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Making a hydrogel-based first-aid bandage with green resources, desirable biocompatibility, universal
adhesive properties, low cost and simple production is a long-standing research aspiration. Considering
this, three naturally existing organic acids, namely tannic acid, thioctic acid and phytic acid, were used to
construct a novel adhesive gel (TATAPA hydrogel) for epidermal tissue bandage applications. This
hydrogel could be synthesized under mild conditions with no need for a freeze—thawing shaping proce-
dure, and was transparent, moldable and stretchable with good stability under continuous water immer-
sion. In lap-shear tests, the TATAPA hydrogel could adhere to various hydrophilic and hydrophobic
surfaces. Moreover, in the case of skin tissue adhesion, the hydrogel could be easily peeled off from the
skin, meeting wearability requirements. Rheological tests showed that the hydrogel possessed thermal
properties derived from multi-supramolecular interactions. The methicillin-resistant
Staphylococcus aureus (MRSA)-infected burn wound test demonstrated that the hydrogel had desirable
antibacterial activity and was beneficial for wound healing. A femoral artery bleeding assay was also used
to reveal that the TATAPA hydrogel could be directly pasted onto the bleeding site for hemostasis.
Overall, this hydrogel demonstrates potential as a surgical bioadhesive for a broad range of medical
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1. Introduction

Wounds caused by accidental trauma or bacterial infection are
an inevitable issue in daily life, often accompanied by bleeding
and purulence.”” Common clinical methods such as sutures,
staples, and wires are applied to repair large skin defects,
causing an unpleasant therapeutic experience for patients as
well as an increased risk of secondary infection without the aid
of disinfectants or antibiotics.’>”> Nowadays, researchers find
that hydrogels are the best choice for wound healing. Firstly,
with a large amount of water retained in their hydrophilic
networks, hydrogels can provide a moist environment for
wound beds, extracting wound discharge and promoting
wound healing.®® Secondly, unlike rubbers, plastic resins or
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biomacromolecules, hydrogels typically have numerous unique
features such as pressure-induced shape regulation, controlla-
ble mechanical strength, ideal bio-mimicking properties and
accessibility for drug/nanomaterial loading.'® Thirdly, the
crosslinked network of hydrogels is tough enough to avoid
excessive swelling or solubilizing under aqueous conditions in
practical wound healing procedures."*™** Thus far, versatile
poly(ethylene  glycol)-based,"*  poly(acrylic acid)-based,"®
carbohydrate-based,'®'” polypeptide-based'® and poly(vinyl
alcohol)-based"® adhesive gels for wound dressings have been
reported by various studies. However, most of the above hydro-
gels require complicated preparative procedures, accurate
chemical design of monomers, toxic crosslinkers or heavy
metals and tedious post-synthesis treatment.!' Although
numerous biomacromolecules are recognized as potential
green raw material alternatives to synthetic polymers for adhe-
sive hydrogels, they normally face difficulties in creating a
standard for the corresponding production because of the
varied production places, mutable molecular weights and dif-
ferent extraction methods.”®>' Moreover, the prevalent applica-
tion of antimicrobial peptide-based hydrogels is restricted by
their high cost and low stability due to proteolytic degradation

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 FT-IR spectra of the TATAPA hydrogel and its raw materials.

and cytotoxicity.>® Thus, efforts should be made to explore
novel hydrogel-based tissue bandages with simple production
methods and sustainable resources (Fig. 1).

The bottom-up synthetic method, usually taking advantage
of the programmed reactions or self-assembly between func-
tional small molecules, has been employed in the synthesis of
functional materials, and examples could be found in click
chemistry,”® metal-phenolic networks,”* dopamine-based co-
deposition,”® n-n interactions®® and so on. Hydrogels fabri-
cated using bottom-up protocols integrate the properties of the
small molecules involved, making the network design more
straightforward and effective compared to bottom-down
routes.”” In consideration of the rising crisis of resource deple-
tion and energy crisis, the combination between the bottom-up
method and naturally derived building block is preferable, in
which naturally-active small molecules are employed as sus-
tainable monomers and crosslinked in a green manner.*® As a
natural building block, tannic acid is capable of crosslinking
other substances either supramolecular or chemically, ensuring
an abundant number of functional networks for a large number
of applications.>® Over the latest years, multiple tannic acid-
based scaffolds such as bulk hydrogels, films, nanoparticles
and nanofibers have been developed by researchers for tissue
engineering as well as theranostics.’®*" For instance, Geng
et al. developed a tannic acid-chitosan-phenylboric acid com-
posite hydrogel, which was proved to be an effective hemostatic
agent.>> Mei et al. proposed a series of phenol-metal coating
strategies leading to functional films with free radical scaven-
ging and antibacterial properties.>® Additionally, numerous
intermolecular reactions between tannic acid and certain
nucleophiles (thiols, amide compounds and amines) belonging
to the protein-rich tissue surface render tannic acid-based
materials with a long-term skin affinity.** Tannic acid is also
recognized as an antioxidant, antibacterial, antiviral and anti-
inflammatory agent,*® and is especially appropriate for treating
burn wounds and other infected lesions.*®?” In contrast,
though dopamine is extensively used in fabricating tissue
adhesives, the high cost, as well as neurological effects, should

This journal is © The Royal Society of Chemistry 2022

View Article Online

Soft Matter

not be ignored when it comes to scale-up for industrial
production.*®*® Therefore, tannic acid has advanced advan-
tages in the bottom-up hydrogel design.

Recently, combining the merits of polyphenols and
poly(organosulfur) in the hydrogel preparation cuts a striking
figure in tissue adhesives for wound healing. The reasons for
this combination can be expressed in three aspects: (i) pure
polyphenols can hardly form a hydrogel by themselves and
need a polymeric spacer to form a highly hydrated network.*’
Coincidently, poly(organosulfur) derived from thioctic acid can
act as a spacer as well as a covalent binder for polyphenols. (ii)
The combination between polyphenols and poly(organosulfur)
is beneficial for integrating the advantages of antimicrobial,*!
antioxidant,*? reductive,** self-healing,** optical*® and electro-
chemical properties;*® (iii) these hybrid hydrogels could be
easily prepared under mild conditions, following the rule of
green chemistry. Chai et al. reported a novel hydrogel using
dopamine and thioctic acid with a strong tissue adhesion
force.”” Tannic acid was used to crosslink thioctic via a
polyphenol-thiyl radical Michael addition reaction.*® However,
the resulting hydrogels tended to be amorphous and could
not be removed from tissue on demand easily, needing
excessive water to wash them off from the skin. Moreover,
additional long-term polymerization of dopamine or the free-
thawing method was involved in enhancing the stability of the
polyphenols-poly(organosulfur) hybrid hydrogel, avoiding gel-
sol transition. Therefore, efforts should be made to increase the
mechanical reinforcement as well as the comfortable peeling
off the performance of the polyphenol-poly(organosulfur) gel
system.

