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Abstract

Biocompatible antibacterial hydrogels as novel dressing materials have
been a widely researched method in modern medical technology. Here,
we designed and prepared a new type of multifunctional antibacterial
hydrogels that used poly(vinyl alcohol) (PVA)-tetrahydroxyborate anion
(B(OH),) hydrogel as a vector and pyrrolidinium ionic liquids (ILs) as
antibacterial drugs. The formation of borate ester bonds between PVA and
B(OH), as dynamic network junctions endows hydrogels with multiple
functions. Moreover, the as-prepared hydrogel exhibited -effective
anti-microbial activity against Escherichia coli and Staphylococcus
aureus. Our results indicated that the hydrogels containing ILs with

longer alkyl chain exhibited more pronounced antibacterial properties.



The moisture retention, self-healing, syringeability and multiresponse
behavior together with the antibacterial properties of the hydrogels make
them ideal candidates as multifunctional dressing materials for joint skin
wound healing.
Keywords: lonic liquid antibacterial hydrogels multifunctional dressing
materials
Introduction

The skin is the outermost organ of the body that protects the body from
the external environment.* Skin wounds are susceptible to bacterial attack,
thus causing infection. Bacterial infection is one of the most common
clinical diseases; this type of infection can endanger human health and
even threaten human life.” The ideal wound dressing would prevent the
wound from being further damaged and infected and accelerate the
healing process. In 1962, Dr. Winter first proposed a new concept of the
moisturizing environment of the wound that contributes to wound healing.
A moist wound bed prevents tissue dehydration and apoptosis and
promotes angiogenesis.® Epithelial cells are more prone to migration in
humid compared with dry environments during wound healing, and the
growth factors in the wound fluid are more active in the environment
attached to occlusive dressing.* However, traditional dressings, such as
cotton wool, bandages and gauzes, provide poor occlusion and tend to

promote water evaporation, resulting in a relatively open dehydrated
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wound bed.”>°

Hydrogels have a 3D network structure through physical or chemical
crosslinking”™ that absorbs a large amount water or biological fluids,
swells without structure destruction and provides a suitable 3D
environment and mechanical protection.” In addition, hydrogels have
many features, such as good biocompatibility, adjustable strength and
flexibility, providing a broad application prospects in the biomedical
field."" ' As an improvement upon the traditional wound healing agents,
antibacterial hydrogels have become a research hotspot.

As research continues to advance, many advanced antibacterial
hydrogels with versatility have been developed. As an emerging category
of antibacterial materials, hydrogels with unique properties, such as

13.14 and self-healing, have been reported.’>*® The design

responsiveness
of multifunctional and multiresponsive smart hydrogels with self-healing
and self-supporting properties in noncovalent systems has attracted
particular interest due to their wide applications in biotechnology,®’
adaptability and reversibility.”> Dynamic covalent chemistry is one
method for the preparation of smart materials based on reversible
covalent bonds, which integrate both the stability of covalent bonds and
the reversibility of noncovalent bonds. Dynamic materials with

controllable structure and chemical properties have broad applications in

biomedical fields. The formation of borate ester by the reversible and
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controllable “‘click reaction” between boronic acid and diol has been
intensively studied and can be readily used for the construction of
molecular receptors.’® Meanwhile, with the introduction of borate ester
functionality, these materials exhibit attractive properties, such as
glucose-sensitivity, reversibility and self-healing. These materials have a
wide range of applications, especially in biomedical areas.

Poly(vinyl alcohol) (PVA) is a nontoxic, degradable and water-soluble
polymer.! PVA-based hydrogels have exhibited many beneficial
properties, such as high biocompatibility, good biodegradability and
adhesion performance. B(OH), interacts with two distinct cis-diol groups
on PVA to yield the formation of a hydrogel system. Hence, antibacterial
hydrogels provide versatility and responsiveness by incorporating
antibiotics into PVA-B(OH), hydrogels. However, the long-term use of
antibiotics has led to the emergence of many drug-resistant bacteria that
are very difficult to conquer.® Moreover, conventional antibiotics are
associated with numerous other problems, such as solubility, overdose,
and cytotoxicity.” Therefore, it is critical to identify new types of
antibacterial drug with different antimicrobial mechanisms and effective
and safe drug delivery systems.

