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Abstract

Enzyme-mediated crosslinked hydrogels as soft materials for biomedical applications have gained
considerable attention. In this article, we studied the effect of post-treatment with tannic acid on
adhesiveness and physiochemical properties of an enzymatically crosslinked hydrogel based on
chitosan and alginate. The hydrogels were soaked in TA solution at different pH (3, 5.5, 7.4, and 9)
and concentrations (1, 10, 20, 30 TA wt%). Increasing the TA concentration to 30 TA wt% and pH
(up to 7.4) increased the TA loading and TA release. TA post-treatment reduced the swelling ratio and
degradation rate of the hydrogels due to the formation of hydrogen bonding between TA molecules,
chitosan, and alginate chains due to the increasing the secondary crosslinking density. TA-reinforced
hydrogels with 30% TA (Gel-TA 30) exhibited significantly high adhesive strength (up to 18 kPa),
storage modulus (40 kPa), and antioxidant activity (>96%), antibacterial activity, and proliferation

and viability of 3T3-L1 fibroblast cells.

Keywords: Marine polysaccharides; Adhesive hydrogels; Tannic acid treatment; Enzymatic

crosslinking
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1. Introduction

The development of adhesive hydrogels has attracted much scientific consideration in clinical
applications such as wound closure, tissue sealants, and hemostatic and wearable biosensors (Z. Chen
et al., 2021; Xiao Hu, Xia, Huang, & Qian, 2019; Suneetha, Rao, & Han, 2019). However, the design
of adhesive biomaterials with adequate adhesiveness and biocompatibility is highly challenging (Le et
al., 2018; Xie et al., 2015). Adhesion is defined as cohesion to withstand stresses and the value of
adhesiveness to other materials (Fan, Wang, Zhang, & Jin, 2017; S. Nam & Mooney, 2021). Different
parameters such as chemical, physical, and mechanical factors govern biomaterials' cohesion and
adhesion properties, modified by non-covalent and covalent intermolecular interactions. Generally,
supramolecular assembly plays a prominent role in improving the cohesive/adhesive properties by
entangled polymeric structures, crosslinking with donor-acceptor crosslinking strategy, and metal
complexation leading to high adhesive properties even under wet conditions (H. G. Nam, Nam, Yoo,

& Kim, 2019) (Bal-Ozturk et al., 2021).

Several chemistries have been used to develop adhesive hydrogels, such as adhesives based on
cyanoacrylate (Super Glue) (Cerda, Ballester, Aliena-Valero, Carabén-Redafio, & Lloris, 2015) and
catechol chemistry inspired by mussels foot protein (Bilotto et al., 2019). However, the toxicity and
exothermic curing process in cyanoacrylate-based adhesives (Cerda et al., 2015; Garcia Cerda,
Ballester, Aliena-Valero, Carabén-Redafio, & Lloris, 2015), the neurological effects of dopamine, and
the prohibitive cost of catechol functionalized adhesives limit their biomedical applications and

clinical practice usage (Jinshan Guo et al., 2018; Schultz, 2007).

Recently, enzyme-mediated crosslinking reactions have gained interest due to the selectivity and
versatility of enzyme choices such as transglutaminase (TG), tyrosinase, lysyl oxidase/amine oxidase,
thermolysin, and phosphopantetheinyl transferase, etc. (Khanmohammadi et al., 2018; Sakai &
Nakahata, 2017). Horseradish peroxidase (HRP)-catalyzed hydrogelation has been a promising
candidate for developing bioadhesive hydrogel due to the mild reaction, fast reaction, non-toxicity,
and feasibility (Thi, Lee, Le Thi, & Park, 2019). However, the design of bioadhesive using HRP-

mediated crosslinking requires catechol groups with limited adhesiveness due to the oxidation of the
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catechol groups, as well as the challenge of grafting polymer with a high number of catechol groups.
The catechol-modified hydrogel's adhesiveness may decrease due to the catechol groups' occupation

with metal ions or oxidation into quinone (Fan et al., 2017).

Plant-derived polyphenols such as tannic acid (TA) with multiple catechol/pyrogallol groups can
provide high adhesive to different substrates (both organic and inorganic) as a safe and low-cost
molecule (Hao et al., 2020). In addition, due to the presence of multiple hydroxyl groups, TA can
form multiple interactions such as hydrogen bonding, hydrophobic, electrostatic, and coordination
interactions with a wide range of synthetic and natural materials (Junling Guo, Suma, Richardson,
Ejima, & Engineering, 2019; Liang, Zhou, Wu, Li, & Li, 2019). In fact, TA can act as an effective
crosslinker both as a primary and secondary network to reinforce the mechanical properties of
hydrogels (Bai et al., 2021; Fan, Wang, & Jin, 2018; Lee, Hwang, Kim, & Jeong, 2018; Zhou et al.,

2018).

TA-based hydrogels can be either prepared by directly incorporating TA into hydrogel formulation
(C. Chen et al., 2021) or indirectly by immersing the hydrogels in TA solution, reinforcing the
hydrogel physicochemical and biological properties(Meng et al., 2021). Indirect crosslinking with TA
through immersion of the hydrogels in its solution does not interfere with the primary crosslinking,
and for that reason, this method has drawn great scientific interest in developing double network (DN)
hydrogels. DN hydrogels are a class of interpenetrating polymer network (IPN) materials possessing
high mechanical strength and toughness thanks to their unique structure with two high energy
dissipation (Haque, Kurokawa, & Gong, 2012). Recently, the production of DN hydrogels through
immersion in TA solution has drawn great scientific interest that can provide hydrogels with superior
mechanical properties and versatile functions such as adhesiveness and self-healing properties as well
as biological activities compared to untreated hydrogels (X. Li et al., 2020; Narasimhan et al., 2021;

Wen et al., 2020).

