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Metal-coordination synthesis of a natural
injectable photoactive hydrogel with antibacterial
and blood-aggregating functions for cancer
thermotherapy and mild-heating wound repair+t
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Photothermal therapy (PTT) is a promising approach for treating cancer. However, it suffers from the for-
mation of local lesions and subsequent bacterial infection in the damaged area. To overcome these chal-
lenges, the strategy of mild PTT following the high-temperature ablation of tumors is studied to achieve
combined tumor suppression, wound healing, and bacterial eradication using a hydrogel. Herein, Bi,S3
nanorods (NRs) are employed as a photothermal agent and coated with hyaluronic acid to obtain BiH NRs
with high colloidal stability. These NRs and allantoin are loaded into an injectable Fe**-coordinated
hydrogel composed of sodium alginate (Alg) and Farsi gum (FG), which is extracted from Amygdalus sco-
paria Spach. The hydrogel can be used for localized cancer therapy by high-temperature PTT, followed by
wound repair through the combination of mild hyperthermia and allantoin-mediated induction of cell
proliferation. In addition, an outstanding blood clotting effect is observed due to the water-absorbing

Received 30th November 2022, ability and negative charge of FG and Alg as well as the porous structure of hydrogels. The hydrogels also
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eradicate infection owing to the local heat generation and intrinsic antimicrobial activity of the NRs. Lastly,
in vivo studies reveal an efficient photothermal-based tumor eradication and accelerated wound healing

rsc.li/biomaterials-science by the hydrogel.

1. Introduction

Therapeutics against breast cancer have undergone long-term
development, yet only surgery, chemotherapy, and radiother-
apy are widely used in the clinic."™* Unfortunately, these
approaches are not efficient enough for completely curing
cancer, and still 15.5% of cancer-related deaths in females
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have been reported to be due to breast tumors in 2020.>° Even
combining surgery, as the major form of a treatment strategy
for breast cancer, with chemotherapy is not an ideal approach,
due to the poor drug accumulation in the tumor tissue, leading
to low therapeutic effects, causing serious damage to healthy
organs, and drug resistance as well as high risk of local recur-
rence (10% to 41%) due to the failure of surgery to eliminate all
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tumor cells at the edges of the surgery site.”°> Moreover, the
unsatisfactory postsurgical physiological condition of patients
would delay the healing of the created wound due to inflam-
mation and potential bacterial infection.'®"!

Currently, there is no clinically relevant formulation in the
market with multifunctional properties to simultaneously
settle the problems of complete eradication of tumor cells
from the site of surgery, bacterial infections, and subsequent
wounds to increase the survival rate and life quality of
patients. However, tremendous advances in nanotechnology
and biomaterials have enabled the possibility of proposing
new strategies for combined therapy and regeneration by
nano-incorporated hydrogels."”>™* For example, injectable
hydrogels, constructed through dynamic crosslinks, have been
widely applied for direct injection into the cancer tissue and
sustained drug release through prolonged maintenance of the
hydrogel in the target site. In recent years, a number of natural
polymers have been used to prepare injectable hydrogels.'>'®
Farsi gum (FG) is an exudate polysaccharide obtained from the
trunk and branches of Amygdalus scoparia Spach, which is less
studied despite its high potential for biomedical application
due to its low-cost, safety, and high-water absorption.'” >
Sodium alginate (Alg), an anionic polysaccharide, is another
widely used natural polymer for the preparation of hydrogels
due to its biocompatibility, low toxicity, and facile gel for-
mation ability.”*** Interestingly, these two polymers can
present an enhanced hemostatic capacity through their high-
water absorbing capacity and negative charge, which can
induce coagulation by initiating the autoactivation of the
coagulation factor XIL>*?° In addition, injectable hydrogels
can be formed from these two polymers by facile crosslinking
approaches like metal coordination,””*® which renders the
merits of easy operation, avoidance of chemical modification
for hydrogel formation, and effective delivery of chemothera-
peutics for cancer therapy.

As an alternative to chemotherapy, photothermal therapy
(PTT) has attracted considerable attention due to its minimal
invasiveness and selectivity for the localized ablation of tumor
cells by light-to-heat conversion upon near-infrared (NIR)
irradiation without significant damage to other organs.>**!
PTT over 50 °C in the tumor tissues can effectively induce
cancer cell necrosis.*> However, the heat generated from PTT
still causes local tissue lesions and subsequent bacterial infec-
tions might occur in the NIR-irradiated site.**** To overcome
the challenge of delayed wound repair after high-temperature
PTT, various strategies, such as the wuse of anti-
inflammatory,*>3® angiogenic,>’° and extracellular matrix
mimicking*"** hydrogels can be employed. However, photo-
active nanomaterials that are loaded inside the hydrogels for
cancer PTT can be used to locally enhance the temperature to
40 °C for the acceleration of tissue regeneration by the thermal
induction of cell proliferation and angiogenesis.**** This
concept allows combined cancer therapy and tissue regener-
ation using a single injectable hydrogel by the adjustment of
laser power to control the temperature in therapy and regen-
erative phases. In addition, PTT can lead to irreversible mem-
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brane destruction of bacterial cells and reduce the risk of
infection.*

Currently, numerous PTT agents have been loaded into
hydrogels for cancer therapy, such as graphene,*® gold nano-
structures,”” carbon dots,*® and NIR-absorbing organic dyes.*
Bi,S; nanorods (NRs) are also novel photothermal agents with
excellent photothermal conversion efficiency, facile fabrica-
tion, and favorable biocompatibility.'**°> Additionally, the
surface of these particles can be easily modified by targeting
agents to endow them with a high affinity to tumor cells and
increase their maintenance in the tumor tissue for a long time
after the injection of hydrogels.”>”* Meanwhile, the intrinsic
antibacterial effect of Bi,S; particles can prevent microbial
infection after cancer therapy.>>>®

