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ARTICLE INFO ABSTRACT

Keywords: The emerging two-dimensional monoelemental materials (2D Xenes) have been commonly supposed as prom-
Two-dimensional materials ising drug delivery carriers, photothermal and photodynamic therapeutic agents, biosensors, theranostics, and
Tellurium some other candidates for biomedical applications. Here, high-performance and bioactive ultrathin 2D Tellurium
Eiz:sz}zﬁggagytherapy nanosheets (Te NSs) are prepared by a simple but efficient liquid-phase exfoliation approach. The as-obtained Te

NSs possess a mean size of ~90 nm and a mean thickness of ~5.43 nm. The pegylation Te NSs (Te-PEG NSs)
possess excellent biocompatibility and stability. The Te-PEG NSs could generate local hyperthermia with a
remarkable photothermal conversion efficiency of about 55% under 808 nm laser irradiation. Additionally, Te-
PEG NSs exhibit an extremely high loading capacity of chemo drug (~162%) owing to their ultra-high surface
area and tumor microenvironment-triggered drug release superiority. The results of in vivo experiments show
that the Te-PEG NSs have higher tumor elimination efficiency via the combination of photothermal and
chemotherapy, comparing to any other single therapeutic modalities. Therefore, our work not only highlights the
promising potentials of tellurene as an ideal anti-cancer platform but also expands the application of 2D Te for
cancer nanomedicine.

Synergetic therapy

1. Introduction their excellent properties, such as optoelectronics, biomedicine, solar

cells, high-efficiency catalysts, etc. [11] Among the family of 2D nano-

Since Geim and co-workers reported the stripping of graphene in
2004, the exploration of two-dimensional (2D) nanoarchitectures has
been pushed to a climax [1]. In recent decades, the frontiers of 2D
materials beyond graphene keep emerging and innovating [2]. Promi-
nent examples include graphitic carbon nitride (g-CsN4) [3]1, 2D
covalent-organic frameworks (COFs) [4], 2D metal-organic frameworks
(MOFs) [51], 2D transition metal dichalcogenides (TMDs) [6], hexagonal
boron nitride (h-BN) [7], layered double hydroxides (LDH) [8], 2D clay
materials [9] and monoelemental materials (Xenes) [10]. These
emerging functional materials could achieve various applications due to
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materials, Xenes are one type of novel member, which possess excellent
biocompatibility and advantageous applications in the biomedical field
[12]. Owing to the remarkable photonic, physical, and chemical prop-
erties of Xenes, they have been regarded as ideal candidates in diagnosis
and optical therapeutic systems, such as photoacoustic imaging (PAI)
[13], X-ray computed tomography (CT) [14], photoluminescence life-
time imaging (PLTI) [15], fluorescence imaging (FI) [16], photosensi-
tizers (PSs) [17] and photothermal agents (PTAs) [18].

Among Xenes, tellurium (Te) is an essential raw material for semi-
conductor manufacturing because of its excellent optoelectronic
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characters. Te-based materials and their applications in the aspect of
electrochemistry and optoelectronics have been widely studied [19].
Recently, the potential of Te-based nanomaterials was revealed in
biomedical applications. For instance, Te nanodots and Te nanorods
were reported for generating active electrons/holes under nearinfrared
(NIR) irradiation to acquire high-efficiency photothermal trans-
formation and to react with the ambient environment for inducing
oxidative stress. Thus, Te-based nanomaterials were supposed to be an
excellent platform for photo-induced synergistic anti-cancer therapy
[20]. Te nanoneedles possess both high photothermal conversion effi-
ciency and NIR laser-enhanced antioxidative activity toward scavenging
free radicals [21a]. Te nanostars could achieve RT-enhanced anti-PD-1
checkpoint blockade immunotherapy [21b]. Besides, the low cytotox-
icity of Te-based nanostructures in different cells was preliminarily
certified, suggesting their excellent biocompatibility.

However, the efficient manufacture and biomedical applications of
Te are still needed to be further investigated. For instance, Te has
anisotropic characteristics with chain-like architecture, which is much
similar in chemical, physical properties of black phosphorus (BP) [2a,9¢,
14,17]. Likewise, there is covalently bonded between adjacent Te atoms,
while weak van der Waals’ interaction existed between adjacent chains.
Aqueous exfoliation is acknowledged as a practical and straightforward
strategy to obtain 2D nanomaterials by breaking down the weak inter-
layer interactions [22]. Notably, Te nanosheets (Te NSs) with a few
layers or even a monolayer have better optical-response properties and
fascinating electronic characters. Moreover, the extraordinary surface
area and facile surface functionalization are more conducive for nano-
sheets to load drugs [10a,13,18]. Therefore, 2D lamellar Te NSs could be
a better choice for serving both as a drug delivery platform and photo-
thermal agents.

