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A
 kind of butterfly-shaped tellurium nanoparticles (Te NPs) is prepared 
in this paper, which have good biocompatibility, their uniform size  
is about 200 nm, and their photothermal conversion efficiency (η)  
is as high as 52.9%. Subsequently, a bidirectional freezing method 

was used to prepare a chitosan hydrogel (CS) with a sponge-like structure, 
which has excellent porosity and solubility. Its porosity exceeds 75% and can 

maintain a moisturizing effect for about 16 hours. Then, the prepared Te NPs 
were introduced into CS to construct a CS/Te antibacterial platform, which 
was effective against Staphylococcus aureus (S. aureus) and Escherichia 
coli (E. coli). These results suggested that CS/Te antibacterial platform 
could be a promising NIR light-activated antibacterial candidate material 
for biomedical applications.
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Skin is considered the most important or-
gan of the human body. It not only provides  
stimulation and perception, but also promotes 
material exchange and maintains health [1–3]. 
However, skin trauma can occur in almost any 
process, such as accidents, surgical treatments, 
diseases, etc [4]. At present, about 100 million 
wounds are treated in China every year, and with 
the aging of the population, this number is still in-
creasing. In particular, the treatment of bacte-
rial infections in clinical postoperative wounds  
is still one of the problems that needs to be solved 
urgently [5–10]. The development of photother-
mal therapy (PTT) offers exciting possibilities 
for future advanced antibacterial strategies be-
cause of its high precision, controllability, non-
invasiveness, and broad-spectrum antibacterial 
activity [11]. More importantly, PTT could kill 
bacteria by directly destroying the structure 
rather than participating in metabolism, and 
almost does not produce drug resistance [12]. 
These satisfactory properties suggest that PTT 
may be an alternative to antibiotics and is ex-
pected to become a next-generation antibacte-
rial strategy. In order to protect the wound and 
accelerate the healing process, various types  
of wound dressings have been developed, inclu- 
ding gauze, cotton wool, plaster, hydrogel, poly-
mer film, etc. [13–17]. Among them, hydrogels are 
becoming the most competitive candidate mate-
rials for the next generation of wound dressings 
due to their advantages such as high-water con-
tent, good biocompatibility, and a 3D porous 
structure similar to extracellular matrix [18–22]. 
Usually, the realization of PTT relies on photo-
thermal agents (PTAs), which convert light into 
heat [23]. In order to avoid the aggregation 
and potential toxicity of PTAs, they are usually 
incorporated into suitable carriers, especial-
ly in wound treatment applications. Hydrogels 
with a three-dimensional porous structure can 
effectively immobilize PTAs to form composite 
hydrogels, which could be beneficial to promote 
wound healing [24]. Therefore, we constructed  
a composite hydrogel antibacterial nanoplatform 
based on CS and Te NPs, and evaluated the an-
tibacterial activity of the hydrogel.

We first synthesized tellurium nanopar-
ticles (Te NPs) by reference to the preparation  

of homologous Te NPs [25]. The specific prepa-
ration method is as follows: 0.2 mmol Na2TeO3, 
5 mmol KBr, 0.1 g PVP, 0.4 mmol ascorbic acid 
add to the 50 mL round-bottomed flask and incu-
bate for 3 h at 80 °C. Wash three times with water 
and ethanol to obtain Te NPs, which are stored 
in a refrigerator at 4 °C for subsequent use. Fi-
gure 1a shows transmission electron microsco- 
py (TEM) images of Te NPs, from which it can 
be seen that the Te NPs are butterfly shaped and 
well dispersed with a uniform size of about 200 nm 
and 60 nm cross-section. Figure 1b shows an X-ray 
diffraction (XRD) pattern of the Te NPs, mat- 
ching the standard card PDF#78-2312, indicating 
good crystallinity and the material’s relatively 
complete morphological structure. The X-ray 
photon spectra (XPS) of Te NPs show the presence 
of the element Te, providing evidence that the syn-
thesized nanomaterials are Te NPs (Figure 1c-d). 
The ultraviolet-visible spectroscopy (UV-vis) 
spectra of Te NPs at different concentrations 
are shown in Figure 1d. The water, PBS and LB 
medium solution of Te NPs remain stable after  
7 days (Figure e-j).

