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Advances of bioactive tellurium nanomaterials in
anti-cancer phototherapy

Can Li,” Fucheng Gao,? Yandong Wang,? Li Zhao,® Hui Li {2 *? and

Yanyan Jiang () *°

Tellurium nanomaterials show unique advantages, including high carrier mobility, excellent optical
properties, and high specific surface areas. Although previous studies have confirmed the application of
tellurium nanomaterials in the biological field, their biocompatibility, metabolism, and potential toxicity in
organisms demand further exploration. This review systematically summarizes the application of
tellurium nanomaterials in the field of tumor phototherapy. Firstly, the common synthesis methods of
tellurium nanomaterials are elaborated, mainly including solid-phase deposition, liquid-phase exfoliation,
the solution synthesis method, and molecular beam epitaxy. Secondly, the review summarizes the
research progress of tellurium nanomaterials in tumor photothermal therapy, photodynamic therapy,
photo-triggered molecule delivery, and synergetic therapy. Moreover, we emphasize some
breakthroughs in these fields, such as surface-modification and size-control strategies of tellurium
nanomaterials. Finally, future prospects are also discussed. The excellent characteristics of tellurium
nanomaterials and their relative lack of exploration also suggest that they may have more application
opportunities in the near future. This review aims to demonstrate the significance of tellurium
nanomaterials in biomedicine and to provide strategies to expand their application in phototherapy.

1. Introduction

Cancer, namely malignant tumors, has become a major cause
of death because of its uncontrollability and metastasis.'™

“Key Laboratory for Liquid-Solid Structural Evolution & Processing of Materials Currently, the traditional methods of cancer treatment are
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mainly surgery, radiotherapy, and chemotherapy;* however,
existing drawbacks such as high risk of recurrence,’ limited
therapeutic effectiveness, damage to normal tissues, and
obvious toxicity and side effects® demand the development of
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new methods of tumor treatment. Due to its unique advan-
tages, including spatiotemporal addressability, minimal
invasiveness, relative clinical safety, and high efficiency,”®
phototherapy has rapidly developed into a new treatment for
malignant tumors and a variety of skin diseases.”"°

Nanoparticles belong to a mesoscopic scale, which is located
in the transition region between atomic clusters and macro
matter. The size of nanomaterials falls within 1-100 nm, which
well matches macromolecules in organisms and provides a
good crossing ability in tissue gaps. The appropriate size also
creates an enhanced permeation and retention (EPR) effect,” so
some specific macromolecules such as nanoparticles and
liposomes'! are more likely to penetrate and stay in tumor
tissues for a long time, which has great advantages for long-
term drug release. In addition, the surface of nanomaterials is
easy to modify and has the ability to achieve targeted therapy.'
Therefore, the application of nanomaterials in tumor therapy
has always been a research hotspot.

At present, the anticancer nanomaterials that have
been clearly confirmed include metal nanoparticles,"”® carbon
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1517 such as

nanomaterials,"* two-dimensional (2D) materials
MXenes,'® inorganic semiconductor nanomaterials," and organic
nanoparticles (like micelles or vesicles).>® The emergence of
advanced nanomaterials has also greatly enhanced the development
of phototherapies such as photoacoustic imaging,> photothermal
imaging,” fluorescence imaging, and especially photosensitizer-
enhanced photodynamic therapy (PDT) and photothermal therapy
(PTT).* In recent years, some semiconductor materials have been
widely explored in the phototherapeutic field because of their
excellent physical, chemical, electronic, and optical properties.
Among them, as a semiconductor material, tellurium (Te) has
attracted a great deal of attention because of several advantages,
such as a medium band gap,*** an anisotropic crystal structure,
low manufacturing costs, and better environmental stability.>® Te
has great physicochemical reactivity’” and can generate a rapid
response to external stimuli such as a near-infrared (NIR) laser,
which is conducive to triggering the release of loaded
molecules.”®° Especially, the lamellar structure of 2D tellurene
(Te nanomaterials with a 2D lamellar structure) provides a high
loading capacity for therapeutic molecules and fluorescence
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factors.* Te nanomaterials have various morphologies, such as
zero-dimensional nanodots,* one-dimensional (1D) nanowires®***
or nanotubes, and 2D layered tellurene® structures. Moreover,
the existence of tellurene has been confirmed by theoretical
calculations,*® and its significant light absorption performance
has been predicted.”®*"*%*°

The application of Te in the biomedical field is intriguing.
For example, the microbial behavior of Te nanoparticles has
been reviewed by Zannoni et al.*" Similarly, others have sum-
marized the synthesis of Te nanomaterials and their applica-
tion in tumor therapy.** Moreover, there are few studies on the
metabolism and toxicity mechanism of tellurene materials in
organisms,"* which means there are still many obstacles that
need to be overcome. In order to further promote the applica-
tion of Te nanomaterials in the biomedical field and accelerate
their clinical application, this review summarizes the synthetic
methods of Te nanomaterials and the mechanism and applica-
tion of Te nanomaterials in tumor phototherapy, as shown in
Fig. 1. In light of the existing problems in application research,
this review discusses different perspectives on Te nanomater-
ials in tumor treatment. Te nanomaterials have great applica-
tion potential and require further research and exploration.

2. Synthesis of Te nanomaterials
2.1 Structure of Te nanomaterials

Te has many attractive properties, such as photoconductivity,
thermoelectricity, and piezoelectricity,*"*> which makes it an
attractive candidate for applications in sensors, optoelectro-
nics, and energy equipment.*® As a representative element of
the VIA family, Te is a material with a chain structure and
anisotropic characteristics. Te atoms in the chain are connected
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Fig.1 Summary of synthesis, applications, and breakthroughs of Te
nanomaterials.
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Fig. 2 (a) Structure of single-molecule Te chain.*’ (b) Crystal structure of
Te.*” Copyright 2018, American Chemical Society. (c) Structure of
tellurene.r” Copyright 2019, Royal Society of Chemistry.

by strong covalent bonds, as shown in Fig. 2a, while these
chains are connected by van der Waals forces, which makes
them assume a triangular helix and stack into a hexagonal
array,”” as shown in Fig. 2b. A special chiral chain structure can
be observed in tellurene. From Fig. 2¢, Te atoms surround an
axis parallel to the [0001] direction at the center and corner of
the hexagonal basic unit.