Herein, we presented a 2D ultrathin Te NSs-based thermo-chemo-
therapeutic anti-tumor platform with excellent biocompatibility
(Scheme 1). The ultrathin Te NSs were obtained by the liquid phase
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stripping technique and then surface-modified with PEG. The Te-PEG
NSs exhibit encouraging loading capacity of chemo drugs as well as
remarkable photothermal conversion efficiency. The scheme showed the
hyperthermia effect and controlled release upon laser irradiation for
synergistic cancer treatment. This work highlights the promising po-
tentials of Te-PEG NSs as an ideal nanoplatform for simultaneous cancer
thermo-chemotherapy.

2. Materials and methods
2.1. Materials

Tellurium bulks (Te, 99.99%) and isopropyl alcohol (IPA, HPLC)
were purchased from Sigma-Aldrich (Saint Louis, Missouri, USA). 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyle-
neglycol)] (DSPE-PEG) was purchased from Hangzhou Xinqiao Biolog-
ical Technology Co., Ltd. (Hangzhou, China). Doxorubicin (DOX) was
obtained from Hubei Kangming de Pharmaceutical Chemical Co., Ltd.
(Hubei, China). These chemicals are used as received.

2.2. Synthesis of Te NSs

Briefly, the Te NSs were prepared from the Te bulk by the liquid
phase stripping technique. 0.1 g of bulk Te was put into an agate mortar
for 30 min to form a fine powder, then transferred into a 50 mL
centrifuge tube. 20 mL of IPA was added into the above centrifuge tube
to obtain a muddy suspension solution. Liquid-phase exfoliation was
performed in ice water for 8 h by an ultrasonic probe (Amplifier: 52%,
On/Off cycle: 4 s/2 s). The low-temperature condition (less than 5 °C) of
the system could reduce the oxidation during the exfoliation procedure.
The obtained brown-black dispersion was centrifuged at 6000xg for 30
min. The unexfoliated bulk Te was abandoned as sediment, meanwhile,
the supernatant containing Te NSs was carefully collected. The prepared

Te-PEG NSs Te-PEG/DOX

Scheme 1. Schematically illustration of the preparation process and multi-modal cancer therapy of Te-PEG/DOX NSs.
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2D Te NSs were dried in a vacuum oven at room temperature.

2.3. PEG coating on the surface of Te NSs

A simple and fast method was applied for the surface modification of
Te NSs to prepare Te-PEG NSs. In particular, 0.05 g Te and 0.5 g DSPE-
PEG were added to 100 mL of chloroform and sonicated for 20 min. Then
the mixed solution was evaporated to remove chloroform. The obtained
solid matter was dissolved in an ultrapure aqueous solution and per-
formed dialysis within 24 h to remove the excess DSPE-PEG. After 48 h,
the sample was stored under 4 °C.

2.4. Construction of a nano drug-loading system

Different masses of DOX (0.5, 1.5, 2.5, 3.5, 4.5, 5.5 mg) were added
to PBS solution of Te-PEG with a concentration of 500 pg mL ! (raw
material ratio DOX/NSs = 1, 3, 5, 7, 9, 11). After being agitated over-
night at room temperature, DOX was loaded on the surface of Te-PEG by
coulombic forces. And then, the supererogatory DOX was removed by
washing several times use ultrapure water.

2.5. Drug loading and release

Since DOX has a unique spectral absorption at 490 nm, we firstly
investigated the spectral absorption of different concentrations of DOX
aqueous solution. We plotted the standard curve based on the absorption
intensity at 490 nm. Subsequently, the spectral absorption of Te-PEG
and Te-PEG/DOX NSs was investigated separately. The concentration
of DOX in the drug-loaded system was obtained by subtracting the in-
tensity of the absorption peak of Te-PEG/DOX NSs from the peak in-
tensity of Te-PEG, and the loading rate of Te NSs to DOX was calculated.
1 mL of Te-PEG/DOX NSs was placed in a dialysis bag and immersed in a
19 mL PBS solution with pH 7.4 as well as pH 5.0 and then shaken at
37 °C. 1 mL of solution was removed at a certain time point, and 1 mL of
fresh PBS solution was replenished in time. The concentration of the
external DOX solution was evaluated by examining the ultraviolet ab-
sorption spectrum, and the release rate of DOX by Te-PEG/DOX was
calculated. The photothermal induced release of DOX performance test
was performed under the same condition with an additional 808 near-
infrared light at 2 Wem ™2 for 10 min at each specific time.