TA cannot be directly used to develop an adhesive hydrogel with HRP-mediated crosslinking due to
its strong scavenging effect against H.O, and phenolic radicals, which lead to the inhibition of HRP-
mediated crosslinking (Giil¢in, Huyut, Elmastas, & Aboul-Enein, 2010). Thi et al. reported that the
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addition of gallic acid to phenol functionalized gelatin hindered the HRP-mediated crosslinking due to
the scavenging activity of gallic acid (Le Thi et al., 2020). Hence, to prevent the interfering effect of
TA on HRP-mediated crosslinking, the crosslinked hydrogel can be reinforced by immersing in the

TA solution.

In this study, for the first time, we developed a series of adhesive hydrogels using the synergy of
HRP-mediated crosslinking and TA as a secondary crosslinking. Phenolated chitosan and alginate
were used to prepare the hydrogels by the synergy of HRP-mediated crosslinking and electrostatic
interaction between chitosan and alginate. Besides, hydrogels were reinforced by TA with different
concentrations and pH to investigate the effect of TA reinforcement on hydrogel's physicochemical
and mechanical properties. Besides, the TA effect on the hydrogel’s biological properties such as

antioxidant, antibacterial, and cytocompatibility was evaluated.

2. Materials and methods

2.1. Materials

Chitosan (50-190 kDa) with a deacetylation (DD) degree >75% (C3646), sodium alginate (Na-Alg)
(W201502, alginic acid sodium salt from brown algae) with molecular weight (Mw) of 120-190 kDa
and M/G ratio of 1.61, 1-ethyl-3-(3dimethylaminopropyl)carbodiimide (EDC) (98 %), N-
hydroxysuccinimide (NHS) (98 %), horseradish peroxidase (HRP), lysozyme (BioUltra, lyophilized
powder, >98%, >40,000 units/mg protein), 2,2-Diphenyl-1-picrylhydrazyl (DPPH), Hoechst
(H33342), ethidium homodimer I (E1903) and hydrogen peroxide (H20,) (30%) were purchased from
Sigma Aldrich (St. Louis, MO, USA). 3-(4-Hydroxyphenyl) propionic acid (> 99 %) and tyramine
hydrochloride (>98 %) were obtained from Carbosynth (Compton, United Kingdom). Tannic acid,
95% (molecular weight of 1701.23 g mol™?), was purchased from Acros Organics (NJ, USA). The cell

Live/Dead assay kit was purchased from Abcam (ab115347, Cambridge, UK).

2.2. Chitosan and alginate modification

Chitosan and alginate were conjugated by phenol groups through reaction with 3-(4-hydroxyphenyl)

propionic acid and tyramine, respectively, using carbodiimide coupling chemistry according to our
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previous study (Jafari et al., 2022). The conjugation of chitosan-3-(4-hydroxyphenyl) propionic acid
(Ch-Ph) and alginate-tyramine (Alg-Ty) was monitored by 'H NMR and Ultraviolet-visible
spectroscopy. The phenol content of Ch-Ph and Alg-Ty was measured by Uv-vis spectroscopy using
the 3-(4-hydroxyphenyl) propionic acid and tyramine hydrochloride calibration curve at 275 nm. Ch-

Ph and Alg-Ty exhibited phenol content of 356 and 280 pumole per gram of polymers, respectively.

2.3. Hydrogel formation

Hydrogels were prepared in two steps; first, the hydrogels were synthesized by enzyme-mediated
crosslinking using HRP and H,O,, and then they were immersed in TA solution for 24 h to obtain TA
reinforced hydrogel. Briefly, phenolated chitosan (Ch-Ph) and alginate (Alg-Ty) were dissolved in
deionized water at 1.5 wt%. Then, the solutions were mixed by dropwise addition of the (Alg-Ty)
solution to (Ch-Ph) solution under vigorous agitation for one h to homogenize the electrostatic
interaction between the positively charged chitosan and negatively charged alginate. Then, the
hydrogels were cast into cylindrical molds with a diameter of 30 mm by pouring 2.7 mL gel
precursor, followed by the addition of 150 pl HRP and 150 pl H,O, solution with a final
concentration of 1 U/mL and 1 mM, respectively. After 10 minutes, the hydrogels were immersed in
20 mL of 10 wt% TA solution at four different pH values of 3, 5.5, 7.4, and 9, and the hydrogels were
named Gel-TA pH 3, Gel-TA pH 5.5, Gel-TA pH 7.4, and Gel-TA pH 9. Moreover, four different
concentrations of TA solution (1, 10, 20, 30 wt%) at the natural pH of TA solution (3) were used to
evaluate the TA concentration on the hydrogel properties, and the hydrogels were named Gel-TAx,

where X refers to the TA solution concentration.

TA loading into the hydrogel influence by immersion media (concentration and pH) was investigated
by UV-vis spectrophotometry (Sun, Xiong, Pan, & Cui, 2017). The concentration of the TA solution
after immersion was quantified by UV-Vis spectroscopy (LAMBDA™ 25/35 Series UV/vis
PerkinElmer spectrophotometer) at 278 nm and a calibration curve of TA with different

concentrations.
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2.4. Physiochemical characterization

An FT/IR-6600 Spectrometer (JASCO, Japan) at 64 scans per spectrum with a resolution of 4 cm™
was used to record the infrared spectra of freeze-dried hydrogels. Hydrogels swelling index and the
enzymatic degradation were investigated using the method previously described (Jafari, Dadashzadeh,
et al., 2021; Moshayedi, Sarpoolaky, & Khavandi, 2021). The freeze-dried hydrogels were soaked
into a PBS solution at 37 °C for 24 h to obtain the equilibrium swelling. Then, the hydrogels were
removed, the excess water was removed by filter paper, and the swelling index (g/g) was calculated

using the following equation:
Swelling index = W, /W, (1)
where W, and W1 are the initial and swelled weight of hydrogels.

