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The development of an injectable multifunctional hydrogel with tumor therapy, antibacterial treatment
and wound healing properties is essential for simultaneously eradicating melanoma and promoting
wound healing of tumor-initiated skin defects. Herein, iron ion-doped polyaniline (PANI(Fe)) tethered
with guar gum (GG) chains is employed for the first time as a building unit for constructing a superior
hydrogel (GG@PANI(Fe)-borax) crosslinked by borate/didiol bonds. Due to the dynamic and reversible
properties of boronate ester bonds, the GG@PANI(Fe)-borax hydrogels had convenient injectability, rapid
self-healing ability, and reversible gel-sol transformations under thermal- or pH-stimuli. More
importantly, they took advantage of the second near-infrared (NIR-Il) responsive photothermal
conversion capability, accompanied by the photothermal-enhanced high cytotoxic *OH generation in
the H,O,-enriched tumor microenvironment induced by iron-doped PANI. The as-prepared hydrogels
exhibited excellent photothermal effects and controllable NIR-triggered drug release, leading to
distinctly synergistic photothermal/chemodynamic/chemo-therapy effects of melanoma both in vitro
(98.2%) and in vivo (98.8%). In addition, the obtained hydrogels also exhibited good anti-bacterial activity
(>97.1%) against both Gram-positive (Staphylococcus aureus) and Gram-negative (Escherichia coli)
bacteria because they were based on PANI(Fe) and borax, which exhibit antibacterial activity.

Received 28th April 2022, Furthermore, these GG@PANI(Fe)-incorporated scaffolds could improve fibroblast cell proliferation and

Accepted 24th July 2022 angiogenesis for accelerating wound repair in tumor-bearing and infected wound mice. Taken together,
DOI: 10.1039/d2tb00923d GG@PANI(Fe)-borax hydrogels may be used simultaneously for eradication of skin-tumor cells, inhibiting
infection and accelerating wound healing. This work offers an effective and facile strategy to fabricate an

rsc.li/materials-b “all-in-one” multifunctional hydrogel platform for synergetic multimodal integrated therapy of tumors.

Introduction

Melanoma is a highly aggressive cutaneous cancer with high
rates of mortality." Currently, widely applied traditional ther-
apeutics such as surgery excision, chemotherapy and radio-
therapy still suffer from several problems, including high risk
of infection, severe adverse effects, undesirable drug resistance,
great threat of recurring, and so on.>”* Photothermal therapy
(PTT), a non-invasive treatment modality, utilizes photothermal
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agents to convert absorbed near-infrared (NIR) light into local
hyperthermia for ablation of cancerous cells.”” Benefiting
from the high spatiotemporal accuracy of light, PTT minimized
the adverse effects towards normal tissues and thereby exhibited
significant advantages beyond conventional therapeutic modal-
ities. In particular, the PTT mediated by the second near-infrared
(NIR-II, known as the second biological window with a spectrum
range of 900-1400 nm) has attracted great attention.®° It has
shown deeper tissue penetration and a higher laser tolerance
threshold than the first near-infrared (NIR-I, 650-900 nm) due to
the reduced light absorption and scattering. However, the exten-
sively applied nanosized photothermal therapeutic agents via
systematic administration suffer from uncontrollable distribu-
tion and poorly targeted delivery, which compromised the
therapeutic effect."' " Besides, treatment of melanoma involves
not only the elimination of skin cancer cells, but also repairing
tumor-initiated skin defects and avoiding bacterial invasion."*™°
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Therefore, the development of an effective localized PTT-based
versatile platform for simultaneous elimination of melanoma,
inhibiting wound infection, and promoting wound healing is
urgently needed.

Hydrogels have been applied in the biomedical field for many
years, including antitumor treatment,"” wound management'®
and localized drug delivery.'>*® The three-dimensional porous
structures of hydrogels can easily encapsulate various therapeutic
agents. Injectable hydrogels incorporated with therapeutic drugs
can be precisely injected into targeted tumor locations using a
syringe as long-acting drug storages for localized drug delivery,
avoiding systemic drug side-effects in patients.”*> Meanwhile,
hydrogels are promising wound dressings due to their hydro-
philicity, soft-wet properties, and high porosity, which are
similar to the extracellular matrix (ECM).>* Hydrogel dressings
provide a prolonged moist environment for optimizing gaseous
exchange and nutrients supply to expedite wound healing.
In particular, hydrogels with reversible cross-linked polymer
networks based on dynamic covalent or reversible physical
crosslinking tend to possess a self-healing capability,>* which
can provide better wound protection avoiding secondary injury
or bacterial infection, especially for wounds on the stretchable
parts of the body.>” Recently, some injectable self-healing
hydrogels that integrate multimodal anticancer, bacteria inhi-
bition, and wound healing acceleration abilities have been
developed.'*?® Nevertheless, such multifunctional hydrogels
are still limited by complicated constructions, and tedious
integrations, thereby far from being safe and reliable enough
for clinical applications.

Organic m-conjugated polymers, such as polyaniline
(PANT),>”"%° polypyrrole (PPy),*>*! polythiophene,** and their
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derivatives, as a novel generation of promising photothermal
agents have attracted tremendous attention, and possess a
strong absorption coefficient in the NIR window, high photo-
thermal conversion efficiency, and superior photostability.
Among them, polyaniline (PANI) is the first reported polymer-
based photothermal agent for anticancer therapy. Meanwhile,
PANI exhibits intrinsic antibacterial activity especially for
Gram-positive bacteria,®® and received special attention in
PTT fields for both antitumor treatment and bacterial inhibition,
because of its unique dope-able properties,** pH responsiveness®>
and facile synthesis. The NIR absorption and PTT effect of PANI
could be significantly enhanced by the introduction of acidic
groups or doping with metal ions into PANI chains, some of
which enabled the tumor acidic microenvironment-activated PTT
for selective ablation of cancer cells due to the pH-responsive
conversion of emeraldine base (EB) to emeraldine salt (ES) of
PANL>** In particular, PANI doped with transition metal ions not
only increased the charge transfer rate to enhance the PTT
effect,®®*° but also the doped transition metal ions are expected
to produce *OH for synergic killing of cancer cells by Fenton or
Fenton-like reactions in the H,O,-enriched specific tumor micro-
environment (TME). However, the studies of PANI-based photo-
thermal agents were focused on the NIR-I region, and NIR-II-
mediated PANI-based therapeutic agents are rarely reported.*’
To overcome the above issues, we present here a facile
method to construct an “all-in-one” multifunctional hydrogel
platform without complicated integration to simultaneously
combine PTT/CDT/chemotherapy synergic therapy and accelerate
wound healing. This polymer network of superior hydrogel inte-
grated with intrinsic features of NIR-II responsive photothermal
characteristic, Fenton catalytic capability, antibacterial activity,
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and rapid self-healing properties in a single system. This novel
hydrogel was simply prepared by utilizing a transition metal-
doped conjugated polymer (iron ions-doped polyaniline,
denoted as PANI(Fe)) tethered with naturally occurring poly-
saccharide (guar gum, denoted as GG) as building blocks and
borax as a cross-linker with the help of dynamic covalent borax/
didiol linkages and hydrogen bonding (Scheme 1). Importantly,
when PANI was doped with iron ions and entangled with GG,
the absorption spectrum exhibited a significant red shift and
had excellent NIR-II-responsive photothermal conversion, the
iron ion-doped PANI not only tethered the GG chains to enable
the hydrogel formation, but also served as the NIR-absorbing
photothermal mediators and Fenton catalyst for synergic PTT/
CDT. Since borax/didiol cross linkages are dynamically rever-
sible and multi-stimuli responsive,*’ the ultimate hydrogel
(GG@PANI(Fe)-borax) exhibited an automatic self-healing
capability and thermal-/pH- triggered gel-sol transformation.
In addition, because polyaniline has antibacterial activity,
especially against Gram-positive bacteria, and borax as a clin-
ical traditional Chinese medicine widely used in ulcerative or
infected wounds treatment.>** Therefore, the as-prepared
hydrogel had an excellent antimicrobial and wound management
ability. As a result, the photothermal conversion efficiency of the
GG@PANI(Fe)-borax hydrogel was calculated to be 44.81% under
an NIR-II biological window (1064 nm laser). Consequently, the
excellent therapeutic effect of eradication of most B16 melanomas
was achieved through synergistic NIR-II modulated photothermal
hyperthermia, TME-mediated high cytotoxic *OH production, and
NIR-triggered on-demand cis-diamminedichloroplatinum (CDDP)
release. In addition, GG@PANI(Fe)-borax was demonstrated to
have an excellent contact anti-bacterial activity both in vitro and
in vivo. Furthermore, the complete repair of the infected wound
was achieved through treating by GG@PANI(Fe)-borax hydrogel
for 12 days. To our knowledge, this is the first report of an NIR-II-
modulated conjugated polymer-based self-healing hydrogel for
simultaneous synergetic multimodal therapy, antibacterial infec-
tion, and adjuvant wound repair. This work provides an effective
and facile strategy for the rational design of a new-generation NIR-
II-responsive injectable self-healing hydrogel for multifunctional
integrated therapy of tumors.