2.6. The photothermal properties of Te-PEG

The temperature changes of Te-PEG solution were recorded by the
photothermal imager at different concentrations (0-200 pg mL™!) at
different power densities (2-4 W cm’z) with 808 nm near-infrared laser
irradiation for 10 min. The photo-thermal conversion efficiency of Te
NSs was estimated according to the previous literature. An 808 nm laser
with 2 W em ™2 was performed to irradiate 1 mL of Te-PEG NSs (200 jig
mL™1) and a photothermal imager monitored the solution temperature
for 10 min, then turned off the laser and monitored the solution tem-
perature for 10 min. The calculations of photothermal conversion effi-
ciency were detailed in the Supporting Information. First-principles
calculations within the generalized gradient approximation (GGA) were
carried out by the Vienna ab initio simulation package (VASP) [23]. The
method of the calculations can be found in the Supporting Information.

2.7. Cell culture

Mouse breast cancer cell 4T1, human breast cancer cell MCF-7,
human cervical cancer cell HeLa and mouse fibroblast cell L929 were
cultured in DMEM high glucose medium containing 10% fetal bovine
serum and 10% penicillin/streptomycin. Mouse colon cancer cell line
CT26 was cultured in RPMI-1640 medium containing 10% fetal bovine
serum and 10% penicillin/streptomycin.
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2.8. Cytotoxicity test

The MTT assay confirmed the cytotoxicity of the materials. 4T1 cells
and L929 cells were respectively inoculated in the 96-well cell culture
plate with the inoculation density of 6000 cells/well, and cultured
overnight at 37 °C to make it stick wall deformation. The cells were
cultured for 12 h to cause their adherent deformation. Different con-
centrations of Te-PEG NSs (800, 400, 200, 100, 50, 25, 12.5 pg mL™h)
were added then, 5 sets of duplicate wells were allocated for each con-
centration, and PBS control group was allocated at the same time. After
culturing for 24 h in a 37 °C incubator, the drug solution was washed
several times with PBS. Refill 150 pL of DMSO solution per well. After
shaking for a couple of minutes, the absorbance of each well at 490 nm
was determined through a microplate reader. The calculations of Cell
viability can be found in the Supporting Information.

2.9. Cell endocytosis experiment

Incubate 4T1 cells with Te-PEG/DOX NSs (25 ug mL 1) in the cell
incubator for different times (10 min, 1 h, 2 h, 4 h), and set O min as the
control group. The cells were then washed with PBS several times,
whereafter fixed with 4% paraformaldehyde for 15 min, therewith
stained with DAPI for another 15 min. The cell endocytosis was observed
under a light microscope.

2.10. In vitro tumor inhibition experiment

Using 4T1 cells as the cell source, the photothermal effect of Te-PEG
NSs (Te concentrations were 200, 150, 100, 50, 25, 0 ug mL_l),
chemotherapy effect of Te-PEG/DOX NSs (DOX concentrations were
200, 100, 50, 25, 12, 6, 3, 1.5 ug mL™Y) and the synergistic treatment
(Te-PEG NSs, Te-PEG NSs + NIR, Te-PEG/DOX NSs, Te-PEG/DOX NSs +
NIR) were investigated by MTT test. Apoptosis staining was performed
using the Annexin V-FITC/PI double-stained apoptosis detection kit. The
experimental groups were: Te-PEG NSs group, Te-PEG NSs + NIR group,
Te-PEG/DOX NSs group, Te-PEG/DOX NSs + NIR group (Te concen-
tration were 50 pg mL™!), monitored by flow cytometry. All photo-
thermal treatments were inspired by an 808 nm near-infrared light for
10 min at 2 W cm™2.

