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Designing wound dressings necessitates the crucial considerations of maintaining a moist environment
and implementing effective bacterial control. Furthermore, developing a three-dimensional framework
emulating the extracellular matrix (ECM) confers advantages in fostering cellular migration and
proliferation. Inspired by this, hydrogel/nanofiber composites have been demonstrated as promising
materials for wound dressings. The composites also overcome the disadvantages of poor mechanical
properties and rapid release of traditional pure hydrogels. In this study, we constructed a calcium
alginate hydrogel/polylactic acid nanofiber (CAH/PLANF) composite with an interpenetrated network.
Additionally, the synthesis of zeolitic imidazolate framework-8 (ZIF-8) incorporated into the composite
system endowed the system with enhanced mechanical properties and photodynamic antibacterial
attributes. The obtained composite patch (ZIF-8@CAH/PLANF) exhibited excellent swelling, strong
mechanical properties, low cytotoxicity, and durable photodynamic antibacterial effect with an
antibacterial efficacy of higher than 99.99%. Finally, bacterial infection and wound healing properties
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were investigated in vivo, and the ZIF-8@CAH/PLANF patch was proven to have the ability to fight
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1. Introduction

The integumentary system, comprising the skin, is the largest
organ in the human body and is frequently susceptible to
inevitable tissue injuries.' Skin injuries can be broadly categor-
ized into two types: acute and chronic, with the latter necessi-
tating extended durations for self-repair. Chronic wounds’
intricate and dynamic reparative course comprises distinct
sequential stages, including inflammation, proliferation, and
remodeling.>™ Throughout this reparative journey, improper
treatment may render the wounded sites vulnerable to micro-
bial invasion. Notably, microbial infiltration during the healing
period poses a heightened risk, potentially culminating in
severe bacterial infections. The repercussions of such infec-
tions are severe, encompassing internal and external inflam-
mation, organ failure, sepsis, amputation, and, in extreme
cases, mortality.>”’
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infection and accelerate wound healing.

A highly effective strategy in expediting wound healing
involves the development of wound dressings designed to
create an optimal microenvironment for tissue growth while
concurrently serving as a physical barrier against bacterial
contamination.® Hydrogels are notably promising among a
spectrum of candidates due to their inherent merits, including
biocompatibility, facile removal, absorption of tissue exudates,
and facilitation of cell migration.**™* Furthermore, hydrogels
serve as optimal carriers, with the ability to encapsulate or
entrap active components within their intrinsic pores.**

Encapsulating antibacterial materials into hydrogels is
widely used for constructing dressings for chronic wound
treatment. Generally, antibacterial materials mainly include
antibiotics, antibacterial agents, antibacterial drugs, etc.'>"®
However, traditional materials like antibiotics have the disad-
vantages of poor sustainability and antimicrobial resistance. In
recent years, there has been a discernible upswing in interest
pertaining to the utilization of metal-organic frameworks
(MOFs) in the fabrication of antibacterial materials within the
domain of biomedical research. Distinguished by their crystal-
line hybrid porous structures consisting of metal nodes and
organic linkers, MOFs have attracted attention for their prospec-
tive applications.’” > Research findings substantiate the influ-
ential role of MOFs as bactericidal agents. These frameworks

This journal is © The Royal Society of Chemistry 2024
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demonstrate the capability to gradually store and release metal
ions, such as zinc, copper, and cobalt, in a controlled manner.>
Notably, incorporating MOFs into hydrogels presents a dual
advantage, acting as a protective shield against degradation in
physiological fluids while mitigating the risk of an uncontrolled
release of metal ions.>* Among the diverse spectrum of
MOFs, zeolitic imidazolate framework-8 (ZIF-8) has widespread
applications in various fields due to its adjustable size, good
chemical and thermal stability, high porosity, and outstanding
biocompatibility.>® Besides, ZIF-8 stands out due to its excep-
tional attributes; this encompasses characteristics such as high
photocatalytic bactericidal efficiency, broad-spectrum bacterici-
dal activity, high durability, and long-term stability.**"*

Alginate, as one of the most common polymers, is widely
used in pharmaceutical wound care products. The natural
polymer has the advantages of biodegradability and biocom-
patibility for the preparation of hydrogels.>® The alginate-based
hydrogel, as an ionic cross-linked hydrogel, is widely used due to
its excellent biocompatibility, high absorbency for wound exu-
dates, and hydrophilicity, which is beneficial for the minimization
of bacterial contamination and autolytic debridement.”*° How-
ever, the fragile mechanical properties of the alginate-based
hydrogel result in its structural instability, thus limiting its prac-
tical application in wound dressings. Therefore, designing
alginate-based hydrogels with structural stability is of great impor-
tance when designing wound dressings. Constructing hydrogels
on the nanofibrous matrix to form a three-dimensional interpene-
trating mesh structure is proven to be adequate to enhance
the mechanical properties of hydrogels.*® The encapsulation of
nanofibers protects the hydrogel against structural collapse and
provides an extracellular matrix (ECM)like structure of native
tissues.”’ Within the realm of biodegradable nanofibers,
poly(lactic acid) (PLA) stands out as a paramount candidate. This
preference is rooted in its commendable biodegradability, favor-
able renewability, impressive mechanical properties, and facile
processing capabilities.**™”