Herein, as shown in Fig. 1a, hyaluronic acid-coated Bi,S;3
(BiH) NRs were synthesized as a photothermally active nano-
material, which presented a good photothermal performance
in the tumor bed. In addition, an injectable hydrogel was
formed by the Fe**-mediated coordination of carboxyl and
hydroxyl groups in Alg and hydroxyl groups in FG, providing
dynamic bonds that can reversibly break and reform to achieve
self-healing properties (Fig. 1b).”’®" The BiH and allantoin
(Alla) were co-loaded into the hydrogel to render combined
photothermal cancer therapy and regenerative property to the
hydrogel. Alla is a pharmaceutically active agent that can
promote wound healing by regulating inflammatory reactions,
stimulating fibroblast proliferation, and inducing extracellular
matrix formation.®> Furthermore, the local NIR-mediated
temperature adjustment to 40 °C after cancer ablation can
synergize the healing effect of Alla. In addition, the hydrogel
represents antibacterial and hemostatic functions, which
makes it a multifunctional platform for combined cancer
therapy and regeneration (Fig. 1c).

2. Results & discussion

2.1. Physicochemical characterization of NRs

Physicochemical characterization studies of BiH NRs were
carried out to ensure their successful preparation.
Transmission electron microscopy (TEM) and field emission
scanning electron microscopy (FE-SEM) imaging revealed that
Bi,S; (Fig. Sla and S1bf) and BiH (Fig. 2a and b) NRs were
rod-shaped with a tendency to agglomerate into flower-like
microspheres. The surface zeta potential of Bi,S; NRs was
—52.9 + 1.7 mV, which changed to —15.1 + 1.7 mV for BiH NRs
(Fig. 2c). This observation confirms the successful coating of
Bi,S; NRs with HA, which can cover negatively charged sulfur
ions of the Bi,S; surface with its COO™ groups, resulting in a
substantially less negatively charged surface.®® We noticed a
higher colloidal stability and lower aggregation of BiH NRs in
deionized water (DW) during 24 h of monitoring compared to
those of Bi,S; due to the hydrophilic nature of HA (Fig. S27).
Furthermore, the Brunauer-Emmett-Teller (BET) analysis
demonstrated a higher volume of N, adsorption (V) and
bigger values of surface area and total pore volume in BiH NRs
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Fig. 1 The schematic illustration for the preparation of BiH NRs, construction of metal-coordinated hydrogels, and their functions. (a) Bi>Ss NRs
were synthesized by a simple chemical reaction and further coated with HA. (b) The Fe**-coordinated hydrogel was achieved by posing functional
groups of FG and Alg to Fe** ions. (c) Swiftly formed injectable Gel-BiH—-Alla hydrogel showed the multifunctional mechanism of anti-infection,
hemostatic effect, localized drug release, and NIR-triggered PTT effects for wound healing acceleration and anti-cancer therapy purposes.
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Fig. 2

(a) The TEM image of BiH NRs. (b) FE-SEM images of BiH NRs at different magnifications. (c) The zeta potential of Bi,Ss and BiH NRs. (d) BET

analysis of Bi,Sz and BiH NRs. (e and f) EDAX spectrum and elemental mapping of BiH NRs. (g) UV-vis absorption spectra of Bi,Sz and BiH NRs. (h)
Photothermal temperature curves of BiH NRs dispersed in DW at various concentrations of 100 pg ml™%, 200 pg ml™, and 300 pg ml™ under
808 nm laser irradiation with different power densities (0.5 W cm™2, 1 W cm™2, and 1.5 W cm™) for 10 min. (i) Photographs of Gel and Gel-BiH

hydrogels in the presence and absence of FeClz-6H,0 as the crosslinker.

as compared to Bi,S; NRs due to the presence of HA chains on
the surface of the NRs (Fig. 2d). Furthermore, the energy-dis-
persive X-ray spectroscopy (EDAX) analysis and elemental
mapping of Bi,S; (Fig. S1c and S1df) and BiH (Fig. 2e and f)
NRs implied that the weight percentages of Bi and S decreased
from 78.2% and 21.8% to 77.0% and 17.7%, respectively, after

This journal is © The Royal Society of Chemistry 2023

HA coating.®* We also found that O (1.1%) and N (0.1%)
elements were present in BiH NRs, indicating the successful
introduction of HA to the surface of Bi,S; NRs. In addition,
UV-Vis spectra of both Bi,S; and BiH NRs showed an obvious
absorption at 808 nm, indicating their potential to be photo-
thermal agents (Fig. 2g).

Biomater. Sci, 2023, 11, 2486-2503 | 2489


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2bm01965e

Open Access Article. Published on 13 February 2023. Downloaded on 12/5/2025 1:36:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

The in vitro PTT evaluation of BiH NR suspensions (100 pg
ml™, 200 pg ml™", and 300 ug ml™") showed a concentration-
dependent temperature change at different power densities
(0.5 Wem™,1 W em ™2, and 1.5 W cm ™) under 808 nm laser
irradiation over 10 min (Fig. 2h). In particular, after NIR
irradiation (1.5 W cm™2, 10 min), the temperature values of
BiH NR suspensions with concentrations of 100 pg ml™,
200 pg ml™', and 300 pg ml™" increased to 44.6 °C, 51.6 °C,
and 55.3 °C, respectively. Since the suitable temperature for
tumor eradication was reported to be around 50.0 °C,* 200 pg
ml ™" of the BiH NR suspension with a power density of 1.5 W
em™? was selected for the subsequent anti-tumor investi-
gations. Moreover, it was found that the temperature values of
BiH NR suspensions with concentrations of 100 pg ml™,
200 pg ml™', and 300 pg ml~" increased to 40.8 °C, 43.5 °C,
and 47.1 °C, respectively, under laser irradiation with a power
density of 1 W cm™>. Considering that mild local heating (ca.
40-41 °C) would be beneficial for cell proliferation, blood flow,
and tissue regeneration,®® 200 pg ml~" of the BiH NR suspen-
sion and an optimum laser power density of 1 W cm™> were
chosen for wound healing studies.