Cationic liposomes consisting of a polar head group and a hydrophobic
lipid moiety exhibit definite antibacterial effects. In addition, their
antibacterial mechanism is different from that of traditional antibiotics.””
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21 Cations preferentially adsorb the negatively charged cell wall by
electrostatic interactions, and hydrophobic chains are subsequently
inserted into the lipophilic region of the cell membrane. Such an
interaction results in physically irreparable damaged bacterial cell
membranes and reduce bacterial resistance. This new antibacterial
mechanism illuminates method to combat bacterial resistance.

lonic liquids (ILs) have been known for a long time as organic salts;
nevertheless, research on and the application of ILs have been decreasing.
The special properties of ILs, such as high thermal stability, negligible
vapor pressure, conventional nonflammability, and outstanding solvation

22, 23

properties, make them widely used in many applications, such as

catalysis, biocatalysis, synthetic chemistry and electrochemistry.?*
Their most prominent feature is the ability to regulate physicochemical
properties, such as viscosity, hydrophobicity, boiling point, melting point
and solubility, through proper selection of anions and cations. Previous
studies have demonstrated that ILs with cations, such as ammonium,
imidazolium, pyridinium, quinoliunium, and phosphonium, exhibit
excellent antibacterial properties.*?

Inspired by the antibacterial mechanism of cationic liposomes, herein
we designed and prepared a series of ILs based on pyrrolidinium cations

with different alkyl chain lengths as antibacterial drugs. PVA-B(OH),

hydrogel was selected as vector to make the antimicrobial hydrogel
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multifunctional and expand its potential application in biomedical fields.
The cross-linking mechanism of PVA-B(OH), is reversible and transient
as well as pH and glucose sensitive resulting in the conversion between
the sol-gel. The multifunctional hydrogel is expected to overcome
multiple limitations of currently available antibiotics and has potential
applications in antibacterial dressings and topical administration.
Experimental
Materials
Briefly, 1-methylpyrrolidine (98%, Shanghai Aladdin Chemistry Co. Ltd),
1-alkyl bromide C,H..:Br (98%, n=4, 6, 8 and 12, Beijing J&K
Scientific, Ltd), poly(vinyl alcohol) (99% hydrolyzed, Beijing J&K
Scientific, Ltd), boracic acid (AR, Shanghai Sinopharm Chemical
Reagent Co. Ltd), sodium hydroxide (AR, Shanghai Sinopharm Chemical
Reagent Co., Ltd), ether absolute (AR, Tianjin Tian in Fuyu Fine
Chemical Co., Ltd) and ethyl acetate (AR, Tianjin Tian in Fuyu Fine
Chemical Co., Ltd) were used as-purchased without further purification.
Deionized water was used throughout the experiments.
Synthesis of Pyrrolidinium lonic Liquids C,MPBr (n=4, 6, 8 and 12)

The compound 1-methylpyrrolidine was dissolved in ethyl acetate.
Then, an equimolar amount of 1-alkyl bromide C,H,,+:Br (n=4, 6, 8 and
12) in ethyl acetate was slowly added to the solution at room temperature