In this work, we used a ‘swelling method’ to construct ZIF-8
loaded calcium alginate hydrogel/PLA nanofiber (ZIF-8@CAH/
PLANF) with interpenetrated networks that mimic the structure
of the natural ECM. In this system, the electrospun PLA nanofi-
brous matrix presents robust mechanical properties and pro-
vides an ideal site for tissue regeneration; the calcium alginate
hydrogel provides good moisture absorbency and tissue fluid
management functions for the gel membrane while protecting
the wound from an external bacterial environment. Moreover,
ZIF-8 provides sufficient photodynamic antibacterial capacity for
the hybrid system, making it a sustainable antibacterial wound
dressing. The morphologies of ZIF-8@CAH/PLANF were charac-
terized by scanning electron microscopy (SEM). The biocompat-
ibility and antibacterial activity of ZIF-8@CAH/PLANF were
tested in vitro. Finally, ZIF-8@CAH/PLANF was evaluated for
treating S. aureus-infected wounds in vivo. The obtained ZIF-
8@CAH/PLANF composite patch with an ECM-like structure
combines the advantages of strengthened mechanical proper-
ties, good biocompatibility, and antibacterial properties, which
provide a suitable environment for wound healing.

This journal is © The Royal Society of Chemistry 2024
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2. Materials and methods
2.1. Materials

Poly(lactic acid) (PLA) with a molecular weight (M,,) of approxi-
mately 60000 ¢ mol ' was sourced from NatureWorks, with a
purity of 98%. 2-Methyl imidazole (DMZ) with a purity of 99% was
procured from Aladdin, while zinc acetate dihydrate (ZnAc-2H,0)
with a minimum purity of 99% was supplied by Macklin, China.
Calcium chloride (CaCl,), methyl alcohol (MeOH), ethyl alcohol,
hexafluoroisopropanol, and sodium alginate (SA) were acquired
from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Sodium alginate used had a viscosity of 10 g L™ " when dissolved
in water at 20 °C, and its molecular weight (M,,) was 400 kDa.

2.2. Preparation of ZIF-8

The synthesis procedure for ZIF-8 was cross-referenced in the
antecedent study.'® In brief, 2-methyl imidazole (5.0 mmol,
0.410 g) and ZnAc-2H,O (2.5 mmol, 0.548 g) were stirred and
dissolved in 100 mL MeOH, respectively. After 15 min, ZIF-8
powders could be obtained and collected by centrifuging and
washing with water and methanol.

2.3. Preparation of CAH/PLANF and ZIF-8@CAH/PLANF

Electrospinning methods prepared PLA nanofibers. In brief,
PLA powders were dissolved in hexafluoroisopropanol at a
concentration of 10 wt%. Then, the electrospinning was oper-
ated at a tip-to-collector distance of 20 cm, a voltage of 18 kV,
and an infusion speed of 3 mL h™". After 10 min, the perfusion
was suspended, and SA powders were sprayed (150 mg). Sub-
sequently, the perfusion was arrested after 30 s, and 150 mg SA
powders were added. Then, the above steps were repeated four
times. After that, the above sample was soaked in deionized
water for another 2 min, and an SA/PLANF composite was
obtained. As mentioned earlier, SA/PLANF was immersed in
deionized water for 20 min and cross-linked with 80 mL
calcium chloride solution (40 mM) for 60 min. Subsequently,
the specimen underwent three wash cycles with deionized
water, each lasting 2 min, to eliminate any residual cross-
linking agent. The obtained sample was denoted as CAH/
PLANF. The preparation process of ZIF-8@CAH/PLANF is basi-
cally the same as that of ZIF-8@CAH/PLANF. In particular, ZIF-
8 aqueous solution (500 ug mL™") uses 0.1% ethanol as the
dispersant. The sample was soaked in ZIF-8 aqueous solution
instead of deionized water for 2 min to prepare the fibrous
layer-hydrogel (ZIF-8@SA/PLA) precursor, and the subsequent
steps were the same as those for CAH/PLANF preparation. The
obtained sample was denoted as ZIF-8@CAH/PLANF.

2.4. Characterization

The crystalline phase analysis and chemical structure determina-
tion were conducted through X-ray diffraction (XRD), employing a
Rigaku Mini Flex 600 X-ray diffractometer. The FTIR spectroscopy
was utilized for further characterization of chemical structures
using an infrared spectrometer (NEXUS670, USA). The morpholo-
gical features and the mapping spectrum were assessed through
scanning electron microscopy (SEM) imaging, performed with a
Hitachi Regulus 8100 SEM and Sigma 300.