For nanomaterials, size and shape are two vital factors that
affect their properties.*®*® Te has a strong tendency to grow as
1D nanostructures because of its chain structure.?” Therefore,
there are numerous synthesis methods to manufacture 1D Te
nanoparticles in various forms. However, studies on the synth-
esis of 2D tellurene nanomaterials are relatively rare. Therefore,
exploring the reliable production methods of 2D tellurene
materials is of great significance to widen their application in
more fields.’® Taking the above-mentioned points into account,
this section highlights the synthesis methods of zero-dimensional
and 1D Te nanoparticles and mainly summarizes the synthesis
methods of 2D Te nanomaterials.

2.2 Synthesis of zero-dimensional Te nanomaterials

Quantum dots are one of the leaders in the nano field,* and
they are usually considered zero-dimensional nanomaterials
because of their ultra-small size of 1-10 nm;**>* we address the
synthesis methods of Te nanodots at this scale based on the
size of existing quantum dots. Many works have successfully
synthesized zero-dimensional Te nanodots with small sizes.
Yang et al.>® used NaBH, to reduce Na,TeO; to produce Te
nanodots, which were stabilized with albumin nanocages to
yield diameters of 3.4 £+ 0.6, 4.6 £ 0.6, and 5.9 £ 0.5 nm by
controlling different reaction times, as shown in Fig. 3a—c; they
successfully realized size control, which was critical for con-
trolling the properties of the Te nanodots. He et al.>® synthe-
sized Te nanoparticles at room temperature by using oleic acid
to oxidize sodium telluride. In this way, an environmentally

Mater. Adv., 2022, 3, 6397-6414 | 6399
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Fig. 3 TEM images of Te nanodots with diameters of (a) 3.4 + 0.6 nm, (b) 4.6 + 0.6 nm, and (c) 5.9 + 0.5 nm.>® The insets show the corresponding
images at a higher magnification. Copyright 2017, American Chemical Society. (d) HR-TEM images of Te nanowires.>* Copyright 2002, Royal Society of
Chemistry. (e) Experimental device diagram of ultrathin Te film prepared by PVD technology.®® (f) Schematic diagram of the synthesis of tellurene by
PLD.%¢ Copyright 2019, IOP Publishing. (g) Relationship between the band gap and the thickness of Te films.”> Copyright 2017, American Chemical

Society.

friendly synthetic strategy was developed for Te nanodots with a
diameter centered at 1.5 + 0.5 nm. The obtained Te nanodots
could be evenly distributed as thin films via electrophoresis,
which was also of great significance for the synthesis of 2D
nanosheets.

2.3 Synthesis of 1D Te nanomaterials

Considering the chain structure of Te, its 1D form is easy to
synthesize. Te can form nanowires with helical atomic chains,
and its current density exceeds that of most semiconductor
nanowires.”” Similar to the widely explored carbon nanotubes,’®
except for the third dimension, the other two dimensions remain
between 0.1-100 nm, and nanomaterials®® with a high aspect ratio
are considered to have a 1D nanostructure,® such as nanowires,
nanorods, and nanotubes. The nanowire structure is stable and
easy to modify. The hollow structure inside nanotubes endows
them with a higher loading efficiency. The synthesis methods of
1D Te nanomaterials have been explored and widely used. At
present, many works have realized the synthesis of 1D Te nanos-
tructures, mainly including solid-phase deposition and solution
reaction synthesis.

Solid-phase synthesis has been reported in many works.
Geng et al.®® prepared 1D Te nanobelts with a length of 50-
300 nm and a thickness of 10-20 nm by a simple chemical
reaction deposition process of Al,Te; powder and water. In
order to realize the controllable growth of 1D Te nanowires,
Safdar and colleagues®" systematically explored the fine struc-
ture of Te nanowires, synthesized ordered 1D Te nanostruc-
tures by vapor deposition, and proposed more possibilities for
their new applications. However, impurities are easy to be
mixed in the solid-phase deposition process, and it is still quite
difficult to achieve high purity. Thus, solution synthesis pro-
vides a better idea.

The cost of solution synthesis is low, and the reaction
conditions are relatively not harsh, which ensures the potential

6400 | Mater. Adv,, 2022, 3, 6397-6414

of large-scale synthesis. Mayers and Xia**** made a great effort

towards the solution synthesis of 1D Te nanomaterials. In their
work, Te nanorods with an average length of 1.80 &+ 0.16 pm
and a width of 98 &+ 3 nm were realized (Fig. 3d), and they were
able to synthesize nanoneedles, nanotubes, and nanorods with
controllable lengths and controllable, uniform interfaces. It is
worth noting that telluric acid needed to be decomposed into
tellurium dioxide below 150 °C; otherwise, when the tempera-
ture was too high, tellurium dioxide would be directly reduced
to Te nanorods. Moreover, the obtained samples were not
physically degraded after more than one year in the dark.
Wen et al.>” synthesized Te nanodot copolymers by the micro-
emulsion method and controlled the photothermal and photo-
dynamic effects by adjusting the ratio of pyrrole to tellurophene
to achieve an excellent therapeutic effect. Prangya Bhol et al.®>
also prepared Te nanowires as an excellent electrode material
by solution reaction. In the work of Kang et al.,** Te nanorods
were grown in an ethylene glycol solvent system, and then some
Te was replaced via a galvanic reaction to prepare spotted
Ru-Te hollow nanorods with better stability, which improved
the loading efficiency and realized combined phototherapy.
According to the above work, the relatively abundant research
on 1D Te nanostructures also lays a good foundation for their
subsequent applications.