Herein, we propose a three-component tannic acid-thioctic
acid-phytic acid hydrogel (TATAPA hydrogel) that was synthe-
sized using three commercial feedstocks in a simple, robust,
and reproducible method, in which thioctic acid worked as a
macromolecular spacer, tannic acid worked as a chemical
crosslinker and phytic acid worked as a supramolecular cross-
linker. This bottom-up route involved the dissolution of tannic
acid, phytic acid and tris base in water, followed by fed-batch
addition of thioctic acid for thermal polymerization. The pre-
cursor solution could be easily poured into the desired mold,
cooled at room temperature overnight for shaping as well as
debubbling. Therefore, this method is promising for practical
industrial scale-up production without any monomer modifica-
tion, high energy consumption, harsh reaction conditions, or
sophisticated synthetic skills. As a result, this hydrogel inte-
grated multiple functions are derived from polyphenol,
poly(organosulfur) and phytic acid-based reinforcement. The
chemical structure of the hydrogel network was characterized
by Fourier transform infrared (FT-IR) and X-ray photoelectron
spectroscopy (XPS) techniques. Basic properties of the hydro-
gel, including swelling ratio, tensile strength and breaking
elongation, were also studied. The adhesive properties were
studied by lap-shear tests with various daily used materials as
well as by bursting pressure tests. Incorporating multiple
dynamic chemical bonds, the hydrogel possessed thermal
sensitive performance as indicated by rheological tests. The
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in vivo MRSA-infected burn model as well as the in vivo rat
femoral artery model were employed to assess the practical
value of the TATAPA hydrogel in wound healing. Moreover, the
biocompatibility, antioxidant activity and biodegradability of
TATAPA hydrogel were also evaluated using numerous charac-
terization techniques. Thus, it is our belief that the TATAPA
hydrogel could be applied as a first-aid bandage for various
epidermal wounds or lesions.

2. Experimental section

2.1. Materials

Tannic acid was purchased from Aladdin Co., Shanghai, China.
Tris base (primary standard and buffer, >99.9% titration,
crystalline) was purchased from Sigma-Aldrich, USA. Phytic
acid (PA) was purchased from Zhejiang Dong Jin Biotechnology,
Ningbo, China. Thioctic acid (o-lipoic acid) was purchased from
Aladdin Co., Shanghai, China. 1,1-Diphenyl-2-picrylhydrazyl
(DPPH) was purchased from Macklin Co., Shanghai, China.
Dulbecco’s Modified Eagle Medium (DMEM) was obtained
from Invitrogen (USA). The PBS solution was obtained from
Sunshine Bio (Nanjing, China). All other reagents were com-
mercial chemicals and used as received except specially
claimed. Ultrapure water (18 MQ cm resistivity) was also used
in the experiments.

2.2. Preparation of thioctic acid-phytic acid (TAPA) hydrogel

First, thioctic acid was fully ground before use. Typically, 1 g
tris base and 200 mg PA were dissolved in 5 mL distilled water
at 60 °C. Then, 1 g thioctic acid was added to the above solution
and the resulting mixture was vortexed for 10 s. A homogeneous
solution was obtained after the mixture was stirred at 60 °C for
20 s. Afterward, another 1 g thioctic acid was added and the
ultimate mixture was stirred at 60 °C for 1 min to obtain a
viscous solution, which could be poured into the desired PP or
PTFE molds. The molds were heated to 70 °C for 1 min for deep
polymerization and were cooled to room temperature overnight
for gelation as well as debubbling. Finally, TAPA hydrogel was
obtained as a light-yellow jelly-like substance.

2.3. Preparation of tannic acid-thioctic acid-phytic acid
(TATAPA) hydrogel

The preparation procedure was similar to that of TAPA hydro-
gel. In detail, 1 g tris base, 200 mg PA and a certain amount of
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tannic acid (Table 1) were dissolved in 5 mL distilled water at
60 °C for 3 min. Then, 1 g thioctic acid was added to the above
solution and the resulted mixture was vortexed for 10 s. A
homogeneous solution was obtained after the mixture was
stirred at 60 °C for 20 s. Afterwards, another 1 g thioctic acid
was added and the ultimate mixture was stirred at 60 °C for
1 min to obtain a viscous solution. The obtained solution was
quickly transferred into a syringe and carefully injected into
desired PP or PTFE molds. The molds were heated to 70 °C
for 1 min for deep polymerization and were cooled to
room temperature overnight for gelation as well as debubbling.
The obtained TATAPA hydrogel disc or patch could be easily
peeled off from the mold underwater. Rhodamine B (Rh B)
could be used to stain the TATAPA hydrogel by adding 2 mg of
Rh B into the tannic acid-phytic acid-tris base solution at the
beginning of the procedure.

2.4. Equilibrium swelling measurements of the TAPA and
TATAPA hydrogels

TAPA and TATAPA hydrogels of known weight were freeze-dried
and then immersed in distilled water at room temperature until
the hydrogel weight remained constant, the excess water on the
hydrogel surface was absorbed using a filter paper, and the
swollen hydrogel was weighed (n = 3). The swelling ratio was
calculated using the following formula:

Swelling% — (M) x 100%
mgyq

where my and mg are weights of the initial weight of the dried
hydrogel and the weight of the swollen hydrogel, respectively.

2.5. Mechanical properties

The hydrogel patches (10 mm width, 60 mm length, 6 mm
thickness) were prepared in a PTFE mold. The mechanical
properties of the hydrogels were evaluated by a tensile testing
machine (Al-3000, GOTECH, Dongguan, China) equipped with
a 500 N load cell. The tensile speed was 100 mm min~". The
breaking elongation, the tensile strength of the hydrogels were
obtained from the stress—strain curves. Each sample was tested
four times.