Experimental section

Synthesis of GG@PANI(Fe) composite and GG@PANI(Fe)-borax
hydrogel

The water-soluble GG@PANI(Fe) composite were prepared by a
one-step oxidative polymerization of aniline in the presence of
FeCl; as both the oxidant and dopant, and GG as the stabilizer.
Briefly, GG (100 mg) and aniline (93 pL) were completely
dissolved in 10 mL of deionized water and stirred at room
temperature for 30 minutes, then FeCl; (1.4 wt% in 70 mL
aqueous solution) was added dropwise into the above mixture,
and reacted for 8 h at 0-5 °C to form a dark-green solution.
After that, the reaction was restored to room temperature and
carried out for another 24 h. Eventually, the GG@PANI(Fe)

This journal is © The Royal Society of Chemistry 2022
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composite were obtained by centrifugation, elutriation with
water and lyophilization. For control experiments, PANI(Fe)
was synthesized using the same procedure in the absence of
GG, and GG@PANI composite was obtained by utilizing APS
(230 mg) instead of FeCl; as the oxidant under the same
conditions.

Subsequently, the hydrogels were quickly formed by simply
mixing GG@PANI(Fe) composite with borax. Generally, a pre-
determined concentration of GG@PANI(Fe) composite (10, 15,
20 mg mL ") in 1 mL aqueous solution was slowly added with
30 pL borax aqueous solution (10 mg mL "), the mixed solution
was stirred uniformly and left at room temperature until a
homogeneously stable hydrogel was formed. These formed
hydrogels were denoted as G1, G2, and G3, respectively. For
control experiments, GG-borax was prepared using GG solution
and borax as raw materials. In order to obtain the drug-loaded
hydrogel, CDDP was mixed with GG@PANI(Fe) composite in
advance, then the same gelation procedure was performed to
obtain the CDDP/GG@PANI(Fe)-borax hydrogel. The gelation
time of the hydrogels was tested by an upside-down experi-
ment. For all samples, make the mixture uniform and start
calculating the gelation time, followed by slowly inverting the
sample, until the sample solution in the glass bottle no longer
flows as a judgment of hydrogel formation. In addition, the
glass bottles containing GG@PANI(Fe)-borax hydrogel were put
into a water bath at a specified temperature and heated for
15 minutes. After that, the gel-sol transition temperature (Tyej-so1)
was determined by the same inversion method.

Measurements of photothermal performance

To investigate the photothermal conversion effect, 2 mL of
borax solution (10 mg mL™*), GG@PANI(Fe) (10 mg mL '), and
GG@PANI(Fe)-borax hydrogel (G1) were put into a cuvette and
irradiated with an 808 nm or 1064 nm laser with a power
density of 0.5 W cm 2 for 10 minutes. The corresponding
temperature and photothermal images were synchronously
recorded with an Infrared camera (MAG30, Magnity Electro-
nics, China) and analyzed using ThermoX software.

To evaluate the photothermal-sensitive gel-sol phase transition
of the hydrogel under NIR laser irradiation, 0.5 mL of hydrogel in
a vial were continuously irradiated by a 1064 nm laser at a power
density of 0.5 W cm > for 30 min, and the as-generated sol was
collected and weighed at pre-determined intervals.

Detection of the *OH generation of the GG@PANI(Fe)-borax

The *OH production was firstly evaluated using the colori-
metric method with 3,3’,5,5'-tetramethylbenzidine (TMB) as
the substrate. The GG@PANI(Fe)-borax hydrogel precursor
was prepared by diluting 10 times using PBS buffer (pH = 7.4
and 6.5) before gelation. This was followed by successively
adding H,0, (500 uM) and TMB (1.6 mM), and the variety of
absorbance spectra were recorded using an UV-vis-NIR spectro-
photometer and monitored for 15 minutes.

Electron spin resonance spectroscopy (ESR) was used to
further confirm the production of *OH by using 5,5-dimethyl-
1-pyrroline N-oxide (DMPO) as a spin trap. H,O, (10.0 puM) and
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DMPO (6.0 mM) in 1.0 mL PBS buffer (pH = 6.5) was put into a
dark Eppendorf tube in advance. Subsequently, the reaction
groups were respectively mixed with 10 pL of the following
additions: borax (0.3mg mL™ '), GG (1.0mg mL '), GG@PA-
NI(Fe) (1.0mg mL™'), and GG@PANI(Fe)-borax precursor
(diluted 10 times). After mixing for 1 minute, the above mixture
solution was transferred to a quartz capillary to collect the ESR
signal using a Bruker A300 spectrometer at room temperature.

The cell migration analysis

A scratch test was performed to determine the effect of hydrogel
extracts on cell migration, where the hydrogel extracts were
obtained through dialysis in DMEM for 24 h at 37 °C. L929 cells
were seeded (1.0 x 10” cells per well) in 6-well plates (n = 5) and
cultured for 24 h. Then the cells were scratched with a pipette
tip in the middle of the well (200 pL) to mimic an incisional
wound, and then the scratches were recorded immediately
using an invert microscope. After that, fresh medium containing
hydrogel extracts of GG@PANI-borax and GG@PANI(Fe)-borax
were added to the well, respectively. the untreated group
was used as the control. After incubating for another 6 h, the
cell migration status around the scratched region was re-
photographed again. The scratch wound area was analyzed using
Image ] software, and quantitatively calculated using the equa-
tion: Relative wound area (%) = (4o — A¢)/Ag X 100%, (4o: the
initial scratch area and Ag: the final scratch area).