2.2. Preparation and characterization of hydrogels

Metal-coordinated hydrogels were prepared using FG, Alg, and
ferric chloride hexahydrate (FeCl;-6H,O). In fact, arabinose
and galactose are the main components of FG polysacchar-
ide,® and Alg as an anionic biomolecule brings up an extra-
ordinary amount of negatively charged hydroxyl and carboxyl
groups to the Fe’" ions to form metal-coordinated bonds,
which can induce immediate gel formation. Moreover, the
Gel-BiH and Gel-BiH-Alla hydrogels were consequently
formed by the addition of BiH NRs and Alla to the polymers
before the crosslinking by FeCl;-6H,O (the methodology is
described in section 1.4 of the ESIf).

2.2.1. Gelation time, porosity, initial water content, and
yield. The gelation process of hydrogels was studied with the
tube inversion method (Fig. 2i). Initially, Gel and Gel-BiH were
prepared without FeCl;-6H,0 as the cross-linker, and the flow
of the solution indicated that hydrogels were not formed. With
the addition of FeCl;-6H,0, hydrogels were formed, and no
flow was observed at the bottom-up position of the tubes. The
gelation time was nearly 5 s after the addition of the cross-
linker in the hydrogels with and without the loading of BiH
NRs (Fig. S3at), indicating that the presence of BiH NRs did
not affect the formation of metal-coordination bonds among
Fe** jons and hydroxyl/carboxyl groups of FG and Alg.

To evaluate the porosity structure of Gel, Gel-BiH, and Gel-
BiH-Alla hydrogels, the liquid displacement method was
exerted, and the porosity of all hydrogels was identified to be
greater than 80.0% (Fig. S3b¥). Meanwhile, BiH and Alla incor-
poration in the hydrogel matrix did not affect the high porosity
of the Gel hydrogel, which can contribute to a desirable
wound healing effect by good oxygen penetration and absorp-
tion of exudates.®® In addition, the initial water contents
(IWCs) of Gel and Gel-BiH hydrogels were 79.2 + 1.7% and
80.7 + 2.5%, respectively, confirming the high incorporation of
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water inside the pores of the hydrogels (Fig. S4at). The yields
of Gel and Gel-BiH hydrogels were also calculated as 87.6 +
8.9% and 77.0 + 4.9%, respectively (Fig. S4bt). The IWC and
yield data demonstrated that the incorporation of BiH in the
hydrogel did not significantly affect these parameters.

2.2.2. Fourier-transform infrared (FTIR) spectroscopy. FTIR
spectroscopy was conducted in the range of 4000-400 cm ™" to
characterize the structure of the pure ingredients, NRs, and
prepared hydrogels (Fig. 3a). In the spectrum of FG, a band at
1041 cm™' was assigned to the C-O-C, C-CH, and C-OH
stretching, and the bands at 646 cm™" and 783 cm™" corre-
sponded to the C-H stretching.®” Furthermore, the broad
bands of the FG spectrum at 1577 cm™" and 1419 cm™" were
assigned to the carboxyl groups. The bands at 2930 cm™" and
3422 cm™" were also related to asymmetric -CH,- and -OH
stretching, respectively.®® In the spectrum of FeCl;-6H,0, a
band that appeared at 3371 cm ™" was attributed to strong O-H
stretching vibrations. Also, the band at 733 cm™" was assigned
to the bending of the Fe-O bond.* In the spectrum of Alg, a
band at 3440 cm™" was attributed to the O-H stretching, and
the bands at 1576 cm™" and 1418 cm ™" were assigned to the
carboxyl groups.”® Moreover, the band at 3422 cm™", which is
attributed to O-H stretching in the FG sample, was slightly
shifted to 3425 cm™, 3433 cm™!, 3433 cm™, and 3439 cm™!
for FG-Fe, Gel, Gel-BiH, and Gel-BiH-Alla samples, respect-
ively, due to the successful formation of metal-coordinated
bonds.

The successful synthesis of Bi,S; NRs was confirmed by the
presence of the band at 1012 cm™’, assigned to the Bi-S
bond.”* A broad band at 3440 cm™" in the BiH spectrum was
ascribed to the O-H groups in the structure of HA.”?
Additionally, the strong peak at 1580 cm™" referred to the
C=O0 stretching vibration of the carboxyl group of HA,
suggesting the successful coating of NRs. Due to the low con-
centration of BiH NRs within the hydrogel, the spectrum of
Gel-BiH indicated no significant changes, in comparison with
the Gel spectrum. FTIR spectrum of Alla showed asymmetric
and symmetric vibrations of NH, at 3441 cm ™" and 3348 cm™,
respectively, and the C-H stretching vibration at 3063 cm™'.”?
All the mentioned bands were found in the Gel-BiH-Alla
hydrogel, confirming the incorporation of Alla molecules
inside the hydrogel matrix.

2.2.3. XRD, TGA, and DTG studies. X-ray diffraction ana-
lysis was used to evaluate the crystallinity of initial ingredients,
NRs, and hydrogels as well as the interactions between com-
ponents (Fig. 3b). X-Ray diffraction (XRD) evaluations of
FeCl;-6H,0, Bi,S; NRs, BiH NRs, and Alla indicated their crys-
talline structures. It was observed that the broad characteristic
peak at 20.61° for FG indicated a semi-crystalline microstruc-
ture.”* The XRD pattern of Alg showed two characteristic broad
diffraction peaks at 14.05° and 22.01°, indicating the semi-
crystalline structure of Alg.”” The XRD diffraction peak of FG
shifted from 20.61° to 21.16°, 21.56°, 21.56°, and 22.56° in
FG-Fe, Gel, Gel-BiH, and Gel-BiH-Alla hydrogels, respectively,
indicating the formation of metal-coordination bonds.”® While
the XRD patterns of BiH were not observed in the Gel-BiH

This journal is © The Royal Society of Chemistry 2023
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DTG analysis of FG, Alg, FeClz-6H,0, FG—Fe, and Gel samples.

hydrogel due to the small amount of BiH NRs, the Gel-BiH-
Alla hydrogel showed small peaks related to the crystalline
structure of Alla.