2.4 Synthesis of 2D tellurene nanomaterials

Research on 2D tellurene nanomaterials is relatively scarce, and
their controllable synthesis plays an important role in promot-
ing their application. At present, the existing synthesis methods
mainly include physical vapor deposition (PVD),***® liquid-
phase exfoliation,®” and solvothermal synthesis.*>"*”

2.4.1 Physical vapor deposition. PVD technology requires
the source material in solid or liquid form to be gasified into
gas atoms or molecules under vacuum by physical methods, and
then the gaseous material atoms or molecules are controlled to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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deposit on the substrate surface to obtain the material film. PVD
technology is a common and widely used surface treatment
technology®®®® and can prepare very thin (107 7-10"* m) layers,”®
which plays an extensive and momentous role in the preparation
of 2D materials.”* Several special PVD technologies have emerged,
such as vacuum evaporation coating, molecular beam epitaxy
(MBE), and pulsed laser deposition (PLD).

Apte et al.®® demonstrated two methods for the growth of
ultrathin Te films by PVD. The first one was to use vacuum
evaporation coating, where bulk Te was evaporated at 650 °C in
an Ar/H, atmosphere and then deposited on a Si/SiO, substrate
and cooled to obtain an ultrathin Te film, which had a typical
thickness of 0.85 + 0.1 nm, as shown in Fig. 3e. The second
method utilized PLD technology. Apte et al.®® made use of PLD
technology to obtain continuous Te films with a thickness of
2.7-6nmonalcm x 1 cm single-layer MgO substrate (Fig. 3f).
The growth of Te film could be controlled by pulse parameters.
In MBE technology,”” the vapor obtained by heating in an
ultrahigh vacuum is directly sprayed onto the substrate, so that
the atoms are arranged on the substrate according to the crystal
to form a thin film. The use of MBE in the synthesis of tellurene
has also been confirmed. Chen et al.*® used MBE to grow Te
film on highly oriented pyrolytic graphite.

As a promotion, van der Waals epitaxy (vdWE) combines the
substrate and film through weak van der Waals forces, which
makes the material fall off more easily and provides a simpler
synthesis technology.”>”* Wang et al.®* used vdWE to grow 2D
Te nanosheets on inert mica substrates. After that, Huang
et al.”® prepared tellurene on the surface of graphene grown
on a 6H-SiC substrate and concluded that the band gap was
related to the thickness; that is to say, the band gap decreased
monotonically with an increase in Te film thickness, as shown

View Article Online

Review

in Fig. 3g. It is worth mentioning that the adjustable band gap
(0.49-0.92 eV) covered the mid to NIR spectral range. This was
similar to the interaction between MoS, and graphene® and
will lead to the accumulation of local holes, which means that
the electronic and optical properties of 2D Te films can be
adjusted, a fact that is worthy of our in-depth exploration.

We summarized the above works to show that PVD experi-
ences no chemical reactions in the stacking process and to
demonstrate its advantages of less consumption of substrate,
uniform and fine film formation, and fast speed.”®”* Therefore,
PVD has strong potential for the preparation of 2D tellurene
nanomaterials for biomedical applications, especially uniform
and fine Te films expected for tumor treatment.

2.4.2 Liquid-phase exfoliation. Liquid-phase exfoliation
(LPE) is a simple technology for preparing 2D nanosheets. Its
basic principle is that layered crystals have a strong bonding
ability on a 1D plane and a weak bonding between surfaces.
Therefore, nanosheets can be stripped from large layered mate-
rials by high-speed mixing and stirring (e.g, ultrasonication)
(Fig. 4a). At present, graphene,’® high-quality low-layer antimo-
nene nanosheets,”” and excellent water-soluble phosphorene®*
have been prepared successively by LPE.

Liu et al.”® obtained large-area 2D tellurene nanosheets in
ethanol solvent after ultrasonication and centrifugation. With
continuous efforts, Zhang’s team®” prepared 2D layered Te
nanostructures with a width of 41.5-177.5 nm and a thickness
of 5.1-6.4 nm by LPE. In addition, they also found that 2D Te
nanosheets showed excellent optical response under light at
wavelengths of 350, 365, 380, and 400 nm, as seen in Fig. 4b
and c, which inspires the application of tumor phototherapy in
organisms. The use of 2D Te nanosheets prepared by LPE for
PDT is reflected in the work of Lin et al.,** who sonicated raw Te
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(a) Schematic of ultrasonic exfoliation to obtain nano-layered materials. (b) and (c) show the photocurrent behavior of 2D Te nanosheets under

light at wavelengths of 350, 365, 380, 400, 475, 520, and 550 nm.®” Copyright 2018, Wiley-VCH.
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powder in a dimethylformamide bath to break the bonds of
large-size Te layers, and a peeled tellurene nanosheet was
obtained.

Compared with the strict requirements of PVD, LPE has the
advantages of low cost, simple operation, and low environmen-
tal impact,”® and the latter has the potential to realize mass
production. N-Methylpyrrolidinone (NMP) has been proven to
be one of the successful solvents in LPE technology.®” Manna
et al.”® used a water-NMP mixed solvent system to significantly
increase the stripping yield and stabilize the synthesized
nanosheets over a long time. Their exploration inspires us to
develop a solvent system with good biocompatibility to over-
come the obstacles of 2D tellurene applications in the biome-
dical field, which also opens up a broader scientific perspective
for the preparation of nanosheets in more specific biomedical
fields. However, controlling the size uniformity of nanomaterials
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by LPE is still a choke point that limits its application to a certain
extent,®" so further exploration and breakthroughs are needed to
solve the existing problems.

