm. Each experiment 
was repeated independently for three times with similar results.
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thermoelectric therapy was carried out every 2 days for three 
times. As shown in Figure S20 (Supporting Information), the 
BST/BTS NPs started to accumulate in the tumor after i.v. 
injection and reached the highest accumulation after 12–24  h 
post-injection. Due to the enhanced permeability and retention 
(EPR) effect of cancer, a fast accumulation and slow clearance of 
BST/BTS NPs in the tumor was clearly observed in Figure S19  
(Supporting Information). Hence, the ΔT treatments were 
carried out every 2 days for three times at 24  h post-injection 
(Figure 5a), and the tumor volume was recorded every 2 days 
accordingly, and the tumor growth results after different treat-
ments were presented in Figure  5h,i. Similarly, BST/BTS het-
erojunction treatment without ΔT did not show any significant 
inhibition of tumor growth. By contrast, the treatments using 
BST or BTS thermoelectric materials with hydrogel-induced ΔT 
all exhibited obvious inhibitory effects. As shown in Scheme 1, 
the temperature gradient on the opposite surface of thermo-
electric materials mediated the construction of a built-in elec-
tric field in bulk, so that the charges (electrons and holes) could 
separate and transfer to the corresponding surfaces. Therefore, 
the separated electrons and holes with high reduction and oxi-
dation potentials catalyzed the reduction of O2 and oxidation of 
H2O to produce ·O2

− and ·OH respectively. Moreover, the treat-
ment of BST/BTS heterojunction with the same ΔT presented 
the best inhibition performance on tumor growth, and the 
tumors in this group even all disappeared without any recur-
rence, validating the remarkably therapeutic ability of Z-scheme 
thermoelectric heterojunction. This improved therapeutic effect 
of Z-scheme thermoelectric heterojunction should attribute to 
the Z-scheme heterojunction-mediated interfacial electric field 
which further directed the relocation of the separated electrons 
and holes on the surfaces of different thermoelectric materials, 
which greatly reduced the possibility of electron–holes recom-
bination. These in vivo anti-tumor effects were in accordance 
with the intracellular ROS burst induced by the thermoelectric 
effect of the heterojunction structure of BST/BTS heterojunc-
tion. The representative pictures of mice (Figure  5i) and the 
longest lifetime without any tumor recurrence (Figure  5g) of 
the mice treated with BST/BTS heterojunction +  ΔT further 
showed satisfactory treatment ability. In addition, negligible 
changes in the body weights of the mice within 15 days 
(Figure 5f) were observed, indicating good biosafety.

To further demonstrated that the main cause of tumor treat-
ment was the Z-scheme thermoelectric effect-induced ROS 
burst, the ROS concentration of the tumor was also detected 
using the DCFH as a fluorescence probe. As shown in Figure 5l, 
the strongest green fluorescence was monitored in the group 
of BST/BTS heterojunction +  ΔT, further showing the most 
ROS generation. In addition, the TUNEL and H&E staining 
images of tumor sections in different groups also confirmed 
the remarkably enhanced therapeutic effect of Z-scheme ther-
moelectric heterojunction.

Moreover, to expand the potential application of the 
developed thermoelectric therapy, we further explored its appli-
cation with a chemotherapeutic drug combination strategy. 
β-elemene, a plant-derived anticancer drug commonly used 
in the clinic, was chosen as an example drug for combination 
therapy for solid tumors. As shown in Figure S21 (Supporting 
Information), a synergistic antitumor performance with a lower 