J. Mater. Chem. B, 2024, 12, 2042-2053 | 2043
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2.5. Swelling properties

To analyze the swelling properties, the freeze-dried samples
with a radius of 15 mm were immersed in 50 mL PBS at room
temperature. The weight of each sample was recorded until its
equilibrium. The swelling properties of the specimens were
quantified and computed through the utilization of the swel-
ling ratio, as defined in eqn (1).

(Wi = Wy)

7 @

Swelling ratio (gg™') =
Here, “W,” represents the sample weight after immersion in
PBS, while “W,,”” denotes the initial weight of the sample.

2.6. Release behavior test

For comparison, the experiment included three groups
where the concentrations of ZIF-8 were set as 500, 1000, and
1500 pug mL™", and the other preparation processes of ZIF-8@
CAH/PLANF were the same. Each of the samples was placed
in 50 mL PBS and shaken at 100 rpm at 37 °C. Then, 1 mL of
the PBS solution was taken out from the above solution at the
predetermined time (1, 2, 4, 6, 12, 24, and 48 h) for the test. The
content of the Zn element was then measured using the Perki-
nElmer Optical emission spectrometer (Avio 220 Max), and the
released ZIF-8 contents were calculated from the Zn element.

2.7. Adhesion properties

The ZIF-8@CAH/PLANF composite patch was attached to the
surface of different solid materials, including skin, plastic,
iron, paper, and glass, for 5 min and then photographed. The
photographs were captured at three angles for each sample.

2.8. Mechanical properties

A single fiber strength meter (XS (09)X) characterized the tensile
strength of PLA membranes. The tensile strength test of CAH/
PLANF and ZIF-8@CAH/PLANF composites was characterized
using an electronic universal testing machine (CMT6103/
ZWICK/Instron 5969).>° Before testing, the samples were pressed
into dumbbell-shaped strips with a width of 2 cm. The tensile
strength was measured at 25 °C at a rate of 100 mm min~". The
specimens were clamped in the chuck of the tensile tester for
uniaxial tensile testing (spacing of 3 cm). The stress and strain of
the samples were measured and calculated using eqn (2) and (3).

(L - Ly)
0

Strain (&) = x 100% @)

Stress (o) = A£0 (3)

where L, is the original distance length of the sample (mm), L is
the length of the sample after deformation and 4, is the actual
cross-sectional area of the sample (m?).

2.9. Cytocompatibility evaluation

Before testing for cytocompatibility, complete media were config-
ured with pancreatic enzyme and bovine serum, and sterilized
samples were impregnated in 1000 pL tissue fluid for 60 minutes
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to simulate wound discharge—control as a control group. The
tissue solution was sourced from 3 patients in the dermatology
department of Huashan Hospital (all patients gave informed
consent to the experiment). In this experiment, the human
subjects’ right to privacy was consistently observed. 2 x 10
L1929 cells were inoculated on the sample surface and then
transferred to cell incubators for 24 and 48 hours. At each time
point, the culture medium was aspirated, cells that did not adhere
to the sample were washed with PBS, and MTS assays calculated
cell proliferation. In addition, calcein-AM was used after 24 h and
48 h of culture/PI Double Staining Kit (Meilunbio, Beyotime,
China) was used to stain the cells and imaged by laser scanning
confocal microscopy (LSCM, LSM 510, Zeiss, Germany). The cell
survival rate was calculated using cell counting plates.

2.10. In vitro antibacterial activity

The photocatalytic antibacterial properties of ZIF-8 against
S. aureus and E. coli bacteria were performed under the simu-
lated experimental conditions of sunlight (visible light 380-
780 nm, illuminance 41.4 W m™2). The bacterial cultures were
initially incubated in Luria-Bertani (LB) medium overnight at
37 °C. The cultures were then calibrated to approximately 2 x
10°® colony-forming units per milliliter (CFU mL ™) using 0.1 M
phosphate-buffered saline (PBS). Then, the agar plate diffusion
test was performed to determine the photocatalytic antibacterial
activities of ZIF-8. The size of the antibacterial zone evaluated the
photocatalytic antibacterial activity of ZIF-8. Moreover, the absor-
bance at 600 nm (OD 600) determines the bacteria’s concentration.
Besides, the test bacterial suspensions were adjusted to 0.35 + 0.01
(OD 600 value). For the experimental procedure, ZIF-8 was intro-
duced at 625, 1250, 2500, and 5000 pg mL " concentrations.
A control group, devoid of ZIF-8, was designated as the blank
group for comparative analysis. The absorbance of bacterial sus-
pensions (200 pL) was measured at 600 nm at specified intervals.

