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ABSTRACT: Acute wounds subject to frequent deformations are Mechano-responsive drug release
difficult to be treated because the healing process was easily LB 1Y

interfered by external mechanical forces. Traditional wound
dressings have limited efficacy because of their poor mechanical
properties and skin adhesiveness and difficulty in the delivery of
therapeutic drugs effectively. As such, tough and skin-adhesive
wound dressings with sustainable and stimuli-responsive drug
release properties for treatment of those wounds are highly
desirable. For this purpose, we have developed a mechano- Ty ——
responsive poly(sulfobetaine methacrylate) hydrogel which aims to j:T}ng.’_—
control the delivery of antibiotic drug upon application of \

mechanical forces. Diacrylated Pluronic F127 micelles were used @ oolvSBMARAEI Oy ioaded 127D RThICEIIGS[SIMEAN

as a macro-cross-linker of the hydrogel and loaded with

hydrophobic antimicrobial drugs. The micelle-cross-linked hydrogel has excellent mechanical properties, with the ultimate tensile
strength and tensile strain of up to 112 kPa and 1420%, respectively, and compressive stress of up to 1.41 MPa. Adhesiveness of the
hydrogel to the skin tissue was ~6 kPa, and it did not decrease significantly after repetitive adhesion cycles. Protein adsorption on
the hydrogel was significantly inhibited compared to that on commercial wound dressings. Because of the mechano-responsive
deformation of micelles, the release of drug from the hydrogel could be precisely controlled by the extent and cycles of mechanical
loading and unloading, endowing the hydrogel with superior antibacterial property against both Gram-positive and Gram-negative
bacteria. In addition, drug penetration into the skin tissue was enhanced by mechanical stress applied to the hydrogel. The micelle-
cross-linked zwitterionic hydrogel also showed good cell biocompatibility, negligible skin irritation, and healing capacity to acute skin
wounds in mice. Such a tough mechano-responsive hydrogel holds great promise as wound dressings for acute wounds subjected to
frequent movements.
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1. INTRODUCTION or walking. Under such dynamic circumstances, most of the
traditional hydrogels are not capable of preventing mechanical
rupture, maintaining their functionality, nor fitting in
compliance with the skin. As a result, the healing process in
those wounds is prone to be interfered or delayed, resulting in

Treatment of acute cutaneous wounds has attracted tremen-
dous attention globally in recent decades.'™ Compared to
traditional wound dressings such as medical gauze and
bandage, hydrogels shed light on wound management, . ) ) ) e
attributed to their good biocompatibility and capability to F)leedmg, pain, or even severe m.fectlons. Considering the
promote healing in a moisture environment.* More impor- 1r.1herent dynamic mechanical env.lronment at thes.e wou'nd
tantly, hydrogels can serve as a carrier to deliver therapeutic sites, development. ofa tough adhesive hydrogel dressing Whmh
drugs for preventing wound infection and promoting the delivers therapeutic drugs in response to body movement is of

healing process.”~” However, most of the research works on

hydrogel dressings have been focusing on treatment of wounds Received: July 19, 2020
in a static environment. In fact, wounds on moving body parts Accepted: November 2, 2020
are usually subjected to various mechanical forces. For Published: November 12, 2020

example, wounds on the elbow, knee, and ankle are subjected
to stretching forces due to body movement, while those
underfoot are subjected to compressive forces when standing
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great clinical importance.*” Various mechano-responsive
hydrogels that adapt their properties to external mechanical
stimuli have been developed recently.'” Among these, control
of drug delivery from mechano-responsive hydrogels is
especially important for wound treatment applications.'’ In
addition, an ideal wound dressing material should be tissue
adhesive, antibacterial, and biocompatible.

Block copolymer micelles are excellent candidates as
nanocarriers for loading and delivery of therapeutic drugs
because of the hydrophobic association between its micelle
core and drug molecule.'”””"* For example, hydrophobic
antimicrobial 4-amide-piperidine-C12 (4AP12) has been
incorporated in Pluronic F127 diacrylate (F127DA) micelles,
which were graft-copolymerized with acrylic acid as a hydrogel
coating for catheter modification."> A sustained release of the
antimicrobial 4AP12 from the hydrogel coating to inhibit
bacterial colonization over at least 14 days was achieved. On
the other hand, functional block copolymer micelles can be
used as macro-cross-linkers to synthesize hydrogels with
outstanding mechanical properties.lé_18 For example,
F127DA micelles can be used as a macro-cross-linker and
serve as an energy dissipator, endowing the poly(acrylamide-
co-acrylic acid) hydrogel with outstanding tensile strength,
toughness, and self-recovery properties.”” The polymer chains
or the micelles in the hydrogel deformed upon application of
external mechanical forces, resulting in a reduction in the
strength of hydrophobic interaction in the micelle core.
However, there is still lack of studies on utilizing the
mechano-responsive property of micelles in hydrogels to
control drug release in a precise manner for wound healing
applications.

Zwitterionic polymers such as poly(sulfobetaine methacry-
late) (polySBMA) have widely been used as antifouling
materials, which form a hydration layer on the surface because
of the solvation of zwitterionic groups.”””' The polySBMA
hydrogel also exhibits excellent adhesiveness to skin tissues,
attributed to the ion—dipole and dipole—dipole interactions
between the zwitterionic groups of polySBMA and functional
groups on the skin surface.”” In addition, it has been reported
that polySBMA hydrogels facilitate the wound healing process
by enhancing cell migration and proliferation and autolytic
debridement,”® and thereby promote angiogenesis and
granulation tissue formation.”"

In this study, a tough, antifouling, and antibacterial hydrogel
which delivered bioactive drugs in a mechano-responsive
manner has been developed, which aims to address the
problem in healing cutaneous wounds in a dynamic mechanical
environment. F127DA micelles served as macro-cross-linkers
and drug carriers, while zwitterionic polySBMA endowed the
hydrogel with tissue adhesiveness and antifouling property.
The release of drug from the hydrogel could be precisely
controlled by stretching or compressing the hydrogel. The
mechanical properties, tissue adhesiveness, protein adsorption,
antibiofilm formation properties, cytotoxicity, skin irritation,
and in vivo wound healing performance of the hydrogel were
studied and optimized. More importantly, the drug release
profile of the hydrogel under the stimulation of various
mechanical strains as well as drug penetration in the skin tissue
was investigated.