2.4.3 Solvothermal synthesis method and other technolo-
gies. In addition to PVD and LPE, other technologies have also
been explored. Wang and colleagues®® reported the use of a
substrate-free solution process to produce large-area high-
quality tellurene. After they stirred Na,TeO; and polyvinylpyr-
rolidone (PVP) to obtain a uniform solution, they transferred it
to a stainless-steel autoclave lined with polytetrafluoroethylene,
added ammonia to ensure that the solution was alkaline, and
reduced Na,TeO; via hydrazine hydrate at a temperature of
160-200 °C to obtain 2D tellurene materials; a schematic
diagram is shown in Fig. 5a. The initial product was mainly
of a 1D nanostructure; after a period of time, 2D tellurene
began to appear, as shown in Fig. 5b. Interestingly, the size and

Hydrazine
hydrate

Increasing Na,TeO/PVP ratio
>

Growth time

Fig. 5

v

Groupno. 2 4 6 8 10 12 14 16 18
Groups of mole ratios (Na,TeO/PVP)

C axis
OTe oSe S PVPchain
yéééﬁﬁéﬁ
st

C axis

(a) Schematic diagram of the solvothermal reaction for the synthesis of 2D tellurene. (b) Changes in growth morphology from a 1D Te structure to

a 2D Te structure.®® (c) The growth of 2D tellurene width and thickness for different groups, where each group has a different ratio of Na,TeOs/PVP.*
Copyright 2018, Springer Nature. (d) Optical image of 2D Te nanosheets.*” Copyright 2018, American Chemical Society. (e) Structure of TeSe nano
heterojunction.®® Copyright 2020, American Association for the Advancement of Science.
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thickness of tellurene could be effectively controlled by the
ratio of Na,TeOj; to PVP, as shown in Fig. 5c. When the ratio of
the two was approximately 12:1, the average size of tellurene
was the smallest, and the width decreased monotonously with a
decrease in PVP. This method was also employed in the work of
Du et al.®> Amani et al.*’ also obtained Te nanosheets through
this method, and their thickness was characterized by optical
microscopy, as seen in Fig. 5d.

Inspired by the solvothermal synthesis of 2D tellurene,
Chen et al.®® prepared selenium-coated Te nano-hetero-
junctions with a Te phase as the ‘“‘core’” and a Se phase as
the ‘“shell.” The presence of Se causes the Te nanowires to
turn into 2D nanosheets (Fig. 5e), with a similar layer
structure to tellurene. The solvothermal synthesis method
is relatively flexible, and the size and structure of the
material can be controlled by the reaction conditions. In
addition, some works on the preparation of other 2D
nanomaterials provide other possibilities for the synthesis
of 2D tellurene, which require further verification. For
example, a bismuthene nano-heterojunction was prepared
by solvothermal reaction,®* and antimony was prepared by
ultrasonication,®> which inspired us to think about the
preparation of 2D tellurene with a similar structure.

The advantages and disadvantages of these synthesis meth-
ods described above are summarized in Table 1. PVD can
control the area and thickness of nanosheets through the size
of the substrate and the deposition time; the tellurene prepared
by this method is of high quality and high purity, and it is likely
to be used in fields with precision requirements, but it requires
harsh environment. LPE peels large layered materials to yield
nanoflakes through ultrasonication or mechanical shear, when
the energy of ultrasonic crushing is large, it will be more
conducive to the separation of materials. This method is
relatively insensitive to the environment, simple, easy to imple-
ment, and universal. In the solvothermal strategy, different
precursors and the proportion of each component in the
reaction are the key factors that control the synthesis size of
nanomaterials, it is also possible to synthesize materials with
various morphologies and properties, so there are many possi-
bilities for upgrading.
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3. Application and breakthrough of Te
nanomaterials in tumor phototherapy

Currently, traditional cancer treatment methods such as sur-
gery, radiotherapy, and chemotherapy are still widely used in
clinics, which have limited treatment efficacy and serious side
effects.’*®® Therefore, it is necessary to develop a targeted,
effective, and efficient treatment method to eliminate cancer
cells while causing negligible damage to normal tissues. In
recent years, phototherapies such as PTT and PDT have
attracted significant attention because of their advantages of
fewer traumas, lower toxicity, and better selectivity.®*? Photo-
therapy is a treatment method that gathers phototherapeutic
reagents at the tumor tissue and irradiates the target area with
a light source, especially an NIR light source.

In phototherapy, in addition to the excitation light, the
conversion ability of a photosensitizer under radiation is also
a pivotal factor for effectiveness, like common inorganic and
organic materials®® such as zinc phthalocyanine, chlorin e6,
indocyanine green, graphene quantum dots, gold nanorods,
and copper sulfide nanosystems.®' At present, there are many
gaps in Te nanomaterials; for example, the controllable synthesis of
2D tellurene and the potential toxicity of Te nanomaterials. Gen-
erally, Te nanomaterials have many applications because of their
good electrical conductivity. Especially, the thin layer structure gives
2D tellurene a high specific surface area and high drug loading. Te
nanomaterials can also produce heat or cytotoxic reactive oxygen
species (ROS) under laser irradiation,”°* indicating that they have
great potential applications in tumor phototherapy.

3.1 Properties of Te nanomaterials

1°° with an unusual

Te is a p-type semiconductor materia
anisotropic crystal structure and a high melting point of
~450 °C;**%* under certain radiation conditions, it will pro-
duce active electrons and vacancies, react with the surrounding
environment, and cause oxidative stress,’ which is very similar
to the death caused by intracellular ROS during PDT. At the
same time, 2D tellurene has great advantages in loading other
substances in the application of active catalysis and drug-
loaded therapy. The traditional drug delivery platform based

Table 1 Advantages and disadvantages of current technologies for the production of 2D tellurene

Advantage Disadvantage

PVD e Thin, uniform and continuous films
e High accuracy

conditions
e Fast speed

e Strong condition controllability

LPE e Simple operation and easy
implementation

e Low cost

e Insensitive to environmental conditions

e Suitable for mass production

Solvothermal e High stability o Slow method

o High flexibility

© 2022 The Author(s). Published by the Royal Society of Chemistry

e Harsh environment usually under ultra-high vacuum
o The size and thickness of the film can be adjusted by changing the deposition

o Difficult to control the size uniformity of materials

e Difficult to separate
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on nanoparticles usually only has a 10-30% (w/w%) drug
loading capacity,®® while the high surface area of tellurene will
produce strong surface interactions with therapeutic or diag-
nostic molecules, and the loading rate of chemotherapy drugs
even reaches 162%.°” Therefore, Te materials have great potential
in PDT®® and broad application prospects in the biomedical field.