The in vitro degradation of the Gel-TA hydrogels was evaluated in PBS solution containing 1 mg/ml
lysozyme as a degradation media, which was refreshed with new media once per three days (Lungu et
al., 2021). The specific weight of the dried hydrogels was immersed into a degradation medium and
then incubated in an oven with a temperature of 37°C. At each interval, the hydrogels were taken out
from the media and were completely dried in an oven at 50°C for 72h. The degradation rate was

calculated using the following equation:
Degradation rate (%) = ("/'//V—‘j) x 100 (2)
where Wi and Wy are the initial dried and final weight of hydrogels.

Scanning electron microscopy (SEM) (Hitachi SU-70, Tokyo, Japan) was used to evaluate the

microstructure of the cross-sectioned freeze-dried hydrogels.
2.5. TA in vitro release

TA release from hydrogel was measured by using UV—Vis spectroscopy according to the described
method (Ahmadian et al., 2021). The influence of the concentration and pH of immersion media on

the release of TA in PBS was evaluated. Hydrogels at different pH (3, 5.5, 7.4, and 9) at a constant
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TA concentration (10 %), and hydrogels with different TA concentrations (0, 1, 10, 20, and 30 %) at
constant pH (3) were used to study the TA release. Briefly, 0.1 g of the dried hydrogels were
immersed in 20 mL of PBS and placed into a shaker incubator at 100 rpm at 37°C. Then, 1 mL of the
hydrogels' release media at pre-determined time points was withdrawn and replaced with 1 mL of
fresh PBS solution to maintain the total volume of release medium constant (20mL). After sampling
in the time points, the cumulative concentration of released TA from hydrogels was quantified

according to the calibration curve and UV-Vis spectroscopy at 278 nm. (n=3)

2.6. Rheological properties

The rheological behavior of hydrogels was investigated using a rheometer (Anton Paar MCR 302,
Austria) equipped with a plate-plate geometry (25 mm) at 37 °C. Storage modulus (G") and loss
modulus (G") of hydrogels were evaluated using oscillatory tests (He et al., 2020). The frequency
sweep test was conducted at a frequency range from 0.1 to 100 Hz and a constant strain of 0.1 %.
Besides, an amplitude sweep test (1 to 500 %) was performed at a constant frequency of 1 Hz (Jing et

al., 2019).

2.7. Thermal properties

The thermal stability of Gel-TA hydrogels was evaluated by thermogravimetric analysis (TGA-DTA)
analysis using a TA instrument (Netzsch STA 409 PC coupled with Netzsch QMS 403C). Freeze-
dried hydrogels (30 mg) were heated from 30 °C to 600 °C at a heating rate of 10 °C/min under

nitrogen flow (60 mL/min).

2.8. Adhesiveness assessment

Hydrogels adhesiveness was evaluated by lap shear test using Zwick/Roell Z020 universal testing
machine (Zwick GmbH, Ulm, Germany) according to the method described (He et al., 2020). Briefly,
the hydrogels were formed by enzyme-mediated crosslinking on the two opposite sides of porcine
skin (2x3 cm) with 5 mm thickness, and two porcine skin pieces were bonded. Then the samples were

immersed in TA solution (1, 10, 20, 30 %) for 24 h prior to the experiment. Then, the incubated
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samples were tested via lap shear test with a 2kN cell load at a constant speed of 10 mm/min until the

breakage of attached porcine skins to obtain the adhesive strength of the samples. (n = 3).
2.9. Antioxidant activity

The antioxidant activity of hydrogels was investigated by DPPH! radical scavenging assay (Tran, Le
Thi, Thi, & Park, 2020). Briefly, the hydrogels were incubated into 1 mL DPPH solution (0.5 mM) in
a 48-well plate for 30 min in the dark. Then, the absorbance of hydrogels and control (100 uL distilled
water) at 520 nm was measured using a microplate reader (Epoch microplate, BioTek Instruments,
Inc., Winooski, VT, USA). The DPPH radical scavenging activity (%) was measured using the

following equation:

Radical scavenging activity (%) = [1 — (4s/Ac )] x 100 (3)

Where As and Ac are the absorbances of samples, and the control (distilled water), respectively.

2.10. Antibacterial performance

The antibacterial activity of hydrogels was investigated against Gram-negative Escherichia coli (E.
coli, ATCC 27195) and Gram-positive Staphylococcus aureus (S. aureus, ATCC 25923) using a disk
diffusion test (Rezaei et al., 2020). Briefly, one single-cell colony of freshly cultured bacteria was
inoculated into Muller-Hinton (M-H) broth and incubated at 37 °C to reach an absorbance value of
0.5 McFarland equivalent turbidity standard (102 CFU/mL). Then, agar plates were uniformly spread
with 100 pL of the bacterial suspension (10 CFU/mL). The cylindrical discs hydrogels were placed
onto an agar plate and incubated for 24 h at 37 °C. The antibacterial effect of the hydrogels was

measured by the inhibition zone around each sample (n=3).

2.11. Cytocompatibility

The cytocompatibility of hydrogels was evaluated using 3T3-L1 mouse fibroblast cells by MTS and a
live/dead assay (Chan et al., 2020; F. Wang et al., 2020). The hydrogels were transferred to a 96-well

plate and sterilized by washing with PBS (2 times), then exposed to ultraviolet light for 30 minutes

1 2,2-diphenyl-1-picryl-hydrazyl-hydrate
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(Kumar, Nune, & Misra, 2018). Then, 3T3-L1 cells with a cell density of 10*cells/well were seeded
on the hydrogel and incubated for three days, and the media was replaced every day. At one and three
days, 20 puL of MTS solution was added to the wells and incubated for four h. After incubation, the
media was transferred to a 96-well plate, and the cell viability was evaluated by measuring the

absorbance of the control (cell-cultured media) and the samples at 490 nm using a plate reader (n=3).