Thermogravimetric analysis (TGA) demonstrated weight
loss stages for FG, Alg, FeCl;-6H,0, FG-Fe, and Gel samples
during the heating process (Fig. 3c). the required temperature
for 10% and 50% weight loss and the final residual amount at
800 °C of each sample are presented in Fig. 3d. In the first
step for all samples, a slight weight loss occurred below the
temperature of 200-250 °C due to the loss of the absorbed
moisture and other volatile products.”® As for Alg, the second
drop of weight started at 217 °C due to polymer degradation,
which caused a 79.0% decomposition rate.”” Moreover, above
232 °C the second and most remarkable weight loss of FG
occurred due to polysaccharide degradation, which led to an
85.0% decomposition rate at 800 °C.'*”® Furthermore, the
second drop in the weight of FeCl;-6H,0 commenced at
200 °C and this was ascribed to the dehydrochlorination
process.”’ The weight loss stages of FG-Fe and Gel were
similar to that of FG due to being the major component of the
hydrogels, and their weight losses at 800 °C were 77.3% and
83.4%, respectively. Moreover, 50% weight losses of FG-Fe and
Gel hydrogels occurred at 295 °C and 300 °C, respectively;

This journal is © The Royal Society of Chemistry 2023

(@) FTIR spectra and (b) XRD profiles of pure components, NRs, and hydrogels. (c) TGA analysis of FG, Alg, FeCls-6H,0, FG-Fe, and Gel

of each sample and the residual weight at 800 °C regained from TGA. (e)

however, that occurred at 294 °C, 293 °C, and 157 °C for FG,
Alg, and FeCl;-6H,0, respectively, indicating the higher
thermal stability of hydrogels, which was due to the presence
of metal-coordinated bonds. Meanwhile, derivative thermogra-
vimetry (DTG) analysis was carried out based on the TGA
results, which represent the weight loss rate against the temp-
erature. Maximum decomposition speed for the Gel sample
occurred with 0.59% °C™" at 261 °C, indicating the improved
thermal stability of the hydrogel compared to pure ingredients
due to metal-coordinated crosslinking (Fig. 3e).

2.2.4. Morphological properties and EDAX studies of the
hydrogels. FE-SEM was performed under different magnifi-
cations to evaluate the surface morphology, which showed
high porosity of freeze-dried Gel (Fig. 4a) and Gel-BiH
(Fig. 4b) hydrogels that was in line with the obtained porosity
values of the ethanol displacement method. The porous struc-
ture facilitates exudate collection, distribution of nutrients and
oxygen in the wound environment, cell adhesion, and
growth.®” EDAX was used to determine the elemental content
of the FG, FG-Fe, Gel, and Gel-BiH samples (Fig. 4c). The ana-
lysis of the extracted FG showed the presence of O (50.4%) and
C (48.5%) elements. The analysis of FG-Fe, Gel, and Gel-BiH
hydrogels showed the presence of the Fe element as well as O
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Fig. 4 (a and b) FE-SEM images of Gel and Gel-BiH hydrogel with three different magnifications. (c) EDAX analyses of FG, FG-Fe, Gel, and Gel-BiH

samples. (d) Photothermal temperature curves of DW, FG, FG—Fe, Gel, and Gel-BiH samples under 808 nm laser (1 W cm™2) irradiation for 10 min.
(e) Temperature variations of Gel—BiH over four continuous ON/OFF cycles of 808 nm laser irradiation (1 W cm™2). (f) Photothermal responses of
the Gel-BiH hydrogel upon laser irradiation (808 nm, 1 W cm™2) for 10 min and the cooling phase of 15 min. (g) The plot of cooling time versus the
negative natural logarithm of the temperature driving force. The  value of Gel-BiH was calculated 31.5%. (h) Infrared photographs of FG, FG—Fe,
Gel, and Gel-BiH samples during irradiation with an 808 nm laser for 10 min (1 W cm™3).

and C elements, corroborating the formation of Fe**-co-
ordinated bonds and effective crosslinking. Moreover, the
EDAX analysis of the Gel-BiH hydrogel indicated the presence
of the Bi element as compared to the Gel sample, confirming
the successful loading of BiH NRs within the hydrogel.

2.2.5. Photothermal effect of the hydrogel. The in vitro
photothermal effect of different formulations was assessed
under 808 nm NIR irradiation with the power density of 1 W
em~? for 10 min (Fig. 4d). The temperature of the Gel-BiH
hydrogel containing 200 pg ml™" of BiH NRs increased signifi-
cantly to 45.4 °C, which was approximately close to the temp-
erature of the BiH solution (200 pg ml™") after laser irradiation
(1 W em™, 10 min). However, there were no remarkable
changes in the temperatures of DW, FG, FG-Fe, and Gel
samples. Thermal images of different formulations under
laser irradiation are shown in Fig. 4h. The Gel-BiH hydrogel

2492 | Biomater. Sci., 2023, 1, 2486-2503

exhibited outstanding temperature stability after 4 repeating
ON/OFF cycles of NIR irradiation, indicating the possibility of
multiple PTTs after a single injection of the hydrogel (Fig. 4e).
To evaluate the photothermal conversion efficiency (1) of the
BiH NRs, 1 ml of the Gel-BiH hydrogel was heated up under
laser irradiation for 10 min (808 nm, 1 W cm™?) and then
cooled down (Fig. 4f). The 5 value of BiH NRs was obtained as
31.5% (Fig. 4g) according to eqn (5) presented in section 1.5.6.
of the ESI,T which was sufficient for good PTT performances.
2.2.6. Rheological properties and injectability of the hydro-
gels. Rheology can be used to determine the viscoelastic pro-
perties of injectable hydrogels in response to the applied
stress. The viscosity of Gel (Fig. S5at), Gel-BiH (Fig. S5b¥), and
Gel-BiH-Alla (Fig. S5cf) hydrogels decreased considerably
with shear rate increment, confirming the shear-thinning
property of all hydrogels, which is an important factor for