2. EXPERIMENTAL SECTION

2.1. Materials. Rifampicin (97%), erythromycin (titer >850 ug/
mg), indomethacin (99%), [2-(methacryloyloxy)ethyl]dimethyl-(3-

sulfopropyl)ammonium hydroxide (SBMA, 97%), N,N’'-
methylenebis(acrylamide) (MBAA, 99%), ammonium persulfate
(APS, 98%), N,N,N’,N’-tetramethylethylenediamine (TEMED,
99%), bovine serum albumin (BSA, 96%), and agar were purchased
from Aladdin Chemistry Co., Ltd. Tryptic soy broth and lysogeny
broth were purchased from Hangzhou Baisi Biotechnology Co., Ltd.
Bradford Reagent (catalog number: B6916) and Pluronic F127 (MW
= 12,600 Da) were purchased from Sigma-Aldrich (Shanghai, China).
N-Butyl-4-(2-aminoethylamino)-1,8-naphthalimide was purchased
from Shanghai Jinjinle Industry Co., Ltd. Staphylococcus aureus (S.
aureus) 5622, Staphylococcus epidermidis (S. epidermidis) $823, and
Escherichia coli (E. coli) 5621 were gifts from the Affiliated Hospital of
School of Medicine of Ningbo University. The strains were isolated
from patients with cutaneous wound infections. The minimum
inhibitory concentrations (MICs) of rifampicin for S. aureus, S.
epidermidis, and E. coli were 0.008, 0.063, and 16 pug/mL, respectively.
Rabbit bone marrow mesenchymal stem cells (BMSCs) were a gift
from Ningbo University.

2.2. Preparation of Drug-Loaded Micelles. Pluronic F127DA
was prepared by acrylation of Pluronic F127, as described in a
previous work.”> Drug-loaded F127DA micellar dispersion was
prepared by the thin-film hydration method, as described in our
previous work."” Briefly, specific amounts of rifampicin and F127DA
were dissolved in S mL of methylene chloride under stirring. The
organic solvent was then removed by vacuum drying, and the
compound was dissolved using 5 mL of deionized water with
continuous stirring at room temperature to obtain a transparent and
clean drug-loaded micellar dispersion. The hydrodynamic size of
F127DA micelles, rifampicin-loaded F127DA micelles, and rifampicin
aggregates in aqueous dispersion was measured by dynamic light
scattering (DLS) using a Zetasizer Nano ZS (Malvern, UK). The
rifampicin-loaded micelle dispersion was filtered using a 0.22 ym filter
to remove any rifampicin aggregates, and the absorbances of solution
at 335 nm before and after filtration were measured using a UV
spectrophotometer (TU-1810, Persee, China).”® The drug amount
was determined by the measurement of UV absorbance at 335 nm of
the dispersion after filtration. The loading efficiency (E) was
calculated using eq 1

A2
E= =2 x 100%

4 (1)

where A, and A, are the absorbances of dispersion before and after
filtration, respectively.

2.3. Hydrogel Preparation. The drug-loaded micellar dispersion
was mixed with a certain amount of SBMA with continuous stirring
until it dissolved fully. Specific amounts of MBAA, APS, and TEMED
were subsequently dissolved in the solution to obtain the hydrogel
precursor. The precursor solution was injected into a closed glass
mold and incubated at 37 °C overnight to form a hydrogel. The
compositions used for the preparation of hydrogels are shown in
Table S1. The hydrogels were denoted F,S,R, where F refers to
F127DA, x refers to the concentration of F127DA in mmol/L, S refers
to SBMA, y refers to the concentration of SBMA in mol/L, and R
refers to rifampicin. Hydrogels loaded with erythromycin, indome-
thacin, or fluorescein [N-butyl-4-(2-aminoethylamino)-1,8-naphthali-
mide] were prepared in a similar manner as described above.

The prepared hydrogel was frozen in liquid nitrogen, fractured to
obtain a cross section, and freeze-dried. The hydrogel sample was
then coated with platinum, and the cross section was observed using a
scanning electron microscope (S4800, Hitachi, Japan).

2.4. Swelling Ratio and Degradation of Hydrogels. For the
swelling test, hydrogels were cut into cylindrical shape (9 mm in
diameter and 1 mm in thickness) and soaked in 15 mL of deionized
water or NaCl solutions with different concentrations (0.15, 0.5, 1,
and 2 mol/L) at room temperature for 24 h. The weights of the
hydrogel disks before and after swelling were recorded. The swelling
ratio (Q) of each sample was calculated using eq 2

https://dx.doi.org/10.1021/acsami.0c13009
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W, - W

Q=-—2—"1x100%

W, (2)
where W, and W, are the weight (in gram) of hydrogel samples
before and after swelling, respectively.

For the degradation test, the hydrogel sample (9 mm in diameter
and 1 mm in thickness) was immersed in 15 mL of phosphate-
buffered saline (PBS, 10 mM, pH 7.2 + 0.2) at 37 °C. At each fixed
time point, water on the hydrogel surface was removed using a filter
paper and the sample was weighed. The weight loss (W) of the
hydrogel was calculated using eq 3

W, - W

W, = ——b % 100%

W, (3)
where W, and W, are the weight (in gram) of hydrogel samples before
and after the degradation test, respectively.

2.5. Mechanical Properties. Hydrogels were cut into 40 mm X
10 mm X 1 mm size and their tensile properties were tested with a
universal testing machine (CMT-1104, SUST, China) at a crosshead
speed of 100 mm/min until breaking point. At least three hydrogel
samples were tested for each group. The Young’s modulus of the
hydrogel was determined from the slope of the stress—strain curve
within a strain range from 0 to 10%. For the cyclic tensile test, the
hydrogel samples were coated with silicone oil to avoid water loss and
tested under the same conditions as described above with a maximum
strain of 100%. For the compression test, hydrogel samples were cut
into a cylindrical shape (15 mm in diameter and 2 mm in thickness)
and compressed at a crosshead speed of 10% strain per minute at
room temperature using the universal testing machine.