2.11. Tumor model

Six-week-old female BALB/c mice were purchased from the Center
for Experimental Animals of Jilin University and raised in SPF animal
rooms. All animal experiments, including animal care, dosing, and
termination, were performed according to the guidelines of the local
Animal Ethics Committee of Changchun University of Science and
Technology. Animal testing and research conform to all relevant ethical
regulations. All institutional and national guidelines for the care and use
of laboratory animals were followed. About 100 pL of 4T1 cells in the
DMEM medium were subcutaneously implanted into the armpit of the
tumor-bearing BALB/c mice with a dose of 2 x 10° cells. The volume of
the tumor was acquired by a vernier caliper, and a tumor inhibition test
was performed when the tumor grew to 70-100 mm?.

2.12. In vivo thermal imaging

The injection was performed on the tumor-bearing BALB/c mice at
tumor subcutaneous with 250 pL PBS or Te-PEG (500 pg/mL) solution'?.
After 3 h of injection, the anesthetized mice were tranquilized with
pentobarbital at the dose of 6 mg/kg by intraperitoneal injection. Sub-
sequently, the tumor site of the mouse was exposed to an 808 nm laser
for 10 min at 2 Wem 2. The whole-body temperature of the mice was
under constant surveillance by a near-infrared imager (Fluke TiS40)
during the entire laser irradiation process.
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2.13. In vivo tumor inhibition experiment

The tumor-bearing BALB/c mice were randomly grouped into seven
subsets (n = 4 in each subset), including (1) PBS, (2) PBS + NIR group,
(3) Te-PEG group (4) Te-PEG + NIR group, (5) DOX, (6) Te-PEG/DOX
group, (7) Te-PEG/DOX + NIR group. 250 pL solution of the corre-
sponding sample (500 pg/mL) was injected at tumor subcutaneous'?.
After 3 h, all NIR groups were exposed under an 808 nm near-infrared
light at the tumor site for 10 min. The mice were monitored and
weighed daily for two weeks. The laboratory-bred mice were sacrificed
and the major organs samples were collected ultimately. All the animal
experiments are conducted following experimental animal ethics. Sta-
tistical analysis was performed by student’s test. The statistical signifi-
cance different was indicated *p < 0.05, **p < 0.01, ***p < 0.001.

3. Results and discussion
3.1. Characterization of Te NSs

The Te NSs were detached from their bulk materials via a simple
liquid-phase exfoliation in isopropyl alcohol (IPA) solution (Fig. 1a). As
shown in Fig. 1b, X-ray diffractometry (XRD) spectra of Te NSs was
consistent with the standard card PDF#86-2268. There was a remark-
able diffraction peak at 27.5° corresponding to (011) crystal plane of
element Te, matching well with the references. [19c] Besides, the good
purity of the prepared Te NSs was illustrated through X-ray photoelec-
tron spectroscopy (XPS) as well (Fig. 1c). Apart from the C 1s and O 1s
peaks, only two pretty strong peaks were detected at 573.5 eV and 538.5
eV corresponding to 3ds,, and 3ds,; orbitals of Te’. Hence, the purity of
the final product was repeatedly proven according to the above
experiments.

The morphology, size, and thickness of the Te NSs was determined by
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transmission electron microscopy (TEM) and atomic force microscopy
(AFM), respectively. As shown in Fig. 1d, the transverse dimension of Te
NSs is about 90 nm. In addition, according to the high-resolution TEM
result, Te NSs possessed a high degree of crystallinity with the unam-
biguous lattice fringes of 0.33 nm, which was consistent with the pre-
vious study [16]. The AFM images indicated the successful preparation
of 2D ultrathin Te NSs with a thickness of about 5.43 nm (Fig. 1e). As a
consequence, the liquid-phase exfoliation strategy was proved to be
effective for the preparation of 2D monoelemental Te NSs.

3.2. Dispersibility and stability of Te NSs and Te-PEG NSs

Considering that PEGylation is one of the most common strategies to
improve the in vivo stability and biocompatibility of Xenes [10b,13],
DSPE-PEG was selected as a modification on Te NSs via van der Waals
forces (Te-PEG NSs). More broadly, the Zeta potential of PEGylation Te
NSs was increased compared with that of frugal Te NSs, further indi-
cating that the surface modification springs from the electrostatic
interaction between DSPE-PEG and Te NSs (Fig. S1, Supporting Infor-
mation). Moreover, we found that there was no visible precipitation
when PEG-Te NSs dispersed in an aqueous solution for 24 h, suggesting
the good stability and dispersibility of PEG-Te NSs (Fig. S2a, Supporting
Information).