under a nitrogen atmosphere. The reaction mixture was then stirred at
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room temperature for 48h. After the reaction, the solution was filtered and
the resulting residue was purified with ether absolute at least thrice. The
obtained ionic liquid (IL) C,MPBr was dried under vacuum at room
temperature for 24 h, and the product was obtained. The purity of the
product was ascertained by *H NMR (300 MHz, D,0).
C4MPBr § (relative to TMS): 3.36 (s, 4H), 3.25 — 3.13 (m, 2H), 2.89 (s,
3H), 2.07 (s, 4H), 1.73 — 1.55 (m, 2H), 1.34 — 1.18 (m, 2H), 0.81 (t, 3H).
CsMPBTr 6 (relative to TMS): 3.43 (s, 4H), 3.32 — 3.20 (m, 2H), 2.97 (s,
3H), 2.15 (s, 4H), 1.82 — 1.65 (m, 2H), 1.28 (td, J = 9.4, 8.4, 4.5 Hz, 6H),
0.83 (t, 3H).
CsMPBTr 6 (relative to TMS): 3.50 — 3.39 (m, 4H), 3.33 — 3.20 (t, 2H),
2.98 (s, 3H), 2.16 (s, 4H), 1.83 — 1.66 (m, 2H), 1.38 — 1.20 (m, 10H), 0.82
(t, 3H).
C12,MPBr § (relative to TMS): 3.47 — 3.36 (m, 4H), 3.30 — 3.18 (m, 2H),
2.96 (s, 3H), 2.13 (s, 4H), 1.72 (s, 2H), 1.31 — 1.14 (m, 18H), 0.78 (t, 3H).
Preparation of Hydrogels

PVA was dissolved in distilled water at a concentration of 5wt% under
continuous magnetic stirring for 3 hours at a temperature of 90 °C to
obtain homogenous solution A. C,MPBr was formulated into 0.5 mol/L
solution B. Briefly, 0.5 mol/L NaB(OH), solution C was prepared by
dissolving NaOH and H3;BO3;. PVA/C,MPBr hydrogels were prepared by

mixing solution A and solution B at a volume ratio of 2:1 under stirring.
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The fabrication of PVA/C,MPBr/B(OH), hydrogels were prepared by
mixing solution A, solution B and solution C according to the volume
ratio of 2:1:1 under stirring.
Characterization
Fourier transform infrared (FI-IR) spectra

After removing H,O, hydrogels were converted to xerogel by
freeze-drying under vacuum. FT-IR spectra were obtained at a resolution
of 2 cm * using a BIORADFTS-165 spectrometer.
Thermal properties

Thermogravimetric analysis (TGA) was performed on a Rheometric
Scientific thermoanalyzer (Piscataway, NJ) under nitrogen flow with a
10 °C/min heating rate from room temperature to 650 °C.
Scanning electron microscopy (SEM) micrographs

A Gemini SEM 300 scanning electron microscope was used to obtain
the cross-section morphology micrographs of the hydrogels at ambient
temperature and low vacuum. After removing H,O, hydrogels were
converted to xerogel by freeze-drying under vacuum. The xerogel was
coated with a 100-150 A Au layer by sputtering.
Degree of swelling of membrane

The hydrogels were dried under vacuum to constant weight. Dried
hydrogels were immersed in phosphate buffer saline (pH=7.4). The

hydrogels were removed from solutions, wiped with tissue paper 2 to 3
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times at set intervals and weighted as quickly as possible using a digital
microbalance. The experiment was repeated thrice and results were
averaged. The degree of swelling (DS) was calculated using the following

formula:*

w=M—W 100%
W, 0

where, W; and W, are the mass of the swollen and dried hydrogels,
respectively.
Rheological Measurements

Rheological measurements were obtained using a Haake Rheostress
6000 rheometer with a cone-plate system (C35/1 Ti) at 25 °C. For each
sample, a dynamic frequency sweep measurement was recorded in the
linear viscoelastic region, which was determined from dynamic stress
sweep measurement.
Self-healing

The hydrogels (diameter 6.4 mm, thickness 3 mm) were dyed different
colors (red, yellow, blue and purple), and then, the cut surfaces were
brought together to make a contact at room temperature without the
application of an outside stimulus. Subsequently, the healed samples were
used in the self-supporting test.
Syringeability

Solution D was obtained by mixing 0.5 mol/L IL C,MPBr solution



with an equal volume of 0.5 mol/L B(OH), solution. A 5 wt % PVA
solution colored by bromothymol blue served as solution E. Solution D
and E were placed in different syringes for injectable experiments.
Environmental responsiveness test
(1) pH responsiveness

