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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 (n)
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.

TMAPOTEJIb HA OCHOBE XUTO3AHA
MW HAHOYACTUL TEJUTYPA (CS/TE) -
OCHOBHDbIE XAPAKTEPUCTUKNA

U NEPCNEKTUBbI MPUMEHEHUA
HOBOU SODEKTUBHON
AHTUBAKTEPUAJIbHOU MNIATOOPMbI

Nu Neiiuzao*?, 1. WecrakoBa®, Li3aHbcyHb [lun’, TaHbman Cyw®, Banbnau Jin', 0. OcrpoBckuir®

YaHuyHbCKINA YHUBEPCUTET HayKIA v TexHIKi, HaruyHb, KHP'

UKYHLIQHBCKNI UHCTUTYT, YaHUyHbCKII YHUBEPCUTET HayKIA 1 TeXHUKN, hxyHLaHb, KHP?
Pecny6nuKaHcKiii HayuHo-npakTuueckuii LeHTp «Kapanonorua» MiuHck, benapycs?
YaHuyHbCKIUIA MHCTUTYT NPUKAAAHOIA XM Akazemun Hayk Kutas, HaruyHb, KHP*

Jlabopatopua pereHepaLii v TpaHCMAaHTawMy opraHoB MuHUCTepCTBa 06pa3oBaHIa, UHCTUTYT MmyHonoriw, Mepsas 6onbHIL, LI3unuHbckuit yHusepcuTeT, YaHuyhb, KHP®

KnioueBble cnoBa: HaHouacmuusl mestypa, 2udpo2esib Ha OCHO8e XUmOo3aHd, dHmubakmepuasnsHeiti Mamepuasn xumo3sax/mennyp (CS/TE).

ANA ULUTUPOBAHMUA. Jln leinuzao, J1. Lectakosa, LizarbcyHb AuH, TaHbM3H CyH, BaHbnaH Jln, 0. OcTpoBcKkuiA. [Maporenb Ha OCHOBE XM1TO3aHa
1 HaHovacTuL, Tennypa (CS/TE) — OCHOBHbIE XapaKTEPUCTUKI 1 NePCNEKTVBLI NMPYMEHEHNA HOBOW 3GGEKTUBHOI aHTOaKTePVanbHOM NNATGOPMBI.
HeomnoxHas kapouonoeus u kapouodackysapHsle pucku, 2023, T. 7, N2 2, C. 2033-2040.

Vol.7 N°2 2023 ® EMERGENCY CARDIOLOGY AND CARDIOVASCULAR RISKS

2033



. 0630pbl 1 nekuun

0AB/EHNE YCTONYMBOCTY K aHTMOMOTUKaM noTpeboBano paspaboTku

HOBbIX NPOTUBOMUKPOOHBIX METOA0B fleueHus. COrnacHo onncaHHbIM

B IUTEpaType AaHHbIM, KOMMO3UTbI NOAUMEP-METaN JeMOHCTPUpYIOT

aHTMbaKTepuanbHyto 1 aHTMOMONNEHOUHYH akTUBHOCTL NpoTKB E. Coli

1 S. Enterica. Kpome Toro, HaHouacTuubl Tennypa (Te NPs) obnagatot 3Haum-

TeNbHOI aKTUBHOCTb NO yNaBAMBaHKO (BOOOAHbIX paaukanos ABTS u DPPH,

JEMOHCTPUPYIOT LUTOTOKCMYHOCTb B OTHOLLIEHMN PaKoBbIX kneTok (A549 n PC3)
M0 CPaBHEHINHO C HOPManbHbIMIU KneTkami (knetkamm NIH3T3).

B 370/ cTaTbe onmcaH NpoLecc nofyyeHnA HaHouacTIL Tennypa B opme

6aboukm, KoTopble 0651a4aloT XopoLLeil 61oCOBMECTUMOCTBH. VX 0fHOPOAHDIN

pa3mep coctaBnAeT 0kono 200 HM, a 3GHeKTUBHOCTb UX GOTOTEPMMUECKOTO

npeobpa3oBaxua (n) gocturaet 52,9%. inA nonyyeHna ruaporens Xutosa-
Ha (CS/TX) cry6uatoil cTpyKTypoii, 061aaloLLero npeBoCX0AHON NOPUCTOCTbIO
11 pacTBOPUMOCTD0, 611 MCMONb30BaH METOZ IBYHANPaBNEHHOT0 3aMOpPaXMBa-
HuA. MopucTocTb cybcTpaTa npeBbiLLaeT 75% 1 MOKET COXPAHATL YBAAKHAIOLLMI
3pdeKT okono 16 yacos. MloaroToBNEHHbIE HAHOUACTMLBI TENNYPA BBOANM
B rUAPOresb XUT03aHa ANA 03[aHNA aHTubakTepuanbHoi nnatdopmbl CS/Te,
KOTOpaA NPOAEMOHCTpUPOBana 3PGeKTUBHOCTb NPOTUB 30710TUCTOrO CTadu-
NOKOKKa (S. Aureus) n kuwweuHoit nanouku (E. Coli).