This journal is © The Royal Society of Chemistry 2023
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injectability.®""** Noticeably, the Gel sample showed a higher
viscosity compared to the Gel-BiH hydrogel, which could be
due to the less interaction of Fe*" with the hydroxyl and car-
boxyl groups of FG and Alg in the presence of Bi** ions. The
frequency sweep test analyzed the behavior of hydrogels in
constant strain (0.1%) and variable frequencies from 0.1 to 100
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rad s™. The elastic behavior (G') of Gel (Fig. 5a) and Gel-BiH
(Fig. 5d) hydrogels were superior to the viscose behavior (G"),
indicating the gel-like behavior of both hydrogels. The strain
sweep test for both Gel (Fig. 5b) and Gel-BiH (Fig. 5e) hydro-
gels were conducted at a constant frequency (10 rad s™") using
variable strains from 0.1 to 100%. The G’ and G” curves of Gel
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Fig. 5 Rheological properties of (a—c) Gel and (d—f) Gel-BiH samples. Injection force-displacement curves for (g) FG—-Alg, (h) Gel, and (i) Gel-BiH
injected from a 10 ml syringe using 22 and 23 G needles. (j) The force needed for 4 mm displacement and the maximum force in the plateau are pre-
sented for different samples using 22 G and 23 G needles. (k) Photographs of injectability of the colored Gel sample in DW over time.
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and Gel-BiH hydrogels intersected at about 35% and 32%,
respectively, which showed that the tolerated strain broke the
hydrogel network. The results indicate a slightly less robust
network of the Gel-BiH hydrogel compared to the Gel hydrogel
due to the incorporation of BiH NRs. The higher G’ value com-
pared to G” before the intersection of curves indicated the
elastic characteristic of the hydrogel; however, the higher G”
value compared to G' after the intersection of curves demon-
strated fluid-like characteristics of both hydrogels. The alter-
nate-step strain study showed that Gel (Fig. 5¢) and Gel-BiH
(Fig. 5f) hydrogels could transform from a flexible material at
high strains (G’ < G") into a stiff material at low strains (G’ >
G") in continuous low (1%) and high (300%) strains at a fre-
quency of 10 rad s~*.5*%% Moreover, the results demonstrated
the quick recovery of G' and G” values in continuous strain
fluctuations, revealing the desired self-healing properties due
to the reversible nature of metal-coordinated crosslinks of Gel
and Gel-BiH hydrogels.

The injectability of hydrogels has made them ideal formu-
lations for application in the field of drug delivery and tissue
engineering due to their low invasiveness and providing an
adaptable shape after administration.®® The injection force
needed for the extrusion of a hydrogel is closely associated
with its rheological properties, which was measured using a
mechanical test at a steady speed rate of injection (60 mm
min~") from a 10 ml syringe equipped with 22 gauge (G) and
23 G needles.®” The force (N) against displacement (mm) was
then plotted for FG-Alg, Gel, and Gel-BiH samples. The force
required for the injection of FG-Alg at 4 mm of displacement
was 24.5 N with a 22 G needle and 36.8 N using a 23 G needle
(Fig. 5g). These values increased to 28.9 N and 48.3 N for Gel
(Fig. 5h) and 37.4 N and 52.6 N for Gel-BiH hydrogel (Fig. 5i)
using 22 and 23 G needles, respectively, due to the metal-co-
ordinated bonds formed in the hydrogel as compared to the
FG-Alg sample. There was no significant difference in the
required injectability force for the ejection of Gel and Gel-BiH
samples. Furthermore, as expected, the force needed to eject
the hydrogels was higher by a needle with a narrow gauge (23
G) in all samples. The recorded force at 4 mm of displacement
and the plateau phase are demonstrated for different samples
with different needles (Fig. 5j). The injectability photographs
of the green-colored Gel sample in DW are also shown over
time in Fig. 5k. Taken together, we developed an injectable
shear-thinning hydrogel than can be used for intratumoral
injection or covering of the wound site.

2.3. Invitro biocompatibility assays

Hemocompatibility is one of the most important criteria for
the in vivo application of biomaterials.*® Therefore, in vitro
hemolysis assay was performed to evaluate the hemocompat-
ibility of different concentrations (1 mg ml™*, 2 mg ml™", and
3 mg ml™") of Gel, Gel-BiH, and Gel-BiH-Alla hydrogels at
different time points. As shown in Fig. 6a, all hydrogels were
classified as non-hemolytic biomaterials (non-hemolyzed
RBCs >98%) based on the safe hemolysis index defined by ISO
standards (<5%).*” DW and phosphate-buffered saline (PBS,
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pH 7.4) were used as positive and negative control groups,
respectively. The corresponding hemolysis photographs of
RBCs are shown in Fig. 6b. The transparency of the super-
natant in all samples was similar to that of the negative
control group (PBS) and the red color of the positive control
(DW) was due to the complete lysis of RBCs.

Moreover, the in vitro cytotoxicity of Gel and Gel-BiH hydro-
gels (100 pg mI™*, 200 pg mI~*, and 300 pg ml™") were assessed
on the 3T3 fibroblast cells after 24- and 48 h of incubation. No
significant difference was observed in the cell viabilities of
hydrogels compared to that of the control group at different
concentrations and time points, due to the safe nature of poly-
mers used as hydrogel matrixes (Fig. 6¢ and d). Notably, the
Gel-BiH-Alla treated group exhibited a higher cell viability in
comparison with that of the control group in all concen-
trations and time points (Fig. 6e). This outcome is associated
with the cell growth-stimulating effect of Alla presented in the
final formulation.®® Consequently, the Gel-BiH-Alla hydrogel
represented improved cytocompatibility, making it a promis-
ing candidate for biomedical applications.