2.6. Ex Vivo Tissue Adhesion. The lap shear method was carried
out to evaluate the adhesive strength of hydrogels to porcine skin
(obtained from a nearby supermarket). Prior to the test, the fresh
porcine skin was rinsed with copious amounts of deionized water to
remove any dirt on it. Hydrogels were cut into 15 mm X 15 mm X 1
mm size and sandwiched between two pieces of porcine skin (40 mm
X 15 mm X 3 mm) (Figure S1). To ensure the compatibility of the
hydrogel with the skin surface, a 100 g weight was placed on top of
the hydrogel—porcine skin assembly for S min before testing. The two
ends of the assembly were fixed on a universal testing machine by
clamps, and the assembly was pulled at a shear rate of 50 mm/min
until the breaking point. At least three samples for each group were
tested. The adhesion strength was calculated by dividing the fracture
adhesion force by the contact area between the hydrogel and the
porcine skin (225 mm?).

2.7. Protein Adsorption. Hydrogels, UrgoTul Ag dressing
(URGO Laboratories, Chendve, France), and chitin dressing
(Renhe Medical Supplies Industry and Trade Co., Ltd., Zhejiang,
China) were cut into cylindrical shape (9 mm in diameter and 1 mm
in thickness). All samples were soaked in 2 mL PBS for 1 h to achieve
the swelling equilibrium state prior to the test. After gently removing
the PBS solution, each sample was immersed in 2 mL BSA solution (1
mg/mL in PBS) for 4 h at room temperature. The sample was then
taken out, and the concentration of the remaining BSA solution was
determined using the Bradford method with a slight modification.””
Briefly, 100 uL of the collected BSA solution was added to 3 mL of
Bradford Reagent and vortexed gently for thorough mixing. After 10
min of reaction, the absorbance of the protein—dye complex at 595
nm was measured with a UV spectrophotometer. The standard
calibration curve was obtained following the manufacturer’s protocol.
The concentration of protein in the remaining solution was calculated
from the standard calibration curve. The amount of protein adsorbed
on the hydrogel sample was calculated by subtracting the remaining
amount from the initial amount of BSA in the solution.

2.8. Biofilm Formation Assay. S. aureus and S. epidermidis were
cultured in tryptic soy broth and E. coli was cultured in lysogeny broth
at 37 °C for 18 h under shaking, then diluted using fresh culture broth
1000 times before use. Hydrogels, UrgoClean (URGO Laboratories,
Chendve, France), and UrgoTul Ag dressings were cut into cylindrical
shape (9 mm in diameter and 1 mm in thickness) and placed in a 24-
well plate. Two mL of bacterial suspension was added into each well.

The plate with samples was incubated statically at 37 °C for 24 h.
After incubation, the bacterial suspension was removed and the
samples were gently rinsed with PBS three times to wash away any
nonadherent or loosely adhered bacteria. The sample was then used
for SEM qualitative analysis or bacteria quantification test. For SEM
analysis, bacteria adhering to samples were fixed by incubating the
samples in 2.5% glutaraldehyde for 4 h at room temperature. Each
sample was then serially dehydrated with 25, 50, 75, and 100%
ethanol for 15 min in each step. The samples were dried under
vacuum for 24 h and then coated with platinum for SEM analysis. For
the quantification test, the samples were placed in a centrifuge tube
containing 4 mL PBS. The tubes with the samples were ultrasonicated
for 7 min and vortexed for 30 s to release bacteria into PBS solution.
After serial dilution, the bacterial suspension was spread on
appropriate agar plates (tryptic soy agar for S. aureus and S.
epidermidis and lysogeny agar for E. coli) and cultured overnight at 37
°C to calculate the number of viable bacteria.

2.9. Drug Release upon Hydrogel Stretching. Hydrogels were
cut into strips of 60 mm X 25 mm X 2 mm size, and both ends of the
hydrogel strip (10 mm in length) were covered by silicone rubber and
fixed with binder clips. The assembly was immersed in a container
with 10 mL deionized water (Figure S2). The exposed surface area of
the hydrogel to water was approximately 21.6 cm” in its initial status.
The hydrogel strip was stretched by a determined strain (60 or 80%)
and then released to the initial status at a constant speed of 6 s/cycle
(Video S1). The control experiment was carried out by incubating the
same assembly of hydrogel strip—silicone rubber—binder clips in
deionized water without stretching. After every SO tensile cycles (or
300 s for control groups), 4 mL of solution containing any released
drug was collected and replaced by 4 mL fresh deionized water. The
absorbance of the solution at 335 nm was measured to determine the
concentration of released rifampicin. The cumulative amount of drug
released from hydrogels under different tensile strains was calculated
by summing up the amount of drug released after every SO tensile
cycles or 300 s.

2.10. Drug Release upon Hydrogel Compression. Hydrogel
disks (15 mm in diameter and 2 mm in thickness) were placed in a
container with 6 mL deionized water. An acrylic assembly fixed by
clamps was used to compress samples in a universal testing machine
(Figure S3). As the upper surface of hydrogel was covered by the
acrylic assembly and the lower surface adhered to the plastic
container, the exposed surface area of hydrogel to water was
approximately 0.94 cm?® in its initial status. Hydrogel disks were
compressed by 40, 50, or 60% of their initial thickness and then
released to their initial states at a constant speed of 6 s/cycle (Video
S2). The control experiment was carried out by incubating a hydrogel
sample of the same size in 6 mL deionized water with the acrylic
assembly placed on the top but without compression. Four mL
solution was collected and replaced with the same amount of fresh
deionized water every 40 cycles (or 240 s for control groups). The
cumulative amount of drug released was measured in the same
manner as described above.

2.11. In Situ Small-Angle X-ray Scattering of Hydrogels. In
situ small-angle X-ray scattering (SAXS) analysis of hydrogels under
stretching or compressing forces was conducted using a Xenocs
GeniX 3D Cu ULD microbeam X-ray generator and the wavelength
of the X-rays was fixed at 0.154 nm. A hydrogel strip of 40 mm X 10
mm X 2 mm size was fixed to a tensile stage module. The distance
from the sample to the MAR34S X-ray detector (marXperts,
Norderstedt, Germany) was 2554 mm. The 2D scattering images of
the hydrogel at its initial length and when stretched by 80% were
obtained with an acquisition time of 1800 s. For the SAXS analysis of
hydrogels under compressive strain, the hydrogel disk (9 mm in
diameter and 3 mm in thickness) was sandwiched between two
polyimide films, and the 2D scattering images of the hydrogel with its
original thickness as well as when compressed by 60% were recorded
with an acquisition time of 1800 s.