MpuBeAeHHble pe3ynbTaTbl NO3BONAT NPEANONOXKNUTD, UTO aHTUOaKTe-
puanbHas natdopma CS/Te MoxeT CTaTb NepCnekTUBHbIM aHTUOaKTepHanbHbIM
maTepuanom, ana 6uoMe NLIMHCKINX NPUMEHEHNIA.
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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 Na,TeOs,
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 la 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, ¢). 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
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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

PucyHok 1. XapakTepucTuka HaHouacTuw Tennypa. (a) usobpaxeua TEM u HRTEM (b) mozenb XRD (c) mogenb XPS (d) YO-cneKTpbl HaHouacTuL Tennypa npi pa3ninuHoii
KOHLIEHTpaLwy (e-j) ruapoAvHaMUyecKme AMameTpbl PacTBOPa HaHOUACTHL Tefypa B eV IoHIN3POBaHHON BOZe 3a pa3Hoe Bpems, (e-g): 0 aHeii; (h-j): 7 axeit
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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™). (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 -In(6)

PucyHok 2. IpdekT doToTepmuyeckoro HarpeBa HaHOUaCTUL Teanypa. (a) KpuBble GOTOTEPMUYECKOrO HarpeBa 1 TensoBble
n306paxkeHus B uidpakpacHom Auanazore npu 06ayuenun NIR (808 Hm, 1,5 BT cm~2). (6) nornoLyeHne HaHouacTuL Tenypa

[0 1 nocne 06nyyerus. (c) dotorpadum undpakpactoii Tepmorpadum (d) LUKNbI HAarpeBa u oXNaxkAeHUA y HaHOYaCTUL Tenypa.
(e) kpuBas oxnaxpgexua Hanovactuy Tennypa. (f) [paduk 3aBucumocTn Bpemenn oxnax geHus t ot -In(6)

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/Te%,
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 pum. Figure 3f

and g were the SEM image of CS/Te®* 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/Te"* hydrogel. Figure 3i
showed the porosity of CS/Te NPs hydrogels
with five concentrations. Even after adding
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Figure 3.
Characterization

of CS/Te hydrogels.

(@) CS/Te NPs® hydrogel,
scale bar: 500 pm.

(b) CS/Te NPs*® hydrogel,
scale bar: 100 pm.

(c) CS/Te NPs*" hydrogel,
scale bar: 100 pym.

(d) CS/Te NPs®* hydrogel,
scale bar: 100 pm.

(€) CS/Te NPs®? hydrogel,
scale bar: 100 pm.

(f-g) partial enlargement
of CS/Te NPs2 hydrogel,
scale bars: 10and T pm.
(h) EDS spectra and
element mapping
images for 0, Cand Te

in CS/Te NPs®2 hydrogel.
(i) porosity (j) water
absorbency (k) swelling
ratio (I) moisturizing
change curve (m) photos
of infrared thermography
(n) temperature changes
with the increasing
irradiation time

PucyHok 3.
XapakTepuctuka
ruaporeneii (S/Te.

(@) Tunporenb CS/Te NPs°,
wkana: 500 Mkm.

(b) Tupporenb CS/Te NPs%,
wkana: 100 MKM.
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wkana: 100 MKM.

(d) Tuaporenb (S/Te NPs™®,
wkana: 100 MKkMm.
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wkana: 100 MKM.
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(k) ko3 puumeHT
HabyxaHuA (1) kpusas
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nHdpakpacHoit
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(n) u3meHeHns
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Figure 4.

In vitro antibacterial
activity of CS/Te.

() E. coli colony
photographs and data
statistics of PBS, (S/Te NPs®
and CS/Te NPs®2 under
808 nm laser irradiation
(1.5 W cm=, 10 min).

(b) S. aureus colony
photographs and data
statistics were obtained
for PBS, CS/Te NPs°

and CS/Te NPs®2 under
808 nm laser irradiation
(1.5Wcm2, 10 min).

(c) the SEM pictures

of bacteria after different
treatments

PucyHok 4.
AHTUGaKTepuanbHas
aKTuBHoCTb (S/Te

in vitro. (a) ®oTorpadun
KonoHuii E. colin
CTATUCTIKA AaHHbIX PBS,
(S/Te NPs®u CS/Te NPs®?
npv 061yueHun nasepom
C IN1HOIA BOMHbI 808 HM
(1,5B1 M2, 10 MuH).

(b) ®oTorpadum KonoHmit
S.aureus 1 CTaTUCTIYECKMe
[LaHHble ObIv NoNyyeHbl
ansa PBS, (S/Te NPs°

1 (S/Te NPs®2

npv 061yyeHun nasepom
C 1N1HOIA BOMHbI 808 HM
(1,5B1 M2, 10 MuH).

(c) (OM-n306paxeHus
bakTepuii nocne
pa3nnuHblx 06paboTok
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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/Te? 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

CS/Te NPs?

S.aureus

[ | CS/Te NPs?

CS/Te NPs%?

CS/Te NPs® + NIR

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 ug/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 Staphy-
lococcus 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™" (OD600 0.5) and the CS/Te
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S
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hydrogels concentration was 50 mg mL™. 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/cm?, 808 nm), with PBS as the blank
control group, CS/Te hydrogel and CS/Te" 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/Te? 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/Te®? hydrogel against E. coli
in the non-illuminated groups and illumina-
ted groups were 6.3% and 100%, indicating that
CS/Te*? hydrogel have good antibacterial ability.
Similarly, the lethality rates of the CS/Te NPs’
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/Te’2 hydrogel against S. aureus
were 6.3% and 100% for without laser group
and with laser group, indicating that CS/Te®?
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-
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