The synthesized Te NPs have good NIR ab-
sorption and the photothermal effect was evalua-
ted. Aqueous solutions of Te NPs with different 
concentrations were placed under an NIR light 
source (808 nm, 2 W cm−2) to observe the tem-
perature rise within 10 min. The Te NPs showed 
an excellent warming effect and a strong con-
centration-dependent photothermal effect com-
pared with water (Fig. 2a, c). The UV-vis spect-
ra of Te NPs showed negligible change before 
and after irradiation (Figure 2b). There was  
no significant decrease in the warming effect after 
four cycles, indicating the good photothermal 
stability of Te NPs (Fig. 2d). The photo-thermal 
conversion efficiency (h) of Te NPs was 52.9% cal- 
culated from Figure 2e-f. These results suggested 
that the synthesized Te NPs have good photo-
thermal properties [26, 27].

Subsequently, we used the bidirectional 
freezing method to prepare a CS/Te NPs hydrogel 
with regular internal pore structure and uniform 
growth direction [28]. The absorption capacity 
of this hydrogel is better than that prepared  
by conventional freezing method. The pore struc-
ture is conducive to absorbing exudate from  

П
оявление устойчивости к антибиотикам потребовало разработки 
новых противомикробных методов лечения.  Согласно описанным 
в литературе данным, композиты полимер-металл демонстрируют 
антибактериальную и антибиопленочную активность против E. Сoli 

и S. Еnterica. Кроме того, наночастицы теллура (Te NPs) обладают значи-
тельной активность по улавливанию свободных радикалов ABTS и DPPH, 
демонстрируют цитотоксичность в отношении раковых клеток (A549 и PC3) 
по сравнению с нормальными клетками (клетками NIH3T3).

В этой статье описан процесс получения наночастиц теллура в форме 
бабочки, которые обладают хорошей биосовместимостью. Их однородный 
размер составляет около 200 нм, а эффективность их фототермического 

преобразования (η) достигает 52,9%. Для получения гидрогеля хитоза- 
на (CS / ГХ) с губчатой структурой, обладающего превосходной пористостью  
и растворимостью, был использован метод двунаправленного заморажива-
ния. Пористость субстрата превышает 75% и может сохранять увлажняющий 
эффект около 16 часов. Подготовленные наночастицы теллура вводили  
в гидрогель хитозана для создания антибактериальной платформы CS/Te, 
которая продемонстрировала эффективность против золотистого стафи-
лококка (S. Аureus) и кишечной палочки (E. Сoli).

Приведенные результаты позволяют предположить, что антибакте-
риаль ная платформа CS/Te может стать перспективным антибактериальным 
материалом, для биомедицинских применений.
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Figure 1. Characterization of Te NPs. (a) TEM and HRTEM images (b) XRD pattern (c) XPS pattern (d) UV-vis spectra of Te NPs at different concentration. (e-j) 
hydrodynamic diameters of Te NPs deionized water solution for different times, (e-g): 0 days; (h-j): 7 days

Рисунок 1. Характеристика наночастиц теллура. (а) изображения TEM и HRTEM (b) модель XRD (c) модель XPS (d) УФ-спектры наночастиц теллура при различной 
концентрации (e-j) гидродинамические диаметры раствора наночастиц теллура в деионизированной воде за разное время, (e-g): 0 дней; (h-j): 7 дней
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the wound surface. Figure 3a-e shows the inter-
nal structure of CS hydrogel compounded with  
Te NPs at different concentrations (0.05 mg/mL, 
0.1 mg/mL, 0.15 mg/mL, 0.2 mg/mL, CS/Tex,  
x = 0, 0.05, 0.1, 0.15, 0.2). Hydrogel is composed 
of neatly ordered and well-connected pores 
with a pore diameter of 100~300 μm. Figure 3f 

and g were the SEM image of CS/Te0.2 hydrogel. 
It could be seen that Te NPs were well dispersed 
in the CS hydrogel skeleton. The element map-
ping in Figure 3h showed the uniform distribu-
tion of C, O, and Te in CS/Te0.2 hydrogel. Figure 3i  
showed the porosity of CS/Te NPs hydrogels 
with five concentrations. Even after adding  