Briefly, 0.5 mL of 0.1 mol/L HCI or NaOH was added to the
synthesized PVA/C,MPBIr/B(OH), hydrogel to explore its pH response
performance.
(2) Glucose responsiveness

Here, 0.5 mL 0.1 mol/L glucose was added to the synthesized PVA/
C,MPBr/ B(OH), gel to investigate its glucose response performance.
Antibacterial Test

Antibacterial activities of the hydrogels against Escherichia coli
(CGMCC 1.12883) and Staphylococcus aureus (CMCC 26003) which are
the most common microorganisms found on burn wounds, were tested
using the agar diffusion method to measure the zone of inhibition. The
zone of inhibition was defined as the clear region around the sample disc
saturated with an antimicrobial agent on the agar surface. The zone of
inhibition, expressed in mm, was calculated using the following formula:

inhibition zone(mm) = (D — d)/2

where D is the diameter of the inhibition zone and d is the diameter of the

sample expressed in mm.
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Briefly, 1 mL of the OD600=0.9 bacterial solution was inoculated onto
250 mL of sterilized Luria Bertani (LB) agar medium, and a sample disc
with a diameter of 6.4 mm was placed on the inoculated agar plate after
the medium was solidified. After 24 h incubation at 37 °C, colonies were
visualized and digital images were captured. The formed clear zones

diameters were measured. Each sample was repeated thrice.
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Figure 1. FTIR spectra for the (a) pure PVA and PVA/C,MPBr and (b)

PVA/C,MPBr(n=4,6,8 and 12).

FTIR spectra of pure PVA, PVA/C,MPBr and PVA/C,MPBI/B(OH),
are shown in Figure 1; these results support the interaction among
components. The broad peak in the range of 3000-3600 cm™ corresponds
to hydroxyl group of PVA.%! After the incorporation of IL into the PVA, a
characteristic peak derived from the pyrrolidine cation appeared at 1450
cm™ (Figure 1a). The peak positions and intensity of the hydroxyl group

are sensitive to hydrogen bonding. The interaction between pyrrolidine
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cations and the oxygen of hydroxyl leads to partial hydrogen bond
cleavage. The intensity of hydroxyl characteristic peaks decreased, and
their maximum absorption wavelength shifts to a higher wavenumber due
to the chaotropic effect of ILs.* This interaction is also reflected in the
appearance of the hydrogel as shown in Figure 2. PVA and IL are
combined by ion-dipole interactions, which weaken the hydrogen
bonding between the PVA segments, thus forming an opaque hydrogel.
As shown in Figure 1b, a significant difference was observed after the
addition of B(OH), . B(OH), participates in “‘click reactions” with diols
and their congeners with dynamic covalent functionality.*® The dynamic
crosslinking between PVA and B(OH), is indicated by the characteristic
peaks at 1465 and 1365 cm™ (asymmetric stretching vibration of B-O—C)
and 625 cm™ (bending of B—-O-B linkage within the borate networks),*"
3 indicating that the -OH groups on the PVA interact with the borate ions
to form a borate bond. Borate ions connect the PVA chain segments into a
3D network structure by means of borate bonding, and IL is well
dispersed in the hydrogel system by virtue of electrostatic interactions. As
a result, a uniform and transparent hydrogel is obtained (Figure 2b). The
3D networks and the water absorbency of hydrogels are indispensable for
the implantation of the antibacterial functions of ILs. In addition, the
dynamic covalent crosslinking between PVA and B(OH), forms a

reversible network that endows hydrogels with new functions, such as
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glucose-responsivity, reversibility, and self-healing.

Figure 2. Formation mechanism and schematic diagram of PVA/
C4MPBr and PVA/C,;MPBIr/B(OH), hydrogel.