dose of BST/BTS heterojunction (25  µg  mL−1) toward cancer 
cells was observed. Thereafter, we further evaluated the in vivo 
therapeutic efficacy of BST/BTS heterojunction combined with 
β-elemene on MCF-7-tumor-bearing nude mice. The mice were 
separated into four groups: Group 6: saline, Group 7: β-elemene, 
Group 8: BST/BTS NPs + ΔT, and Group 9: β-elemene + BST/
BTS NPs +  ΔT. The dosages of β-elemene and BST/BTS NPs 
were 5–2.5 mg kg−1. β-elemene was i.v. administrated on Days 
0, 2, 4, and 6. As observed in Figure 5j,k, β-elemene alone exhib-
ited an obvious anti-tumor effect (tumor volume inhibition ratio 
≈38.7%). After decreasing the dosage of BST/BTS NPs from 5 to 
2.5 mg kg−1, the BST/BTS NPs mediated thermoelectric therapy 
showed only a 34.8% tumor volume inhibition ratio. Encourag-
ingly, the combination strategy achieved a tumor volume inhi-
bition ratio of ≈94.4%, which showed a synergistic therapeutic 
outcome. Therefore, a significantly reduced amount of BST/
BTS NPs could also achieve considerable therapeutic efficacy in 
combination with appropriate chemotherapeutic drugs, which 
may expand its future clinical utility.

2.6. Developing BST/BTS@Hydrogel for Postoperative Therapy 
and Inhibition of Tumor Recurrence

The BST/BTS heterojunction-contained hydrogel (agarose and 
chitosan composition) was followingly synthesized. It should 
be pointed out that the coating PEG on BST/BTS heterojunc-
tion was essential for i.v. injectable nanomedicine, while the 
PEG modification was not essential in local treatment when 
combined with hydrogel for a simplified theranostic platform. 
Therefore, we designed a BST/BTS heterojunction-contained 
hydrogel (named BST/BTS@Hydrogel) via mixing BST/BTS 
heterojunction, chitosan, and low-melting-point agarose. To 
evaluate the tumor recurrence inhibition in postoperative 
treatment of BST/BTS@Hydrogel, we established an ortho-
topic MCF-7 cancer cells-derived tumor-bearing mice model. 
The mice were separated into the following treatment groups: 
Group 1, surgery only; Group 2, surgery + hydrogel; and Group 
3, surgery + BST/BTS@Hydrogel. Because the temperature 
gradient is the key to triggering the thermoelectric effect of 
thermoelectric materials, the hydrogel was first stored at 20 °C.

As shown in Figure 6a,b, the tumors were removed by sur-
gery, and the hydrogel or BST/BTS@Hydrogel with a tempera-
ture of 20  °C was coated on the wound site. Due to the heat 
diffusion equilibrium, the temperature of the wound site slowly 
and gradually improved to 37  °C for 30  min. The hydrogel 
cooling process not only triggered the thermoelectric effect but 
also could reduce the pain degree of surgery. Subsequently, we 
checked the surgical sites every two days to monitor potential 
tumor recurrence. As shown in Figure  6c–e, the most robust 
tumor recurrence inhibition performance was monitored in 
Group 3 (3/5 no recurrence and 2/5 recurrent tumors grown 
slowly). On the contrary, Group 2 with hydrogel only exhibited 
negligible inhibition on tumor recurrence, in which 5/5 tumor 
recurrences with fast and obvious tumor growth were observed. 
Although there were 2/5 recurrences, the TUNEL and H&E 
staining images exhibited unsolid tumor cells in Group 3 due 
to the high ROS concentration induced persistent apoptosis 
(Figure 6f,g). This was also the main reason for the slow growth 
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of recurrent tumors in Group 3. All the above results confirmed 
the remarkable tumor-recurrence inhibition ability of BST/
BTS@Hydrogel used for postoperative local treatment, which 
not only extended the application of Z-scheme thermoelectric 
heterojunction but also provided potential and convenient post-
operative cancer treatment in the clinic.