3.2 Application and mechanism of Te nanomaterials in tumor
phototherapy

Te-nanomaterial-mediated anticancer phototherapy mainly
refers to PTT, PDT, photo-triggered molecule delivery, and their
synergetic strategies. Compared with ultraviolet-visible (UV-Vis)
light, NIR light used in phototherapy has a larger penetration
depth and is a better choice for superficial and deep malignant
tissues.®

3.2.1 PTT application. The basic principle of PTT is that
the heat-resistant temperature of cancer cells is lower than that
of normal cells. When the local temperature reaches approxi-
mately 42 °C, cancer cells will die due to factors such as protein
denaturation, weakening of DNA synthesis and repair.”® Photo-
thermal materials target and identify cancer cells and gather at
the tumor site; they then convert light into heat'®® and reach
temperatures above 50 or even 60 °C under NIR irradiation, so
as to kill cancer cells. The premise of efficient PTT is to develop
a photothermal agent with high photothermal conversion
efficiency and good biocompatibility.”®

As a thickness-dependent bandgap (0.35-1.2 eV) semicon-
ductor nanomaterial,'*>'%> Te will generate and relax electron-
hole pairs'®* as a narrow bandgap semiconductors such as Cu$S
and MoS,,"**'% as shown in Fig. 6a. Therefore, Te nanomaterials
can generate a rapid response to NIR lasers,”*° which helps to
achieve deeper tissue penetration. Wu et al.’” explored the strong
light absorption (Fig. 6b) of a few layers of Te. In addition, similar
to Mxenes, the layered structure of tellurene causes light waves to
reflect between layers and greatly improves the absorption of light
energy.'” Studies have shown that the photothermal conversion
efficiency (17) of Te nanosheets is calculated to be 55% under an
808 nm laser,”” which is significantly higher than bismuthene
(19.4%)""” and traditional graphene oxide (22%)'*® at the same
wavelength. These studies have confirmed that Te nanomaterials
have a good light absorption effect and high photothermal con-
version performance under NIR, which is undoubtedly very attrac-
tive in the application of PTT.”®'*%11°

The mushroom polysaccharide-protein complex modified
Te nanorods prepared by Huang et al.""" realized high stability
in the physiological environment, high selectivity to tumor
cells, and efficient tumor ablation. In addition, a high-yield
synthesis was achieved by a simple redox method, which was a
great impetus to the subsequent development of multifunc-
tional nanosystems. Duan et al.’*? developed a functionalized
Te nanosystem (DOX/PEI@TeNPs) with good photothermal
effectiveness in the NIR region, as shown in Fig. 6c. The
DOX/PEI@TeNPs arrived directly at the tumor tissue, and then
the anticancer drug doxorubicin hydrochloride (DOX) was
released under light control (Fig. 6d), which greatly reduced
the damage to normal tissue. This study provided an effective
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strategy for the design of nanodrug systems and realized
precise chemotherapy/PTT synergistic tumor treatment.

Some studies have also explored 2D tellurene. Zhang’s team
prepared a TeSe nano-heterojunction similar to tellurene,®®
finding it to produce an extremely high photothermal effect
and provide efficient cancer treatment. Then, Pan et al.®” pre-
pared and characterized tellurene; modifying with polyethylene
glycol (PEG), they obtained Te-PEG-NSs with an average size of
approximately 90 nm by using LPE and realizing the applica-
tion of PTT/chemotherapy, as shown in Fig. 6e. Under the
irradiation of an 808 nm laser, the Te-PEG-NSs showed good
photothermal stability (Fig. 6f) and achieved a conversion
efficiency of 55%, which was significantly higher than some
other forms of Te nanomaterials. The significant death of 4T1
cells shown in Fig. 6g and the obvious inhibition of tumor
volume both validated the synergistic therapeutic effect of PTT
and chemotherapy, which confirmed the superiority of Te
nanomaterials as phototherapeutic agents.

The relatively simple synthesis method and adjustable size
of Te nanomaterials are very important for the design of nano
drug-delivery platforms. Zhang’s team found that Te nanonee-
dles could induce mitochondrial dysfunction and enhance the
antioxidant activity of scavenging free radicals with an NIR
laser,""® which provided a new breakthrough for Te nanoma-
terials in the field of cancer phototherapy.

3.2.2 PDT application. PDT uses photosensitive chemicals
(photosensitizers), which can react with molecular oxygen in
cells to produce ROS such as singlet oxygen to kill tumor cells.
ROS destroy cell membranes, protein structure, and DNA
through oxidative stress to damage cancer cells.®**'* The
photodynamic reactions involved in PDT can generally be
divided into type I and type II (Fig. 7a)."*® In type I reactions,
excited photosensitizers interact with the cell membrane or
biological macromolecules to generate free radicals and inter-
act with oxygen to generate substances such as hydrogen
peroxide to oxidize the liposome,''® eventually leading to the
rupture of the cell membrane. Type II refers to exciting photo-
sensitizers that transfer energy to oxygen molecules to produce
singlet oxygen ('0,) with strong cytotoxicity. However, the life-
time of 40 ns and the maximum action radius of 20 nm"*® of
'0, determine that the location of the photosensitizer is the
area where PDT can produce direct tissue damage. PDT has
been clinically approved for a variety of diseases,'’” such as
atherosclerosis and psoriasis. Since the generation of ROS requires
huge energy, wavelengths in the range of 650-850 nm are generally
considered suitable for PDT.""® Studies have shown that a few
layers of Te can have strong light absorption from UV to visible
light, which provides an excellent prerequisite for their application
in PDT.>

Xu et a realized the PDT of organic phosphorescent
materials by exploring the bonding between n-conjugated scaf-
folds and chalcogenide elements, providing a new platform for
the next generation of efficient photosensitizers. In terms of Te
nanomaterials, Te nanorods synthesized by Kang et al®®
showed excellent nano enzyme activity, “catalyzed the produc-
tion of oxygen from hydrogen dioxide, and alleviated the

1 120
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PEI@TeNPs formation process.112

(d) Light-controlled release mechanism of DOX/PEI@TeNPs.*? Copyright 2021, Royal Society of Chemistry.