2.6. Adhesion test

A lap shear test was conducted to assess the adhesive property
of the TATAPA hydrogels. In brief, the TATAPA hydrogel patches
(25 mm width, 25 mm length, 1 mm thickness) were fixed at 2

Table 1 Ingredients for the synthesis of the TAPA and TATAPA hydrogels

Sample name Thioctic acid (g) Tannic acid (g) Phytic acid (g) Tris base (g) Water (mL) Molar ratio (thioctic acid/tannic acid) pH“
TAPA 2.0 0 0.2 1.0 5 — 6.1

TATAPA-1 2.0 0.2 0.2 1.0 5 80.83 6.0

TATAPA-2 2.0 0.6 0.2 1.0 5 27.71 5.8

TATAPA-3 2.0 1.0 0.2 1.0 5 16.44 5.7

TATAPA-4 2.0 0.6 0.3 1.0 5 27.71 >

TATAPA-5 2.0 0.6 0.2 1.0 4 27.71 —

“ Denotes that the pH values were measured at 60 °C.” Denotes the heterogeneous solution with uncontrollable gelation. ¢ Denotes the
homogeneous mixture with uncontrollable gelation at 60-70 °C.
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pieces of the given materials including aluminum sheet, wood,
ceramic sheet, PTFE sheet, PVC sheet, silicon rubber, glass
slide and pigskin (25 mm width, 100 mm length). The bonding
area was 25 mm x 25 mm. All the samples except porcine skin
were stored at room temperature for 24 h and then subjected to
lap-shear tests with 10 mm min ™" tensile speed. For the porcine
skin adhesion, the samples were sealed with a polyethylene
film and stored at 4 °C for 24 h before testing. To study the
adhesive strength of the fully dried hydrogel, all the samples
except porcine skin were heated up to 60 °C for 8 h before
testament. The corresponding instrument was Al-3000,
GOTECH Testing Machines, Dongguan, China. All measure-
ments were repeated five times.

2.7. Bursting pressure test

The bursting pressure test was in reference to a published
method.>® The pig intestine membrane was fixed to the
measurement device linked to a nitrogen gas-holder. A hole
(3 mm in diameter) was made on the intestine membrane.
Thereafter, the TATAPA hydrogel patch (24 mm in diameter,
4 mm thickness) was fixed onto the hole for 5 min. Maximum
pressure before gas leaking was considered as the bursting
pressure. All measurements were repeated five times.

2.8. Rheology characterization

A TA rheometer (DHR-2, USA) with a plate of 20 mm diameter
was used to study the rheological properties of TAPA and
TATAPA hydrogels. Strain step cycling between 1% and 200%
was performed at 25 °C and 10 rad s~ '. A strain-sweep test was
conducted in which the strain was raised from 0.1% to 100% at
different tannic acid/thioctic acid ratios as well as different
temperatures (4, 25, 37, 50 and 75 °C), the angular frequency
was held constant at 10 rad s™'. Frequency-sweep tests were
performed in which the angular frequency was raised from 0.1
to 100 rad s~ ! at different tannic acid/thioctic acid ratios; the
strain was held constant at 1%. Finally, a temperature-sweep
test was carried out between 4 °C and 90 °C at a heating rate of
1 °C min~*. The strain and angular frequency and were held
constant at 1% and 10 rad s~ ', respectively.

2.9. Antioxidant activity of TATAPA hydrogels

The antioxidant activity of the prepared hydrogels was
studied with DPPH radicals in reference to a previously
reported method.*® DPPH radicals are well-known radicals
and could be trapped by polyphenols. The evaluation was
conducted as follows: TAPA and TATAPA hydrogel patches
(25 mm width, 25 mm length, 1 mm thickness) were added
to a 50 mL centrifugal tube and then immersed in 30 mL
DPPH/ethanol solution (0.15 mM). The absorbance at
517 nm was recorded using a UV-Vis spectrophotometer
(UV-3600 Plus, Shimadzu, Japan) after keeping the solutions
in the dark for 10 min. The absorbance value of the solution
became lower since DPPH radicals were trapped by the
hydrogels. All measurements were repeated three times.

This journal is © The Royal Society of Chemistry 2022
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The DPPH-scavenging activity was calculated as follows:
. . Ac — A
DPPH-scavenging activity% = 1 x 100%

where A¢ and A. were the absorbances of the sample and of
the control at 517 nm, respectively.

2.10. In vitro cytotoxicity assay

TATAPA-2 hydrogel was sterilized with 70% ethanol and rinsed
with sterilized PBS for 3 days prior to use. L929 cells (ATCC)
were cultured in the Dulbecco’s Modified Eagle Medium
(DMEM, Invitrogen) with 10% (v/v) fetal bovine serum (FBS),
100 U mL ™" penicillin, and 100 ug mL ™" streptomycin. The cells
were seeded in the TATAPA-2 hydrogel extracts (0.5 g mL™")
with a density of around 50000 cells per well. Cells were
incubated under humidified atmosphere containing 5% CO,
at 37 °C. Cells treated with DMEM were taken as the negative
control. To observe the proliferation of cells, 4/,6-diamidino-2-
phenylindole (DAPI) staining was performed on the first, sec-
ond and third days after seeding. The average number of cells
per image was also counted (n = 4).

2.11. Antibacterial property evaluation using an in vivo burn
wound infection model

All animal studies were carried out according to the National
Institutes of Health Laboratory Animal Care and Use Guide-
lines (NIH Publication No. 85-23 Rev. 1985) and experiments
were approved by the Animal Ethics Committee of Shandong
University of Traditional Chinese Medicine.