2.4. Invivo toxicity

To assess in vivo toxicity, the histological analysis of the main
organs of rats (kidneys, spleen, and liver) were carried out by
hematoxylin & eosin (H&E) staining at day 14 after the sub-
cutaneous injection of the Gel, Gel-BiH, and Gel-BiH-Alla
hydrogels (500 pl). No obvious abnormality, organelle damage,
and inflammation were observed in different hydrogel-treated
groups, demonstrating the desirable safety and histocompat-
ibility of the formulations (Fig. 7a). Furthermore, the blood
biochemical and hematological parameters were evaluated to
confirm the biosafety of hydrogels. No significant difference
was observed in hematological factors of hydrogel-treated
groups, including the blood level of RBCs, hemoglobin (HGB),
hematocrit (HCT), platelet (PLT), white blood cells (WBCs),
neutrophils (NEUT), lymphocytes (LYMPH), and monocytes
(MONO) as compared to that of the control group (Fig. 7b).
Furthermore, biochemical indexes and minerals, including
total protein (TP), albumin (ALB), calcium (Ca), phosphor (Ph),
blood urea nitrogen (BUN), creatinine (CREA), lactate dehydro-
genase (LDH), and alkaline phosphatase (ALP) did not show
any meaningful difference between all hydrogel-treated groups
and the control (Fig. S67).

2.5. Invitro and in vivo blood clotting studies

It is known that hemostatic hydrogels can control hemorrhage
in the wound and accelerate the healing process.®® Therefore,
the in vitro blood clotting potentials of Gel, Gel-BiH, and Gel-
BiH-Alla hydrogels were assessed using the blood clotting
index (BCI), in which the lower value indicates the better clot-
ting effect of a hydrogel.?® As shown in Fig. 8a, Gel, Gel-BiH,
and Gel-BiH-Alla hydrogels in the BCI test showed blood
coagulation, while a partial blood clotting formation was
observed in the gauze-treated group, and there was no blood
clot in the control group. The results showed that all hydrogels
had lower BCI than those of the gauze and control groups at

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (a) Plots show the percentages of non-hemolyzed RBCs (%) after treatment with Gel, Gel-BiH, and Gel-BiH-Alla with the concentrations of

1,2, and 3 mg ml™*

after 2, 4, 8, and 24 h of co-incubation. (b) Photographs of centrifuged samples with different concentrations and time points.

Viabilities of fibroblast cells after exposure to 100, 200, and 300 pg ml™ of (c) Gel, (d) Gel-BiH, and (e) Gel-BiH—Alla hydrogels incubated for 24 and
48 h at 37 °C, quantified by the CellTiter—Glo luminescence assay. Data are presented as the mean + SD (N = 4). The data were statistically analyzed
using one-way ANOVA (*p < 0.05, **p < 0.01) as compared with the control group.

different time points. BCI values were 22.8%, 24.7%, 24.2%,
and 91.7% for Gel, Gel-BiH, Gel-BiH-Alla, and gauze
samples, respectively, after incubation for 240 s (Fig. 8b), con-
firming the strong blood clotting effect of the hydrogels.

The rat tail-amputation model was also used to evaluate the
in vivo hemostatic properties of hydrogels. The amount of
blood loss was significantly reduced in Gel, Gel-BiH, and Gel-
BiH-Alla treated groups compared to those in the control and
gauze-treated groups (Fig. 8c). Besides, the tail-bleeding time
was approximately 6 min for the gauze and control; however, it

This journal is © The Royal Society of Chemistry 2023

was remarkably shortened to 32 + 25,40 + 2 s, and 80 + 21 s
for Gel, Gel-BiH, and Gel-BiH-Alla hydrogels, respectively
(Fig. 8c). Obviously, digital photographs of amputated tails
showed that the amount of blood loss for hydrogel treated
groups was significantly lower than those in the control and
gauze-treated groups (Fig. 8d).

Both in vitro and in vivo evaluation of blood coagulation
demonstrate the excellent and rapid hemostatic capacity of the
prepared hydrogels, which can be due to three possible
reasons:
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Fig. 7 In vivo toxicity study of the Gel, Gel-BiH, and Gel-BiH—-Alla hydrogels. (a) H&E staining of kidneys, liver, and spleen of rats 14 days after the

subcutaneous injection of normal saline as the control group and different hydrogels (500 pl). Scale bar = 100 pm. (b) Hematological factors of
animals treated with hydrogels. Data are presented as the mean + SD (N = 3).

The three-dimensional porous structure of the hydrogels
promotes rapid and effective hemostasis.

The high-water absorbing capability of Alg and FG in the
hydrogels enhances the hemostatic effect.'®*°"

Both Alg and FG are negatively charged biomaterials, which
can stimulate the intrinsic pathway of the coagulation cascade
via the activation of the coagulation factor XII.>>>°

2.6. Antibacterial effect of the hydrogels

Microbial infections in cancer patients lead to disturbances in
the treatment process and prolonged hospitalization.