2.12. Antibacterial Tests. The antibacterial property of the
solutions containing drugs released from hydrogels after stretching or
compressing was evaluated by the disk diffusion method using S.
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Scheme 1. Schematic Diagram Illustration of (a) Preparation of Drug-Loaded F127DA Micelle, (b) Preparation of F.S,R
Hydrogels, and (c) Deformation of Hydrogel Network and Drug Release under Mechanical Force
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aureus, S. epidermidis, and E. coli. Briefly, an overnight-cultured
bacterial suspension was diluted using culture medium by 1000 times.
One hundred microliters of bacterial suspension was spread on the
appropriate agar plate (tryptic soy agar for S. aureus and S. epidermidis
and lysogeny agar for E. coli). Sterilized filter paper disks (6 mm in
diameter) were placed on the agar plate. Ten microliters of the drug
solution obtained from the release experiment described above was
then applied to the filter paper disk. After incubation at 37 °C for 18
h, the diameter of inhibitory zone around the paper disk on the agar
plate was recorded.

2.13. Ex Vivo Drug Penetration Evaluation. Fresh porcine
tissues were cut into bulks (S0 mm X 40 mm; 15 and 3 mm thick for
fluorescence imaging and antibacterial test, respectively), carefully
rinsed with copious amounts of deionized water to remove any dirt,
and assembled with the hydrogel (20 mm in diameter and 10 mm in
thickness and loaded with fluorescein or rifimpicin) and a filter paper
in a universal testing machine (Figure S$4). The whole assembly was
compressed by 60% strain and then released, which are repeated for
1000 cycles with a speed of 6 s/cycle using a universal testing machine
(Video S3). The same hydrogel—tissue—filter paper assembly without
compression placed at room temperature for the same duration (i.e.,
100 min) served as control. The porcine tissue was cut vertically to
obtain a cross section, which was observed using a confocal laser
scanning microscope (TCS SPS, Leica, Germany) to characterize the
penetration of fluorescent molecules into the porcine tissue after
cyclic compression. The fluorescence intensity curve was obtained by
image analysis using Image] (version 1.52p). The disk diffusion test
was conducted to evaluate if any antibiotic has penetrated through the
pig tissue and collected by the filter paper after the cyclic
compression.

2.14. In Vitro Cytotoxicity Assay. The cytotoxicity test of
hydrogels was conducted using rabbit BMSCs according to the
standard protocol stated in ISO 10993-5:2009.>° Briefly, 100 mg of
FS,0 or FgS,oR hydrogel was incubated in S mL of Dulbecco’s
modified Eagle’s medium (DMEM, Hyclone, supplemented with 10%
fetal bovine serum, 1.0 X 10° U/L penicillin, and 100 mg/L
streptomycin) at 37 °C for 24 h to obtain the extract solution. The
F4S,oR hydrogel was also stretched by 80% strain for 250 cycles in
DMEM under similar releasing conditions as described above. The
extract medium containing released drugs was then filtered using a
0.22 pm sterile filter. Rabbit BMSCs were seeded in a 96-well plate
with the density of 10* cells per well and incubated for 24 h to achieve
a monolayer culture. After that, the culture medium was replaced by
the extract solution of hydrogels. Fresh culture medium was used as

52310

control. After cultured for 36 h, the cell counting kit-8 (CCK-8)
(TransGen Biotech Co., Ltd., China) assay was conducted to evaluate
the BMSC viability according to the manufacturer’s protocol. The
absorbance at 450 nm of medium in each well was measured using a
microplate reader (SpectraMax 190, Molecular Devices, United
States). The cell viability was calculated as the percentage of
absorbance value of the experimental group relative to that of the
control group. To determine the cytotoxicity effect of rifampicin,
DMEM containing 1, 2, 4, and 16 ug/mL rifampicin was used to
culture the cells, and the cell viability was evaluated using the CCK-8
assay.

2.15. In Vivo Skin Irritation Test and Wound Healing
Evaluation. Institute of cancer research male mice (25—30 g) were
housed in the Animal Center of Ningbo University. All animals had
free access to standard food and water. Hair on the mouse back was
shaved after anesthesia. All mice were euthanized peacefully after
experiments. All procedures for animal experiments were approved by
the Institutional Animal Ethics Committee of Ningbo University.

The skin irritation test was conducted according to ISO 10993-
10.” The FS,0R hydrogel (8 mm in diameter and 1 mm in
thickness) was placed on the back skin of the animal and a medical
gauze (wetted with PBS) of same size was used as control. The
hydrogel and the gauze were fixed using a Tegaderm dressing (3M,
Minnesota, United States). The appearance of the treated site was
photographed after 1, 24, 48, and 72 h. The irritation score was given
according to the standard protocol. At least three mice were used for
each group.

A full-thickness skin defect mice model was used to evaluate the in
vivo wound healing performance of the F¢S, (R hydrogel. Briefly, two
defect sites of 8 mm diameter were created on the back skin of the
mouse. One of the defect sites was placed with the F¢S, (R hydrogel
(8 mm in diameter and 1 mm in thickness) and the other one was left
without any treatment as control. The wounded site was covered with
a 3M Tegaderm dressing. On days 0, 2, S, 7, and 14, the appearance of
the wound site was photographed, and the size of the wound was
measured using Image] (version 1.52p). At least three mice were used
for each group.

Tissue slices of 5 um thickness from the treated/wound site were
obtained by paraffin section. Histological evaluation was conducted by
hematoxylin and eosin (H&E, Solarbio G1120, China) staining,
followed by microscope observation (DFC4S0 C, Leica, Germany).