To further compare the stability of Te NSs and Te-PEG NSs, we
observed their dispersibility in different solvent systems for seven days,
such as water, phosphate-buffered saline, and cell high-glucose DMEM.
We also evaluated the size change of Te NSs and Te-PEG NSs in different
solvent systems via dynamic light scattering (DLS) shown in Figs. S2b-g.
The unadorned Te NSs were precipitated off gradually in the above kinds
of solvent as time proceeds. At the same time, the negligible sediment
could be observed visually even in PBS or DMEM solution of Te-PEG
NSs. These results suggested that Te NSs would aggregate rapidly

Te NSs

Te 3d,,

Te 3d,,
N

Intensity (a.u.)&

400 600 800
Binding energy (eV)

A 4.94nm

300 nm
69 nm

200 nm
—

300 nm
5.91 nm

00 nm
5.19 nm

) d i 300 nm

0nm

Spun

Fig. 1. Preparation and characterization of ultrathin 2D Te and Te-PEG NSs. a) photos of bulk tellurium, tellurium powder, and Te NSs solution during the prep-
aration process. b) XRD pattern and c) XPS pattern of Te NSs.TEM images and AFM images of Te NSs (d, e) and Te-PEG NSs (f, g).
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without PEGylation. The size distribution of Te-PEG NSs maintained
unaltered with the size of about 100 nm throughout monitored with
dynamic light scattering (DLS), also indicating the improved long-term
stability and dispersity via PEGylation. Therefore, the prepared Te-
PEG NSs exhibited quite excellent stability and dispersity in different
physiological conditions, which was a prerequisite for the following
biomedical application. Compared with naked Te NSs, the Te-PEG NSs
remained in a sheet-like morphology with a slight size shrinkage (~80
nm) (Fig. 1f), which may be ascribed to the further ultrasonic treatment
during the PEGylation process [24]. Te-PEG NSs with a thickness of
about 10.15 nm were a little thicker than that of Te NSs (5.43 nm)
(Fig. 1g), which also proved that DSPE-PEG was successfully modified to
the surface of Te NSs.

3.3. Photothermal conversion efficiency of Te-PEG NSs

Ultraviolet-visible (UV-vis)-NIR absorbance spectra indicated Te-
PEG NSs showed a wide and strong absorption within the scope from
UV to NIR (Fig. 2a). The density of states (DOS) of the dual-layered Te
(011) was calculated to clarify the electronic behavior in Te NSs
(Fig. 2b). The conduction band (CB) minimum and the valence band
(VB) maximum were mostly comprised of Te 5p along with a spot of Te
5s. Te NSs exhibits a quasi-zero-band gap character resulting in fantastic
electronic transport properties, which is the probable reason for its
photothermal conversion ability [25]. Encouraged by the promising NIR
absorption ability of Te-PEG NSs, the in vitro photothermal conversion
properties of Te-PEG NSs were evaluated by an infrared camera. As
illustrated in Fig. 2¢, upon an 808 nm laser irradiation (2 W cm™?) for
10 min, the highest temperature increase (ATpqax) of Te-PEG NSs solu-
tions was 15.3 °C. Moreover, higher ATy« could be obtained with the
increase of light intensity at the same Te-PEG NSs concentration (Fig. S3,
Supporting Information). Then, according to the reported calculational
method as shown in Fig. S4 [26], the photothermal conversion efficiency
of Te-PEG NSs reached 55%, which was superior to that of numerous

conduction band
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conventional 2D PTAs including graphene oxide (25%) [27], molybde-
num disulfide (MoSz) nanoflakes (27.6%) [28] and black phosphorus
(BP) nanosheets (29.8%) [18]. Moreover, it was even higher than other
forms of Te-based nanomaterials, such as Te nanorods (37.4%) [20b], Te
nanodots (40%) [20a], and Te nanoneedles (43.9%) [21].