Skin tumor therapy in vitro

To evaluate the cell-killing efficacy of the hydrogel therapeutic
platform for PTT, CDT, and chemotherapy against melanoma,
skin cancer cells (B16, 1 x 10* cells per well) were seeded in
96-well plates and allowed to attach for 24 h. Afterward, the cells
were treated for 6 h under different conditions: blank (treated
with PBS), blank + laser, CDDP, CDDP + laser, GG@PANI(Fe)-
borax, GG@PANI(Fe)-borax + laser, GG@PANI(Fe)-borax + H,O, +
PH 7.4, GG@PANI(Fe)-borax + H,0, + pH 7.4 + laser, GG@PA-
NI(Fe)-borax + H,0, + pH 6.5, GG@PANI(Fe)-borax + H,O, + pH
6.5 + laser, CDDP/GG@PANI(Fe)-borax + H,0, + pH 6.5, CDDP/
GG@PANI(Fe)-borax + H,0, + pH 6.5 + laser, the concentration of
H,0, and CDDP were 200 uM and 5 pM, respectively. For laser
treated groups, the cells were irradiated with a 1064 nm laser
(0.5 W em™?) for 5 minutes after 6 h of co-incubation. Thereafter,
the standard MTT assay and live/dead staining assay were per-
formed to investigate the cell viability.

In vivo antitumor activity

All animal experimental procedures were performed according
to the Guideline for animal experimentation approved by
the animal ethics committee of Guangxi Normal University. The
melanoma model was established by subcutaneous injection with
100 pL of a suspension of B16 cells (1 x 10° cells in PBS) in the
right hand side of each Kunming mouse (female, 6-weeks old,
obtained from Hunan SJA Laboratory Animal Co. Ltd). When the
tumor size reached approximately 100-150 mm?, a full-thickness
circular skin incision (10 mm in diameter) was created at the
tumor site, then the mice were randomly divided into 8 groups
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(n = 3), they were non-laser-treated groups including (i) saline, (ii)
CDDP, (iii) GG@PANI(Fe)-borax, (iv) CDDP/GG@PANI(Fe)-borax,
and laser-treated groups including (v) saline + laser, (vi) CDDP +
laser, (vii) GG@PANI(Fe)-borax + laser, (viii) CDDP/GG@PANI(Fe)-
borax + laser. Then these mice were treated with intratumoral
injection of: (i and v) 100 pL of saline; (ii and vi) 100 pL of free
CDDP solution by one-time injection (at doses of 4 mg kg™ ' body
weight); (iii and vii) 100 pL of GG@PANI(Fe)-borax (via a single
injection); and (iv and viii) 100 pL of CDDP/GG@PANI(Fe)-borax
(via a single injection, at doses of 4 mg CDDP per kg body weight),
respectively. Thereafter, the mice in laser-treated groups were
irradiated with a 1064 nm laser (0.15 W cm™?) for a total of four
cycles (10 minutes per cycle) on the 1st, 3rd, 5th, and 7th days post
injection. Meanwhile, the tumor temperature and thermographic
images were recorded by an infrared thermal camera. The tumor
volume and body weight were monitored every day during the
whole therapy period, and the volume was calculated as follows:
tumor volume = 1/2 x tumor length x tumor width. Mice were
sacrificed after the administration of 14 days, and the tumors and
major organs (including heart, liver, spleen, lung and kidney)
were excised for histological analysis using haematoxylin-eosin
(H&E) stains.

In vivo antibiotic activity and infected wound healing

The in vivo antibacterial activity and wound healing assay was
conducted on a S. aureus-infected wound mouse model. Briefly,
the infection wounds were established by creating full-thickness
circular skin incisions (10 mm in diameter) on the backs of
Kunming mice (6 weeks old) and inoculating S. aureus (1.5 X
10° CFU mL ™", 50 uL) onto the wound. After that, the mice were
randomly divided into four groups and the infected wounds were
covered with in situ injection of 200 pL GG-borax, GG@PANI-
borax and GG@PANI(Fe)-borax hydrogel, respectively. To
monitor the wound healing process, the wound locations were
photographed at day 1, 3, 6, 9, and 12 post treatment, and the
wound areas were analyzed with Image] software. After 12 days
of treatment, all mice were euthanized and the wound skin
tissues were excised. To determine the bacteria number in the
treated wound, half of the skin tissues were homogenized and
diluted 10 times with PBS, then 100 pL of the diluted solution
was spread evenly on the LB agar plate. After incubating at 37 °C
for 24 h, the colonies formed were counted. The other half of
wound tissues were fixed with 10% formalin and stained with
H&E for histologic assessment. The wound closure rates were
calculated as follows: wound healing rate = (wound area at
day 0 — wound area at certain day)/wound area at day 0.

Results and discussion
Synthesis and characterization of GG@PANI(Fe)-borax

Prior to the hydrogel, the GG@PANI(Fe) composite was pre-
pared by a one-pot oxidative polymerization of aniline with
FeCl; as an oxidant in the presence of GG as the stabilizer
(Fig. 1A and Fig. S1, ESI{). GG@PANI(Fe) composites with
different GG/ANI feed weight proportions of 0/1, 0.5/1, 1.05/1,

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2tb00923d

Published on 25 juli 2022. Downloaded on 28-02-2026 07:39:30.

Journal of Materials Chemistry B

Aniline  FeCl;  Guar Gum

=

View Article Online

Paper

‘972‘ Z PAN

GG@PANI(Fe)

IGG@PANI(Fe)

Transmission %

Borax

GG@PAN](F&)-Mrux, [ ]

N
o

1492 +24.5mV
v

A
1577, 1295
"o

N
S

@

+6.8 mV

@

Zeta potential (mV)
° 3

PANI  PANI(Fe)

GG@PANI(Fe)

&

GG@PANI

¢ =
D
Diameter = 173 nm
25
2204
oy
[
215
£
=
Z10
54
0
10 si 10(0 ) 10
1ze (nm
G
3
s
>
£
[7]
<
2
£
740 7%5 730 72"5 7éD 7%5 7‘]0 765 700

Binding Energy (eV)

4000 3500 3000 2500 2000 1500 1000
ki
E Wavenumber (cm™)

——PANI
——PANI(Fe) NIR-I NIR-IT
—— GG@PANI

—— GG@PANI(Fe)-borax, pH=7.4

—— GG@PANI(Fe)-borax, pH=6.5

Absorbance (a.u.)

0 800 1000 1200
Wavelength (nm)

400 60!

Fig. 1 Synthesis and characterization of GG@PANI(Fe)-borax. (A) Digital photos of the gelation process of GG@PANI(Fe)-borax. (B) FTIR spectrum of
PANI, GG and GG@PANI(Fe). (C) Zeta potential of PANI, PANI(Fe), GG@PANI and GG@PANI(Fe) (n = 3). (D) DLS analysis for GG@PANI(Fe). (E) TEM image of
GG@PANI(Fe). (F) HAADF-STEM image of GG@PANI(Fe) and the corresponding elemental mapping of C, N, O, and Fe. (G) Fe 2p XPS spectra of
GG@PANI(Fe). (H) SEM image of the freeze-dried GG@PANI(Fe)-borax. () UV-Vis-NIR absorbance spectra of PANI, PANI(Fe), GG@PANI, and

GG@PANI(Fe)-borax precursor (pH = 6.5 and 7.4).

and 1.5/1 were prepared, and the particle sizes and surface
potentials were determined by dynamic light scattering (DLS).
The results in Table S1 and Fig. S2 (ESIt) show that when the
polymerization takes place in the absence of GG stabilizer (i.e.
the feed ratio of GG/ANI is 0/1), the PANI(Fe) showed a relatively
small size of 95 nm and its zeta potential was +24.5 mV, which
was ascribed to the iron ion-enabled electrostatic repulsion can
effectively prevent aggregation of PANI. When GG as the water-
soluble steric stabilizer introduced into this polymerization
reaction, the GG molecular chains were entangled on the
surface of PANI, which not only provided the excellent aqueous
dispersibility to PANI, but also offered the cross-linked groups
for the following gelation. The size of the GG@PANI(Fe)
composite increased from 123 nm to 485 nm as the GG/ANI
feed weight ratio increased from 0.5/1 to 1.5/1. Increasing the GG
proportion even further, to 2:1 proportion, the GG@PANI(Fe)
composite cannot form any more, which may be due to the
formation of a high viscosity GG solution that hindered the
polymerization of aniline.** All the GG@PANI(Fe) water disper-
sible composites can stabilize for more than seven days without
obvious precipitation and change in size (Fig. S3 and Table S1,
ESIt). Furthermore, the morphology of the GG@PANI(Fe) com-
posites has been found to be a spherical-like structure and the
size increases as the GG proportion increases at a lower GG
proportion (GG/ANI ratio below 1.05:1) (Fig. 1E and Fig. S4,
ESIt), increasing the GG proportion to 1.5:1, which is evidence
of the aggregation into large particles without a clearly distin-
guishable morphology. Taking into account the morphologies,

This journal is © The Royal Society of Chemistry 2022

dispersity and gelation performance, the GG@PANI(Fe) prepared
with the GG/ANI feed ratio of 1.05:1 was used for the following
investigation.