Figure 2. The photothermal heating effect of Te NPs. (a) photothermal heating curves and infrared thermal images under NIR 
irradiation (808 nm, 1.5 W cm−2). (b) the absorption of Te NPs before and after irradiation. (c) photos of infrared thermography (d) 
heating and cooling cycles at Te NPs. (e) cooling curve of Te NPs. (f) The plot of cooling time t versus -ln(θ)
Рисунок 2. Эффект фототермического нагрева наночастиц теллура. (а) кривые фототермического нагрева и тепловые 
изображения в инфракрасном диапазоне при облучении NIR (808 нм, 1,5 Вт см–2). (б) поглощение наночастиц теллура  
до и после облучения. (c) фотографии инфракрасной термографии (d) циклы нагрева и охлаждения у наночастиц теллура.  
(e) кривая охлаждения наночастиц теллура. (f) График зависимости времени охлаждения t от -ln(θ)
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Figure 3.  
Characterization  
of CS/Te hydrogels.  
(a) CS/Te NPs0 hydrogel, 
scale bar: 500 μm.  
(b) CS/Te NPs0.05 hydrogel, 
scale bar: 100 μm.  
(c) CS/Te NPs0.1 hydrogel, 
scale bar: 100 μm.  
(d) CS/Te NPs0.15 hydrogel, 
scale bar: 100 μm.  
(e) CS/Te NPs0.2 hydrogel, 
scale bar: 100 μm.  
(f-g) partial enlargement 
of CS/Te NPs0.2 hydrogel, 
scale bars: 10 and 1 μm.  
(h) EDS spectra and 
element mapping 
images for O, C and Te 
in CS/Te NPs0.2 hydrogel. 
(i) porosity (j) water 
absorbency (k) swelling 
ratio (l) moisturizing 
change curve (m) photos 
of infrared thermography 
(n) temperature changes 
with the increasing 
irradiation time

Рисунок 3.  
Характеристика 
гидрогелей CS/Te. 
(а) Гидрогель CS/Te NPs0, 
шкала: 500 мкм.  
(b) Гидрогель CS/Te NPs0.05, 
шкала: 100 мкм.  
(c) Гидрогель CS/Te NPs0.1, 
шкала: 100 мкм.  
(d) Гидрогель CS/Te NPs0.15, 
шкала: 100 мкм.  
(e) гидрогель CS/Te NPs0.2, 
шкала: 100 мкм.  
(f-g) частичное 
увеличение гидрогеля 
CS /Te NPs0.2, шкалы:  
10 и 1 мкм. (h) Спектры 
EDS и изображения 
картирования 
элементов для O, C  
и Te в гидрогеле  
CS/Te NPs0.2.  
(i) пористость  
(j) водопоглощающая 
способность  
(k) коэффициент 
набухания (l) кривая 
изменения влажности 
(m) фотографии 
инфракрасной 
термографии  
(n) изменения 
температуры  
с увеличением времени 
облучения
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Te NPs, all CS/Te NPs hydrogels showed the same 
porosity (75~97%). The highly porous nature 
of CS/Te NPs hydrogel helped absorb a large 
amount of wound exudate from the wound sur-
face. In addition, the porosity was conducive  
to gas exchange and was beneficial to wound 
healing. Figure 3j showed the water absorption 
analysis of CS/Te NPs hydrogel. Its water ab-
sorption was 6 times and 3 times that of cot-
ton and gauze commonly used in the market, 
respectively. After loading Te NPs, the water 
absorption of CS/Te NPs hydrogel did not de-
crease. Figure 3k showed the swelling rate dia-
gram of CS/Te hydrogel. The test results showed  
that the swelling ratios of blank CS hydrogel 
and CS/Te0.2 hydrogel were both in the range 
of 12 to 14, and their swelling ratios increase 
over time. It was found that CS/Te hydrogel 
has a high swelling capacity and could absorb 
wound permeate for a long time. Compared with 

traditional dressings such as cotton and gauze, 
CS/Te has superior performance. Figure 3m-n  
showed the change curve of CS/Te hydrogel 
temperature with 808 nm laser irradiation time. 
As the Te NPs content increased, the maximum 
temperature in the core region of CS/Te NPs 
hydrogel increased significantly. When the con-
centration of Te NPs was 200 μg/mL, the tem-
perature of the CS/Te 0.2 hydrogel increased 
to 65.2 °C after irradiation for 10 min.