Pathogen-free BALB/c immune-competent male mice aged 6
to 8 weeks (20 + 2 g) were used in the burn wound infection
model. The temperature was held at a constant 21 + 1 °C with a
relative humidity of 60 + 5% for at least 7 days. All mice were
exposed to a 12 h light-12 h dark cycle with free access to water
and fed ad libitum. Before scalding treatments, the mice were
anesthetized using an intraperitoneal injection of 10% chloral
hydrate at a dose of 30 mg kg™ ". The burn wound mouse model
was constructed in reference to a previously reported method.>®
At first, the fur on the dorsum of an anesthetized mouse was
shaved. A brass cylinder (15 mm in diameter) that was pre-
heated in 90 °C hot water for 10 min was used. Subsequently, a
partial thickness burn wound was made by pressing the hot
brass cylinder on the mouse skin for 6 s. Afterwards, a 10 pL
aliquot of an MRSA suspension (1 x 10° CFU mL ') was
pipetted onto the burn wound. Ten minutes later, TAPA and
TATAPA hydrogel patches (24 mm in diameter) were used to
cover the burn wound (each group contained 6 mice). In the
control group, the burn wounds were treated with saline
solution. After 1 day and 3 days, the mice were sacrificed and
the tissue samples from the wound sites were collected for
histological analysis. The skin tissue samples were homoge-
nized in 1 mL of phosphate-buffered saline (PBS) and diluted
serially. The bacterial burden was evaluated by plating the
dilution on LB agar plates and the colony numbers were
counted after overnight incubation.
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For the determination of IL-1f3 expression via immunohis-
tochemistry, the burn wound site samples derived from 1 day
and 3 days post-treatment were embedded in paraffin and cut
into tissue slices with 5 pm thickness, which were then
immersed in xylene for dewaxing. The slices were hydrated in
an alcohol gradient for 5 minutes, rinsed using double-distilled
water and then subjected to constant shaking three repeated
times. Afterwards, the slices were placed in a 0.3% hydrogen
peroxide solution, immersed for 30 minutes, and then placed
onto a shaking table with double-distilled water three repeated
times at room temperature. Considering the antigen repair, a
1% trypsin digestive solution was then applied. After incuba-
tion at 37 °C for 20 minutes and successive washing, the slices
were soaked in a 1% PBS-bovine serum albumin (BSA, 1%)
solution in a humid chamber for 20 minutes at 37 °C. The
liquid was removed and the slices were incubated with primary
1L-1B antibody (1:200) overnight at 4 °C. On the next day,
after washing, the slices were incubated with the corres-
ponding secondary antibody (1:200) for 1 h at 37 °C, followed
by another washing. Finally, freshly prepared 3’,3’-diamino-
benzidine (DAB) substrate was used for dyeing and the devel-
opment of a brown color was monitored. The slices were rinsed
and counterstained with methyl green for 3 minutes followed
by washing, dehydration, and neutral gum sealing for observa-
tion under a microscope.

2.12 Evaluation of hemostasis of the hydrogels in vivo

Male Sprague-Dawley (SD) rats aged 6-8 weeks, weighing
approximately 250 g were separated into three groups with
each group containing 4 rats. Before the surgery, the anesthesia
was performed on rats proceeded using an 8% chloral hydrate
solution. The hydrogels were sterilized by ultraviolet irradia-
tion. Sterilization on the glasswares/labware and surgical
instruments was either conducted using ethylene oxide or an
autoclave. A 2 cm long incision was made on one of the hind
legs to expose the femoral artery, which was punctured with a
1 mL syringe needle. Subsequently, a hydrogel patch (10 mm
width, 10 mm length, 2 mm thickness) was pasted onto the
bleeding site. Bleeding rats without any treatment were used as
the blank control. The amount of bleeding out of the hydrogel
was measured by weighing the filter paper before and after the
surgery. The bleeding time was recorded. The bleeding time
was recognized as 10 min if no hemostasis within 10 min.

For the liver hemostasis model of SD rats, once one-quarter
of the liver lobe was cut off, and a hydrogel patch (24 mm in
diameter, 2 mm thickness) was pasted onto the cut section
surface. Then, a clean filter paper with a known mass (M;) was
placed under the liver. The bleeding site without any treatment
was used as a negative control, whereas gauze pressing was
chosen as a positive control. After 3 minutes of blood flow, the
filter paper was stained with blood and re-weighed (M,). The
amount of blood loss was calculated from the mass difference
of a filter paper before and after the blood staining: M, — M;
(n = 4). The hemostatic efficiency for each group was evaluated
by the following formula:

2818 | Soft Matter, 2022, 18, 2814-2828
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Hemostatic efficiency = (Mpjank — Mu)/Mplank X 100%

where Myank is the blood loss mass of the negative control, and
My is the blood loss mass of the hemostatic material.

2.13. In vivo degradation assay

Nine male SD rats aged 6-8 weeks (200 £ 20 g) were adaptively
fed for one week before the experiment. After anesthesia, the
backs of the rats were shaved and disinfected using iodine and
ethanol. Subsequently, a full-thickness incision (1 cm) was
made on each rat. A TATAPA-2 hydrogel disc (5 mm in dia-
meter, 2 mm thickness) was implanted into the subcutaneous
tissue. Then, the incision was sutured. Three rats were sacri-
ficed at each time point (day 1, day 3 and day 7) and the
implanted sections were analyzed by hematoxylin and eosin
(H&E) staining.

2.14. Other characterization methods

Infrared spectra were recorded using a Bruker Tensor-27 IR
spectrometer. Field emission scanning electron microscopy
(FE-SEM) (Hitachi, S-4800, 15 kV) was used for surface mor-
phology and elemental imaging of the hydrogel patches. The
samples for the FE-SEM tests were placed on a tin foil surface
and subjected to gold spraying for 60 seconds. X-ray photoelec-
tron spectroscopy (XPS) measurements were carried out using
an ESCALAB 250Xi (Thermo Fisher Scientific Inc., USA).

3. Results and discussion

3.1. Hydrogel preparation

The ingredients of the TATAPA hydrogel contained three natu-
rally occurring organic acids including tannic acid, thioctic acid
and phytic acid (PA). From the viewpoint of the molecular
network structure, this hydrogel was similar to supramacromo-
lecular gels as proposed by Eelkema and Pich,*! in which tannic
acid acted as a covalent crosslinker and phytic acid was used as
a non-covalent crosslinker. In our previous study, we verified
that tannic acid could crosslink poly(thioctic acid) via the
polyphenol-thiyl radical Michael addition and the thiyl radical
derived from thioctic acid was likely to add to the 3 or 5
aromatic carbons of the pyrogallol group.*® However, the
resulting thioctic acid-tannic acid hydrogel was an amorphous,
injectable hydrogel that lacked mechanical strength even after
freeze-thawing treatment. With an aim to enhance the
mechanical properties as well as the shaping stability, phytic
acid-induced hydrogen bonding was introduced since this
supramolecular crosslinking method is suitable for multi-
hydroxyl polymers such as poly(vinyl alcohol). In the prepara-
tion process, fed-batch addition of thioctic acid was necessary
to avoid the self-polymerization of thioctic acid as well as the
heterogeneous precursor mixture. The added amount of tannic
acid ranged from 0 g to 1 g and the final pH of the precursor
solution ranged from 5.7 to 6.1 (Table 1). An increased addition
amount of PA or decrease in water volume in the wound gives
rise to uncontrollable gelation (TATAPA-4 and TATAPA-5 in
Table 1). After polymerization at high temperature, TATAPA