For the live/dead staining, the sterile hydrogels were placed into a Millicell EZ SLIDE 8-well glass
(Merck, Kenilworth, NJ, USA), and the cells with a density of 10* cells/well were seeded on the
hydrogels. According to the manufacturer's instructions, the cells were stained using the live/dead kit.
Live cells were stained green and dead cells red, and the images were taken using a fluorescent

microscope (Zoe fluorescent cell imager, Biorad, Hercules, CA).

Moreover, the hydrogel cell distribution was evaluated by nucleus staining using Hoechst 33258
(Rivero et al., 2020). Briefly, the cell-seeded hydrogels were cultured for three days at 37 °C, and the
cell nucleus was stained using 10 uM Hoechst and incubated for 45 min. After washing the cells with
PBS two times, the cells were fixed using 4% paraformaldehyde. The cell nuclei distribution and
morphology were analyzed using a fluorescent microscope (Zoe fluorescent cell imager, Biorad,

Hercules, CA).
2.12. Statistical analysis

All experiments were carried out in triplicates, and the results were expressed as means + standard
deviations. Statistical analyses were performed using GraphPad Prism 8 (GraphPad Software Inc.)
using one-way ANOVA followed by Tukey's posthoc analysis. P-values < 0.05 were considered

statistically significant. Wherever significance has been proven, it is indicated by *p < 0.05.

3. Result and discussion

3.1. Hydrogel fabrication

The Gel-TA hydrogels were fabricated in two-step methods; first, the enzymatic crosslinking of
phenolated chitosan and alginate hydrogel was followed by TA reinforcement by incubation in TA
solution (Scheme 1). First, the chitosan and alginate were conjugated with phenol groups using a

9
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carbodiimide coupling chemistry (Fig 1a), and the H NMR spectra of Ch-Ph and Alg-Ty
demonstrated new signals around 6.6-7.2 ppm corresponding to the aromatic ring protons of the
phenol groups showing the successful conjugation of phenol groups to the backbone of chitosan and
alginate (Fig 1b,c) (T. Li et al., 2019). Moreover, the new peaks presented at 1.1, 2.8, and between 3-
3.5 ppm in Alg-Ty spectra are due to the residual EDC-urea byproduct after the amide coupling
reaction (Jeon et al., 2009; Sandvig et al., 2015). Besides, unlike the unmodified chitosan and
alginate, the presence of a new peak at 275 nm in the UV spectra Ch-Ph, and Alg-Ty could confirm
the phenol modification (Fig 1 d,e) (Sakai et al., 2018). Then, the mixture of Ch-Ph, and Alg-Ty at the
concentration of 1.5 % (1:1 volume ratio) solution was used for the hydrogel formation by HRP-
mediated crosslinking. The hydrogel was formed immediately after adding HRP and H,O; due to the
catalysis of oxygen radicals generated by HRP/H,0, leading to the formation of C-C and C-O bonds

between the phenoxy radicals (Liu et al., 2020).
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hydrogels.

In the second step, the enzyme-mediated crosslinked hydrogel was immersed into a TA solution to
obtain TA reinforced hydrogel (Gel-TA) through the formation of secondary crosslinking. After
immersion, the hydrogel color changed to light brown, indicating the TA incorporation and formation
of secondary crosslinking (Kaczmarek-Szczepanska, Mazur, Michalska-Sionkowska, Lukowicz, &
Osyczka, 2021). TA can form multiple interactions such as hydrogen bonding, hydrophobic,
electrostatic, and coordination interaction with a wide range of polymers (Junling Guo, Suma,
Richardson, & Ejima, 2019). In this study, hydrogen bonding is formed between multiple hydroxyl
groups of TA, with hydroxyl, amine groups of chitosan (An, Kang, & Li, 2019), and carboxyl groups
of alginate (W. Zhang et al., 2020). Moreover, a weak electrostatic interaction can be formed between
protonated amino groups of chitosan and ionized phenoxy hydroxyl groups of TA (An et al., 2019)

(Scheme 1).

To investigate the chemical bonds of Gel-TA hydrogels, FTIR was performed (Fig 1f). We previously
showed that enzymatically crosslinked phenolated chitosan-alginate revealed a similar FTIR spectrum
compared to the individual chitosan and alginate hydrogel with a shift in the carboxylate groups of
alginate. Besides, the amide | band of chitosan disappeared and overlapped with the carboxylate
groups of alginate, indicating the formation of electrostatic interaction between the positively charged
chitosan and negatively charged alginate (Jafari et al., 2022). The broad peak at 3260 cm? is
attributed to the OH and NH stretch, and the sharp peak at 1570 corresponds to the amide I of
chitosan and carboxylate stretch of alginate, which overlapped due to the electrostatic interaction (Ho,

Mi, Sung, & Kuo, 2009).

Moreover, the peaks at 1400 and 1024 cm™are associated with the carboxylate and C-O stretch of
alginate. Besides, the peak at 1158 cmis attributed to the phenolic C-O band presented in Gel-TA 0
due to the phenol conjugation (Kim, Kim, Song, Kang, & Park, 2020). The TA spectrum showed the
stretching vibration of the phenolic (-OH) group between 3500 and 3000 cm?, and a peak at 1698 is

attributed to the stretching vibration of C=0 groups of carboxylic ester (Ge et al., 2019). The peaks at
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1614-1443 cm correspond to the aromatic C=C stretch, and the characteristic peaks at 1183-1120
and 757 cm? are attributed to the substituted benzene ring vibration and bending aromatic vibration
C—H of TA (He et al., 2020). For the TA reinforced hydrogels (GEL-TA 1, 10, 20, and 30), all the
characteristic peaks of TA were observed, indicating the successful TA incorporation into the
hydrogels. Furthermore, after the TA treatment, the characteristic peaks of amide | and carboxylate
stretch of Gel-TA 0 at 1570 cm™ was disappeared and overlapped with the aromatic C=C stretch
bands of TA at 1605 cm™, possibly due to the hydrogen bonding between hydroxyl groups of TA, the
amine groups of chitosan, and carboxyl groups of alginate (Bozi¢, Gorgieva, & Kokol, 2012).
Moreover, the amide | and carboxylate stretch of Gel-TA hydrogels were shifted to a lower
wavenumber (from 1605 to 1599 cm™? ), showing the enhancement of hydrogen bonding by increasing
the TA concentration from 1 to 30 %. Besides, the characteristic peaks of C=0 groups of TA was
shifted to the lower wavenumber (1698 to 1690 cm™) after TA treatment by increasing TA
concentration from 1 to 30 % which could be due the possible hydrogen bonding between hydroxyl

groups of TA and amine and carboxyl groups in chitosan-alginate hydrogel.
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Scheme 1. Schematic illustration of Gel-TA preparation through the enzyme-mediated crosslinking and

subsequent tannic acid reinforcement and the possible interaction between TA, chitosan, and alginate.