The photocatalytic antibacterial properties of ZIF-8@CAH/
PLANF against S. aureus and E. coli were also determined under
simulated experimental sunlight conditions. The procedure of
the inhibition zone test for ZIF-8@CAH/PLANF is the same as
that for ZIF-8. Then samples (CAH, CAH/PLANF, and ZIF-8@
CAH/PLANF) were immersed in an Erlenmeyer flask containing
50 mL diluted bacterial suspension and shaken at 100 rpm for
8 h. Following the incubation period, the sample broth was
harvested, diluted, and plated onto an agar medium to enu-
merate bacterial colonies. The logarithmic reduction in the
bacterial population was computed using equations eqn (4)-(6).

A—-A
Bacterial mortality = (A—O) x 100% (4)
0
Log reduction = logA — log4, (5)
Number of CFUs A = a x 10% (6)

where, A, denotes the bacterial colony units in the control
group and A signifies the bacterial colony units in the sample

This journal is © The Royal Society of Chemistry 2024
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group. Parameter a corresponds to the number of bacteria on
the plate, and x represents the dilution ratio.

Besides, the samples were co-cultured with E. coli and S.
aureus, respectively, for 1 h, and the bacteria were then stained
using a SYBR green (SG) propidium iodide (PI) method for
fluorescence testing and collected for SEM, respectively.

2.11. Evaluation of wound healing

All prepared samples underwent treatment by thorough rinsing
with deionized (DI) water for a minimum of 48 hours. This
procedure aimed to eliminate residual calcium chloride (CaCl,)
and other impurities, ensuring the attainment of swelling
equilibrium before subsequent characterization. To assess
wound healing performance, a bacterial-infected skin defect
model was established in mice (C57BL). Wounds with a 7 mm
diameter were generated and subsequently infected with a
suspension of S. aureus at a concentration of 1 x 10° colony-
forming units per milliliter (CFU mL™") for 30 minutes. Follow-
ing this, the prepared samples were applied to cover the
wounds. Each experimental group involved a minimum of
three mice. The reduction in wound area was quantified utiliz-

ing eqn (7).

(4o — 4,)
0

Wound area closure (%) = x 100% (7)

Here, A, denotes the initial wound area, and A, represents
the wound area on the indicated day. The formula quantifies
the percentage reduction in wound area over time.

Skins and drops of blood were also collected for hematox-
ylin-eosin (H&E) and ELISA, respectively.
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2.12. Animal care and treatment

All experiments received approval and were performed in
accordance with ethical guidelines, as sanctioned by the
National Research Council’s Guide for the Care and Use of
Zhenke Laboratory Animals. The animal experimental proce-
dures were conducted following approved protocols by the
experimental animal center. Rigorous care and handling pro-
tocols were observed to ensure the welfare and ethical treat-
ment of the animals. The C57BL mice in this study were
obtained from Zhenke Laboratory Animal, Shanghai, China.
These mice were accommodated in a controlled environment
with a 12:12 light/dark (L/D) cycle, a constant temperature of
25 °C, and a humidity level maintained at 60%.

2.13. Statistical analysis

All data presented in this study were derived from a minimum
of three independent experiments and are expressed as the
mean value £ standard deviation. Statistical analysis was con-
ducted using one-way analysis of variance (ANOVA) using IBM
SPSS Statistics 22.0 software. All statistical tests established
significance levels at *p < 0.05 and **p < 0.01.

3. Results and discussion

3.1. Design strategies and preparation of ZIF-8 and ZIF-
8@CAH/PLANF

The synthesis process of ZIF-8 is shown in Fig. 1a. As illu-
strated, 2-methyl imidazole and zinc acetate synthesized ZIF-8
nanoparticles. The preparation process of ZIF-8@CAH/PLANF
is presented in Fig. 1b and Fig. S1 (ESIf). The CAH/PLANF
composite was obtained by spraying SA powders on electrospun

(a) CH, H,0 Zn2*
N;<NH OYCH OYCH3 . ZIF-8 aqueous solution
S P P o,
H,0 (0.1% ethanol as
dispersant)
Centrifuge
Stlrrlng Wash
RT 15 min Disperse !
2-methyl imidazole ZnAc-2H,0 ZIF-8 in MeOH o
(b) ;
i
Electrospinning i ZIF-8
1
I ! Immersed in ZIF-8 = (& < Caz*
i aqueous solution \_X" Y crosslinking
1
1

-
SA powder

PLA nanofiber PLA nanofibrous membrane

with SA powders

ZIF-8@SA/PLANF

ZIF-8@CAH/PLANF

Fig. 1 (a) The formation process of ZIF-8 powders; illustration depicting the stepwise formation process of ZIF-8 powders. (b) The preparation process
of the ZIF-8@CAH/PLANF composite patch; schematic representation outlining the sequential stages involved in the preparation of the ZIF-8@CAH/

PLANF composite patch.
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(b)

ZIF-8@CAH/PLANF
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Fig. 2 (a) The experimental ZIF-8 powder XRD patterns. (b) The ZIF-8, CAH/PLANF, and ZIF-8@CAH/PLANF FTIR spectra.