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Preparation of the TATAPA hydrogel, its appearance, macromolecular network and tissue adhesion mechanism.

hydrogels were facile to form the desired shape at room
temperature overnight. It should also be noted that the hot
precursor solution of TATAPA hydrogel (60-70 °C) maintained
excellent fluidity in PP molds rather than PTFE molds. This
phenomenon could be explained by the fact that poly(thioctic
acid) could form high-density of hydrogel bonds with fluorine
atoms of PTFE. Moreover, the precursor solution was hydro-
philic, limiting the surface spreading and gap-filling capabil-
ities on PTFE molds. In contrast, with PP containing elements
or chemical bonds with weak electronegativity, the supramole-
cular interactions between the TATAPA precursor solution and
PP surfaces were negligible. Thus, this solution could spread
out slowly on the PP surface.”® Therefore, the precursor
solution could be directly poured into PP molds followed by
standing to remove bubbles. In the case of hydrogel shaping in
PTFE molds, the precursor solution should be transferred to a
syringe right after polymerization and carefully injected into
the molds for debubbling. The obtained TATAPA hydrogel was
brown, transparent, shape-stable, wearable and could be easily
peeled off from the skin. There is no requirement for tedious
modification methods, narrow stoichiometric dosage, or
further purification treatment to prepare the TATAPA hydrogel.
Considering the low cost of the raw material, mild polymeriza-
tion conditions and simple preparation process, the TATAPA
hydrogel is promising for scale-up production (Scheme 1). The
increased tannic acid/thioctic ratio to 1/2 would result in a loss
of transparency. In contrast, without the addition of tannic
acid, TAPA hydrogel was obtained as a light yellow, soft
supramolecular hydrogel (Fig. S1, ESIt).

3.2. Basic characterization of TATAPA hydrogels

The fundamental properties including chemical structure,
swelling ratio, tensile strength were studied through multiple
measurements. The FT-IR spectrum of the TATAPA hydrogel

This journal is © The Royal Society of Chemistry 2022

showed that a new adsorption peak at 1057 cm ™" is assignable
to thiophenol (S-Ar) presented, which revealed that thioctic
acid crosslinked with tannic acid. Other adsorption peak at
1708 cm ™' could be assigned to carbonyl groups. Multiple
peaks at 1607, 1554 and 1442 cm~ ' were corresponding to
phenyl residues originating from tannic acid. Aliphatic C-H at
2932, 2859 cm ™' and disulfide bond at 535 cm™ ' could be
attributed to the main skeleton of poly(thioctic acid). In con-
trast to the FT-IR spectrum of PA, the hydroxyl groups of the
TATAPA hydrogel shifted to low wavenumbers from 3496 cm ™"
to 3389 cm ™. Moreover, the adsorption peak of the phosphate
group also shifted to low wavenumbers from 949 cm ™' to
893 cm !, which indicated PA-induced hydrogen bonding with
tannic acid-thioctic acid hydrogel network during the hydrogel
preparation.>® S2p survey of XPS results showed a disulfide
peak at 164.3 eV, an aliphatic organosulfur peak at 163.0 eV,
and a thiophenol peak at 163.7 eV in TATAPA hydrogel
(Fig. S2a, ESIf). Furthermore, the Cls survey demonstrated
the presence of the carbonyl carbon at 288.4 eV, polyphenyl
carbon at 286.1 eV and aliphatic carbon at 284.5 eV (Fig. S2b,
ESI{). Scanning electron microscopy (SEM) demonstrated that
the surface morphology of the hydrogel was smooth without
holes (Fig. S3a and b, ESIt). Therefore, it could be concluded
that the hydrogel had low swelling performance. Additionally,
energy-dispersive spectroscopy mapping revealed that the ele-
ments C, O, S, P and N were uniformly distributed throughout
the TATAPA hydrogel (Fig. S3c-h, ESIt).

To evaluate the stability under continuous water immersion,
the freeze-dried TATAPA and TAPA hydrogels were immersed in
excess pure water at room temperature until equilibrium
(Fig. 2a). TATAPA hydrogels reached a swelling equilibrium at
48 h and showed a swelling percentage at a range from 150% to
250%. In the meantime, the ultimate swelling ratio of TATAPA-
3 hydrogel was much lower than TATAPA-1 and TATAPA-2,

Soft Matter, 2022, 18, 2814-2828 | 2819
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which could be ascribed to the increasing crosslinking density
generated by the ascending amount of tannic acid. The TATAPA
hydrogels were able to tolerate water immersion without dis-
sociation for a month. In contrast, the TAPA hydrogel reached a
maximum swelling ratio of 200% at 1 h and then lost weight
gradually as time went by. The weight loss of the APA hydrogel
was approximately 50% at 96 h, which demonstrated the
supramolecular nature of this poly(thioctic acid)-phytic acid
composite (Fig. 2b). The stretchability and mechanical strength
were characterized by the tensile test. It could be inferred from
the stress-strain curves that adding tannic acid was irrelevant
to the tensile strength (2.5-3.0 kPa). However, when the dosage
of tannic acid reached 1 g, it would introduce much impact on
the breaking elongation (Fig. S4, ESIt). The average breaking
elongation of the TATAPA-3 hydrogel reached 500%, which was
the highest in contrast to the others. It should be noted that the
TAPA hydrogel was too soft to obtain tensile mechanical
parameters.