The microscopic morphology of the hydrogel skeleton was observed
by SEM in Figure 3. The PVA/C,MPBTr hydrogel exhibits a uniform dense
structure, and no porous structure is observed, as shown in Figure 3a.
After B(OH), was introduced into the PVA/C,MPBr hydrogel system,
the hydrogel exhibits a highly loose porous 3D network structure due to
the cross-linking between PVA and B(OH), (Figure 3b). The porous
structure is beneficial to absorb and retain moisture. This feature is in
accordance with the DS measurement where the water content of these

hydrogels accounts for greater than 94 wt%, revealing that the hydrogels
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maintain a moist healing environment for the wound. TGA is used to
measure the thermal stability of hydrogels shown in Figure S1. The pure
PVA began to decompose at 220 °C while the PVA/C,MPBI/B(OH),
hydrogels exhibited a higher decomposition temperature at 260 °C. The

increased thermal stability of the hydrogel is also due to the dense

network structure.®

Figure 3. SEM images of hydrogels (a) PVA/C,MPBr and
(b)PVA/C,sMPBI/ B(OH), .

Recently, in situ formed hydrogels have been recognized for their
potential biomedical applications, including minimally invasive drug
delivery, injectable tissue engineering, surgical glues, tissue sealants,
and adhesion prevention coating.*® * An important direction in the
development of hydrogel-based technology is the preparation of
injectable hydrogels under mild conditions. Gel precursors (sol) are
injected to form a hydrogel through a sol-to-gel transition mechanism.

To achieve in situ hydrogel formation, the reaction must be performed
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under mild conditions with a fast reaction rate for simultaneous
injection. The gelation rate of the hydrogel significantly influences its
practical application.®® A mixed solution of 0.5 mol/L C,MPBr and
B(OH), and a pure 5 wt% PVA solution (bromothymol blue added)
were prepared separately (Figure 4a-d). Of note, the gelation process
can be quickly realized within 30 s when the two solutions are
simultaneously extruded from the syringe. The interaction between
borate and hydroxyl groups is particularly effective for the formation of
3D network structures, prompting dynamic crosslinking to occur very
quickly at room temperature.* This injectable hydrogel has high
plasticity, which can be adapted to the shape of various wounds.
Although polymer-based gels have superior performances, their
desirable properties tend to deteriorate when they are damaged by
cracks on a macro or micro scale, limiting their lifetime. To remove this
restriction, many novel smart gels exhibit self-healing properties that
restore their function and structure after damage. Hydrogels based on
dynamic interactions have ability to self-heal after damage. The whole
healing process does not require the induction of external stimuli (heat,
light, pH or catalyst). The hydrogel exhibits excellent self-healing
properties (Figure 4e,f). The entire self-healing process occurred in
approximately 2 min. The self-healing process mainly benefits from the

synergistic effect of multihydroxyl structures and dynamic covalent
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bonds. The possible self-healing mechanisms are shown in Figure 4(g).
First, the remaining -OH groups in PVA can rapidly form hydrogen
bonds on the contact surface, but hydrogen bonds are weak and easily
disrupted by mechanical deformation. Then, the anchoring of the free
B(OH), on the PVA chains rapidly triggers of the self-healing process
without external assistance.®
In addition, to illustrate that addition of B(OH), increased the
cross-linking density, a dynamic frequency sweep contrast experiment
was  performed on the  hydrogels PVA/C,MPBr  and
PVA/C,MPBI/B(OH)4 . As shown in Figure S2, the storage modulus (G’)
is higher than the loss modulus (G”*) for all hydrogel samples, which is
indicative of the gel properties. For PVA/C,MPBr system, the addition
of C,MPBr to PVA solution causes a decrease in the modulus. Moreover,
this change is more remarkable for a system with shorter carbon-chain
CnMPBr. ILs C,MPBr with short chains are more hydrophilic than those
with long chains. Therefore, long-chain ionic liquid molecules will
aggregate to some extent in water due to hydrophilic-hydrophobic
interactions, which results in larger moduli. After the addition of
B(OH), ", the cross-linked structure formed via the interaction between

B(OH), and -OH groups of PVA, which results in the increased moduli.
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Figure 4. The gelation ability, injectability and self-healing of