3.2. Effect of pH and TA concentration on TA interaction

First, we investigated the effect of pH on the TA conjugation due to the pH sensitivity of TA
interaction (Abouelmagd, Abd Ellah, Amen, Abdelmoez, & Mohamed, 2019). At a constant TA
concentration (10 %), three different pH (5.5, 7.4, and 9), in addition to the TA solution natural pH (3)
were investigated. The TA reinforced hydrogels exhibited a different surface and roughness, as well
as different TA loading by changing the TA solution pH. Increasing pH up to 7.4 increased the TA
loading from 30.8 £2.4 to 86.1 + 2.3 mg/g and further increased to pH 9, resulting in a significant

decrement in TA loading (3.5 £ 0.9 mg/g).

The TA loading results show pH's significant effect on the polymer/TA interactions. The protonation
or ionization of TA depends on the solution pH (pKa~8.5 for TA), which further affects the
interaction between polymer and TA (I Erel-Unal & Sukhishvili, 2008). At acidic conditions, the
phenol groups of TA are mainly protonated, which are hydrogen donors for binding with hydrogen-
accepting chitosan and alginate but have weak electrostatic interaction with cationic chitosan (T.
Shutava, Prouty, Kommireddy, & Lvov, 2005; T. G. Shutava & Lvov, 2006). Increasing the pH
significantly enhanced the electrostatic interaction between deprotonated phenolic hydroxy groups on
TA and the free amino groups of chitosan, leading to an increase in TA loading and crosslinking
density. Moreover, the water loss of hydrogel after immersion showed that by increasing the pH to
7.4, the water loss increased from 73.1 = 1.9 to 90.6 £ 1.4 %, and the hydrogels at pH 5.5 and 7.4
were completely dehydrated with high shrinkage after 24 h immersion. However, the minimum
loading (3.5 + 0.9 mg/g) and water loss (45.9 + 4.4) occurred at pH 9, possibly due to the oxidation of
TA molecules resulting in the TA self-assembly, which hinders TA from interacting with the hydrogel

(Zhan, Yan, Sheng, & Li, 2020).

Then, at the natural pH of TA solution (3), the effect of TA concentration was investigated on the

hydrogel properties. The results showed an increase in TA loading from 8.1 + 1.2 to 241 + 27.1 mg/g
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by increasing the TA concentration (1 to 30 %), indicating the formation of more interaction between
the hydrogel and higher crosslinking density. Moreover, the same trend was observed for the
hydrogels' water loss, and the Gel-TA 30 exhibited the maximum water loss (86.6 + 1.7 %), while the

Gel-TA demonstrated the lowest amount of water loss (52.3 + 3.8 %).
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Figure 2. a) photograph image of hydrogels after immersion in TA solution with different pH (3, 5.5, 7.4,9) at a
constant concentration of TA (10 %) and TA solution with different concentrations (1, 10, 20, 30 %) at constant
pH 3 (natural pH of TA solution); b) water loss of hydrogel after 24 h immersion in TA solution with different
pH at a constant concentration of TA (10 %); ¢) water loss of hydrogel after 24 h immersion in TA solution with
different concentrations (1, 10, 20, 30 %) at constant pH 3; d) TA loading onto the hydrogels treated with
different pH (3, 5.5, 7.4, 9) of TA solution at a constant concentration of TA (10 %); e) TA loading onto the

hydrogels treated different TA solution concentration (1, 10, 20, 30 %) at constant pH 3.

3.3. Swelling behavior

The swelling index of Gel-TA hydrogels treated with different pH and TA concentrations was
evaluated (Figs 2f,e). The results demonstrated that increasing TA loading reduced the swelling index
due to the secondary crosslinking and, subsequently, increased crosslinking density (Gwak, Hong, &
Park, 2021). Among the hydrogel treated with different pH of TA solution, Gel-TA pH 7.4 exhibited
the lowest swelling index (6.85 £ 1.4 g/g), while Gel-TA pH 9 showed the highest swelling index
(13.8 £ 1.5 g/g) (Fig 2e). Moreover, increasing the TA concentration from 1 to 30 % decreased the

hydrogel's swelling index; therefore, the swelling index decreased from 13.9 + 1.1 to 7.3 = 1.7 g/g,
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while the untreated hydrogel (Gel-TA 0) demonstrated the highest swelling index (17.4 + 1.7) among
the samples. The results showed that TA treatment could significantly decrease the swelling capacity
of the hydrogel due to the formation of secondary crosslinking via hydrogen bonding between TA and

the chitosan and alginate network (He et al., 2020).

3.4. Microstructure, in vitro TA release, and degradation behavior of hydrogels

The microstructure of hydrogels was evaluated by scanning electron microscopy (SEM) (Fig 3a), and
the results showed a microporous morphology for all of the hydrogels regarding the TA concentration.
However, increasing TA concentration caused a reduction in the pore size of hydrogel and led to a
more compact structure with smaller pores compared to the untreated hydrogel. The result is in
agreement with the swelling capacity, which lower swelling was due to the smaller pore size and
denser hydrogel microstructure. This phenomenon is due to the crosslinking effect of TA, and
increasing the TA concentration, augments the crosslinking density of hydrogel because of a high

amount of hydrogen bonding between TA and the polymer chains (X. Li et al., 2020).