The chemical structure of the GG@PANI(Fe) composite was
confirmed by FT-IR spectra (Fig. 1B). As shown in the spectra of
the GG@PANI(Fe) composite, the bands at 1580 cm™* and
1503 cm™ " are attributed to the stretching vibration of the quinoid
and benzenoid structure of PANI, and the peaks located at
1299 cm™ ' and 1238 cm™' are due to the C-N stretching
vibration, and these absorptions were similar as that of original
PANI polymer without the presence of GG.*> Meanwhile, the
peaks at 3421 ecm !, 1639 cm ' and 1072 cm ™! are due to the
O-H stretching vibration, O-H deformation vibration and C-O-C
stretching vibration of GG, respectively."® On the other hand,
these bands shifted to 3226 cm %, 1654 cm ' and 1088 cm ™ *
in the GG@PANI(Fe) composite. These observations indicated
the intermolecular hydrogen bonding between GG and PANI
in the GG@PANI(Fe) composite. Additionally, the potential value
of PANI was electropositive (+4.2 mV) and the GG@PANI compo-
site had a negative charge of —2.6 mV (Fig. 1C), the inversion of
surface potential proved that besides hydrogen bonding, the GG
chains were also wrapped on the surface of PANI through
electrostatic interaction. Moreover, the potential of GG@PANI(Fe)
was +6.8 mV, which may be due to the positive electricity of the
doped iron ion.

The EDS mapping illustrated that C, N, O, and Fe elements
were homogeneously distributed in the spherical-like structure
(Fig. 1F), and the amount of Fe element was estimated to be
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6.39% in the GG@PANI(Fe) composite from the EDS line
profiles (Fig. S5, ESIf). In addition, the XPS spectrum in
Fig. 1G demonstrated the existence of Fe*" and Fe®" in the
GG@PANI(Fe) composite,"”*® and the amount of Fe** was
estimated to be 54.2%, which could facilitate the Fenton
reaction in TME for CDT. The valence state of Fe in GG@PA-
NI(Fe) was also evaluated by the o-phenanthroline detection
assay (Fig. S6, ESIT). It is observed that after the addition of
GG@PANI(Fe), the o-phenanthroline (phen) molecules formed
deep orange [Fe(phen);]** complexes with a distinct characteristic
peak at 510 nm,*® indicating the existence of Fe** ions in the
GG@PANI(Fe) composite. Besides, according to the calculation
by TG analysis (Fig. S7, ESIt), GG@PANI(Fe) composite was
composed of 51% GG and 49% PANI(Fe). Owing to the surface
attached GG steric stabilizer of the GG@PANI(Fe) composite,
the GG@PANI(Fe) composite was highly dispersed and stable
in various physiological solutions for as long as two weeks
(Fig. S8, ESIY).

Subsequently, the GG@PANI(Fe)-borax hydrogel was facilely
fabricated by mixing the GG@PANI(Fe) composite with borax
aqueous solution (Fig. 1A). Borax as a crosslinker is a common
clinic drug widely used for disinfection and antiseptic treatment
of skin diseases,”" which can crosslink GG@PANI(Fe) composite
by forming borate/didiol dynamic covalent bonds between borax
and diols of GG, thus forming a hydrogel network in water.
Besides, the hydrogen bonding between GG chains as a rever-
sible physical crosslinking further promoted the formation of
hydrogel (Fig. S1, ESIT). The gelation performance was closely
related to the GG proportion (Table S2, ESIt), at the lower GG
feed proportion (0.5:1), the gelation time was more than 24 h,
and the formed gel could only be stable in PBS for 2 h. With
the increase of GG proportion, the gelation time dramatically
shortened and the gel stability increased. When the GG propor-
tion increased to 1.05:1, the gelation time was shortened to
1.88 minutes. Increasing the GG ratio even further to 1.5:1, the
gel forms rapidly within 25 seconds and the formed gel could be
stable in PBS for more than two weeks. It is speculated that
increasing the proportion of guar gum could provide more
crosslinking sites, thus increasing the crosslinking density,
improving the gel performance and gel stability. As shown in
Fig. S9 (ESIt), the long-term stability of the GG@PANI(Fe)-borax
hydrogel (the GG@PANI(Fe) prepared with the GG/ANI feed ratio
of 1.05:1) in medium (DMEM) and PBS with different pH values
over two weeks, which ensured the effective repeated photother-
mal therapy. The microscopic morphology of the lyophilized
hydrogels was investigated via SEM (Fig. 1H), and the GG@PA-
NI(Fe)-borax hydrogel showed interconnected network-like
macroporous structures, which not only allows drug loading
for antitumor treatment but also facilitates the permeability for
accelerating wound healing.

The borate/didiol bonds not only provide dynamic and
reversible properties but also have multi-stimuli response.
The GG@PANI(Fe)-borax has interesting thermal- and pH-
responsive reversible gel-sol transition properties.>® These pre-
pared GG@PANI(Fe)-borax hydrogels with different GG@PA-
NI(Fe) concentrations were heated at specific temperatures for
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15 minutes, and the gel-sol phase transition of G1, G2 and G3
appeared at 48, 50 and 55 °C by the inverting-vial method,
respectively (Fig. S10, ESIt). The converted sol was able to
quickly return to the gel state during the cooling process even
after three heating-cooling cycles (Fig. S11, ESIt). The reversible
gel-sol transition property of GG@PANI(Fe)-borax hydrogel
provided the potential for repeated controlled therapeutic agent
release. The gel-sol transition temperature of G1 was further
determined to be 46 °C by the rheological temperature sweep
modal (Fig. S12, ESIf). This is suitable for photothermal-
triggered drug release and synchronous PTT, thus G1 was
chosen for further study. Besides, except for the thermo-
stimuli responsive, the GG@PANI(Fe)-borax hydrogel can also
respond to pH variation, and the hydrogel was disintegrated into
sol when an acidic solution was added (pH < 5), while the
hydrogel could regenerate after adding alkaline solution (pH > 9).
This is attributed to the pH responsive dissociation and recombi-
nation of the reversible borate/didiol complexations (Fig. S13,
ESIt). The multiple stimulus responses of the hydrogel were
expected to achieve precise controllable drug release.