2.16. Statistical Analysis. All results presented were averaged
from at least three samples for each group. Student’s ¢-test was applied
to determine the statistical significance between various groups. A p
value of <0.05 was considered to be statistically significant.

https://dx.doi.org/10.1021/acsami.0c13009
ACS Appl. Mater. Interfaces 2020, 12, 52307—-52318


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c13009/suppl_file/am0c13009_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c13009/suppl_file/am0c13009_si_004.mp4
https://pubs.acs.org/doi/10.1021/acsami.0c13009?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c13009?fig=sch1&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c13009?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

3. RESULTS AND DISCUSSION

3.1. Preparation of Drug-Loaded F127DA Micelles.
F127DA was synthesized by acrylation of Pluronic F127, as
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Figure 1. Mechanical properties of F,S,R hydrogels. (a) Representa-
tive tensile stress—strain curves of hydrogels with different polySBMA
contents. (b) Representative compressive stress—strain curves of
hydrogels with different polySBMA contents. (c) Cyclic tensile
stress—strain curve and (d) cyclic compressive stress—strain curve of
the F¢S,oR hydrogel.
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on FS,, and F¢S,oR hydrogels after incubation in 1 mg/mL BSA
solution for 4 h. ** and *** denote statistically significant difference
with p < 0.01 and p < 0.001 in comparison with the chitin dressing or
between two groups, respectively.

described in our previous work.”** The degree of substitution
of acryloyl groups was about 98.7%, as measured by peak
integration of the '"H NMR spectrum (Figure S5). F127DA, as
an amphiphilic vinyl-terminated triblock copolymer, can self-
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assemble into micelles in an aqueous environment.”' The
F127DA micelles can be used as efficient nanoscaled dru
carriers for encapsulation of therapeutic drugs.'”*”** A
hydrophobic antibiotic, rifampicin, was chosen as a model
drug and loaded in F127DA micelles because of the
hydrophobic association between the drug molecules and the
hydrophobic polypropylene oxide segment of F127DA
(Scheme 1a). To investigate the maximum drug-loading
capacity of F127DA micelles, different amounts of rifampicin
were incubated with F127DA in deionized water. The
hydrodynamic size of F127DA micelles without drug was
about 35 nm (Figure S6a). The micellar size slightly decreased
with increasing molar ratio of rifampicin to F127DA from 0.5:6
to 1.5:6, probably due to enhancement of hydrophobic
association between the hydrophobic core and drug molecules
(Figure S6b—d). Large micrometer-sized aggregates were
observed when the molar ratio of rifampicin to F127DA
further increased to 4.5:6, indicating that F127DA micelles
were not able to encapsulate more drug molecules above this
concentration (Figure S6d). Without F127DA, the hydro-
phobic rifampicin molecules form large aggregates in deionized
water (Figure S6e). The rifampicin-loaded F127DA micellar
dispersions were filtered using a 0.22 ym filter to remove any
aggregates of the drug not encapsulated in micelles. The
loading efficiency of FgRys, FeR,s, and FgR, s dispersions (the
feeding molar ratio of rifampicin to F127DA was 0.5:6, 1.5:6,
and 4.5:6, respectively) was thus determined to be 99.5, 99.6,
and 88.0%, respectively (Figure S7). Therefore, the optimal
molar ratio of 1.5:6 of rifampicin to F127DA was used to
prepare rifampicin-loaded micelles and hydrogels in the rest of
this study.

3.2. Hydrogel Preparation and Its Mechanical Proper-
ties. Acute wounds on joints such as fingers, wrists, elbows,
knees, and feet are difficult to be treated, because of the various
mechanical forces and frequent skin deformation on these sites.
Therefore, it is highly desirable to have dressings with
appropriate mechanical properties and stability for treatment
of wounds on these dynamic sites. In this study, a tough
hydrogel with mechano-responsive release of drugs was
designed and prepared by free radical polymerization of
SBMA, with drug-loaded F127DA micelle and MBAA as the
macro-cross-linker and chemical cross-linker, respectively
(Scheme 1b,c).

The as-prepared hydrogel had high stretchability and
compressive property (Figure 1). With the concentration of
SBMA in the precursor solution increasing from 2 to 4 mol/L,
the ultimate tensile strength of the hydrogel increased
remarkably from 11 to 112 kPa (Figures 1a, S8a). The average
fracture tensile strain of hydrogels with 3.5 and 4 mol/L of
SBMA was 1637 and 1420%, respectively (p-value: 0.37, Figure
S8a). The Young’s modulus increased from 3.35 to 44.40 kPa
when the SBMA concentration increased from 2 to 4 mol/L
(Figure S8b), which is close to that of the human skin (1—10
kPa).** The hydrogels also showed high ultimate compressive
strength of 1.09 and 141 MPa for FS;sR and FS,oR
hydrogels, respectively (Figure 1b). Hysteresis loops were
observed in all cyclic tensile loading/unloading cycles of
F¢S40R hydrogel (Figure 1c), which means that energy
dissipation happened during the loading/unloading process.
After the first tensile cycle, the hysteresis loop became smaller
and almost overlapped with the consecutive loops, indicating
that there was permanent destruction of some covalent bonds
in the first tensile cycle, and the hydrogel can recover quickly
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static, stretched, and compressed conditions, respectively.

from deformation. Overlapped hysteresis loops during the
compressive loading/unloading process (Figure 1d) demon-
strated that the hydrogel can recover after certain conforma-
tional deformation.

As there is a large amount of zwitterionic groups in the
polySBMA chains of hydrogels, the electrostatic interaction
between positive- and negative-charged groups is likely to serve
as intra- and inter-chain physical cross-linking, contributing to
the high mechanical properties of hydrogels. The swelling ratio
of the F¢S, hydrogel in NaCl solution was 944%, which was
nearly 10 times higher than that in deionized water (96%)
(Figure S9a). This is because the electrostatic interaction
within zwitterionic groups was shielded by Na* and CI~ ions,
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Figure 7. Inhibitory zone diameters of different drug release solutions
against S. aureus. The drug release solutions were collected after the
F¢S,0R hydrogel was subjected to different degrees of (a) stretching
for 50 cycles, and (b) compressing for 200 cycles. * and ** denote
statistically significant difference with p < 0.05 and p < 0.01,
respectively, in comparison with the control group and other
experimental groups. N. D. denotes not detected. ns denotes no
significance.

resulting in decreased attractive forces between polymer
chains, which is known as the antipolyelectrolyte effect of
zwitterionic polymers.”® In addition, NaCl solution of 1 or 2
mol/L instead of water was used to prepare the precursor
solution to shield the electrostatic interaction of polySBMA
chains in the as-prepared hydrogel. The fracture strength of the
F¢S40—NaCl hydrogel decreased significantly from 67.37 to
52.16 kPa and the fracture strain decreased from $32.20 to
503.97% with the increase of NaCl concentration from 1 to 2
mol/L (Figure S9b,c). It was thus verified that the electrostatic
interaction serves as an energy dissipator in the hydrogel
network upon mechanical forces, conferring the hydrogel with
high mechanical properties.