3.3. Adhesive properties

The TATAPA hydrogel could adhere to various daily used
materials including rubber, glass, metal, stone, chrysanthe-
mum, pigskin, wood and plastic. Prior to the above adhesive
operations, the hydrogel patches could adhere to the bottom
surface of a reagent rack (Fig. 3a and b). Furthermore, this kind
of hydrogel was wearable and readily peeled off from the skin
without lagging behind (Movies S1 and S2, ESIt). Therefore, the
usage of TATAPA hydrogel instead of the ordinary band-aid
would alleviate the pain caused by the patch removal. To
quantify the adhesive force between the TATAPA hydrogel and
versatile substrates, a lap-shear test was conducted (Fig. 3c and
d). The adhesive strength was 11.7 kPa for wood, 8.8 kPa for
poly(vinyl chloride) (PVC) chip, 8.6 kPa for a glass slide, 7.4 kPa

2820 | Soft Matter, 2022, 18, 2814-2828
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Fig. 2 (a) Swelling ratios of the TAPA, TATAPA-1, TATAPA-2 and TATAPA-3 hydrogels as a function of time. (b) Photos of the TAPA and TATAPA-2
hydrogels at different swelling times.

for a ceramic piece, 7.2 kPa for an aluminum chip and 5.9 kPa
for a silicon rubber piece. The adhesion forces for
poly(tetrafluoroethylene) (PTFE) and pigskin were relatively
low, which was 2.3 kPa and 1.6 kPa, respectively. These results
were in accordance with the choice of PTFE material as molds
as well as the phenomenon that the TATAPA hydrogel could be
comfortably peeled off from the skin. The adhesive strength of
TATAPA hydrogel might be restricted by its tensile strength.
With an aim to study the adhesive strength of the TATAPA
hydrogel after dehydration, all the substrates except porcine
skin were adhered to the TATAPA-2 hydrogel and then sub-
jected to continuous heating at 60 °C for 8 h. It turned out that
the dried TATAPA hydrogel showed enhanced adhesive
strength in contrast to that of the previous measurement (Fig.
S5, ESIT). Especially, the wood substrate could drain the water
out of the TATAPA hydrogel. Moreover, the porous structure of
wood was beneficial to increasing the hydrogel adhesive area.
As a result, the adhesive strength for wood was 0.25 MPa on
average, which was 25 times higher than that of the slowly dried
hydrogel. The adhesive strength of other substrates also
increased 2-5 times. These phenomena could be ascribed to
enhanced interfacial supramolecular interactions during water
evaporation. The adhesive strength of the TAPA and TATAPA
hydrogel patches was also evaluated by the bursting pressure
test (Fig. 3e, f and Fig. S6, ESIT). The bursting pressure of all
hydrogels was similar to a range from 3.7 to 4.0 kPa after 5 min
of intestine membrane adhesion. Moreover, the TATAPA hydro-
gel showed potential as a waterproof tape for broken rubber
water pipes just after 5 min adhesion (Fig. 3g). The mended
water pipe functioned normally after hydrogel adhesion for 24
h, which manifested the long-term use of TATAPA hydrogels
even under a slowly dried conditions at room temperature
(Movie S3, ESIt).

This journal is © The Royal Society of Chemistry 2022
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Together with the adhesive results, the TATAPA hydrogel
demonstrated universal adhesive properties to versatile hydro-
phobic and hydrophilic substrates, which could be ascribed to
the polyphenol-based adhesive binding as well as the adhesive
nature of poly(thioctic acid). Considering the fact that the
chemical structure contained numerous pyrogallol and carbo-
nyl groups, the hydrogel intended to adhere to various surfaces
by supramolecular binding such as hydrogen bonding, hydro-
phobic interactions and n-r interactions, or by covalent bond-
ing originating from quinone-based chemistry when tannic
acid residues were oxidized.>®>* Therefore, the TATAPA hydro-
gel might be promising in wound dressing as well as preventing
superficial trauma bleeding with a long-term aid.

3.4. Rheology of the TATAPA hydrogels

The rheological properties of the TAPA and TATAPA hydrogels
were also studied. The TATAPA hydrogel had self-healing
properties and the restructured hydrogel was also stretchable
after two gel pieces joined together for 2 h (Fig. 4a), which
resulted from the dynamic hydrogel bonding between phos-
phate moieties and carbonyl moieties. The self-healing property
of the TATAPA hydrogel was also viewed by repeated dynamic
strain step testing (Fig. 4b). A 200% strain could result in a

This journal is © The Royal Society of Chemistry 2022

sharp decrease of G’ and G”. However, the hydrogel network
remained stable since G’ > G’. The hydrogel network was
reconstructed since G’ was maintained constant around 2200
Pa when y returned to 1%. In the strain-sweep test, all TATAPA
hydrogels had higher storage modulus (G’) and loss modulus
(G") values than those of the TAPA hydrogel (Fig. 4c). The G’
values of TATAPA hydrogels were almost nine times as much as
those of the TAPA hydrogel, which could be ascribed to the
enhanced stability of the hydrogel network after chemical
crosslinking between tannic acid and thioctic acid. However,
the ascending addition amount of tannic acid did not further
increase G’ values, manifesting that the mechanical reinforce-
ment of tannic acid was limited. The tannic acid-crosslinked
poly(thioctic acid) segments, which is the main component of
the TATAPA hydrogel, played a critical impact on the rheologi-
cal properties. Thus, linear regions between 0.1% and 100%
were observed with G’ > G” for all the hydrogels. In contrast to
our previous study on tannic acid-thioctic acid hydrogel,*® the
G’ value of the TATAPA hydrogel increased nearly fourfold,
revealing the contribution of PA-induced hydrogen bonding in
mechanical reinforcement. Considering the results from the
tensile test, it could be inferred that the hydrogel network
remained stable under external force with no shear-thinning

Soft Matter, 2022, 18, 2814-2828 | 2821
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Fig. 4 Rheology of the TAPA and TATAPA hydrogels. (a) The self-healing property of the TATAPA hydrogel; half piece of the hydrogel was stained by Rh
B. (b) Repeated dynamic strain step testing (y = 200% or 1%, w = 10 rad s™2) on the self-healing property of the TATAPA-2 hydrogel at room temperature.
(c) Strain-sweep measurements of the hydrogels with different thioctic acid/tannic acid molar ratios (25 °C, @ = 10 rad s ). (d) Frequency-sweep
measurements of the hydrogels with different thioctic acid/tannic acid molar ratios (25 °C, y = 1%). (e) Temperature sweep of the TATAPA-2 hydrogel; the
heating rate was 1 °C min~* (w = 10 rad s 7%, y = 1%). (f) Strain-sweep measurements of the TATAPA-2 hydrogel under different temperatures (4, 25, 37, 50,