2496 | Biomater. Sci, 2023, 11, 2486-2503

Moreover, it also leads to an increased cost of health care and
a reduced survival rate. Therefore, preparing an antibacterial
hydrogel is of great significance in medicines, mainly when
the treatment strategy of cancer is associated with the localized
incidence of lesions.**>% Staphylococcus aureus (S. aureus), as
Gram-positive bacteria, and Escherichia coli (E. coli), as Gram-
negative bacteria, were used to evaluate the antibacterial
effects of the prepared hydrogels with and without laser
irradiation by the colony counting method. As shown in
Fig. 8e, Gel-BiH and Gel-BiH-Alla hydrogels could eradicate
most of the bacteria without NIR irradiation, which is related

This journal is © The Royal Society of Chemistry 2023
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(a) Photographs of in vitro blood clotting effect of Gel, Gel-BiH, and Gel-BiH-Alla hydrogels, gauze, and control samples. (b) The depen-

dence of blood clotting index (BCI) on time (N = 3). (c) Blood loss and hemostasis time of Gel, Gel-BiH, Gel-BiH—-Alla hydrogels, gauze-treated
groups, and control sample in the tail amputation method. (d) Digital images of the amount of blood loss and amputated tail in Gel, Gel-BiH, Gel—
BiH—-Alla hydrogels, gauze-treated groups, and control sample. Data are presented as the mean + SD (N = 3). The data were statistically analyzed
using one-way ANOVA (***p < 0.001) as compared with the control and gauze-treated groups. (e) Photographs of bacterial colonies on an agar plate
for E. coli and S. aureus in the control group and Gel, Gel-BiH, and Gel-BiH—-Alla treated groups with and without NIR irradiation after 24 h

incubation.
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to the antibacterial activity of BiH NRs and Alla. The probable
antibacterial mechanism of BiH NRs is due to the release of
Bi** ions, which disrupts cell metabolism and metabolic
energy source via inhibiting the tricarboxylic acid cycle.”>*
Moreover, Alla was shown to have direct antimicrobial
effects.”® Additionally, Gel-BiH and Gel-BiH-Alla hydrogels
showed synergistically antibacterial effects upon laser
irradiation due to photothermal-induced heat generation,
which disrupts essential intracellular reactions of bacteria via
protein/enzyme denaturation, membrane rupture, and irrevers-
ible bacterial destruction.>® However, in the control and Gel
groups, all bacteria samples showed normal growth either in
the presence or absence of NIR irradiation. Therefore, the final
prepared hydrogel with NIR irradiation exhibited the highest
bactericidal effect due to the antibacterial effect of BiH NRs,
Alla, and NIR-induced temperature increment.

2.7. Invivo evaluation of photothermal effect PTT-induced
cancer ablation

The in vivo evaluation of the photothermal activity after the
subcutaneous injection of the Gel-BiH hydrogel (100 pl) at the
dorsal region of the BALB/c mice demonstrated that the hydro-
gel temperature reached 41.7 °C, 47.8 °C, and 50.3 °C under
10 min of laser irradiation with power densities of 0.65 W
em %, 1 W em ™2, and 1.5 W cm™?, respectively (Fig. S7a and
S7bt). Accordingly, in vivo PTT evaluations confirmed in vitro
PTT studies, and demonstrated the marked and
reproducible heating effects of the Gel-BiH hydrogel, which
could be efficient for cancer treatment by high-temperature
PTT and wound healing by mild PTT using different power
densities.

The BiH-assisted PTT was evaluated for cancer treatment in
4T1 tumor-bearing female BALB/c mice following the intratu-
moral injection of PBS, Gel, and Gel-BiH samples with and
without laser irradiation (Fig. 9a). The local temperature of the
Gel-BiH treated mice under laser irradiation (1.5 W cm™?)
remained constant at 50 °C for 4 min in the tumor site, which
was adequate for killing tumor cells. In fact, high-temperature
PTT is favorable for effective tumor ablation by necrosis and
cellular dysregulation.*® The photographs of tumors on the
first day of treatment with different formulations in the pres-
ence and absence of NIR irradiation are shown in Fig. 9b.
Two days after treatment, the Gel-BiH treated group with laser
irradiation showed a notable reduction (84%) in relative
tumor volume, which could effectively eliminate tumor cells at
the end of the study (Fig. 9c), due to BiH-induced heat gene-
ration. However, a time-dependent increase in tumor
volumes of mice receiving treatment of Gel + NIR and Gel-BiH
without NIR irradiation compared to PBS-treated groups was
observed, due to nutrient supply by polymers employed in the
hydrogels.

Additionally, there were no remarkable differences in the
body weight of treated groups within 15 days (Fig. 9d).
However, the body weight of the Gel-BiH + NIR treated group
showed a slight reduction in the first 4 days, which could be a
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result of decreased food intake due to the thermal injury and
reduced tumor volume during treatment.

H&E-stained tumor tissues of the Gel-BiH + NIR treated
group revealed a significant increase in tumor necrosis and
incidence of cell membrane damage as well as loss of cell
nuclei (Fig. 9e). Meanwhile, the histology analysis of PBS-
treated groups with and without NIR irradiation demonstrated
no necrotic or apoptotic cells. These results confirmed the
effectiveness of BiH-mediated PTT in the complete ablation of
tumor cells by minimal invasiveness.

2.8. In vivo wound healing study

Wound healing is a complex and dynamic process of regener-
ation of damaged tissue as closely as possible to its normal
state.”® Accordingly, the wound healing effect of the control
group without any interference, Tegaderm™, Gel, Gel-BiH +
NIR, and Gel-BiH-Alla + NIR treated groups were evaluated by
a full-thickness skin defect model. Tegaderm™, Gel, Gel-BiH,
and Gel-BiH-Alla hydrogels were applied to the created
18 mm skin defects (Fig. 10a). The strategy of PTT-induced
mild hyperthermia was utilized and the temperature of
Gel-BiH + NIR and Gel-BiH-Alla + NIR treated groups
increased to 41.5 °C and 40 °C after 3 min of laser irradiation,
respectively (Fig. 10b). To assess the wound closure rate, the
wound site of different treated-groups was photographed on
day 0, 3, 7, 10, and 14 (Fig. 10c). As shown in Fig. 10c and d,
on the third day of treatment, the wound closure rate in
Gel-BiH-Alla + NIR treated groups was approximately
12% higher compared to Tegaderm™ and Gel-BiH treated
groups. Meanwhile, on the 10™ day, the relative wound area
for the Gel-BiH-Alla + NIR treated group was 5.8%;
however, this value was 10.1% and 7.4% for Gel-BiH-Alla and
Tegaderm™ treated groups, respectively, confirming the
excellent wound healing effect of PTT. Moreover, at the end of
the study it was found that, the relative wound area of the
Gel-BiH-Alla + NIR treated group was smaller (0.39%) than
that of the Gel-BiH-Alla (0.94%) and Tegaderm™ (0.96%)
treated groups, presenting the outstanding effect of PTT-
assisted multi-functional hydrogel in the wound healing
process.