Incorporation of drug-loaded F127DA micelles also affected
the mechanical properties of the hydrogel. With increase of the
drug-loaded micelles from 3 to 6 mmol/L, the ultimate tensile
strength of the hydrogel increased from 48 to 138 kPa.
However, it decreased to 111 kPa as the concentration of drug-
loaded F127DA micelles was further increased to 12 mmol/L
(Figure S9d). The fracture tensile strain of hydrogels also
showed a similar trend with the increase of drug-loaded
F127DA micelles. This is because with the drug-loaded
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Figure 9. Viability of rabbit BMSCs after incubation in (a) extracts of
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hydrogel stretching (denoted F¢S,(R-S) and (b) DMEM containing
different concentrations of rifampicin for 36 h. * denotes statistically
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group.

F127DA micelles at a concentration below 6 mmol/L, the
mechanical properties of hydrogels increased with increasing
concentration of macro-cross-linker because of the increment
of hydrophobic association in the micelle cores. However,
when the concentration of the macro-cross-linker was
increased further, the high amount of hydrophobic micelle
cores caused the phase separation of the hydrogel and resulted
in the destruction of hydrogel homogeneity.'” Microaggregates
were observed on the cross sections of both FS,, and FS, R
hydrogels (Figure S10), which is probably due to the high solid
content and phase separation in the micelle-cross-linked
hydrogel.36 In summary, incorporation of F127DA micelles
as a macro-cross-linker with appropriate concentration could
endow the hydrogel with outstanding strength and toughness
because of the hydrophobic association (Scheme 1b,c).”” In
addition, it was observed that addition of hydrophobic
rifimpicin increased the mechanical properties of hydrogels
significantly (Figure la), which may also be attributed to the

enhancement of hydrophobic association in the macro-cross-
linkers.

Several factors including polymer chain entanglement,
electrostatic interactions of zwitterionic groups of polySBMA
chains, and hydrophobic interactions of F127DA micelles
contributed to the high toughness and resilience of the
hydrogel. When the hydrogel was subjected to a certain
mechanical force, polymer chains in the hydrogel network
started to disentangle, followed by network orientation. The
hydrophobic association of micelles was affected and even
destroyed, causing deformation of micelles.'” The hydrogen
bonding and electrostatic interaction of polySBMA were also
damaged under mechanical strain. Because of the reversible
property of electrostatic interaction and hydrophobic associ-
ation, the hydrogel recovered quickly after unloading.

3.3. Tissue Adhesion Property of F,SR Hydrogels.
Hydrogels with appropriate tissue adhesiveness offer favorable
advantages over traditional dressings for wound treatments,
such as ease of application and better compatibility with the
skin during body movements. The adhesive strength of
hydrogel to the porcine skin increased from 2.15 to 5.97 kPa
with increasing polySBMA content in the hydrogel from 2 to 4
mol/L (Figure 2a). More interestingly, the hydrogel could
adhere to the porcine skin repetitively, without significant
decrease of the adhesion strength over at least six cycles
(Figure 2b). This is because the SBMA monomeric unit in the
hydrogel has a high dipole moment, which results in strong
ion—dipole and dipole—dipole interactions with charged
groups on the skin (e.g, carboxylic groups, amino groups,
thiol groups, and so forth).”” The result of adhesiveness means
that a force of 0.48—1.34 N is required to remove the hydrogel
with a size of 1.5 cm X 1.5 cm X 1 mm from the skin, which
equals ~200—600 times of the hydrogel’s weight. Therefore,
the hydrogel could adhere to the skin with good compatibility
even with highly contoured surfaces, or during body
movements. Moreover, compared to the adhesive strength,
the tensile stress of the bulk hydrogel is much higher (11—112
kPa, Figure la). As a result, the hydrogel showed good
compatibility with the skin surface and could be easily removed
from the skin without any rupture or residue (Video S4).

3.4. Protein Adsorption Property. Protein adsorption on
a material surface could lead to attachment of platelets, cells,
and bacteria, which result in inflammation, granulation
adhesion, and infection.”® Severe protein adsorption may also
impede antibiotic release from the hydrogel.””* Compared
with the clinically used chitin dressing and UrgoTul Ag
dressing, protein adsorption on the FgS,, hydrogel was
reduced by 35 and 8%, respectively (Figure 3). This is because
zwitterionic polySBMA possesses high hydration ability to
form a stable repulsive boundary layer under aqueous
conditions.”" In addition, as the hydrophobic cores of
F127DA micelles were occupied by hydrophobic drugs, the
hydrophobic interaction between the hydrogel and proteins is
likely to be reduced,*” resulting in a higher efficiency (>50%)
in inhibiting protein adsorption compared to that of the F¢S,,
hydrogel.