75 °C, » = 10 rad s7Y).

effect. The frequency-sweep of the hydrogels also showed the
same tendency as the strain-sweep test (Fig. 4d). A temperature-
sweep was also involved in studying the thermal sensitivity of
the TATAPA-2 hydrogel (Fig. 4e). In the temperature range from
4 °C to 50 °C, tan ¢ decreased from 0.52 to 0.28. G’ and G” were
maintained relatively stable at 50-70 °C. Subsequently, a small
increase in tand from 0.28 to 0.36 was observed when the
hydrogel was further heated to 90 °C. The dissociation of
hydrogen bonding among carbonyl groups was accounted for
the increased tan 6 at the first stage (4-50 °C), which decreased
inter-molecular interactions. Considering the multidentate
supramolecular interaction provided by phytic acid, the
temperature-sweep plateau at the second stage (50-70 °C)
resulted from the retained hydrogen bonding between carbonyl

2822 | Soft Matter, 2022, 18, 2814-2828

groups and phosphate groups. At the third stage (70-90 °C),
dynamic disulfide exchange played a critical role and the S-Ar-
based covalent crosslinking within the hydrogel resisted gel-sol
transition (Scheme 2). Over the entire temperature range, the G’
values were higher than the G” values since the hydrogel should
have a viscous behavior and its network remained stable under
heating. The strong dependence of the rheological properties
on temperature allows the TATAPA hydrogel to maintain shape
stability as well as mold to the desired shape through the
heating-cooling procedure, which is a typical feature of the
supramolecular bulk hydrogels. Strain-sweep measurements at
different temperatures demonstrated similar results, in which
the hydrogel showed maximum mechanical strength at 4 °C
(Fig. 4f). Moreover, in accordance with the temperature-sweep,

This journal is © The Royal Society of Chemistry 2022
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Scheme 2 The proposed dynamic bonds of the TATAPA hydrogel during the temperature sweep.

the G’ values had negligible differences at 37 °C, 50 °C and
75 °C.

3.5. Antioxidant activity and cellular toxicity of TATAPA
hydrogels

The antioxidant activity of the hydrogels was also evaluated by a
DPPH radical assay. The scavenging capability of DPPH radical
is a common method for measuring polyphenol-based oxida-
tion resistance. The DPPH scavenging activity of all the TATAPA
hydrogels after 10 min incubation with DPPH solution was
90%, which was far more than that of the TAPA hydrogel (Fig.
S7, ESIt). The DPPH ethanol solution gradually changed color
from dark violet to pale yellow when DPPH radicals were
neutralized. It could be inferred that tannic acid residues in
TATAPA hydrogels had a far-reaching positive effect on DPPH
radical trapping, whereas a proportion of PA possessed a weak
DPPH-scavenging capacity. In vitro cytotoxicity assay study of
TATAPA-2 hydrogel with L929 cells was also performed since
these kinds of cells are recognized as beneficial for wound
healing (Fig. S8, ESIt). In the prospect of DAPI staining at
certain time intervals, cell proliferation could be observed and
the cell number in the hydrogel extracts tripled on day 2 and
day 3 in comparison with that on day 1. Moreover, in contrast,
to the blank control, the TATAPA hydrogel group exhibited a 2-
time magnification of the cell number. These results demon-
strated that the hydrogel possessed good biocompatibility,
which could be applied as a wound dressing for multiple uses.

This journal is © The Royal Society of Chemistry 2022

3.6. Utilization of TATAPA hydrogels as wound dressings

In vivo antibacterial ability of the TATAPA hydrogel was
assessed by a burn MRSA infection model. A burn wound was
made on the back of a pathogen-free BALB/c immune-
competent male mouse by pressing a hot brass cylinder
(90 °C) for 6 s and then inoculating with MRSA (Fig. 5a). Mice
with burn wounds were treated with saline, TAPA hydrogel and
TATAPA hydrogels, respectively. TATAPA and TAPA hydrogels
could be directly pasted onto the wound sites. As a result,
obvious recovery of MRSA-infected burn wound sites could be
observed after removal of the TATAPA hydrogel patch after 72 h
treatment. Whereas the other two groups had obvious redness
and swelling appearance at the wound sites (Fig. 5b). H&E
staining was also involved in assessing the degree of infection
as well as the recovery status at the wound sites (Fig. 5c). After
24 h treatment, non-continuous or porous epidermal layers
with large number of inflammatory cells (stained blue) existed
in the saline and TAPA controls. In comparison with the other
two groups, fewer inflammatory cells were found in the TATAPA
group. After 72 h of treatment, the degree of ulceration of skin
tissue deepened in the saline and TAPA controls with large
disconnections in the epidermal layers. Nonetheless, an almost
intact epidermis structure with a few inflammatory cells was
observed in the TATAPA group, which showed that the TATAPA
hydrogel reduced the inflammatory effects at the MRSA-
infected burn wound site. Moreover, the bacterial burden of
the wound sites was quantified by counting colony numbers on

Soft Matter, 2022, 18, 2814-2828 | 2823
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In vivo anti-MRSA assay of hydrogels in a BALB/c mice burn wound model. (a) Schematic illustration of the mice with a burn wound treated with

the TATAPA hydrogel for wound healing. (b) Images of the recovery status of the MRSA-infected mice treated with saline, TAPA hydrogel and TATAPA-2
hydrogel. (c) Histological analysis of wound tissue sections using H&E staining (inflammatory cells: black arrows; scale bar = 100 um). (d) Photos of the
bacterial colonies originating from the burn wound sites. () Quantitative evaluation of the bacterial burden (CFU mL™) from the infected wound sites
treated with saline, TAPA hydrogel, and TATAPA-2 hydrogel at days 1 and 3 (n = 3). (f) Histological analysis of wound tissue sections using histochemical

immunostaining (scale bar = 100 pm).