2.7. Evaluation of Antibacterial Effect and Potentially Wound 
Healing Acceleration of BST/BTS@Hydrogel

As bacterial wound infection is considered one of the common 
complications after cancer surgery, we also wanted to evaluate 

the broad-spectrum antibacterial efficiency of BST/BTS@
Hydrogel. Specifically, Staphylococcus aureus (Gram-positive) 
and Escherichia coli (Gram-negative) were treated under the 
following conditions: Group 1, control; Group 2, hydrogel; and 
Group 3, BST/BTS@Hydrogel. Similar to postoperative treat-
ment, the BST/BTS@Hydrogel was first stored at 20  °C to 
induce a temperature gradient. As illustrated in Figure 7d and 
Figure S22 (Supporting Information), the bacteria colonies in 
Group 2 were smaller than that in Group 1. The hydrogel was 
composed of agarose and chitosan. As one of the most famous 
natural antibacterial materials, chitosan has been successfully 
applied in various antibacterial applications. The mechanisms 
of the antimicrobial activity of chitosan are associated with its 

Figure 6. BST/BTS@Hydrogel for Postoperative Therapy and Tumor Recurrence Inhibition. a) Schematic illustration of treatment schedule. b) Thermal 
infrared imaging of the temperature gradient of BST/BTS@Hydrogel treated mice. c,d) Individual tumor growth kinetics. Group 1: Surgery, Group 2: 
Surgery + Hydrogel, Group 3: Surgery + BST/BTS@Hydrogel. e) Photo of excised tumors in Group 1–Group 3. f) TUNEL staining and g) H&E staining 
in the tumor sections after different treatments. Scale bar: 100 µm.
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Figure 7. Evaluation of antibacterial effect and potentially wound healing acceleration of the BST/BTS@Hydrogel. a) Schematic illustration of treat-
ment schedule. b,c) Thermal infrared imaging of the temperature gradient of BST/BTS@Hydrogel treated mice and dishes. d) S. aureus and E. coli 
bacterial colonies and bacterial inhibition ring test. Group 1: control; Group 2: hydrogel; Group 3: BST/BTS@Hydrogel. e) Representative pictures of 
the infectious wound after corresponding treatments. f) H&E staining of wound tissues after corresponding treatments. Scale bar: 300 mm. g) Giemsa 
staining of wound tissues at 12 days after surgery. Scale bars: 300 mm (first row) and 900 mm (second row).
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physicochemical properties. In this study, high-MW chitosan 
was employed to synthesize the hydrogel. Because high-MW 
chitosan is generally unable to penetrate the cell wall and cell 
membrane, its potential antimicrobial effects involved acting as 
a chelator of essential metals, preventing nutrients from being 
taken up from cells extracellularly, and altering cell perme-
ability. In addition, the BST/BTS@Hydrogel with a temperature 
gradient from 20 to 37 °C killed nearly all bacteria. Except for 
the natural antibacterial of chitosan, the combination of the 
thermoelectric effect and Z-scheme heterojunction-mediated 
effective ROS generation would be the main reason for this 
effective antibacterial ability. Not only that, the decreasing size 
of the antibacterial ring results in Group 3 after 24 h of incuba-
tion further confirmed the excellent bacterial inhibition of BST/
BTS@Hydrogel (Figure  7d), while no apparent antibacterial 
ring was detected in Group 2. With the above results consid-
ered, the long-term bacterial inhibition effect would be suitable 
for wound healing.