Besides, the in vitro TA release of hydrogels treated with different pH and concentrations of TA
solution were investigated using UV spectrophotometry (Figs 3b,c). First, the effect of varying pH of
immersion media was investigated on the TA release (Fig 3b), and the results demonstrated that by
increasing the pH from 3 to 7.4, the TA release after 72 h increased from 1239.5+22.1 to 1874.8+43.2
ppm; while, minimum TA release was observed for pH 9 (447.4£53.4), which is aligned with the TA
loading result agreeing with the lowest TA loading at pH 9. Moreover, an assessment of the TA
concentration effect on the TA release revealed that increasing TA concentration caused an
augmentation in the release profile of TA due to the higher loading of TA on the hydrogels than the
hydrogels in the presence of a lower concentration of TA. All samples showed a burst release during
the first hour, which could be due to the presence of poorly bonded TA on the surface of the hydrogel
that quickly transferred to the PBS media. Similarly, burst release of unbounded and poorly
crosslinked TA at one h of immersion into PBS has been reported previously (Z.-Y. Zhang et al.,

2020).
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Furthermore, the enzymatic degradation behavior of the hydrogels treated with different pH and
concentrations of TA were investigated in lysozyme solution at 37 °C (Figs 3d,e). The results showed
that changing the TA solution pH significantly affects the hydrogel's degradation. By increasing of
samples’ pH from 3 to 7.4, their degradation rate decreased so that the ultimate remaining mass of
Gel-TApH 3 and 7.4 was 13. 1 £ 0.5 and 59.6 + 2.1 %, respectively. However, further increasing to
pH 9 caused an acceleration in the hydrogel degradation with the lowest remaining mass (9.7 £ 1.2
%). The results showed that the formation of ionic interaction at pH 5.5 and 7.4 could significantly
slow down the degradation rate in comparison to pH 3 which hydrogen bonding is the primary
interaction between the TA and the polymer chain. The slow degradation rate of samples with higher

pH is due to the stronger ionic bonds than the hydrogen bond, which decreased the degradation rate.

Moreover, by increasing the TA concentration from 1 to 30% at the same pH (3), the degradation rate
decreased due to the formation of a higher amount of hydrogen bonding and crosslinking density (Fig
3e). It is worth mentioning that the untreated hydrogel (Gel-TA 0) was completely degraded after 10
days (data are not shown), indicating the significant effect of TA on the hydrogel degradation, which
prolonged the degradation rate from 10 days to more than 50 days. TA inhibits the lysozyme activity
by bonding with the active sites of lysozyme via hydrogen bonding, hydrophobic, and ionic
interaction, which leads to lysozyme aggregation (Su et al., 2019). Hence, several factors contributed
to the enhanced degradation resistance of the Gel-TA hydrogels, including TA's inhibitory effect on

the enzyme and its crosslinking capability.
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Figure 3. a) Gel-TA hydrogels microstructures; b,c) TA release of hydrogels treated with different
pH and TA concentration; d,e) degradation profile of Gel-TA hydrogel treated with different pH and

TA concentration.

3.5. Viscoelastic properties of Gel-TA hydrogels

The effect of TA treatment on hydrogels' stiffness and viscoelastic properties was assessed by
rheological measurement (Fig 4). The Gel-TA 0 hydrogels demonstrated a storage modulus (7 kPa)
independent of frequency due to the covalent and non-reversible nature of enzymatic crosslinking (Fig
4a) (McGill, Coburn, Partlow, Mu, & Kaplan, 2017). TA treatment increased the G' of hydrogels, and
increasing TA content from 1 to 30 %, significantly improved the G' of hydrogels from 14 to 40 kPa
(Figs 4a,b) (at a frequency of 1 Hz), due to the formation of secondary crosslinking through the
hydrogen bonding between TA, and functional groups of chitosan and alginate. Moreover, Gel-TA 1
exhibited a G' frequency-dependent compared to Gel-TA 0; besides, the G' frequency-dependent
behavior was intensified in Gel-TA 10, 20, and 30 (Fig 4b). This phenomenon is due to the formation
of new non-covalent bonds such as hydrogen bonding and electrostatic interaction with dynamic
nature between hydroxyl groups of TA, hydroxyl, and amine groups of chitosan, as well as carboxyl

and hydroxyl groups (Hossain et al., 2020; Ross-murphy, 1995). Indeed, restriction of polymer chain

movement at high frequency leads to the higher G', indicating that TA treated hydrogels had a more

viscoelastic behavior compared to the Gel-TA 0 (Lee et al., 2018).

Furthermore, TA treatment caused a significant tan delta (Tan 6= G’/G") increment from 0,04 to 0.4
at a frequency of 1 Hz ( 0 to 30 % TA), indicating that non-covalent interaction could improve the
energy dissipation of hydrogel during the deformation due to the reversible nature of hydrogen

bonding (Hao et al., 2020).

The amplitude sweep results (Figs 4c,d) showed that increasing TA concentration (0 to 30 %) could
improve both G', and G' compared to the Gel-TA 0. Besides, similar to the frequency sweep test, Gel-
TA hydrogel (Fig 4c,d) demonstrated a different behavior compared to the non-treated hydrogel (Gel-

TA 0) (Fig 4c). Indeed, Gel-TA 0 showed a sharp reduction in G’ after the linear viscoelastic region
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(LVR); however, the TA reinforced hydrogel showed a lower slop reduction in G’, showing the
elastic behavior could be due to the presence of dynamic non-covalent bonding. Viscoelastic
assessment results confirmed TA's role as a secondary crosslinking, which led to a transition from

elastic to more viscoelastic behavior (K. Chen et al., 2021).