3.4. Photostability of Te-PEG NSs

Excellent photostability is also a significant element and plays a
crucial role in PTT. Consequently, the photostability of Te-PEG NSs was
investigated via a series of experiments. As presented in Fig. 2d, the
photothermal effect of each heating and cooling cycle was similar to that
of the first time, suggesting the excellent optical stability of Te-PEG NSs.
UV-Vis absorption spectrum of Te-PEG NSs before and after four times
of light irradiation was almost constant (Fig. 2e). Accordingly, Te-PEG
NSs could easily accomplish the conversion of near-infrared light to
thermal energy and then rapidly trigger the rise of the ambient tem-
perature to achieve an effective and recyclable PTT.

3.5. Te-PEG NSs for anti-tumor thermo-chemotherapy

Many 2D nanomaterials were widely reported as theranostic delivery
platforms [29]. Owing to the large specific surface area, the prepared
Te-PEG NSs were also supposed to be a drug delivery platform with the
function of simultaneous thermo-chemotherapy. Doxorubicin (DOX), a
broad-spectrum chemotherapeutic drug in clinical, was chosen as a
modal anti-tumor drug, which was loaded on Te-PEG NSs via strong 7-t
stacking interaction. The DOX-loaded Te-PEG NSs (Te-PEG/DOX NSs)
were obtained by mixing Te-PEG NSs PBS solution with DOX at different
feeding ratios. After removing excess free DOX, the DOX-loading rates of
Te-PEG/DOX NSs at different feeding ratios (DOX: NSs) were shown in
Fig. S5. The loading capacity of DOX increased in a DOX/NSs feeding
ratio-dependent manner, and the drug loading became saturation at a
DOX/NSs feeding ratio of 7:1. The highest drug loading rate of PEG-Te

a) 20 — 400 pgimL D) 0.4 alineeoand G) 209+~ 200 pg/ml
— 200 pg/mL -= 150 pg/mL
5 1.5- — 100 yg/mL  —~.0.2— 15- 100 pg/mL
5 — 50 pg/mL S — -4 50 pg/mL
o Q@ ] -o- Water
O 1.0 0.0 8 _
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Fig. 2. Characterization of Te-PEG NSs for photonic drug delivery platform. a) Absorbance spectra of Te-PEG NSs dispersed in water at different concentrations. b)
Density of states (DOS) of TeNSs. c¢) Temperature change and temperature elevation of the Te-PEG NSs with an 808 nm NIR laser (2 W cm3). d) Temperature
elevation of the Te-PEG NSs for four laser on/off cycles with an 808 nm NIR laser (2 W cm~2) in water. e) Absorbance spectra of Te-PEG NSs in water before and after
four laser on/off cycles. f) Drug release kinetics of Te-PEG/DOX NSs at pH = 7.4 and pH = 5.0 (in the absence or presence of 2 W cm~2 NIR laser).

100



W. Pan et al.

NSs was 162%, which was significantly superior to many previously
reported nano-deliveries [18,30]. Te-PEG/DOX NSs at the feeding ratio
of 7:1 (DOX: Te NSs) were chosen to use in the following experiments.
Besides, the less negative charge of the Te-PEG/DOX NSs was plotted in
Fig. S1) after DOX loading, indicating the successful DOX loading.

To investigate the low-pH triggered drug release, we observed DOX
release behavior of Te-PEG/DOX NSs in pH 5.0 (the endosomal pH of
cancer cells) and pH 7.4 (the physiological pH) PBS solutions at 37 °C for
24 h severally. As demonstrated in Fig. 2f, the in vitro drug release rate of
DOX was about 18% at pH 7.0, whereas it was over 29% at pH 5.0. The
pH-responsive in vitro drug release rate of Te-PEG/DOX NSs was similar
to other 2D nanocarriers reported previously [17]. Furthermore, the
irradiation triggered drug release was also studied. The DOX release rate
under 808 nm irradiation increased abruptly as high as 39%, suggesting
laser-induced local high temperature could accelerate DOX releasing
from Te-PEG NSs [30]. Briefly, the faintly acid environment (pH = 5.0)
and laser triggered DOX release of Te-PEG/DOX NSs would be advan-
tages to achieve precise, controlled drug release in drug delivery for
cancer therapy. Therefore, Te-PEG/DOX NSs were supposed to be an
excellent drug delivery platform for anti-tumorthermo-chemotherapy.