LB agar plates after 24 h and 72 h treatment, respectively
(Fig. 5d and e). MRSA grew rapidly in burn wounds treated by
saline and the TAPA hydrogel, and the number of bacteria was
up to 1.84 x 10° CFU mL * and 1.76 x 10° CFU mL
respectively. In contrast, the bacterial number in the TATAPA
group was 5.69 x 10° CFU mL ™", which was 1/3 of those from
the control groups. After 72 h treatment, no further alleviation
of bacterial burden could be observed in the saline and TAPA
control groups. However, the number of bacteria was further
reduced to 3.54 x 10> CFU mL " in the TATAPA group, which
significantly reduced 80% bacterial burden. The determination
of IL-1B expression via immunohistochemistry was also con-
ducted since IL-1f plays a critical role in the protection against
the mucosal pathogen Staphylococcus aureus.”® In comparison
with the saline and TAPA controls, continuous tissue with a
lower degree of IL-1f expression (stained brown) was observed
in the TATAPA group at 72 h post-treatment (Fig. 5f). All the
above-mentioned results indicated that the TATAPA hydrogel
had therapeutic effectiveness for the MRSA-infected burn
wound sites, in which the proportion of tannic acid played a
critical role. Moreover, the treatment of the TATAPA hydrogel

2824 | Soft Matter, 2022, 18, 2814-2828

patch was simple with a facile removal property, which was
desirable for emergency management of the epidermal wound.

3.7. TATAPA hydrogels for hemostasis

Hydrogel with hemostatic effect not only controls bleeding but
also keeps the wound moist for wound healing. A common
feature of adhesive hydrogels for bleeding wounds relies on
sealing wounds and accelerating hemostasis. Interfacial adhe-
sion is mainly based on the reaction between the chemical
active groups belonging to the hydrogel and the amino group in
the protein of a given tissue.”*° The hemostatic effect of the
TATAPA hydrogels was also studied using a rat femoral artery
model. In detail, a syringe was used to puncture the femoral
artery of the rat. Subsequently, a TAPA or TATAPA hydrogel
patch with 2 mm thickness was pasted onto the bleeding site
(Fig. 6a). For the blank control group without any treatment,
the blood loss at 90 s reached 57 mg and the hemostasis time
overpassed 10 min (Fig. 6b). It could be observed through the
transparent TATAPA-1 hydrogel path that the bleeding blood
stagnated at the hydrogel/tissue interfaces and this stagnant
blood volume no longer increased after 3-4 min adhesion,

This journal is © The Royal Society of Chemistry 2022
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revealing that the hydrogel tightly and seamlessly sealed the
bleeding site (Fig. 6¢). In contrast, the TATAPA-1 hydrogel patch
demonstrated the best hemostatic performance and the aver-
age blood loss at 90 s was only 4 mg (Movie S4, ESIt). However,
the hemostatic effect of TATAPA-2 and TATAPA-3 hydrogels did
not meet expectations in comparison with that of the TATAPA-1
hydrogel, in which the large proportion of tannic acid within
hydrogels sacrificed adhesion capability as well as molecular
flexibility by supramolecular interactions. Overall, the adhesion
layer formed between the hydrogel patch and bleeding site
could act as a physical barrier to prevent blood from leaking out
thanks to polyphenol-based adhesion as well as the multi-
carbonyl poly(thioctic acid). To further study the in vivo hemo-
static effect of the hydrogels, a model of the liver bleeding of SD
rats was established, in which a part of the rat’s liver lobe was
sheared off to simulate severe trauma. The liver wound without
any treatment was used as a negative or blank control, whereas
gauze pressing was used as a positive control. Moreover, both
TAPA and TATAPA hydrogel patches were applied as hemostatic
materials (Fig. 7a). In the case of the blank control group,
massive hemorrhage from the cut section could be observed,
causing a vast area of bloodstain on the filter paper. TATAPA-1,
TATAPA-2 and TATAPA-3 hydrogels manifested desired hemo-
static effect and the hemostatic efficiencies were 66%, 76% and
75%, respectively (Fig. 7b and Movie S5, ESIt). Typically, the
TATAPA hydrogels could provide a broad bandage to the cut
surface of the liver by tissue adhesion, which resisted further
blood loss. In contrast, the gauze pressing treatment only
achieved a hemostatic efficiency of 37%. The TAPA hydrogel
turned out to be less effective than the TATAPA hydrogels since
the absence of polyphenol-based adhesion. All the hemostatic
tests showed that the TATAPA hydrogel could be applied in
muscular artery hemostasis, in which the hydrogel sealed up
the bleeding site by polyphenol-poly(thioctic acid)-based tissue
adhesion. With an aim to test the biodegradability as well as
the biocompatibility of the TATAPA hydrogel, a TATAPA-2
hydrogel disc (5 mm in diameter, 2 mm thickness) was
implanted in a full-thickness skin wound of a male SD rat.
The hydrogel exhibited a fast degradation behavior and the
hydrogel disappeared on day 3 after implantation (Fig. S9a,
ESIT). H&E stained sections of the tissue showed gradual
subcutaneous tissue growth without an exaggerated immune
response from day 1 to day 7. Both the in vitro and in vivo assays
demonstrated that the hydrogel had desirable antibacterial
properties, oxidation resistance, tissue adhesion performance,
and good biocompatibility, which was appropriate for wound
dressings, especially at superficial lesion locations.

4. Conclusion

To sum up, the TATAPA hydrogel was synthesized via a bottom-
up method, in which both tannic acid and phytic acid acted
as crosslinkers for the hydrogel network, which met our aim
to develop a multifunctional adhesive gel free of toxic
crosslinkers, oxidants, or heavy metal ions. The hydrogel was

2826 | Soft Matter, 2022, 18, 2814-2828
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transparent, moldable and wearable with a tensile strength of
2.5-3.0 kPa, a breaking elongation of 300-500% and a low
swelling ratio of 200%. The adhesive test showed that TATAPA
hydrogel had a universal adhesive property for various materi-
als such as wood, glass, aluminum, ceramic and so on. Though
the adhesion force towards skin tissue was relatively low, the
TATAPA hydrogel was readily available for removal on demand
and could be used even under a slowly dried condition. I vivo
MRSA burn wound assay demonstrated that the hydrogel
could relieve 80% bacterial burden with desirable recovery
status after 3 day treatment in contrast to the controls. The
hemostatic effect of the hydrogels was also studied by a rat
femoral artery model, which revealed that the blood loss
could be reduced to 4 mg at the 90 s since the hydrogel patch
pasting and the hemostasis time was 3-4 min. Therefore, the
TATAPA hydrogel is promising for scale-up production and can
be used as a first-aid bandage for superficial lesion location in
practical uses.
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