3.5. Antibiofilm Property. Bacterial infection has been
considered as one of the most challenging issues in wound
treatment, which causes significant pain, fever, edema, and
even severe complications.””** UrgoClean is claimed to be
bacteriostatic by entrapping bacterial cells in the dressing.*’ A
large number of S. aureus cells (a common Gram-positive
strain found in infected wounds) were observed on the fibers
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Figure 10. (a) Representative photos of wound beds, (b) wound size, and (c,d) H&E staining images of wound areas of the hydrogel group and the
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blood vessels formed in the wound area.

of UrgoClean dressing (Figure 4a). However, less bacteria
were observed on the surface of FS,, hydrogel (Figure 4b).
The remaining adherent bacteria appeared to be intact and in
round shape (inset of Figure 4b), indicating that the F¢S,,
hydrogel has a limited bactericidal effect. On the other hand,
few alive bacteria were observed on the surface of antibiotic-
loaded F¢S,oR hydrogel (Figure 4c), and the destroyed
bacterial membrane can be clearly observed (inset of Figure
4c). Quantification analysis of biofilm formation showed that
there were ~3.6 X 107 and ~1.2 X 107 bacterial cells/cm? on
the surfaces of UrgoClean and UrgoTul Ag dressings,
respectively (Figure 4d). S. aureus adhesion on the F(S,,
hydrogel (without antibiotic) was reduced by ~2.33 orders of
magnitude compared to that on UrgoClean. It has been widely
reported that the hydrophilic zwitterionic polymer reduces
bacterial adhesion by inhibiting the hydrophobic interaction
between bacterial cells and the hydrogel surface.”® With the
addition of rifampicin to the hydrogel (FsS40R), the S. aureus
biofilm on the surface was fully eliminated (Figure 4d). In
addition, the FS,, and F¢S, R hydrogels also showed
excellent performance in inhibiting biofilm formation of S.
epidermidis and E. coli (Figures 4e,f and S11), which are two
other common pathogens found in wound infections.
Compared to S. aureus and S. epidermidis, the FsS, (R hydrogel
showed a relatively lower inhibiting efficacy against E. coli
because of the higher MIC of rifampicin against E. coli (16 vs
0.008 and 0.063 ug/mL). In summary, the hydrogel showed

excellent inhibitory efficacy on biofilm formation of both
Gram-positive and Gram-negative bacteria.

3.6. Mechano-Responsive Drug Release from Hydro-
gel. Passive drug delivery is uncontrollable and unfavorable for
the dynamic wound healing process. Because of the easy access
and predictable control of mechanical stimuli compared to
those of the conventional chemical and biological stimuli,
application of mechano-responsive hydrogels is considered as
an advanced and promising strategy for controlling drug
delivery in a dynamic wound environment. In this study, drug
delivery from a hydrogel under different mechanical conditions
has been investigated. Approximately, 10% of encapsulated
drugs was released passively from the FS,oR hydrogel
(exposed surface area: 21.6 cm?) over 25 min without
stretching (Figure Sa). While the hydrogel was stretched by
60%, which is close to the strain of human finger joints during
bending, at a rate of 6 s/cycle for 250 cycles (i.e, 25 min),
approximately 18% drugs were released from the F¢S,(R
hydrogel. The release ratio was further increased to 24% by
increasing the tensile strain of the F¢S, R hydrogel to 80%.
The cumulative drug release ratio was also enhanced by
increasing the tensile cycles of the hydrogel (Figure Sa). For
instance, when the tensile strain of the F¢S, R hydrogel was
fixed at 80%, the cumulative drug release ratio was increased
from 8% at SO cycles to 24% at 250 cycles. In addition, it is
reasonable to anticipate that by adjusting the amount of drugs
in the hydrogel, the drug release rate could also be controlled.
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Drug release from the FS,R hydrogel could also be
enhanced by compressing the hydrogel (Figure Sb). It has
been reported that the maximum in-shoe plantar pressure of
human feet is ~120 kPa,"” which is close to the pressure value
on the F¢S,¢R hydrogel when it was compressed with a strain
in the range of 40—60% (Figure 1d). When a compressive
strain of 40% was applied to the hydrogel for 200 cycles,
~2.5% of drugs was released, which was significantly higher
than the passive drug release of 1.1% from the hydrogel
(exposed surface area: 0.94 cm”) without compression over the
same duration (20 min) (Figure Sb). The drug release ratio
was further increased to 8.4 and 9.1% when the hydrogel was
compressed by 50 and 60% for 200 cycles, respectively.

3.7. Drug Release Mechanism of Hydrogels. The above
results clearly showed that a higher mechanical strain efficiently
promoted drug release from the hydrogel matrix. To
understand the drug release mechanism, the change in the
nanostructure arrangement of hydrogels under tensile and
compressive forces was analyzed using in situ SAXS (Figure 6).
When the hydrogels were not subject to any mechanical strain,
the SAXS scattering patterns of hydrogels with F127DA
micelles (F¢S,, and F¢S,,R) and without F127DA micelles
(S40) were all symmetrical and round, which indicates that
polymer chains in the hydrogel network were randomly
distributed. When it was stretched to 180% of its original
length, the scattering pattern of F¢S,, and F¢S, R hydrogels
became elliptical, as a result of anisotropic scattering of the X-
ray signals. A similar elliptical scattering pattern was also
observed when F¢S,, and F¢S, (R hydrogels were compressed
by 60% of their initial thickness. The micelles in the hydrogel,
which serve as the energy dissipation unit, would first be
deformed along the stretching or compressing direction,*®
resulting in aligned domains in the polymeric network (Figure
S12). However, there was no obvious change in the scattering
pattern of S, hydrogel (without F127DA micelles), regardless
of whether it was stretched or compressed, indicating that the
distribution of polymer chains in the hydrogel remained
random (Figure S12). As illustrated in Scheme 1c, the micelles
in the FgS,oR hydrogel network deform due to external
mechanical force, resulting in the disruption of hydrophobic
association in the micelle cores,"”*%** which caused the drug
molecule in the hydrophobic core to destabilize and release
into the hydrogel matrix. Because of the porous structure and
high water content of hydrogels, drugs finally diffused into the
external aqueous environment.””>" In this way, a sustainable
and mechano-responsive release of drugs from hydrogels was
achieved.

3.8. In Vitro Antibacterial Assay. The disk diffusion
method was used to evaluate the hydrogel’s capability to
inhibit bacterial growth. Figure 7a demonstrates the anti-
bacterial properties of F¢S, (R hydrogel against S. aureus under
different tensile strains compared with those of the control
group (PBS solution). Higher antibacterial capability of the
solution with drugs released from hydrogels with stretching
was observed compared to the group from hydrogels without
stretching. By increasing the tensile strain from 60 to 80%,
more drug was released from the hydrogel, and a larger
inhibitory zone was observed. A similar increasing trend of
antibacterial effect was observed as the compressive strain of
hydrogel was increased from 40 to 60% (Figure 7b). The
inhibitory zone diameter increased with the increase of the
stretching cycles at a fixed tensile strain because more amount
of antibiotics was released from the hydrogel with continuous

stretching, and the released drug showed a broad-spectrum
antibacterial property against Gram-positive S. aureus and S.
epidermidis and Gram-negative E. coli (Figure S13).