3.6. In vitro safety and photothermal performance of Te-PEG/DOX NSs

Several different cell lines, including normal cells (L929 fibroblast
cells) and cancer cells (4T1, CT26, MCF-7, and HeLa cell lines), were
used to estimate the cytotoxicity of Te-PEG NSs in vitro (Fig. 3a). Te-PEG
NSs solutions in different concentrations were co-incubated with the
above-mentioned cell lines for 24 h. While the concentrations were

Bioactive Materials 13 (2022) 96-104

gradually increased from 12 to 200 pg mL™, the cell viability rate
remained steady at around 90%. At the low concentration, Te-PEG NSs
exhibited a similar feature to various other Te-based nanostructures
including Te NSs@GSH, Te nanoneedles, and Te nanorods. For instance,
at the concentration of 25 pg mL ™1, the cell viability rate was above 90%
(normal or tumor cells) after incubated with Te-PEG NSs for 24 h.
Similarly, about 90% of HeLa cells survived after incubated with Te
NSs@GSH, and it was about 80% MCF-7 cells after incubated with Te
nanoneedles [17,21a]. In marked contrast, at the high concentration,
the cell viability of neither normal nor tumor cells was affected after
incubated with Te-PEG NSs, indicating that Te-PEG NSs possessed more
superior biocompatibility than other Te-based nanomaterials [31]. The
cell viability rate was only about 50% at 100 pg mL~" of Te nanorods.
Nevertheless, it was an approximate rate of 90% after incubated with
Te-PEG NSs at the same concentration [32]. Importantly, even the
Te-PEG NSs with a concentration (200 pg mL’l) still showed no
appreciable cytotoxicity, while the survival rate of both normal cell and
cancer cell lines was above 90%. These outcomes suggested the excellent
biocompatibility of Te-PEG NSs.

To investigate the in vitro photothermal performance of Te-PEG NSs,
cell line 4T1 was selected as a model cancer cell in studies. 4T1 cells
were treated by Te-PEG NSs and laser irradiation (Te-PEG NSs + laser).
The cell survival rate decreased in a manner of Te-PEG NSs
concentration-dependent under laser irradiation. As shown in Fig. 3b,
approximately 90% of the 4T1 cells were killed by 200 pg mL ™! Te-PEG
NSs-mediated hyperthermia, suggesting an excellent photothermal
therapeutic effect. To further evaluate in vitro thermo-chemotherapy
efficacy, 4T1 cell lines were respectively treated with Te-PEG NSs and
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Te-PEG/DOX NSs. After 4 h incubation, half of the treated cells in the
above groups were exposed to laser irradiation (808 nm at 2 W em ) for
10 min, while the other half of the cells were without laser exposure. The
lowest cell viability in Te-PEG/DOX NSs with irradiation group was
observed, suggesting significant thermo-chemotherapy efficacy. Espe-
cially when Te concentration was 200 pg mL™, most of the cells (96%)
were dead in Te-PEG/DOX NSs with irradiation group. By contrast,
other groups with thermotherapy efficacy or chemotherapy efficacy
alone exhibited a lower cell death rate at the same Te concentration.
Besides, the Te-PEG NSs without NIR irradiation didn’t exhibit toxicity
to 4T1 cells at tested concentrations, suggesting excellent biocompati-
bility of Te NSs. To investigate the synergistic thermo-chemotherapy
effect of Te-PEG/DOX NSs, we tested cell viability of 4T1 cells treated
by Te-PEG/DOX NSs without NIR laser irradiation, while cells treated by
free DOX as control (Fig. 3c). It was found that the cell viability in Te-
PEG/DOX NSs and free DOX groups decreased in DOX concentrations
manner. In contrast, the cells treated by free DOX exhibited slightly
lower cell viability than those in Te-PEG/DOX NSs group, owing to the
faster cell internalization of small molecular DOX than Te-PEG/DOX NSs
[33].

Subsequently, the cellular uptake of the synergistic thermo-
chemotherapy platform Te-PEG/DOX NSs was also studied. As the
confocal laser scanning microscopy (CLSM) photographs were shown in
Fig. 3d, only a handful of Te-PEG/DOX NSs was taken up by 4T1 cells in
the first 10 min. After 1 h incubation, a glow Te-PEG/DOX NSs increased
gradually near the nucleus. When the incubation time extended to 4 h,
the significant enhancement of DOX fluorescence accumulated both in
the cytoplasm and nucleus, owing to a large amount of Te-PEG/DOX NSs
uptaken. It indicated that the Te-PEG NSs based drug delivery platform
could achieve effective cell internalization and deliver DOX to the nu-
cleus exert an anti-cancer effect. Flow cytometry (FCM) results further
confirmed the in vitro anticancer effects. As same as the results of
cytotoxicity experiments, the highest cancer cell apoptosis rate was
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observed in thermo-chemotherapy of Te-PEG/DOX NSs (Fig. 3e). All
these results confirmed Te-PEG/DOX NSs based thermo-chemotherapy
could provide an excellent anti-cancer effect on a cellular level.