Photothermal performance

The strong absorption of NIR light is a prerequisite for PTT,
and the UV-Vis-NIR absorption spectrum was obtained to probe
the potential of the GG@PANI(Fe)-borax hydrogel for photo-
thermal conversion. As seen in Fig. 1I, PANI displayed an
absorption band at 583 nm, which is assigned to the charge
transfer between the quinone and benzene rings. While the
charge transfer band of PANI(Fe) was substantially redshifted
from the visible to NIR-I region (absorption peak at 832 nm)
due to the iron ion-doping enhanced electron-delivery efficiency
between the quinoid and benzenoid rings.?® Furthermore, the
absorption spectra of the GG@PANI(Fe)-borax precursor covered
both NIR-I and NIR-II regions, which is probably attributed to
the combined effect of iron-doping and multiple hydrogen
bonding between GG and PANI. More importantly, the absorp-
tion in the NIR-II biological window linearly enhanced with the
decrease of pH value (Fig. S14, ESIt). The mass absorption
coefficient of GG@PANI(Fe)-borax at 1064 nm was calculated
to be 25.2 L-g ' em ' at pH 6.5 and 23.4 L-g~ ' cm " at pH 7.4,
respectively. This pH-activated and acid-enhanced NIR-II absorp-
tion intensity is a benefit for specific PTT in a mild acidic tumor
microenvironment (pH = 6.5).

In view of the strong NIR absorption, we further investigated
the photothermal conversion performance using an 808 nm
and 1064 nm laser. Under laser irradiation (0.5 W cm™?) for
10 minutes, there was no noticeable temperature change in
borax solution. In comparison, the temperature of GG@PA-
NI(Fe) solution can elevate to 41.2 °C (808 nm laser) and 41.4 °C
(1064 nm laser), respectively. Notably, the temperature incre-
ment in the GG@PANI(Fe)-borax hydrogel was more obvious
and the photothermal effect concentrated at the laser irradia-
tion area due to the lower thermal diffusion in solid gel. The
ultimate temperature rose to 51.2 °C (808 nm laser) and 51.4 °C
(1064 nm laser), respectively (Fig. 2A and B). These temperatures
were sufficient to ablate tumor cells and trigger the gel-sol
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Fig. 2 Photothermal performance and tissue-penetration capability. (A) Thermo-graphic images of borax, GG@PANI(Fe), and GG@PANI(Fe)-borax
hydrogel upon exposure to an NIR laser (10 min, 0.5 W cm™2), and (B) the corresponding temperature evolutions with 808 nm and 1064 nm laser
irradiation. (C) Schematic diagram for investigating the tissue-penetration capability of the NIR laser. (D) Different thicknesses of chicken breast tissues
filled in transparent pipes were used as model biological tissues. (E) Temperatures of GG@PANI(Fe)-borax exposed to tissue-penetrating NIR-1 (808 nm)
and NIR-1I (1064 nm) lasers (0.5 W cm™2, *P < 0.5, **P < 0.01). (F) Changes of temperature with irradiation time for the GG@PANI(Fe)-borax hydrogel
under 1064 nm laser irradiation (0.5 W cm™2) at pH 6.5 and pH 7.4, respectively. (G) Temperature profiles of GG@PANI(Fe)-borax for five successive

cycles of 1064 nm laser on (10 min, 0.5 W cm~2) and off processes.

transition for drug release. Furthermore, the NIR-II biological
window (900-1400 nm) is known to have a better tissue-
penetration ability than the commonly utilized NIR-I window
(650-900 nm), thus usually giving rise to a better deep-tissue
photothermal effect.> To prove this concept, chicken breast
tissues with different thicknesses were applied as model biolo-
gical tissues to evaluate the deep-tissue photothermal conversion
capability in both NIR-I and NIR-II windows (Fig. 2C and D).
Owing to the scattering and absorption of light by the tissues,
the temperature increments of the hydrogel exposed to tissue-
penetrating NIR-I (808 nm) and NIR-II (1064 nm) lasers both
gradually decreased as the tissue thickness increased (Fig. 2E).
Nevertheless, the temperature elevations of hydrogel under the
1064 nm laser were always higher than those under the 808 nm
laser. With the increase of tissue depth, the attenuation rate of
temperature elevation with 1064 nm laser was obviously slower
than that with the 808 nm laser (Fig. S15, ESIf), indicating
the better tissue penetration capability in the NIR-II windows.
Considering the advantage of the better tissue penetration
capability and the higher maximum permissible exposure
(MPE), the 1064 nm laser was chosen as the irradiation light
for the subsequent in vitro and in vivo investigations.
Moreover, since the NIR absorption intensity of the GG@PA-
NI(Fe)-borax hydrogel is pH dependent, we further investigated
the photothermal effect at pH 6.5 and pH 7.4. As shown in
Fig. 2F, the elevated temperature at pH 6.5 was 8.2 °C higher
than that at pH 7.4 after 10 minutes irradiation with a 1064 nm
laser. This differential temperature increment was conducive to
selectively killing cancerous cells in the tumor microenvironment
(pH = 6.5), while avoiding damage to the surrounding healthy
tissues. Besides, the photothermal performance of the GG@
PANI(Fe)-borax hydrogel was maintained at a constant during
5 consecutive cycles of laser on and off (Fig. 2G and Fig. S16, ESIt),
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indicating its excellent photothermal stability for repeated photo-
thermal treatment. The resultant photothermal conversion effi-
ciency of GG@PANI(Fe)-borax was calculated to be 44.81%
(1064 nm laser) (Fig. S17, ESIT).

*OH generation ability

Subsequently, the hydroxyl radical (*OH) production ability of
GG@PANI(Fe)-borax was investigated using a colorimetric
method with TMB as the substrate. A colorless TMB detection
agent could be oxidized by *OH to yield blue (yellow) oxidized
TMB (0xTMB) with a characteristic absorption peak at 652 nm
(Fig. 3A). The UV-vis spectrum in Fig. 3B and Fig. S18 (ESIT)
revealed that GG@PANI(Fe) composites and GG@PANI(Fe)-
borax precursor (with or without TMB) did not have an obvious
characteristic absorbance peak at 652 nm, and the absorption
value at 652 nm did not change after adding H,0, under pH 7.4
(simulated normal physiological environment), even with the
H,0, concentration up to 1.0 mM. In comparison, an obvious
absorbance peak at 652 nm was observed under pH = 6.5
(simulated weakly acidic TME), the characteristic peak gradually
enhanced as the increase of H,0, concentration, confirming that
the *OH could be effectively generated by GG@PANI(Fe)-borax
under simulated weakly acidic TME, and this is based on the
iron ion-based Fenton reaction converting H,0, to *OH under
pH 6.5. More importantly, the characteristic absorption intensity
at 652 nm can be remarkably enhanced by 1064 nm laser
irradiation, indicating the photothermal hyperthermia could
significantly promote the Fenton catalytic activity and produce
more *OH, which is helpful to achieve synergistic enhanced PTT/
CDT effects. In addition, methylene blue (MB) is a dye that can
be degraded by °*OH, and as shown in Fig. S19 (ESI), the
absorption peak intensity of MB decreased with the degradation
of MB when it was treated with GG@PANI(Fe)-borax precursor in
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Fig. 3 Fenton catalytic activity and *OH production ability. (A) Schematic
illustration of the TMB method to test the production of *OH by the Fenton
reaction. (B) UV-vis spectra of GG@PANI(Fe)-borax (precursor), GG@PA-
NI(Fe)-borax (precursor) + TMB, GG@PANI(Fe)-borax (precursor) + TMB +
H>0, + pH 7.4 and GG@PAN!I(Fe)-borax (precursor) + TMB + H,O, + pH
6.5 (reaction for 15 minutes). (C) The absorption at 652 nm in the
GG@PANI(Fe)-borax (precursor) + TMB + H,O, + pH 6.5 group with or
without 1064 nm laser irradiation (0.5 W cm™2, 5 minutes) at the same
reaction time of 15 minutes (*P < 0.5). (D) ESR spectra showing the
generation of *OH by GG@PANI(Fe)-borax precursor in the presence of
DMPO and H,O, at pH 6.5.

the simulated TME (pH = 6.5, in the presence of H,0,). None-
theless, when dimethyl sulfoxide (DMSO) as a *OH scavenger
was added, the attenuation of the peak intensity for MB was
negligible compared with that without DMSO. This result further
confirmed the generation of *OH under TME. Moreover, ESR
spectroscopy was also used to evaluate the *OH generation
(Fig. 3D). As expected, the ESR signal of the GG@PANI(Fe)-
borax precursor in the presence of trace H,O, (approximated
10.0 uM) under pH 6.5 exhibited the characteristic *OH signal of
four peaks, with the relative intensity ratio of 1:2:2:1, demon-
strating efficient generation of *OH. The above results revealed
that the hydrogel containing iron ions is capable of Fenton
reactions under the H,0,-riched TME and thus has the potential
for effective CDT.