Subsequently, we built a wound infection mice model and 
then monitored the wound closure and bacterial residue in 
different treatment groups. As demonstrated in Figure 7e, the 
hydrogel-treated wound presented a higher healing rate than 
that of the control group. As illustrated in Figure 7d and Figure 
S22 (Supporting Information), pure Hydrogel composed of aga-
rose and chitosan can effectively inhibit the activity of infected 
bacteria. In addition, applying hydrogel prevents bacterial rein-
fection and provides a good environment for wound healing. 
Furthermore, the wound treated with BST/BTS@Hydrogel was 
almost totally cured within 12 days post-surgery, while 20% 
of the original wound was still detected in the control group. 
H&E staining images of the wound tissues in Figure 7f clearly 
showed the healing process in various groups at the histological 
level. In the hydrogel-treated groups, more granulated tissues 
with the denser structure were detected, while there were more 
necrotic tissue and less granulated tissues in the control group. 
To summarize, the wound-healing rate of Group 3 was higher 
than others, which was consistent with the results in Figure 7e. 
Giemsa staining images in Figure  7g illustrated that plenty of 
bacteria were observed in the wound tissue of the control group 
on day 4 after surgery and detectable bacteria remained on day 
12. Fewer and negligible bacteria were monitored in Group 2 
and Group 3 respectively, and the satisfactory antibacterial 
result in Group 3 was realized by the thermoelectric effect of 
BST/BTS.

2.8. Biocompatibility Evaluation of BST/BTS Heterojunction

The biocompatibility of PEGylated BST/BTS heterojunction 
and PEGylated BST/BTS heterojunction-mediated TET was 
further confirmed through hematological, histological, and 
immunological results. At first, the influence of this mild 
temperature gradient on these normal organs was evaluated. 
Detailly, the cooling process (37–25 °C) was controlled by a cold 
compress using a cold hydrogel (≈20 °C) for 10 min, and the 
heating process (25–37  °C) was spontaneous after removing 
the hydrogel. As shown in Figure S23 (Supporting Informa-
tion), there was no observable damage for major organs 
treated with this mild temperature change. This facile and con-

venient process is not only easy to operate, but also safe for 
normal cells, tissues, and organs. As depicted in Figure S24 
(Supporting Information), no apparent difference was moni-
tored between the control group and the group of PEGylated 
BST/BTS heterojunction +  ΔT in ROS level, apoptosis, DNA 
damage, and tissue damage, confirming the good biosafety 
of our PEGylated heterojunction platforms (Figure S24, Sup-
porting Information). Compared to the control group, the 
serum parameters levels of IFN-γ, IL-6, TNF-α, and IL-12+P40 
were similar to that in PEGylated BST/BTS heterojunction-
administrated (10  mg  kg−1) mice 12 and 24  h after i.v. injec-
tion (Figure S25, Supporting Information). Besides, there 
were no obvious differences in histological detection detected 
between the mice of the control group and that administrated 
with PEGylated BST/BTS heterojunction for 1, 7, and 14 days in 
the blood parameters of alanine aminotransferase (ALT), blood 
urea nitrogen (BUN), aspartate aminotransferase (AST), white 
blood cells (WBC), red blood cells (RBC), alkaline phosphatase 
(ALP), Hemoglobin (HGB), platelet (PLT), creatinine (Cr), 
mean corpuscular volume (MCV), hematocrit (HCT), lym-
phocyte (LYM), neutrophil (NEU), C-reactive protein (CRP), 
lactate dehydrogenase (LDH), amylase (AMY), creatine kinase 
(CK), and γ-glutamyl transpeptidase (γ-GT) (Figure S26, Sup-
porting Information). Moreover, the hematological detection 
was further carried out for evaluating the biocompatibility of 
PEGylated BST/BTS heterojunction. White blood cells (WBC), 
red blood cells (RBC), hemoglobin (HGB), hematocrit (HCT), 
mean corpuscular volume (MCV), mean corpuscular hemo-
globin (MCH), mean corpuscular hemoglobin concentration 
(MCHC), and platelet (PLT) counts were measured (Figure S27, 
Supporting Information). Compared with the control group, 
although there was a little increase in some indicators, no sta-
tistically significant difference between the PEGylated BST/
BTS heterojunction-treated groups with PBS-treated groups in 
all the parameters after i.v. injection for 7 days. Supported by 
the above results, PEGylated BST/BTS heterojunction and TET 
were regarded as relatively biocompatible in vivo.