PLA nanofibrous membranes formed by Ca®" cross-linking.
Meanwhile, the immersion of PLA in water made the nano-
fibers change from a densely packed 2-dimensional morphol-
ogy to a swollen 3-dimensional morphology. This way, natural
ECM was better mimicked by an interpenetrating network
combined with the fibrous PLA and porous CA hydrogel.
Benefiting from the ECM-like structure, a better cell growth
and proliferation property can be realized as wound dressings.

In particular, ZIF-8 powders were encapsulated into CAH/
PLANF by intermolecular force before Ca®>" cross-linking to
form the ZIF-8@CAH/PLANF composite patch. As proof, incor-
porating ZIF-8 into ZIF-8@CAH/PLANF is more helpful for the
debridement and regulation of wound infection of the micro-
bial colonized wounds especially. In addition, the mechanical
properties of ZIF-8@CAH/PLANF can be further enhanced due
to the presence of intermolecular force. Therefore, the ZIF-
8@CAH/PLANF composite patch could present accelerated
wound healing performance by combining good operational

10 ym

performance, exudate adsorption, biocompatibility, and anti-
inflammatory effect.

The X-ray diffraction (XRD) pattern of ZIF-8 is illustrated in
Fig. 2a, revealing the distinctive peaks of the prepared ZIF-8
sample and the corresponding theoretical simulation. The
discernible elevation at 7.7° substantiates the successful synth-
esis of ZIF-8. Fig. 2b presents the Fourier transform infrared
(FTIR) spectra of ZIF-8 powders, CAH/PLANF, and ZIF-8@CAH/
PLANF. The characteristic peak of ZIF-8 at 3133 cm ' corre-
sponds to the vibrational stretching of N-H and C-H bonds in
aliphatic and imidazole aromatic groups. Peaks at 1591 cm™ "
and 1459 cm™ " are attributed to the stretching of the N-C bond
in dimethyl imidazole and the stretching of the entire imida-
zole ring, respectively. Additionally, peaks at 1147 em™" and
702 cm ™! correspond to C-O oscillation and Zn-O forward and
backward vibrations, affirming the successful synthesis of
ZIF-8. Distinct peaks at 1742 cm™ ', 1552 cm ™', and 1107 cm™*
in the FTIR spectra of CAH/PLANF represent characteristic

10 . 10 um

Fig. 3 SEM images (a) utilization of ZIF-8 powders, (b) PLA nanofibers, and (c)—-(f) freeze-dried ZIF-8@CAH/PLANF. (g) Mapping spectra of Zn, C, O, and

N in ZIF-8 @CAH/PLANF.
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(a) 2 can

18] —— CAHIPLANF
16| ——ZIF-8@CAH/PLANF

(b) —e—ZIF8@CAH/PLANF (ZIF-8 500 ug/mL)
—e—ZIF-8@CAH/PLANF (ZIF-8 1000 pg/mL)

—e— ZIF-8@CAHIPLANF (2IF-8 1500 ug/mL)

/g
2

Sudden increase

N
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o N & o ®» B3R
Cumulative release (%)
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\
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Fig. 4 (a) The swelling ratio of CAH, CAH/PLANF, and CAH/PLANF. (b)
Cumulative release ratio of ZIF-8@CAH/PLANF. (c) Adhesion test of ZIF-
8@CAH/PLANF.

features of PLA and SA. Notably, all these characteristic peaks are
discernible in the FTIR results of ZIF-8@CAH/PLANF, providing
further confirmation of the successful synthesis of ZIF-8@CAH/
PLANF.>*?!

3.2. Morphology and swelling properties of ZIF-8@CAH/
PLANF

The morphologies of ZIF-8 powders, PLA nanofibers, and ZIF-
8@CAH/PLANF were thoroughly examined using SEM, as
depicted in Fig. 3. As illustrated in Fig. 3a, ZIF-8 displays a
well-defined dodecahedral morphology with an average size of
300 nm, consistent with previous findings.'®*> Moving to
Fig. 3b, SEM imaging reveals that PLA nanofibers exhibit a
smooth surface with an approximate diameter of 300 nm. In
Fig. 3c and d, SEM images showcase the successful generation
of ZIF-8, densely scattered on the surface and pore walls of
ZIF-8@CAH/PLANF. Furthermore, Fig. 3e and f demonstrate the
successful integration of PLA nanofibers with calcium alginate
hydrogel (CA), promising an enhancement in the mechanical
properties of the composite. Notably, the immersion and absorp-
tion of water lead to some nanofibers exhibiting a coarser and
swollen appearance, as highlighted in the images. The mapping
spectra of zinc (Zn), carbon (C), oxygen (O), and nitrogen (N)
were further investigated to show the dispersion of ZIF-8 in the
hydrogel patch. The results in Fig. 3g showed that the four
elements, especially zinc, could be found in the image, which
indicated that ZIF-8 was uniformly dispersed in the ZIF-8@CAH/
PLANF composite patch. Overall, the SEM results indicated the
successful introduction of both PLA nanofibers and ZIF-8 into
ZIF-8@CAH/PLANF has been completed.