Self-healing and injectable ability

Due to the dynamic reversible property of the borate/didiol
crosslinking and hydrogen bonding that drives the formation
of GG@PANI(Fe)-borax, the resultant hydrogel exhibited an
excellent self-healing capability. As shown in Fig. 4A, when
three pieces of hydrogels including GG@PANI(Fe)-borax
(black), GG-borax (clear) and rhodamine-stained GG-borax
(red) were combined into a single piece of gel, it could be
stretched up to approximately 300% strain after 2 minutes of
self-healing. Thereafter, the combined gel was separated into
the original three pieces following recombination color by
color, then the damaged pieces adhered and autonomously
healed to one integral gel again without external stimulus.
During the self-healing process, the contact interface between
the gels became blurred and the interconnecting region
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became continuous, indicating that the two pieces of the gel
became an integrated one (Fig. 4B). More remarkably, the self-
healing capability of the GG@PANI(Fe)-borax hydrogel can also
be achieved in PBS buffer (Fig. S20, ESIt). This facilitated its
application for wound healing in a practical physiological
microenvironment.

Besides, the self-healing performance of the GG@PANI(Fe)-
borax hydrogel was also evaluated by rheological measurement.
Amplitude oscillation was operated by continuously alternating
the strain values at 5% and 500% (Fig. 4C). Under small strains,
the storage modulus G’ was greater than the loss modulus G”
behaving like an elastic solid, indicating the gel state. While
under large strains, the G’ became lower than G” behaving like
a viscous fluid, revealing the inner network was destroyed and
the gel was liquefied, and when returning to the small strain
again, the gel was reconstructed and rapidly recovered to the
initial moduli. The recovery behavior was reproducible for
multiple cycles without any distinct degradation, demonstrating
the excellent self-healing property.

As a result of the dynamic reversible bonding structure, the
gel was capable of shear-induced flow and instant recovery, and
the viscosity of the GG@PANI(Fe)-borax hydrogel dramatically
decreased with an increase of shear rate from 0.1 to 100 s *
(Fig. 4D). This shear-thinning behavior endowed the gel with
the potential for injectability, as observed in the illustration of
Fig. 4D, and the GG@PANI(Fe)-borax hydrogel can be easily
extruded through the 21-G needle to form the specific letters of
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GG-borax (red)) could adhere to each other and instantly combined
into a single piece, which could be stretched up to 300% strain. When
the combined gel was separated into the original three pieces it can
autonomously heal again within 2 minutes. (B) Optical microscopy images
showing the changes of the interconnected zone between the GG-borax
and GG@PANI(Fe)-borax over time. (C) Step-strain sweep of GG@PA-
NI(Fe)-borax with an amplitude loop between small strain (5%) and large
strain (500%). (D) The shear-dependent viscosity of the GG@PANI(Fe)-
borax. The illustration is the injectable photographs. (E) Release of
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“GUT”. In addition, the gel showed self-adaption to the irre-
gular shapes. When the GG@PANI(Fe)-borax hydrogel was
placed on the surface of a mold with irregular gaps, the gel
gradually moved to completely fill the narrow gap spaces by
gravity alone (Fig. S21, ESIt), demonstrating its satisfied self-
adaption potential for irregular wounds, which could be attrib-
uted to the mobility of the polymeric network. Moreover, the
hydrogel can tightly adhere to a finger and withstand the
deformations caused by skin movement without falling off
while maintaining its integrity, indicating the good adhesion
and stretchability of the GG@PANI(Fe)-borax hydrogel
(Fig. S22, ESIt). Taked together, the GG@PANI(Fe)-borax hydro-
gel with its suitable injectability, satisfied self-adaption, auto-
matic self-healing ability, desirable adhesion and ductility,
make it an excellent candidate for succedent melanoma therapy
and wound healing.

NIR-triggered drug release in vitro

The excellent photothermal effects and thermo-sensitive gel-
sol transition of the as-prepared hydrogel encouraged us
to further explore its potential application for NIR-triggered
therapeutic drug release. As shown in Fig. S23 (ESIt), the gel
gradually transformed into a flowable sol phase under the
continuous irradiation of a 1064 nm laser, demonstrating that
the gel can efficiently convert low-dose NIR light to sufficient
localized hyperthermia not only for PTT but also for promising
controllable drug release via NIR-induced gel-sol transition.
Hence, a water-soluble chemotherapeutic model drug CDDP
was loaded into the gel to investigate the NIR-triggered drug
release (Fig. S24, ESIt). The in vitro release profiles of CDDP
from the hydrogel with pulsed laser irradiation (1064 nm,
0.5 W cm™?) were investigated (Fig. 4E). As expected, over
9.8% of CDDP was released from the CDDP/GG@PANI(Fe)-
borax hydrogel during the first cycle of laser irradiation for
10 minutes. When the laser was switched off, the release rate
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become considerably slower. During the second cycle of
1064 nm laser exposure, the release amount of CDDP was
increased from 11.2% to 17.8% within 10 minutes. After three
switch on/off irradiation cycles, the total release of CDDP was
25.4%. Whereas only 2.4% of the loaded CDDP was released
within 60 minutes in the control group without laser exposure.
This on-demand release characteristic was attributed to the
acceleration of CDDP diffusion caused by the NIR-triggered
gel-sol transition. Besides, the long-term release of CDDP from
the GG@PANI(Fe)-borax hydrogel without NIR irradiation indi-
cated that the hydrogel used as a drug depot can realize effective
enduring therapy (Fig. S25, ESIf).

In vitro biocompatibility and anticancer efficiency

The biocompatibility of hydrogels is an essential prerequisite
for their biomedical applications. The cytotoxicity of the
obtained hydrogel was evaluated on L929 fibroblasts. As shown
in Fig. 5A, L929 cells exhibited normal proliferation and the cell
viabilities in all groups were higher than 95% after co-
incubating with GG-borax, GG@PANI-borax, and GG@PA-
NI(Fe)-borax hydrogels for 12 h, respectively, and the live/dead
staining assay indicated that almost all the cells exhibited green
fluorescence (representing live cells) (Fig. 5B). The above results
demonstrated the excellent cytocompatibility. In addition, the
hemolysis ratios in all the hydrogel groups (including GG-
borax, GG@PANI-borax, and GG@PANI(Fe)-borax) were proved
to be lower than the critical value of approved hemolysis (5%),
verifying the satisfied hemocompatibility of the prepared
hydrogel (Fig. 5C).