(e) Schematic diagram of synthesis and cancer therapy of Te—PEG-NSs.” (f) Stability of Te—PEG-NSs in the heating—cooling cycle process.’
(9) Relative survival rate of 4T1 cells incubated for 24 hours with different treatments.’” Copyright 2021, Elsevier.

hypoxia condition of tumor tissue, which greatly improved the
effect of phototherapy”. Fan et al.'"® assembled a multilayer
structure comprising a Te-containing polymer (Fig. 7b), indo-
cyanine green, and poly(styrenesulfonate) layer-by-layer. Under
laser irradiation, the generated ROS could damage cancer cells
and oxidize Te to generate the Te=O group to achieve the
controlled release, which provided an interesting insight into
Te nanomaterials in phototherapy.

Lin and colleagues further verified the application of 2D
tellurene materials in PDT.>* They synthesized Te nanosheets

© 2022 The Author(s). Published by the Royal Society of Chemistry

through LPE and functionalized them with glutathione (GSH)
to improve their stability and biocompatibility (Fig. 8a). Fig. 8b
shows the strong light absorption of the Te nanosheets@GSH.
The change of the trilinear signal in Fig. 8c confirmed
the ability of the Te nanosheets@GSH to produce 'O,. Then,
dichlorofluorescin-diacetate (DCFH-DA) was used to observe
the production of ROS. DCFH-DA is non-fluorescent, but it can
be oxidized by ROS and show green fluorescence.'*' The cells
incubated with Te nanosheets@GSH had almost no fluores-
cence, while, after 670 nm light irradiation, they exhibited

Mater. Adv., 2022, 3, 6397-6414 | 6405
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strong green fluorescence, as shown in Fig. 8d. Further, from
Fig. 8e, the absorption peak intensity of 1,3-diphenylisobenzofuran
(DPBF)'** at 410 nm gradually decreased with an increase
in illumination time, which also confirmed that the Te
nanosheets@GSH produced ROS under light. In vitro experiments,
as shown in Fig. 8g, showed that the cell survival rate did not
change significantly under dark conditions, while it decreased
with an increase in Te nanosheets@GSH concentration under
light, which proved that the production of ROS was sufficient to
kill cancer cells. The tumor growth of mice was observed after
different treatment methods (Fig. 8f and h). The tumor growth of
mice treated with Te nanosheets@GSH and light was significantly
inhibited, and the tumor tissue was seriously damaged, as shown
in Fig. 8i. Both in vivo and in vitro results showed that 2D tellurene
can be used as an attractive photosensitizer for PDT and has broad
prospects in biomedical applications.

A 2D Bi/BiOy lateral nano-heterostructure with similar struc-
ture to tellurene was shown to exhibit effective tumor ablation
caused by ROS at 660 nm,'*® and antimonene realized PDT
under 660 nm and PTT under 808 nm,"** Jiang et al.** found
that Te nanomaterials exhibit photodynamic effects at 473, 660,
and 808 nm, which lays a good foundation of Te nanomaterials
to be used for PDT in NIR region to achieve deeper penetration
depths.

3.2.3 Photo-triggered molecule delivery. As a new idea,
photo-triggered molecule delivery has been widely studied."*

6406 | Mater. Adv, 2022, 3, 6397-6414

After a nanoplatform loaded with drug molecules targets the
focus area, under the control of a laser, photosensitive nano-
materials will undergo photochemical reaction and break their
original stable state, strictly controlling the targeted release of
loaded molecules to ensure an effective therapeutic effect.*?®
Duan et al.''? realized a Te nanosystem for photo-triggered
drug delivery by encapsulating chemotherapy drug DOX and
modified it into regular nanospheres. Under the irradiation of
an NIR laser, the Te nanomaterials were excited, resulting in
the destruction of the nanostructures, which realized the
release of the encapsulated chemotherapy drugs. Therefore,
with light-controlled Te nanomaterials, it is possible to load
chemotherapy and radiotherapy drugs and other potential
anticancer nanomaterials, which also provides additional ideas
for multi-mode synergistic cancer treatment via Te nanomaterials.

3.2.4 Synergetic anticancer application. PTT and PDT are
the two main treatment methods of phototherapy. PTT uses the
heat generated by an excited photothermal agent to ablate
the tumor, but temperatures that are too high may lead to
the overexpression of heat-shock proteins, resulting in incom-
plete apoptosis and tumor recurrence. PDT can produce highly
toxic ROS to kill cancer cells. However, due to the vigorous
metabolism of dense tumor sites, cells are mostly in a hypoxic
state, which indirectly limits the production of ROS and
becomes a major obstacle to PDT. Interestingly, the synergetic
treatment of PTT and PDT can achieve a significant enhancing

© 2022 The Author(s). Published by the Royal Society of Chemistry
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effect.>>'*” Studies have shown that PTT leads to an increase in  supplement oxygen to tumor tissue to realize continuous

the local temperature and blood flow velocity of tumors,'*®*°  PDT, which makes synergistic therapy significantly
which promotes material exchange and can continuously advantageous.
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reactor.>® (g) and (h) show the photothermal effect and ROS generation of Te-NDs to realize PTT/PDT synergistic treatment, respectively.>®
(i) Relationship between the standard absorption of DPBF and Te-NDs irradiation time for 0 min, 10 min, and 20 min.>* (j) A chart comparing the cell
survival rate of the three groups.®® (k) The total Te content of several main tissues after treated by Te-NDs for different periods of time.>® (1) Pictures of
mice tumors after treated for 30 days (Laser wavelength = 785 nm, 1.5 W cm™2).5°> Copyright 2017, American Chemical Society.