This journal is © The Royal Society of Chemistry 2024
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The swelling rate serves as a pivotal parameter in evaluating
the wound exudate adsorption properties of wound dressings.
To scrutinize the swelling characteristics, samples with a radius
of 15 mm underwent freeze-drying and were subsequently
immersed in 50 mL of PBS at room temperature. Each sample’s
weight was recorded until equilibrium. As shown in Fig. 4,
CAH, CAH/PLANF, and ZIF-8@CAH/PLANF had an equilibrium
absorbability capacity with swelling rates of 1272%, 1119%,
and 1052%, respectively, after 330 min. It could be found that
the swelling rates had decreased after introducing PLA nanofi-
bers and ZIF-8. All samples that exhibited water uptake capacity
benefited from hydrophilic materials and the interpenetrating
porous network, illustrating that ZIF-8@CAH/PLANF could be
an absorbing agent for wound exudates.

3.3. Characterization of release behavior and adhesion of ZIF-
8@CAH/PLANF

The results in Fig. 4b showed that the release rate of ZIF-8
remained relatively stable. The calculated cumulative release
rates of ZIF-8 after 48 h in the ZIF-8§@CAH/PLANF (500, 1000
and 1500 pug mL~') groups were 13.08, 15.56, and 23.66%,
respectively. The cumulative release amounts are essential to
ZIF-8 contents in ZIF-S@CAH/PLANF.

Particularly, it can be seen that the release of ZIF-8 was
relatively quicker in the beginning period (the first 6 hours) and
became slow after 24 h. It could be inferred the denser mesh-like
composite structure of the ZIF-8@CAH/PLANF patch makes it
more difficult for ZIF-8 to escape from the network compared
with the pure hydrogel system in our previous study."’

The adhesion ability of the ZIF-8@CAH/PLANF composite
patch was analyzed. In this experiment, the patch sample was
attached to the surface of different solid materials. The results
in Fig. 4c showed that the ZIF-8@CAH/PLANF patch could be
adhered to human skin surfaces, plastic boxes, metal lips,
paper, and glass, indicating that it has a good adhesion ability.

3.4. Mechanical properties

The basic requirement of an ideal wound dressing includes
sufficient mechanical properties to maintain its structural
integrity when in use. As shown in Fig. 5a, ZIF-8@CAH/PLANF
had no damage under an external stretching force of 0.8 kg,
indicating that the composites exhibited excellent tensile resis-
tance. The results of the tensile test shown in Fig. 5b showed
that the tensile breaking strength of ZIF-8@CAH/PLANF
(891 kPa) was significantly higher than that of the PLA nanofi-
brous membrane (412 kPa) and pure CA hydrogel (199 kPa).
CAH/PLANF and ZIF-8@CAH/PLANF samples had suitable
stretchability, nearly 65% similar to human skin. Besides, com-
pared to previous fiber-reinforced hydrogels, ZIF-8@CAH/PLANF
also had excellent tensile properties (shown in Fig. 5¢).*'*%2
Given that dressings may encounter damage during use,
additional assessment of tensile behavior was conducted using
samples with a 0.5 cm defect, as depicted in the insets of
Fig. 5d. The results illustrated in Fig. 5d indicate that within the
tensile linear region (0-20%), CAH, CAH/PLANF, and ZIF-
8@CAH/PLANF remained unaffected by the introduced defects.
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and mechanism analysis (right).

Fig. 5e (left panel) shows the simulated force of ZIF-8@CAH/
PLANF using finite element analysis software (ANASY). In the
tensile test, the results displayed the strain state of 0%, 30%,
and 60%, respectively. The left image in Fig. 5e shows the
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Fig. 6 Antibacterial activity of ZIF-8. (a) The experimental conditions for
sunlight simulation (visible light 380-780 nm, illuminance 41.4 W m~2). (b)
Inhibition zone of ZIF-8. (c) and (d) Antibacterial activity of ZIF-8 under
different concentrations.
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tensile strength when stretching is uniformly distributed on
ZIF-8@CAH/PLANF. The breaking point is mainly generated in
the middle and lower part of the patch in the tensile test, which
is consistent with the phenomenon in the actual experiment
(insets in Fig. 5b). Actually, ZIF-8@CAH/PLANF exhibited excel-
lent tensile properties even under the condition of defects
because of physical and chemical enhancement. On the one
hand, the introduction of nano or microfibers and ZIF-8 pro-
vided a physical reinforcement by constructing a 3D hierarchical
structure (Fig. 3); on the other hand, hydrogen bond between
CAH and PLANF and the electrostatic force between ZIF-8 and SA
could further strengthen the interaction forces between compo-
nents of the composite (right part in Fig. 5e). Therefore, com-
pared to PLA nanofibrous membranes and pure CA hydrogel, the
tensile stress of composites was obviously improved significantly
for the ZIF-8@CAH/PLANF composite patch.