3.6. Thermal properties of the Gel-TA hydrogels

Thermogravimetric analysis (TGA) was performed to investigate the effect of TA treatment on the
thermal stability of the hydrogels (Figs 4e,f). The thermal degradation showed two decomposition
stages for all of the hydrogels. The first stage occurred between 50-150°C with minor weight loss of
approximately 10% due to the water evaporation of hydrogels (Table 1) (Yang et al., 2019). The
second decomposition stage happened at 200-300 °C with a sharp weight loss corresponding to the
polysaccharides chain degradation (Jafari, Delporte, et al., 2021). By increasing TA content from 0 to
30 %, the maximum degradation temperature was not significantly changed; however, Gel-TA 20,
and 30 exhibited extra DTGmax at 278.5 and 286.5 °C, respectively (Fig 4f). This phenomenon might
be due to the presence of higher amount of TA into the Gel-TA20, and Gel-TA 30 compared to Gel-
TA 1, and Gel-TA 10. Moreover, Nam et al. have shown that the pure TA exhibited a DTGmax at 292
°C indicating that the second DTGmax of Gel-TA20, and Gel-TA 30 belongs to the TA

decomposition (H. G. Nam et al., 2019).
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Figure 4. Rheological and thermal properties of the Gel-TA hydrogels. a,b) storage modulus (G") and loss
modulus (G")-frequency dependence of Gel-TA hydrogels at a constant strain of 1% at 37 °C; c,d) storage
modulus (G") and loss modulus (G")-strain dependence of Gel-TA hydrogels at a constant frequency of 1 Hz at

37 °C; e) TGA curve of Gel-TA hydrogels; f) DTG curve of Gel-TA hydrogels.
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Table 1. Thermal properties of Gel-TA hydrogels.

Sample First stage degradation Second stage degradation
Range (°C) Peak (°C)  Weightloss Range (°C) Peaks (°C) Weight loss

(%) (%)
Gel-TAO 50-150 85.1 8.9 200-300 229.1 59.3
Gel-TA1 50-150 87.8 7.5 200-300 229.8 63.8
Gel-TA 10 50-150 78.6 9.3 200-300 229.5 69.6
Gel-TA 20 50-150 77.1 7.9 200-300 225.8-278.5 64.1
Gel-TA 30 50-150 85.6 6.5 200-300 229,2-286.5 63.1

3.7. Adhesion behavior of Gel-TA hydrogels

The adhesiveness of the Gel-TA hydrogels was investigated by a lap shear test using porcine skin as a
substrate (Fig 5). The hydrogels were injected between two pieces of porcine skin and then treated
with different concentrations of TA (Fig 5a). The adhesion strength was determined by measuring the
maximum adhesion strength during the detachment (Fig d). The Gel-TA 0 hydrogel (without
treatment) did not show any adhesiveness to the porcine skin; however, the hydrogels could attach to
the porcine skin after TA treatment. Besides, increasing the TA content from 1 to 30 % improved the
adhesive strength of hydrogels from 1.4 £ 0.3 to 16.1 + 0.1 kPa (Fig 5e), showing the significant
effect of TA in enhancing the adhesiveness of hydrogel to the biological tissue. In addition to the
biological tissue (porcine skin), the hydrogel (Gel-TA 30) could be attached to different substrates
such as plastic, glass, and metal, showing its adhesiveness to a wide range of materials (Fig 5b).
Previous studies reported a significant effect of TA on the adhesiveness of hydrogels to the different
substrates due to the presence of 25 hydroxyl groups in the pyrogallol and pyrogallol ester groups of
TA, which leads to the formation of dense hydrogen bonding with various substrates from biological
tissues to metallic materials (Fan et al., 2017). Depending on the substrates, different mechanisms can
be considered for the adhesiveness of TA-based biomaterials. For example, H-bonding, n-n stacking,
and hydrophobic interaction are responsible for the attachment of TA-based hydrogel to wood;
however, metal coordination is mainly accountable for attachment to the stain steel. In the case of
biological tissues, TA can also provide adhesion via the interaction of its catechol-free groups with

amine or thiol groups (from peptides and proteins) on the tissue surface (Fig 5f) (Han et al., 2017).
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Figure 5. Adhesive properties of Gel-TA hydrogels. a) Schematic illustration of sample preparation of lap shear
test; b) photographs Gel-TA adhesion to various substrates such as metal and plastic; c¢) Photographs of lap-
shear tests of two porcine skin adhered with Gel-TA hydrogel; d) stress-strain curve the lap shear test on Gel-
TA hydrogel; e) The adhesive strength of Gel-TA hydrogels. Data were analyzed using a one-way ANOVA test,
*p < 0.05 as a compared type of hydrogel; f) The possible adhesiveness mechanism of gel-TA hydrogels to the

biological tissue.

3.8. Antioxidant and Antibacterial properties of Gel-TA hydrogels

The antioxidant activity of Gel-TA hydrogels was investigated by determining their capability to
scavenge (Fig 6a). TA treatment significantly improved the antioxidant activity of the hydrogel. The
DPPH scavenging activity of Gel-TA 0 was 36.8 + 2.5 % due to the intrinsic antioxidant activity of
chitosan; however, the TA treated hydrogels demonstrated a DPPH scavenging activity of above 96 %
due to the high antioxidant activity of TA. Indeed, TA contains gallol and catechol groups with
multiple hydroxyl groups responsible for its high antioxidant activity by the resonance stabilization of
delocalized electrons (Gwak et al., 2021). Moreover, a complete decolorization of DPPH solution
from purple to yellow was observed for the Gel-TA hydrogels sample indicating a complete pairing of

an electron with hydrogen atoms of TA and the formation of reduced DPPH (Fig 6b) (Ge et al., 2019).
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No significant difference in the DPPH scavenging activity was observed between TA-treated

hydrogels due to the fast release of the required amount of TA for the scavenging effect.