In addition, fourteen days after treatment, H&E staining of
wound tissues exhibited a smaller amount of inflammatory
cells infiltration and higher granulation tissue deposition in
Gel-BiH and Gel-BiH-Alla treated groups with and without
NIR irradiation, in comparison with the other groups
(Fig. 10e). Gel-BiH-Alla + NIR treated wounds epithelialized
faster contributing to swift wound closure; however, in the
control and Tegaderm™ treated groups, re-epithelization
occurred slowly just in peripheral regions of wounds.
Moreover, the Gel-BiH-Alla + NIR treated group indicated the
thinnest epidermal layer among the treated groups. In fact, at
the final phase of the wound healing process, the epidermis
reverted to the normal thickness, which was thickened after
injury,®” supporting the recovery of Gel-BiH-Alla + NIR treated
wounds after a 14-day screening period. Additionally, repair of
the epidermal layer also involved reconstruction of skin appen-

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 In vivo anti-cancer effect. (a) Schematic illustration of the method for PTT-mediated anti-cancer therapy. (b) Photographs of 4T1 tumor-
bearing BALB/c mice treated with PBS, Gel, and Gel-BiH with or without 808 nm NIR laser irradiation with the power density of 1.5 W cm™2 on the
first day of hydrogel injection. (c) Relative tumor volume and (d) relative animal weight in the mice over 15 days of treatment with different hydrogels
in the presence and absence of NIR irradiation. (e) H&E-stained sections of tumor tissues after 15 days of treatment. Data are presented as the mean

+ SD (N = 5). Scale bar = 100 pm.

dages such as hair follicles and sebaceous glands, which were
abundant in the Gel-BiH-Alla + NIR treated group. More
importantly, H&E studies of the Gel-BiH-Alla + NIR treated
groups showed the lowest blood vessel density with wound
contraction, indicating the remodeling stage as the final phase
of the wound healing process. However, abundant blood
vessels were observed in other groups, representing the prolif-
erative stage, which is the prior stage of the wound healing
procedure.’® According to Masson’s trichrome staining, hydro-
gel-treated wounds with and without NIR irradiation showed
higher deposition of collagen fibers compared to that with
other groups, demonstrating a significant promoting effect on
wound healing (Fig. 10f).

This journal is © The Royal Society of Chemistry 2023

Taken together, the results obtained from wound healing
studies represent that the Gel-BiH-Alla hydrogel can be
injected into the wound area filling the wound in three dimen-
sions, consequently improving skin regeneration and accelerat-
ing the wound healing process based on the release of the Alla
and BiH-induced photothermal effect. Alla exhibits a tissue
regeneration effect by facilitating the transition of a wound
from the inflammatory state into the proliferative state, provid-
ing antibacterial effects and activating fibroblast
proliferation.”>'® Moreover, mild NIR light irradiation can
promote endothelial cell proliferation, differentiation, and
angiogenesis, and additionally enhance the anti-infection per-
formance, resulting in excellent wound-healing efficiency.®®
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and Gel-BiH-Alla hydrogels on the first day of treatment. (b) Infrared thermal images of rats treated with Gel-BiH and Gel-BiH-Alla hydrogels
exposed to an 808 nm NIR irradiation with the power density of 1 W cm™2 for 3 min. (c) Skin photographs of wound closure in full-thickness wound
model on days 0, 3, 7, 10, and 14 in the control group, Tegaderm™, Gel, Gel-BiH + NIR, and Gel-BiH-Alla + NIR treated groups (808 nm, 1 W cm™2,
3 min). Photographs were taken from a representative animal of each group. (Scale bar = 18 mm.) (d) The percentage of the remaining wound area
for referred groups over 14 days of screening. Data are presented as the mean + SD (N = 5). Statistical analysis was separately conducted for all
groups compared to the control group using one-way ANOVA on the same day (**p < 0.01, ***p < 0.001). (e and f) H&E and Masson's trichrome
stained wound tissues in different groups on day 14 with different magnifications. Scale bar = 50 pm.
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3. Conclusions

In summary, a photoactive injectable natural polymer-based
hydrogel was developed with desirable biocompatibility for
high-temperature ablation of tumors and mild temperature-
based wound healing and infection control. The hydrogel was
prepared via dynamic metal-coordination bonds, which pro-
vided desirable functionalities, including rapid gelation, self-
healing, and injectable behaviors for therapeutics delivery with
minimal invasiveness. Intratumoral injection of a BiH-
embedded hydrogel upon laser irradiation demonstrated high-
temperature-dependent killing of tumor cells. Moreover, the
Gel-BiH-Alla hydrogel was applied directly over a wound bed
followed by mild PTT, which increased the wound healing rate
by the acceleration of re-epithelialization and collagen depo-
sition due to the presence of Alla in the hydrogel matrix and
mild hyperthermia. Furthermore, PTT-induced hyperthermia
could eliminate infections due to the antibacterial activity of
the loaded nanoparticles and heat generation. Concurrently,
the porous structure of the hydrogel and its functionalities
allowed rapid absorption of wound exudate, stopping hemor-
rhage, and promoting wound healing. Overall, this study offers
a unique approach for treating various malignancies efficiently
and overcoming cancer-related deaths using injectable
hydrogels.
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