As an attractive candidate, Te nanomaterials can not only
produce PTT through the generation and relaxation of elec-
tron-hole pairs but also trigger the generation of ROS through
the reaction between excitons and water/oxygen to realize PTT/
PDT synergetic therapy.”**"** It has been reported that Te nano-
materials have great potential in cancer synergetic therapy.>>°>"*"
Guo et al."*" loaded the chemotherapeutic drug cantharidin and
Te nanoparticles into the 4T1 cell membrane with a homolo-
gous targeting ability to develop cancer-cell-camouflaged nano
therapeutic agent m-CTD@Te (Fig. 9a). As shown in Fig. 9b,
compared with bare Te, the Te nanomaterials coated with cell
membrane showed higher cell uptake, which had decisive
significance for the realization of targeted anticancer therapy;
after 808 nm laser treatment, the generation of ROS was
verified, as seen in Fig. 9c. The infrared thermal imaging
photographs in Fig. 9d clearly show the higher photothermal
effect of the tumor area than the normal area, confirming the
targeting ability of m-CTD@Te in vivo. At the same time, the
significant difference in tumor volume (Fig. 9¢) also proved that
m-CTD@Te realized high-efficiency PDT/PTT anticancer effects
through the single light source.

Yang et al.>® used human serum albumin (HSA) as a nano
reactor to synthesize bifunctional Te nanodots (Te-NDs) to
realize PTT/PDT synergetic therapy under the irradiation of a

6408 | Mater. Adv,, 2022, 3, 6397-6414

single 785 nm light, as shown in Fig. 9f-h. Apart from the
known photothermal effect, DPBF was used to capture ROS,
and the Te-NDs still maintained the ability to produce ROS even
after 10 and 20 min of irradiation (Fig. 9i). In order to verify the
synergetic effect, they used a scavenger of ROS, vitamin C, to
inhibit the photodynamic effect, and the environment at 4 °C
inhibited the photothermal effect; the comparison of cell
survival rates of the three groups in Fig. 9j proves the synergetic
PTT/PDT effect. Due to the EPR effect and the tumor accumula-
tion capacity of albumin,"**"** the Te-NDs would mainly dis-
tribute in tumor and liver areas (Fig. 9k), and the significant
tumor ablation in Fig. 91 proves phototherapeutic ability of Te
nanomaterials.

Under extensive laser irradiation, because Ru can catalyze
peroxide to produce oxygen to improve PDT efficiency, spotted
Ru-Te hollow nanorods were able to achieve high-efficiency
synergetic PTT/PDT for anoxic pancreatic cancer,”® which pro-
vided a reference for the fusion of Te nanomaterials and other
materials to realize multifunctional anticancer modes. Li
et al.’®® prepared Te nanorods using peptides as nano reactors
to achieve efficient PTT/sonodynamic therapy. The presence of
peptides and HSA ensured that the Te nanomaterials had high
dispersion and stability, avoiding complex modification. Huang
et al."*® explored a combination of triangular nanocrystals in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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radiotherapy and immunotherapy, which provided a new idea
for phototherapy combined with immunotherapy via Te
nanomaterials.

3.3 Breakthrough of Te nanomaterials in cancer treatment

As a chiral-chain-structure semiconductor material, Te has the
outstanding advantage of a high light absorption and can
realize PTT and PDT simultaneously under the excitation of a
single light source, which greatly inspires and promotes the
realization of efficient and synergistic cancer treatment.

Unfortunately, the biggest threat of Te nanomaterials to
organisms is that we have a limited understanding of their
metabolism, transformation and possible toxicity in vivo."*” In
addition, Te has poor compatibility in organisms and may have
potential toxicity to the human body. How to improve the
biocompatibility and reduce the biological toxicity of Te nano-
materials are questions that must be solved urgently. Here,
based on previous studies, we propose the surface modification
and size control of Te nanomaterials to affect their metabolic
behavior in organisms with the hope to achieve a breakthrough
of Te nanomaterials in cancer treatment through more research.

3.3.1 Surface modification. Many nanomaterials will aggre-
gate in organisms due to their hydrophobicity, which hinders
their biomedical applications.’*® In order to ensure their good
biocompatibility and stability in organisms, their exterior will
usually be modified by hydrophilic groups or coated proteins or
biofilms. Lin et al>® modified the surface of tellurene by GSH
and incubated with HeLa cells for 24 hours, where there was no
significant change in cell survival, as shown in Fig. 10a. Huang
et al.’®® used the polysaccharide-protein complex as the end
cap for Te nanorods, which significantly improved the stability
and biocompatibility of the material. Protein networks provide
the possibility to achieve a full coating; among them, bovine
serum albumin (BSA) is also widely used in biomedical research
due to its good biocompatibility.**® Zhou et al.'** modified Te
nanoparticles with BSA to obtain good biocompatibility. Com-
pared with the coating process, Yang et al.>” directly used HSA
as nano reactors to prepare Te nanoparticles, which greatly
simplified the preparation process. The same idea was reflected
in the work of Li et al,"*® who used polypeptides and demon-
strated the biosafety of Te nanomaterials through the survival
of 4T1 cells, as shown in Fig. 10b. These modification methods
provide an effective strategy for improving the stability and
biocompatibility of Te nanomaterials.

Chen et al.®® developed a TeSe nano-heterojunction struc-
ture (Fig. 5e) comprising a Se coating covering a Te nanosheet.
Mixing with SMMC-7721 cells, it was observed that the cell
survival rate under pure Te decreased sharply at a concen-
tration of 100 ppm, while the Te nanomaterials encapsulated by
Se were non-toxic at a concentration of 400 ppm, as shown in
Fig. 10d. The consistency of tissue structures in organ-slice
images in Fig. 10c and no significant changes in body weight,
as shown in Fig. 10e, demonstrated that Te nanomaterials
coated with Se had better biocompatibility. A similar work with
Ru-Te hollow nanorods also proved the feasibility of this
program.®®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Therefore, it is safe to conclude that reasonable modifica-
tion of Te nanomaterials is a breakthrough idea to reduce their
toxicity, improve their biocompatibility, and ensure their ther-
apeutic effect, which is significant for their application in
biomedical field. In addition, ligands with a targeting effect
(such as towards 4T1 cell membranes'>') can be employed to
improve the specific recognition ability of materials, so as to
improve their targeting ability in tumor therapy.