3. Conclusion

As an indispensable strategy for tumor treatment, surgery may 
cause two major challenges: tumor recurrence and wound 
infection. Nevertheless, the current mainly-used strategy of 
surgical adjuvant treatments focuses on noninvasive treatment 
strategies triggered by external energy. As previously reported, 
the generation of ROS via thermoelectric materials relies on 
the temperature difference of opposite surfaces.[7c,7e] However, 
for nanomaterials it is difficult to maintain the temperature 
difference for a long time, which could seriously affect ROS 
generation efficiency. Besides, the convenient electron–hole 
pairs recombination either in bulk or on the surface of the 
nanocatalyst is another direct cause of low catalytic efficiency. 
Herein, we provided this proof-of-concept study of introducing 
Z-scheme heterojunction-based thermoelectric materials (BST/
BTS NPs) to overcome these two limitations. Under tempera-
ture gradient, the self-built-in electric field formed and helped 
the separation of electrons and holes in the bulk of BST and 
BTS. Subsequently, the interfacial electric field formed by the 
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contact of BST and BTS promoted the distribution and reloca-
tion of excited electrons and holes onto their corresponding 
surface. The combination of self-built-in and interfacial electric 
fields largely promoted the separation and transportation of 
electrons as well as hole separation in bulk and interface sites, 
inhibiting undesirable recombination and finally promoting 
ROS generation. Additionally, almost all thermoelectric catal-
ysis only utilizes the reduction of separated electrons, however, 
the holes left behind also have a strong catalytic capacity for 
oxidation reactions, which is often overlooked. In our study, 
the engineered BST/BTS heterojunction served as an intel-
ligent nanomedicine with the generation of dual independent 
ROSs (·O2

− and ·OH) via catalyzing the reduction of O2 and 
dissociation of H2O2 in tumor microenvironment under a mild 
temperature gradient (37–25°C). The robust ROS generation 
endowed the Z-scheme heterojunction-based TET strategy to 
be a potential approach for cancer therapy. Moreover, thermo-
electric strategy mediated in vivo therapy is barely reported, 
because the desired thermoelectric effect mainly relies on 
relatively high temperatures, which could inevitably damage 
normal tissues or organs. Thanks to the Z-scheme heterojunc-
tion-induced fast electron–hole pairs separation and dual inde-
pendent ROSs (·O2

− and ·OH) generation, ideal therapeutic 
effects were achieved in subcutaneous solid tumors therapy 
and surgical adjuvant therapy. At last, hydrogel is one of the 
most commonly used scaffolds to promote wound healing 
and fight bacterial infection. The integration of BST/BTS het-
erojunction and hydrogel made it to be a suitable candidate for 
postoperative wound surface use after tumor surgery as a smart 
surgical adjuvant therapeutic strategy. Triggered by the simple 
hydrogel self-induced temperature gradient, this study dem-
onstrated the satisfactory elimination of residual tumors and 
accelerating wound-healing performance. Overall, this strategy 
not only endows the Z-scheme thermoelectric heterojunction 
in solid tumor elimination and surgical adjuvant treatment 
but also potentially attracts attention to using Z-scheme ther-
moelectric heterojunction for broader biomedical applications. 
The therapeutic efficacy can also be further enhanced by com-
bining β-elemene, which potentially expands the applications of 
this thermoelectric strategy in combination cancer therapy with 
other therapeutics at low dosages.

The overall objective of this study was to provide a brand-
new anti-tumor strategy, TET, based on the synergistic effect 
between the thermoelectric effect and heterojunction struc-
ture. Our proposed TET-based therapeutic technology pro-
vides an excellent strategy for the treatment of solid tumors, 
such as breast cancers, skin cancers, and many other types of 
superficial cancers. For the moment, similar to PDT and PTT, 
there is a limitation of TET for the treatment of deeper tumors. 
However, the development of endoscope- and/or optical fiber-
based devices that can control local temperature could also 
address this limitation and expand its application to much 
deeper tumors.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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