Tannic acid demonstrates antibacterial activity against both Gram-positive or Gram-negative bacteria
by several mechanisms. TA can penetrate the cell membrane of bacteria, interfere with cell
metabolism, and demolish bacteria growth. Moreover, TA can hinder bacteria from attaching to the
surface, which leads to bacteria cell death due to the lack of attachment. TA's ability to inhibit sugar
and amino acids is another feature that contributes to the antibacterial activity of TA (Kaczmarek,
2020; Pandey & Negi, 2018). The antibacterial activity of the Gel-TA hydrogels against Gram-
positive (S. aureus) and Gram-negative bacteria (E. coli) was evaluated using the disk diffusion
method (Fig 6¢). The antibacterial activity of Gel-TA 0 hydrogel was improved after TA treatment
according to the bigger inhibition zone in TA treated hydrogels. Besides, by increasing TA content
from 1 to 30, the inhibition zone was slightly increased against E. coli and S. aureus, indicating TA

concentration's effect on the antibacterial activity.

100

DPPH scavenging effect (%)
o0
o
1

o~

Figure 6. a) The DPPH scavenging activity of Gel-TA hydrogels, results are expressed as % scavenging activity
and are the mean £+ SD of three independent experiments. Data were analyzed using a one-way ANOVA test,

*p < 0.05 as a compared type of hydrogel; b) photographs of Gel-TA hydrogels incubated with DPPH solution
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for 50 min, and the scavenging mechanism of TA,; c) antibacterial activity of Gel-TA hydrogels against E. coli,

and S. aureus investigated by disk diffusion method.

3.9. Cytocompatibility of Gel-TA hydrogels

The cytocompatibility of hydrogels was investigated by live/dead and MTS assay using 3T3-L1
mouse fibroblast cells (Fig 7). The MTS assay showed a good cytocompatibility for the hydrogel with
no less than 80 % viability after 24 and 72 h, indicating the non-toxicity nature of the hydrogels (Fig
7b). The Gel-TA 0 and Gel-TA 1 showed lower viability compared to the control sample (cell culture
media). The results indicated that TA treatment had no toxic effect on the cell viability of fibroblast

cells (Taheri, Jahanmardi, Koosha, & Abdi, 2020).

Moreover, live/dead staining (Fig 7a) showed a high number of vial cells (green) in comparison to the
dead cells (red), indicating the cytocompatibility of hydrogel. Moreover, both live/dead and nucleus
staining showed that the cells seeded on Gel-TA 0 and Gel-TA 1 exhibited a round morphology with a
tendency to cell cluster; however, by increasing TA concentration, the hydrogels demonstrated cell
spreading distribution (Fig 7a). This phenomenon could be due to improving hydrogels hydrophilicity

resulting from TA treatment (Xinyu Hu, Wang, Zhang, & Xu, 2017; R. Wang et al., 2019).

Hence, TA treatment has not shown any adverse effect on fibroblast cells' cell viability and
proliferation and could induce cell proliferation. Previous studies reported the positive impact of TA
on the viability and proliferation of fibroblast cells due to the interaction with imidazoles or thiols on
the cytomembrane of fibroblast through its catechol groups via hydrogen bonding and hydrophobic
interaction(Chang, Liu, Wang, Peng, & Ren, 2021) (He et al., 2020; Meng et al., 2021). Besides, TA
can inhibit transforming growth factor-beta 1 (TGF-B1), resulting in the proliferation, migration, and
gene expression involved in ECM remodeling in fibroblasts (Pattarayan, Sivanantham, Bethunaickan,

Palanichamy, & Rajasekaran, 2018).
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Figure 7. a) 3T3-L1 cell viability assessed by MTS assay after 24 and 72 h. Results are expressed as % cell
viability and are the mean + SD of three independent experiments. Data were analyzed using a one-way
ANOVA test. *p <0.05 as a compared type of hydrogel within each timepoint; b) Cell proliferation and
viability of 3T3-L1 fibroblast seeded on the Gel-TA hydrogels determined by live/dead staining and nucleus

staining using Hoechst 33258, scale bar: 100 pm.

Furthermore, a fluorescence staining of cell nuclei with Hoechst 33258 was used to track cellular
distribution seeded on the hydrogels (Fig 7a). The results showed that the Gel-TA 10, 20, and 30

hydrogels exhibited a uniform distribution of 3T3-L1 cells without aggregation, indicating the
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hydrogels' capability to proliferate fibroblast cells. Increasing the TA concentration led to increased
cell adherence on the hydrogel surface due to higher surface hydrophilicity and the presence of
phenolic hydroxylic groups in TA, which can increase protein absorption further, resulting in better

performance cell growth and proliferation (Xinyu Hu et al., 2017; Lv, Wang, Fu, Li, & Yu, 2020).

4, Conclusion

In summary, bioadhesive hydrogels were prepared by a facile soaking method of enzymatically
crosslinked chitosan and alginate hydrogel in a tannic acid solution. The hydrogen bonding between
TA and the chitosan and alginate chains strengthens the enzyme-mediated crosslinked hydrogel. The
reinforcement showed a pH and TA concentration dependency and by increasing pH up to 7.4,
significantly enhanced the crosslinking density due to the ionization of phenolic hydroxy groups on
TA and subsequently formation of ionic interaction with the cationic chitosan. Besides, increasing TA
concentration prolonged the degradation rate of the hydrogel by decreasing the swelling ratio and
smaller pore size. The TA reinforcement improved both storage and loss moduli with the transition
from frequency independent to frequency-dependent viscoelastic behavior, indicating the formation of
non-covalent interaction. The hydrogel adhesiveness, antioxidant, antibacterial properties, as well as
hydrogel cytocompatibility, and cell proliferation capability were significantly improved after the TA
treatment. The Gel-TA hydrogel, with high mechanical stability, adhesiveness, and biological

features, can be a promising candidate for biomedical application, particularly in wound healing.
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