3.5. Antibacterial evaluation

The photodynamic antibacterial activity of ZIF-8 was assessed
against both Gram-negative E. coli and Gram-positive S. aureus.
The experimental conditions for simulating sunlight are
depicted in Fig. 6a. Typically, a light bulb with visible light
(380-780 nm), illuminance of 41.4 W m™? was packed into a
constant temperature incubator to investigate the photocataly-
tic antibacterial properties of ZIF-8. The results in Fig. 6b
showed a prominent bacteriostatic zone for ZIF-8 (1 mg),
indicating that the bacteriostatic substance could be released

This journal is © The Royal Society of Chemistry 2024
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concentration of 500 pg mL~* under light, and D: ZIF-8@CAH/PLANF a
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by ZIF-8 successfully, thus making the surrounding bacteria die
under the condition of light. Fig. 6¢c and d display the absor-
bance at 600 nm of bacterial suspensions mixed with ZIF-8
cultured under light at different times. A higher absorbance
value indicated a higher bacterial concentration and a better
bacterial reproduction behavior. As depicted in Fig. 6¢c and d,
bacterial growth was significantly inhibited at a ZIF-8 concen-
tration of 5000 pg mL ™", approaching negligible levels. Conver-
sely, as the concentration of ZIF-8 decreased, the optical density
at 600 nm (OD 600) gradually increased. This trend underscores
the fact that the photocatalytic antibacterial efficacy of ZIF-8 is
notably contingent on the concentration of ZIF-8.

The antibacterial activities of the CAH, CAH/PLANF, and
ZIF-S@CAH/PLANF were evaluated. CAH and CAH/PLANF
exhibited no antibacterial effects. At the same time, ZIF-
8@CAH/PLANF showed an apparent inhibition zone with or
without light conditions, as shown in Fig. 7a. The bacterial
mortality and log reduction were calculated to investigate the
antibacterial activity quantitatively. As shown in Fig. 7b, ZIF-
8@CAH/PLANF, at a concentration of 500 ug mL ™", exhibited a
log colony-forming unit (CFU) reduction exceeding 3 for both
E. coli and S. aureus, corresponding to a notable efficacy of over
99.9% (Fig. 7c). Moreover, in a photocatalytic environment, ZIF-
8@CAH/PLANF (at a concentration of 500 pg mL™") achieved a
log CFU reduction surpassing 3.5 for both bacterial strains,
demonstrating a promising efficacy exceeding 99.95%, which
was at a relatively prominent antibacterial level (Table S1, ESIt).

This journal is © The Royal Society of Chemistry 2024

AH/PLANF at a concentration of 500 pg mL™%, C: ZIF-8@CAH/PLANF at a
t a concentration of 1000 ug mL~* under light) (d) Investigation of the

With an increase in the ZIF-8 concentration to 1000 ug mL ",
ZIF-8@CAH/PLANF achieved a log CFU reduction surpassing 4
for both E. coli and S. aureus, corresponding to a remarkable
efficacy exceeding 99.99% in the photocatalytic environment.
Fig. 7d elucidates the photocatalytic antibacterial mechanism
of ZIF-8@CAH/PLANF. Cationic Zn®>' and antibacterial sub-
stances, including reactive oxygen, could be released from
photocatalyzed ZIF-8, which inhibits bacterial growth and even
kills bacteria. According to the results of the release behavior
test (Fig. 4b), the released zinc ions could have an antibacterial
effect. In contrast, the better antibacterial ability of ZIF-8-
P@CAH/PLANF was more dominated by the photocatalysis
antibacterial effect. In addition, based on the literature, it
was found that the main difference in the antibacterial effect
of ZIF-8 between light and no light conditions was reflected in
the early stage.”® Besides, we have performed live and dead
bacterial staining. The results in Fig. S2 (ESIt) showed that the
dead bacteria (stained red) could be seen in each group,
especially, the ZIF-8-P@CAH/PLA composite patch, which
caused more bacteria to die, which further confirmed that the
ZIF-8-P@CAH/PLA composite patch had a better and quicker
antibacterial effect. Therefore, the encapsulation of ZIF-8
endows the ZIF-8@CAH/PLANF composite patch with faster
and long-lasting photocatalytic antibacterial properties.
Besides, after co-culture with ZIF-8@CAH/PLANF, the cell
structure of E. coli and S. aureus was damaged, and internal
substances flowed out of the bacterial cell membrane to shrink,
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disrupted the bacterial metabolism, damaged the structure and
properties of the proteins in the bacterial cells, and finally
killed the bacteria (Fig. S3, ESIY).