Finally, we used the plate counting method 
to explore the in vitro antibacterial effect of CS/Te  
hydrogel on Gram-positive bacteria Escherichia 
coli (E. coli) and Gram-negative bacteria Sta phy-
lo coccus aureus (S. aureus). E. coli and S. aureus 
were used to evaluate the in vitro bactericidal ef-
fect of CS/Te hydrogels. First, 500 mL of bacte-
rial suspension and 500 mL of CS/Te hydrogels  
were mixed. The bacterial suspension was 
108 CFU mL−1 (OD600 0.5) and the CS/Te  

Figure 4.  
In vitro antibacterial 
activity of CS/Te. 
(a) E. coli colony 
photographs and data 
statistics of PBS, CS/Te NPs0 
and CS/Te NPs0.2 under 
808 nm laser irradiation 
(1.5 W cm–2, 10 min). 
(b) S. aureus colony 
photographs and data 
statistics were obtained 
for PBS, CS/Te NPs0  
and CS/Te NPs0.2 under 
808 nm laser irradiation 
(1.5 W cm−2, 10 min).  
(c) the SEM pictures  
of bacteria after different 
treatments

Рисунок 4.  
Антибактериальная 
активность CS/Te  
in vitro. (а) Фотографии 
колоний E. coli и 
статистика данных PBS, 
CS/Te NPs0 и CS/Te NPs0.2 
при облучении лазером 
с длиной волны 808 нм 
(1,5 Вт см–2, 10 мин).  
(b) Фотографии колоний  
S. aureus и статистические 
данные были получены 
для PBS, CS/Te NPs0  
и CS/Te NPs0.2  
при облучении лазером 
с длиной волны 808 нм 
(1,5 Вт см–2, 10 мин). 
(c) СЭМ-изображения 
бактерий после 
различных обработок
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hyd rogels concentration was 50 mg mL−1. The mix-
ture was incubated at 37 °C for 2 h and irradia- 
ted (808 nm 1.5 W cm−2) for 10 min. PBS were 
used as controls. Bacteria treated in different 
ways grew on solid culture media. The number 
of colonies that emerged intuitively reflects the 
antibacterial performance of the CS/Te hydrogel. 
Figure 4a shows the results of E. coli and Vitis 
vinifera under near-infrared laser irradiation 
(1.5 W/cm2, 808 nm), with PBS as the blank  
control group, CS/Te0 hydrogel and CS/Te0.2 hy-
drogel as the treatment groups. The experimen-
tal results showed that there was no signifi- 
cant difference between the PBS-treated group  
and the PBS+NIR-treated group, indicating 
that the use of NIR laser alone cannot effectively 
inhibit the growth of bacteria. As shown in Fi- 
gure 4a, the lethality rates of the CS/Te0 hydro-
gel non-illuminated group and the illumina- 
ted group against E. coli were 4.9% and 11.2%, 
respectively. It showed that chitosan possessed 
inhibitory effects on bacteria. However, the le-
thality rates of CS/Te0.2 hydrogel against E. coli 
in the non-illuminated groups and illumina- 
ted groups were 6.3% and 100%, indicating that 
CS/Te0.2 hydrogel have good antibacterial ability. 
Similarly, the lethality rates of the CS/Te NPs0 
hydrogel non-illuminated group and the illu-
minated group against S. aureus were 10.7%  
and 16.3%, respectively. However, the letha- 
lity rates of CS/Te0.2 hydrogel against S. aureus  
were 6.3% and 100% for without laser group 
and with laser group, indicating that CS/Te0.2 
hydrogel have good antibacterial ability. To fur-
ther investigate the antibacterial mechanism  
of CS/Te hydrogel, the cell morphology of bac-
teria after CS/Te treatment was observed by scan-

ning electron microscope (SEM). As can be seen 
in Figure 4c, the growth status of bacteria 
in the PBS control group was well maintained, 
so that the bacterial morphology was uni-
form and plump, while both bacterial surfaces  
in the CS/Te0.2 + NIR experimental groups showed 
obvious wrinkling or rupture, so that the cell 
integrity was significantly impaired. An ex-
cellent sterilization effect from the treatment 
was obtained as expected. It is speculated that 
the antibacterial mechanism may be that CS/Te 
hydrogel, which is distributed near the bacte-
rial cell wall and cell membrane, rapidly heats 
up under irradiation from a near-infrared la-
ser. High temperature could directly damage 
the bacterial cell wall and membrane system, 
release the bacterial cytoplasmic matrix, affect its 
metabolism, and lead to the death of the bacteria.

In summary, the butterf ly-shaped Te NPs 
with a quite high photothermal conversion effi-
ciency of 52.9% were obtained by one-pot method. 
Then Te NPs were loaded onto CS hydrogel 
to create a NIR-induced therapeutic antibacte-
rial platform (CS/Te). The CS/Te platform could 
rapidly kill bacteria including Gram-negative 
and Gram-positive bacteria under 808 nm NIR 
irradiation. We hope this work could provide 
a new material or strategy for the treatment 
of bacterial infections.
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