It was reported that iron ions were bioactive and could
promote cell migration and differentiation, so as to accelerate
wound healing.>® Therefore, the effect of GG@PANI(Fe)-borax
hydrogel extracts on the migration of fibroblast cells (L929) was
evaluated by scratch wound healing assay. As shown in Fig. 5D
and E, the scratch wound area in the GG@PANI-borax hydrogel
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Fig. 5 In vitro biocompatibility and scratch wound assay. (A) Relative cell viability (L929 cells) after being co-incubated with GG-borax, GG@PANI-borax,
and GG@PANI(Fe)-borax hydrogel for 12 h, respectively. (B) The corresponding fluorescent microscope images of Calcein AM/PI co-stained L929 cells in
the GG@PANI(Fe)-borax hydrogel group. (C) The hemolysis rates of GG-borax, GG@PANI-borax, and GG@PANI(Fe)-borax hydrogel. (D) Microscope
images of the migration state of L929 cells at 0 h and 6 h post scratching in the control, GG@PANI-borax, and GG@PANI(Fe)-borax group, respectively.
(E) Relative wound area of L929 cells in the control, GG@PANI-borax, and GG@PANI(Fe)-borax group after 6 h scratching. ***P < 0.001.
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group (without iron ion doping) was close to the untreated
control group after co-incubation for 6 h, and their relative
wound areas were determined to be 62.2% (GG@PANI-borax
hydrogel) and 63.4% (control group), respectively. Compared
with the above two groups, the wound area in the GG@PA-
NI(Fe)-borax hydrogel group (with iron doping) was obviously
reduced, and the calculated relative wound area was 41.4%.
This result revealed that iron ions played an important role in
promoting the migration of fibroblast cells, and the GG@PA-
NI(Fe)-borax hydrogel has the potential to accelerate the wound
healing process in vivo.

In vitro anticancer efficiency

The intracellular reactive oxygen species (ROS) production by
GG@PANI(Fe)-borax-mediated Fenton reaction was evaluated
by using DCFH-DA as a fluorescent probe. As observed in
Fig. 6A, almost no green fluorescence was observed in B16 cells
treated with GG@PANI(Fe)-borax in the presence of H,O, under
pH 7.4. However, obvious green fluorescence was found as the
pH value decreased to 6.5 in the GG@PANI(Fe)-borax group +
H,0, group, indicating the generation of *OH radicals in a
weakly acid environment. Notably, the fluorescence intensity
increased after the introduction of 1064 nm laser irradiation,
which demonstrated that hyperthermia induced by laser irra-
diation could enhance the production of *OH in B16 cells.
Subsequently, the cell-killing efficiency of the GG@PANI(Fe)-
borax hydrogel as a therapeutic platform for PTT, CDT and
chemotherapy was evaluated. The cell viability and live/dead
stained assay of B16 cells treated with different formulas are
displayed in Fig. 6B and 6C, respectively. The PTT effect of the
GG@PANI(Fe)-borax hydrogel was firstly evaluated. The B16
cells that received 1064 nm laser irradiation in the absence of
H,0, (GG@PANI(Fe)-borax + laser group) displayed significant
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cell-killing efficiency and abundant dead cells with a low
survival rate of 33.9%, suggesting the efficient PTT effect of
the GG@PANI(Fe)-borax hydrogel in vitro. At the same time, for
the cells containing H,0, and without 1064 nm laser treatment,
GG@PANI(Fe)-borax also show slightly tumor cell inhibitory
effects at pH 6.5 with a cell viability of 81.2%, which could be
attributed to the production of cytotoxic *OH by GG@PANI(Fe)-
borax-mediated Fenton reaction in a slightly acidic environment.
In comparison, the cells treated with GG@PANI(Fe)-borax +
H,0, + pH 6.5 + laser showed higher cytotoxicity and relatively
rare live cells with a low survival rate of 12.8%, revealing that the
killing effect of PTT combined with *OH-mediated CDT was
obviously stronger than the single CDT and single PTT. Notably,
the cell survival rate in the CDDP/GG@PANI(Fe)-borax + H,0, +
pH 6.5 + laser group was reduced to the lowest (1.8%), and all of
the cells displayed red fluorescence of dead cells, while the cell
survival rate of the free CDDP group and CDDP + laser group at
the same concentration were 73.9% and 70.6%, respectively.
This excellent cell-killing effect of the CDDP/GG@PANI(Fe)-borax +
H,0, + pH 6.5 + laser group was because the hyperthermia not only
mediated PTT but also enhanced the *OH generation and CDDP
release, resulting in the extremely low cell survival rate.

In vivo anticancer efficiency

Inspired by the excellent in vitro anticancer efficacy, we next
explored the in vivo therapeutic efficacy of this versatile hydrogel
for combined PTT-CDT and chemotherapy. B16 tumor-bearing
mice were randomly divided into eight groups and treated with
different administrations (Saline, free CDDP, GG@PANI(Fe)-
borax and CDDP/GG@PANI(Fe)-borax, followed with or without
laser irradiation for four cycles) (Fig. 7A). Upon the NIR-II laser
irradiation at a low power density of 0.15 W cm > for 10 minutes,
the mice treated with photothermal hydrogels (GG@PANI(Fe)-
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Fig. 6 Invitro cell-killing efficiency assay. (A) Intracellular *OH generation in B16 cell detection with DCFH-DA after different treatments. (B) Relative cell
viability of B16 cells after receiving different treatments (n = 5, ***P < 0.001), and (C) the corresponding live/dead staining images co-stained with

Calcein AM (green) and PI (red).
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end of the treatment in different treatment groups.

borax or CDDP/GG@PANI(Fe)-borax) exhibited an NIR-II
induced tumor-site temperature rise to 49.5 °C and 49.7 °C,
respectively (Fig. S26, ESIt). These temperatures were high
enough for both photothermal killing of cancer cells and triggering
of the gel-to-sol conversion to release CDDP for synergic therapy.
Moreover, the maximum temperature remained above 47.5 °C with
negligible regression during the following three laser-treatments
(Fig. S27, ESIT). Contrarily, the tumor temperature was only slightly
elevated in the saline control and free CDDP groups due to the lack
of photothermal components.

To assess the antitumor efficiency in vivo, the tumor size and
body weight of B16 tumor-bearing mice were recorded daily.
As observed in Fig. 7B, the tumor growth of mice treated with
GG@PANI(Fe)-borax hydrogel exhibited relatively slow and
slight inhibition compared with the mice treated with saline,
which could be attributed to the production of toxic *OH via
GG@PANI(Fe)-borax-mediated Fenton reaction under the
specific H,0,-enriched TME. In comparison, the tumor treated
with the GG@PANI(Fe)-borax hydrogel followed by laser irra-
diation displayed remarkably enhanced inhibition with negli-
gible tumor growth, and the skin wound was almost healed
after 14 days of treatment, which is mainly contributed to the
combination of the NIR-II laser induced hyperthermia effect of
the GG@PANI(Fe)-borax hydrogel and the photothermal-
enhanced °*OH generation, which can efficiently mediate
the killing of cancer cells. The excellent wound healing effect

This journal is © The Royal Society of Chemistry 2022

revealed that the iron ion-doped GG@PANI(Fe)-borax hydrogel
could not only treat skin tumors through synergistic PTT and
CDT, but can also promote subsequent skin wound healing
(Fig. 7C). Notably, the mice receiving the CDDP/GG@PANI(Fe)-
borax hydrogel plus laser exhibited the best tumor ablation,
and some of the tumors were complete eradicated, which was
ascribed to the superior synergistic effects of PTT-CDT and NIR-
triggered CDDP delivery (Fig. 7D). Moreover, the histopatholo-
gical analysis of the tumor sections in both the GG@PANI(Fe)-
borax + laser and CDDP/GG@PANI(Fe)-borax + laser groups
exhibited extensive apoptosis and necrosis, and in particular
almost no intact tumor cells were visible in the CDDP/GG@PA-
NI(Fe)-borax+ laser group (Fig. 7E), substantiating the significant
anti-tumor effect of the multifunctional hydrogel for NIR-II laser
mediated synergic PTT-CDT and chemotherapy. The resultant
tumor inhibition rate in the CDDP/GG@PANI(Fe)-borax + laser
group reached 98.8% according to the relative weight of the
excised tumor at the end of the treatments (Fig. 7F).