3.9. Ex Vivo Drug Penetration Evaluation. Spatial
penetration of therapeutic drugs such as antibiotics, pain
killers, and anti-inflammatory drugs into the skin tissue is
essential in the wound healing process. To simulate drug
penetration from the hydrogel into the wounded skin tissue, an
ex vivo drug penetration test was conducted. In order to mimic
a full-thickness skin defect, the porcine tissue with epidermis
and dermis removed was used in the test. Hydrophobic
fluorescein, N-butyl-4-(2-aminoethylamino)-1,8-naphthali-
mide, was encapsulated in the hydrogel as a probe molecule
to characterize the penetration process from the hydrogel
through the skin tissue. The confocal fluorescence images of
the section of porcine tissue without and with the compression
process of the hydrogel—tissue assembly are shown in Figure
8a,b, respectively. It was observed that the penetration depth of
the hydrophobic fluorescein released from the hydrogel after
60% compressive strain for 1000 cycles was greater than that of
samples without compression. After compression, the pene-
tration depth of fluorescein was more than 1200 um, as
measured by image analysis (Figure 8c). However, for samples
without compression, the depth of fluorescein by passive
diffusion over the same duration (100 min) was approximately
500 pm. In addition, the disk diffusion test confirmed that
rifampicin could penetrate through the pig tissue of 3 mm in
thickness and collected in a filter paper after cyclic
compression (Figure S14). The above results showed that
mechanical stress can not only enhance drug release but also
promote drug penetration into tissues. The hydrogel could be
used as a universal platform for the encapsulation of different
hydrophobic bioactive drugs (e.g., rifampicin, erythromycin,
and indomethacin, Figure 8d). This property of mechano-
responsive hydrogels is promising for treatment of acute
wounds in a complicated dynamic environment.

3.10. Biocompatibility Evaluation. Biocompatibility is
essential for successful wound dressing applications. The
cytotoxicity assay of hydrogels was conducted using rabbit
BMSCs according to the standard protocol stated in ISO
10993-5:2009.>°* The FES,, hydrogel showed minimal
cytotoxicity with a cell viability of >99% after incubation in
the F¢S,, extract for 36 h (Figure 9a). The cell viability with
the extract of rifampicin-loaded FS,oR hydrogel (extract
containing 5.13 pg/mL rifampicin) was slightly decreased to
85%. The cell viability with an extract in which the F¢S,(R
hydrogel was stretched by 80% for 250 cycles (with identical
experimental conditions to the antibacterial test, containing
13.70 pug/mL rifampicin) was about 64%. It showed a mild
inhibitory effect of rifampicin on the cells,” as the cell viability
slightly decreased with increasing concentration of rifampicin
in the culture medium (Figure 9b). Overall, the micelle-cross-
linked zwitterionic hydrogel showed low toxicity to mamma-
lian cells and is expected to be applicable for wound dressings.

3.11. In Vivo Skin Irritation and Wound Healing
Performance. The irritation test was conducted to evaluate
skin compatibility of the hydrogel. No erythema, eschar, or
edema formation was observed on the skins in the FgS, R
hydrogel group and the control group (gauze with PBS). The
H&E staining image demonstrated that the epidermis was
intact and no inflammation infiltration was observed (Figure
S15). The irritant response of the hydrogel to the mouse skin
was negligible according to the irritation score (Table S2). To
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evaluate the in vivo performance of F¢S, (R hydrogel on wound
healing, a full-thickness skin defect mice model was used. The
wound size of the hydrogel group became smaller than that of
the control group from day 2 onward (Figure 10a), and it
significantly decreased by 63.2 and 40.2% compared to that of
control on day 7 and day 14, respectively (Figure 10b). H&E
staining images demonstrated that on day 7, formation of new
blood vessels (indicated by black arrows in Figure 10d) was
observed in the wound area treated with hydrogel. There were
fewer inflammatory cell nuclei (dyed blue) around the wound
bed in the F¢S,oR group (Figure 10c), indicating that less
inflammatory infiltration was found in the F¢S,oR group,
probably due to enhanced healing capacity of the hydrogel. On
day 14, an epithelium layer on the wound site was formed in
the F¢S,oR group, and the regenerated structure could be
clearly observed (Figure 10d), whereas the wound was not
fully closed in the control group. It should be noted that
because the polySBMA network is hard to be degraded, the
F¢S40R hydrogel was stable under both in vitro and in vivo
conditions. Only a slight weight loss (approximately 7.5%) was
observed after the hydrogel was incubated in PBS for >10 days,
and the hydrogel maintained its original structure on the
mouse skin wound for at least 5 days (Figure S16). As a result,
the hydrogel could support wound healing over a prolonged
period. In summary, treatment of wounds with the FS, R
hydrogel exhibited an enhanced healing performance.

4. CONCLUSIONS

In summary, a tough antibacterial and antifouling hydrogel
with mechano-responsive delivery of drugs has been developed
in this study. The zwitterionic hydrogel prevented protein
adsorption and bacterial adhesion, attributed to the excellent
antifouling properties of hydrophilic polySBMA. The drug-
loaded micelles in the hydrogel deformed subjected to
mechanical stresses, resulting in a reduction of hydrophobic
interactions between the drug and the micelle core and
enhancement of drug release. Therefore, a mechano-responsive
release profile of drugs from the hydrogel was achieved. In
addition, drug penetration from the hydrogel into porcine
tissues was enhanced under mechanical stress. The hydrogel
exhibited a broad-spectrum antibacterial property against
Gram-positive and Gram-negative bacteria and showed good
biocompatibility with mammalian cells. The hydrogel showed
negligible irritation to skin and could promote wound healing
in a mouse model. Such a tough mechano-responsive
antibacterial hydrogel holds great promise for treatment of
wounds in a dynamic mechanical environment.
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