3.6. Cell culture and cytocompatibility evaluation

Generally, ideal wound dressings must have minimal toxicity
to the human body. For this reason, L929 fibroblast cells
were used to be cultured in the presence of CAH, CAH/PLANF,
ZIF-8@CAH/PLANF, and photocatalytic ZIF-8@CAH/PLANF
(labeled as ZIF-8-P@CAH/PLANF), respectively. Fig. 8a shows
the images of the L929 fibroblast cells attached and prolifer-
ated on the sample surfaces after 24 and 48 hours. It could be
seen that cells were attached to the surface of samples, and
some were trapped inside the pores, especially in the presence
of PLA nanofibrous membranes. Besides, the cell viability was
evaluated by live/dead staining and quantitative MTS assay.
Fig. 8b shows that the cells were almost stained green, and only
a minimal number of cells are stained red in the groups of ZIF-

2050 | J Mater. Chem. B, 2024, 12, 2042-2053

8@CAH/PLANF and ZIF-8-P@CAH/PLANF, proving the low
cytotoxicity of biocompatible ZIF-8. As shown in Fig. 8c, the
survival rate of the cells cultured with the samples was basically
higher than 80% and 75% after 24 h and 48 h, respectively,
which further confirmed the excellent biocompatibility of all
samples. Overall, ZIF-8@CAH/PLANF acted as wound dressings
to simulate the structure of ECM better and provided an ideal
bionic environment for cell growth and adhesion; L929 cells
could be adhered both on the surface and in the pores of CA
and PLA.

3.7. Wound healing performance

The in vivo wound healing process using CAH/PLANF, ZIF-
8@CAH/PLANF, and ZIF-8@CAH/PLANF as an S. aureus
infected full-thickness wound model evaluated wound dres-
sings. As depicted in Fig. 9a, evident paleness and persistent
injury sites were observed in the control group even after seven
days. This observation suggests that the untreated wounds had

This journal is © The Royal Society of Chemistry 2024
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undergone an extended period of inflammation and healing. It
could be found that the wounds in the CAH/PLANF and ZIF-
8@CAH/PLANF groups showed a better healing condition
compared with the control group, with less paleness and
smaller wound areas. In contrast, the healing process of the
wound treated with ZIF-8@CAH/PLANF was significantly accel-
erated, and there was no apparent dark scar in this group. After
being treated for a week, as shown in Fig. 9b, the wound area
closure in control, CAH/PLANF, ZIF-8@CAH/PLANF, and ZIF-8-

This journal is © The Royal Society of Chemistry 2024

) Investigation of the wound healing mechanism of the ZIF-8@CAH/PLANF composite patch.

P@CAH/PLANF groups was 4.1%, 20.4%, 32.1%, and 55.9%,
respectively. In Fig. 9c, a considerable reduction in the inter-
leukin 1B (IL-1P) values was observed in the sample groups,
with the ZIF-8-P@CAH/PLANF group displaying the least
inflammatory response—the histopathological analysis (H&E)
shown in Fig. 9c. As shown in Fig. 9d, on the first day,
examination revealed initial defects in the epidermal and
dermal layers across all groups. By the third day, varying
degrees of inflammation was observed, with the control group
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displaying the most prominent infiltration of inflammatory
cells, particularly neutrophils stained in blue. After seven days,
defects in the ZIF-8-P@CAH/PLANF group showed partial repla-
cement by collagen fibers.***> These in vivo results substantiate
the effectiveness of the ZIF-8@CAH/PLANF composite patch in
promoting wound healing. The mechanism of ZIF-8@CAH/
PLANF for wound healing is presented in Fig. 9e. As a wound
dressing, ZIF-8@CAH/PLANF with good biocompatibility not
only temporarily replaces skin to block external contamination
but also exhibits combined properties of water permeability,
absorbing excess tissue fluid. Moreover, being encapsulated
with ZIF-8 as a durable photocatalytic antibacterial material by
releasing ROS, hydrogen peroxide, oxygen ions, and other
antibacterial substances, ZIF-8@CAH/PLANF has an excellent
wound healing effect by reducing bacterial infection.

4. Conclusions

A hydrogel/nanofiber composite patch with an interpenetrated
network was constructed. The composite has the ability to absorb
water, manage wound tissue fluid, mechanical strength, and cell
compatibility. Photocatalytic ZIF-8 powders were mainly synthe-
sized and encapsulated into the hydrogel/nanofiber for bacterial
infection. The ZIF-8@CAH/PLANF composite patch showed better
performance in healing bacterial infection wounds. All these
results indicate that ZIF-8@CAH/PLANF has an ideal therapeutic
effect in the healing of bacteria-infected wounds and may be a
promising candidate for promoting wound healing.
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