PVA/C,MPBIr/B(OH); hydrogels. (a) 0.5 mol/L mixed solution of
C,MPBr and B(OH);; (b) 5 wt% pure PVA solution; (c) The two
solutions are simultaneously pushed out from the syringes; (d) Hydrogel
formation and self-support performance; (e) Several cylindrical hydrogel
blocks dyed with different colors; (f) Self-supporting hydrogel was
constructed by self-healing of small hydrogel blocks; (g) Schematic
illustration of self-healing mechanisms of PVA/C,MPBr/B(OH),

hydrogels: (i) A cylindrical hydrogel is cut into two pieces using a knife.
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(if) The remaining -OH groups in PVA can rapidly form hydrogen bonds
on the contact surface across the damaged zone. (iii) The dynamic
association and dissociation of the borate ester bonds.

Water content and swelling of hydrogels are two important aspects that
affect gel performance. High water content can maintain a moist
environment, which is beneficial to wound healing, and large swelling
degree promotes to the absorption of wound exudates and prevents
secondary bacterial infection.*® DS test results indicate that gels have high
moisture content (as high as 94%). The 3D network structure of the
hydrogel endows the gel mechanical strength so that it cannot be
disintegrated after absorbing an excessive amount of water. The degree of
swelling is dependent on the structure of the hydrogel and the interaction
of the polymer with the permeate.** Figure 5 shows the swelling kinetics
of hydrogels. Because PVA is hydrophilic in nature, water molecules can
be easily absorbed by PVA hydrogel. All hydrogels exhibit rapid swelling
at the initial stage. Then, the swelling equilibrium was achieved in 12 h at
room temperature (Figure 5a). The results indicated that swelling degree
of PVA/C,MPBr hydrogel increased as the carbon chain length of ILs
increased (Figure 5b). However, when B(OH), is added to form a
cross-linked structure, the equilibrium swelling degree of the hydrogel
was remarkably reduced because the fact that the addition of B(OH),

causes a greater degree of cross-linking and the hydrogel backbone
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becomes denser. This structure maintains the good mechanical properties

of the hydrogel after absorbing a large amount of water.
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Figure 5. (a) Plot of swelling rate(%) versus time for different hydrogel
samples; (b) swelling degree for different hydrogel samples.

The intriguing stimuli-responsive behavior of hydrogels has attracted
widespread attention as biomimetic systems. Borate ester linkages have
the ability to break and reform on exposure to certain environmental
stimuli due to the reversible nature of dynamic covalent bonds.** * The
introduction of borate ester bond endows hydrogels with new functions,
such as glucose responsivity and pH reversibility.** The rheological
properties of PVA/B(OH), hydrogels have changed dramatically in the
presence of glucose because the formed borate esters are dissociated in
the presence of another competitive saccharide molecules, such as
glucose.® Given their glucose responsivity, these hydrogels can be
developed for glucose sensing or self-regulated insulin release.**
Similarly, our investigated PVA/C,MPBr/B(OH), system also exhibited

an obvious glucose responsivity (Figure 6a). In addition, the
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pH-responsive behavior of the hydrogels was also tested. As
demonstrated in Figure 6b, given the highly pH-dependent and reversible
binding between the boronic acid group and cis-diols, the
PVA/C4MPBI/B(OH), hydrogel showed pH-responsive features. The
hydrogel underwent a gel-sol transformation process when the pH of the
system was reduced by adding HCI. The significant change in rheological
properties is attributed to the dissociation of borate ester bonds below the
pKa of the boronic acid component.** In addition, this phase transition
is reversible. When the pH was adjusted to the initial state by the addition
of equimolar NaOH, the sample reverted back to a gel state. This
reversible gel-sol conversion represents promising applications,

especially for drug delivery in cancer targeting therapy.”