3.7. In vivo anti-cancer effect of Te-PEG/DOX NSs

We further investigate the in vivo anti-cancer effect of Te-PEG/DOX
NSs on 4T1 tumor-bearing mice. The photothermal effect of Te-PEG
NSs was evaluated by an infrared thermal imaging camera firstly. The
temperature of the tumor rose steeply to 48.9 °C in Te-PEG NSs-treated
mice, owing to the glorious photothermal conversion efficiency (Fig. 4a
and b). In contrast, there was only a slight tumor temperature rise in
saline-treated mice (AT = ~4.7 °C). Inspired by the excellent in vivo
treatment effects, we further evaluated the combination therapy per-
formance of PEG/DOX NSs. To be specific, tumor-bearing mice were
segmented into seven groups with different treatments: 1) control group
(saline); 2) saline + 808 nm laser; 3) Te-PEG NSs; 4) Te-PEG NSs +- 808
nm laser; 5) DOX; 6) Te-PEG/DOX NSs; 7) PEG/DOX NSs + 808 nm
laser. After 4 h intra-tumoral post-injection of saline, Te-PEG NSs, or Te-
PEG/DOX NSs, the tumor sites were irradiated by 808 nm near-infrared
light for 10 min or not. After different treatments, the volume and
bodyweight of tumors in each group were estimated every couple of
days during the two-week treatment.

As shown in Fig. 4c and e, Te-PEG/DOX NSs with NIR irradiation
show a better therapeutic effect in the inhibition of tumor growth than
other formulations. Besides, Te-PEG NSs under the NIR irradiation also
exhibited better anti-tumor effect to some degree, compared with the
other groups. On the contrary, the most rapid increase of tumor volume
in the saline-treated group and saline + NIR-treated group, suggesting
NIR irradiation had no significant anti-tumor effect. All the above results
support the promoting effect of Te NSs drug delivery platform in anti-
tumor treatment. Satisfactorily, the lowest tumor growth rate occurred
in PEG/DOX NSs +-808 nm-treated group before the observing endpoint.
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Fig. 4. In vivo imaging, biodistribution, and combined cancer therapy effect of Te-based NSs. a) In vivo NIR imaging and b) temperature elevation of tumor-bearing
mice treated with 808 nm laser (2 W cm~2) for 10 min. ¢) The relative tumor volume after different treatments. *p < 0.05, **p < 0.01, ***p < 0.001. d) The
bodyweight of mice after different treatments. e) Tumor images of mice in different treatment groups were sacrificed and removed at 14 days of different treatments.
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The body weights of all groups exhibited a slight growth trend (Fig. 4d),
indicating no significant systemic toxicity of the Te NSs based platform.
To further evaluate in vivo biocompatibility in the histological level, the
major organs of mice in each group were acquired in the endpoint and
prepared for hematoxylin and eosin (H&E) staining. The H&E staining
images (Fig. S6, Supporting Information) suggested no obvious inflam-
mation or tissue damage in major organs in each group, which supports
the excellent biocompatibility of Te NS-based nanomedicine.

4. Conclusions

In summary, a facile and versatile Te NSs-based nanoplatform for
simultaneous cancer thermo-chemotherapy is presented. The drug
carrier-Te NSs, are prepared through a liquid-phase exfoliation method
and then modified by DSPE-PEG. The obtained Te-PEG NSs exhibited
excellent biocompatibility, good stability, outstanding light-to-heat
conversion efficiency under 808 nm laser irradiation (55%), and a
considerable loading capacity of DOX (162%). Besides, Te-PEG/DOX
NSs could also achieve pH- and NIR irradiation-triggered drug release
in the acidic tumor microenvironment. Furthermore, the excellent
thermo-chemotherapy results of Te-PEG/DOX NSs were confirmed in
vitro and in vivo experiments. Therefore, the Te-PEG/DOX NSs with
integrative thermo-chemotherapy properties can efficiently eliminate
tumors effectively.
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