Besides, the mice in the free CDDP group exhibited slight
body weight loss and mild nephrotoxicity with the partial
disappearance of renal capsule cavity due to the toxicity of
CDDP, while no apparent body weight loss and no detectable
lesions in major organs (including kidney) neither in the
CDDP/GG@PANI(Fe)-borax group nor in the single GG@PA-
NI(Fe)-borax hydrogel group (Fig. S28 and S29, ESIT). Meanwhile,
the biodistribution of CDDP indicated that the GG@PANI(Fe)-
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borax hydrogel could maintain a higher CDDP accumulation rate
in tumor, effectively avoiding its nonspecific distribution
(Fig. S30, ESIT). The above results demonstrated that the present
hydrogel platform had satisfactory biosafety and was capable of
eliminating the CDDP-related side effects by encapsulating
CDDP in its porous network.

Antibacterial activity evaluation in vitro

Bacterial invasion remains a critical challenge during or after
cutaneous cancer therapy, and a tumor-initiated skin defect can
lead to chronic wound or other lethal complications, the
antibacterial activity of the hydrogel can effectively avoid the
possible infection during cutaneous cancer treatment and be
beneficial for wound healing. The antibacterial performance of
the prepared hydrogels against Gram-negative E. coli and Gram-
positive S. aureus was evaluated; these bacteria are responsible
for most infections. As displayed in the spread plate images of
Fig. 8A and B, a slight reduction of colony numbers for both
E. coli and S. aureus was observed in the GG-borax group
compared to the control group due to the presence of anti-
bacterial borax. In contrast, the number of E. coli and S. aureus
colonies decreased remarkably in the GG@PANI-borax group,
especially for S. aureus, which could be ascribed to the intrinsic
antibacterial property of the PANI component, and the distinct
bactericidal effect against S. aureus may result from the specific
interaction of PANI with lipoteichoic acid molecules in the cell
walls of Gram-positive bacteria.”* More importantly, only very
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Fig. 8 Antibacterial activity in vitro. (A) Photographs of E. coli and S.
aureus colonies after treatments with GG-borax, GG@PANI-borax and
GG@PANI(Fe)-borax in vitro and (B) the corresponding relative bacteria
survival rates of E. coli and S. aureus.
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few E. coli and almost no S. aureus left could be seen after
co-culturing with the GG@PANI(Fe)-borax hydrogel, and the
antibacterial efficiency of the GG@PANI(Fe)-borax hydrogel was
almost up to 100% against both E. coli and S. aureus. This
excellent antibacterial activity is mainly assigned to the com-
bined effect of the intrinsic antibiotic activity of PANI and iron
> The above results revealed that our hydrogel as a
promising integrated platform can not only effectively induce
cancerous cell death, but also possesses superior antimicrobial
activity, which is expected to accelerate infected-wound
healing.

ions.

In vivo antibacterial and infected-wound healing

Encouraged by the in vitro achievements, the potential of the
prepared hydrogel for bacteria inhibition and infected wound
healing in vivo was further estimated using an S. aureus-
infected full-thickness skin wound model. Typically, a full-
thickness skin incision was created and S. aureus solution
(1.5 x 10° CFU mL™~") was introduced onto the wound. Thereafter,
the infected wound defects were dressed with in situ injected
hydrogels including GG-borax, GG@PANI-borax and GG@PA-
NI(Fe)-borax, respectively (Fig. S31, ESIt). This injection process
is shown in Video S1 in the ESL{ To determine the residual
bacteria at the infected sites, tissues from the skin wounds were
collected at day 12. As shown in the spread plate images of Fig. 9A,
there was almost no residual bacteria in the GG@PANI (Fe)-borax
group, and its relative bacterial viability was as low as 0.2%, which
was significantly lower than those in the GG-borax group (84.8%)
and GG@PANI-borax group (37.9%) (Fig. 9B). These results
revealed that GG@PANI(Fe)-borax could effectively eradicate
S. aureus bacterial infection.

In addition, the wound areas of the mice were tracked
photographically during the treatment process, and the
changes of wound size in 12 days are shown in Fig. 9C-E, on
day 3 post treatment, the wound area in GG@PANI(Fe)-borax
and GG@PANI-borax group was obviously smaller than those in
the GG-borax or untreated control groups, and it could be seen
that there were obvious abscesses at the sites of infected
wounds in the untreated control, which hindered the skin
repair. Notably, the wound treated with GG@PANI(Fe)-borax
hydrogel was almost completely healed and the hair regrew on
the original wound site after 12 days of treatment, and the
ultimate wound closure rate was determined to be 99.8%,
which was significantly higher than the other three groups,
revealing the promising wound healing effect of the GG@PA-
NI(Fe)-borax hydrogel.

Furthermore, the wound after 12 days of treatment was
analyzed by H&E staining, as displayed in Fig. 9F, and the
wound tissues in the three groups treated with hydrogels were
all covered with neonatal epidermis or dermal tissue layers, but
abundant regenerated hair follicles (green arrows) and new
blood vessels (blue arrows) appeared only in the GG@PANI(Fe)-
borax hydrogel group. This promising wound healing effect
could be attributed to the bioactive iron ions contained in the
GG@PANI(Fe)-borax, which not only significantly enhanced the
antibacterial effect, but also promoted the proliferation of

This journal is © The Royal Society of Chemistry 2022
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Fig. 9 Antibacterial activity and accelerated infected wound healing ability in vivo. (A) The spread plate photographs of residual S. aureus from infected
wound sites at day 12, and (B) the corresponding relative bacteria survival rates of S. aureus. (C) In vivo wound healing ratio among different groups at
different time points over 12 days (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001, NS = no significant difference). (D) The representative photographs of the
S. aureus-infected wound healing process. (E) Schematic diagram of the changes in wound-wed morphology during 12 days for each treatment. (F) HGE
staining of skin wound tissues at day 12. Red arrows: neonatal epidermis; Green arrow: hair follicles and sebaceous glands; Blue arrow: new blood vessels.

fibroblast cells and revascularization, resulting in the accelera-
tion of wound repair and skin tissue reestablishment.>

Conclusions

In conclusion, a facile approach was successfully developed to
fabricate an ‘“all-in-one” multifunctional hydrogel, which
was based on a GG modified conjugated polymer doped with
iron ions (GG@PANI(Fe)) and borax crosslinked by dynamic
covalent borate/didiol linkages and hydrogen bonding. This
multifunctional hydrogel displayed satisfied injectability, rapid
self-healing properties, thermal- and pH-responsive gel-sol
transition, and the desired biocompatibility for antitumor
application. The GG@PANI(Fe) composites in the network

This journal is © The Royal Society of Chemistry 2022

endowed the hydrogel with excellent NIR-II-mediated photo-
thermal performance and Fenton reaction-induced °®OH
production ability, with multiple therapeutic capabilities for
the eradication of cancerous cells. In addition, iron ion-doped
PANI also provided the hydrogel with favorable antimicrobial
activity for elimination of wound infection during or after skin
tumor treatment. Furthermore, the bioactive iron ions con-
tained in the hydrogel can promote proliferation of fibroblast
cells and revascularization for expediting tumor-initiated
wound healing. Taken together, this work presented a facile
strategy to fabricate injectable, self-healing multi-functional
hydrogels as potential promising materials for skin tumor
therapy with simultaneous tumor eradication, bacterial inhibi-
tion, and skin wound healing acceleration.
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