Figure 6. Glucose- and pH- responsive  behaviors  of
PVA/C,;MPBI/B(OH), hydrogel.
To evaluate the antibacterial activity of ILs, microbiological assays

were performed (Figure 7). In this study, the zone of inhibition test
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method was used to examine the antibacterial activity of hydrogels. The
inhibition zone averages for each bacterium are listed in Table S1.
Without the addition of C,MPBr, the pure PVA hydrogel displayed almost
no antibacterial properties (Figure 7b,d). The clear inhibition zone was
obvious after the incorporation of ILs. The superior antibacterial
properties are mainly attributed to the bactericidal properties of ILs. It is
worth noting that the carbon chain length of ILs is the most significant
indicator of antimicrobial activity. We hypothesize that the role of ILs is
similar to cationic liposomes, which can cause cell death through
destruction of cell membrane.® A schematic diagram of the possible
bactericidal mechanism of ILs is presented in Figure 8. First, the ILs are
preferentially adsorbed on the negatively charged cell membrane based
on electrostatic interactions. Then, ILs with longer carbon chains tend to
be inserted into the lipophilic region of the cell membrane, causing
irreversible physical damage to weaken the bacterial resistance.?® In
addition, after the addition of borate ions, the inhibition zone becomes
smaller. It is hypothesized that a cross-linked network structure was
formed when B(OH), was added. This structure facilitates the
encapsulation of moisture and prevents the antibacterial ILs aqueous from

diffusing easily, thereby achieving more efficient wound healing.>?
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Figure 7. Inhibition zone against Escherichia coli (a)-(b) and
Staphylococcus aureus (c)-(d) for pure PVA (prepared by freezing
-thawing method), PVA/C,MPBr and PVA/C,MPBr/B(OH), hydrogels
(n=4,6,8 and 12)

Vi

T\

: 3 . : Irreparable damaged
Electrostatic interaction Insert into membrane cell membranes

Figure 8. Schematic illustration of the possible bactericidal mechanism of
ionic liquid (C,MPBI).

Joints frequently move and bend. The ideal joint wound dressing makes
good contact with the skin without hindering movement. Hydrogels
composed of natural polymers with good tensile properties can be used to
simulate the extensibility of human skin tissue.® > The tensile properties
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of PVA/C,MPBI/B(OH), hydrogels were evaluated via tensile testing as
shown in Figure S3-4. The hydrogels exhibited superior tensile properties
(>200%) and maintained good ductility after healing. Furthermore, the
hydrogels showed good adhesive properties on human knuckle skin
(Figure S5). Therefore, these antimicrobial hydrogels have potential

applications as dressing materials for joint skin wound healing.

Conclusion

In summary, we report a series of antibacterial hydrogels based on
poly(vinyl alcohol) (PVA)-tetrahydroxyborate anion (B(OH);) and
pyrrolidinium ILs (C,MPBr) for joint wound dressing. Poly(vinyl alcohol)
(PVA)-B(OH), hydrogels were used as vectors and pyrrolidinium ILs
(C,MPBr) were used as antibacterial drugs. These antibacterial hydrogels
exhibited multiple functions, including self-healing, syringeability and
glucose and pH responsivity. Pyrrolidinium ILs (C,MPBr) played a
similar role to cationic liposomes that have been widely used as
antibacterial drugs. The chemical structure of ILs and the hydrogel
skeleton structure have an obvious effect on antibacterial properties. ILs
with longer alkyl chain exhibited more pronounced antibacterial activities
against Escherichia coli and Staphylococcus aureus, causing irreversible
physical damage to weaken bacterial resistance. The three-dimensional
(3D) network structure of hydrogels can prevent the leakage of

antibacterial liquid, which is beneficial for accurate administration to the
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wound area. The incorporation of borate linkages with dynamic
cross-linking properties facilitates the responsiveness of the hydrogel.
Furthermore, the hydrogels exhibit suitable stretchability and adhesive
properties on human knuckle without any resistance, which indicating
potential applications as dressing materials for joint skin wound healing.
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Highlights:

1. The ILs as antibacterial drugs which exhibited antibacterial properties.

2. The hydrogel showed multifunction such as self-healing and multi-
responsiveness.

3. The hydrogel can serve as dressing materials for joints skin wound healing.
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