3.3.2 Size and metabolism. In addition to surface modifi-
cation, size-control strategies are another breakthrough. Many
inorganic nanoparticles remain in organisms for a long time
and are difficult to be removed, which leads to potential toxicity
and hinders their application in the biomedical field.*?® For
cancer therapy, we expect that inorganic nanoparticles can
effectively damage cancer cells and be removed from the body
as soon as possible after treatment. Among them, renal excre-
tion is the preferred and ideal pathway.

Ultrathin Te nanosheets prepared by Pan et al.’” could still
maintain a cellular survival rate of 90% after incubation with
cancer cells (4T1) and normal cells (L929 fibroblast cells) for
24 hours, as shown in Fig. 10f and g, indicating that they had
very low biological toxicity. Te NDs synthesized by Yang et al.>®
had an ultra-small size (< 10 nm), which was conducive to renal
excretion.?®**? In order to explore the excretion and clearance
behavior of Te-NDs in vivo, the elimination ability was evalu-
ated by monitoring the distribution of Te in heart, liver, spleen,
lung, and kidney over 28 days, as shown in Fig. 10h. It was
clearly observed that after the third day, the content of Te in
each tissue decreased dramatically. In addition, the markers of
liver and kidney function (ALP/ALT/AST and urea) had no
significant difference compared with the original levels after
being injected for 28 days, as shown in Fig. 10i and j. It was
confirmed that Te-NDs had no obvious toxicity to normal
tissues, and that their ultra-small size possibly led them to be
excreted from normal tissues through the kidney. This work
provided a breakthrough idea for the study of long-term reten-
tion and toxicity of Te nanomaterials in vivo and significantly
enlightens the study of inorganic phototherapeutic nanomater-
ials, which has great significance for their clinical application.

4. Summary and prospective

This review summarizes the synthesis methods, properties, and
mechanism of Te nanomaterials, as well as their applications in
cancer phototherapy, and it puts forward some breakthroughs
in the direction of cancer phototherapy with regards to possible
biocompatibility and potential biological toxicity. We hope to
fully utilize the advantageously high light absorption and
phototherapeutic potential of Te nanomaterials, so as to pro-
mote their application in biomedicine.

At present, studies have shown the application of Te nano-
materials in the biological field, as well as their fascinating
characteristics, such as high carrier mobility, strong light
absorption, and PTT/PDT synergetic therapy excited by a single
light source, making them outstanding in tumor phototherapy.

Mater. Adv.,, 2022, 3, 6397-6414 | 6409
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Fig. 10 (a) Relative viability of Hela cells after incubated by Te nanosheets@GSH for 24 hours.2 Copyright 2018, Royal Society of Chemistry. (b) Relative
viability of 4T1 cells after incubated with Te nanomaterials.**> Copyright 2021, Elsevier. (c) HSE slice image of different tissues treated by several groups at
days 1, 14, and 21.8% (Scale bar = 100 pm.) (d) Survival rate of SMMC-7721 cancer cells treated with nanomaterials under different Te : Se ratios.®* (e) Body
weight changes of mice treated in different groups from day 1 to day 21, with 5 mice in each group.®® Copyright 2020, American Association for the
Advancement of Science. (f) and (g) are the relative viability of 4T1 cells and L929 after incubated with ultrathin Te nanosheets for 24 hours, respectively.®”
Copyright 2021, Elsevier. (h) Distribution of Te in various mouse tissues that were treated with 50.0 pmol kg~ Te over 28 days.>® (i) Levels of ALP, ALT, and
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Especially, tellurene can control/accelerate the release of
drugs from the delivery platform due to the NIR photothermal
effect, owing to the unique ultra-high surface area to

6410 | Mater. Adv, 2022, 3, 6397-6414

volume ratio and ultra-thin 2D nanosheet structure. These

prominent merits of Te nanomaterials make them very likely
to realize the synergistic treatment of tumor radio/chemo/
phototherapy, indicating their great potential as effective anti-
cancer agents.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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However, there has been little research on Te nanomaterials
in the biomedical field, which indicates many gaps and great
challenges; the harsh conditions required by PVD, such as the
high vacuum environment, and the difficulty in size-control of
LPE are factors that limit their development. Therefore, much
exploration is still needed to discover simple and efficient
methods to synthesize Te nanomaterials with uniform size
and large scale. In addition, as we all know, the controversial
problem of some nano biomaterials is the biocompatibility of
the as-prepared materials. The production of Te nanomaterials
usually involves the use of toxic reactants and organic solvents,
which limits their application in the clinical field. In the
process of material preparation, a solvent with good biocom-
patibility and high hydrophilicity can be used as the reaction
base, which can greatly improve the biocompatibility of the
final product. Moreover, surface modification and size control
to improve biocompatibility, produce a small immune
response, and reduce or even eliminate biological toxicity are
the major breakthrough points of Te nanomaterials in cancer
treatment.

In addition, the excellent performance of Te nanomaterials
in phototherapy such as fast response to NIR laser and good
photothermal performance makes it possible for more dis-
eases. For example, in cardiovascular and cerebrovascular dis-
eases, the warm photothermal effect through controlling the
dose of Te nanomaterials can improve the water solubility of
blood lipids and reduce blood viscosity, meanwhile, it can also
soften blood vessels to accelerate blood circulation. What’s
more, the layered structure of tellurene has high drug loading
capacity, and has promising approach in targeted drug delivery
after reasonable modification. We expect that Te nanomaterials
can maximize the therapeutic effect and minimize side effects.
Although there have been some preliminary theoretical proofs
and experimental studies on the application of Te nanomater-
ials in the biological field, the interaction between Te and
organisms, metabolism in organisms, and short-term and
long-term biological toxicity still call for in-depth exploration.
Therefore, more effort must be exerted to realize the develop-
ment and breakthrough of Te nanomaterials in the biomedical
field. We maintain an optimistic point of view that there will be
more opportunities for Te nanomaterials in the near future.
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