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Introduction: Polylactic acid (PLA) is a synthetic polymer material with good
biodegradability, biocompatibility, and bioabsorbability, electrospinning is a
convenient and efficient method for preparing PLA nanofibers as wound
dressing. However, PLA nanofibers as wound dressings lack biological
functions, including promoting angiogenesis, extracellular matrix
secretion and regulating inflammation, which are crucial for skin
regeneration. Herein, we aimed to develop an effectively methods to
enhance biological activity of PLA nanofibers through biomimetic
mineralized induced by Zeolite imidazolate framework-8 (ZIF-8) for
promoting wound healing.

Methods: The ZIF-8/PLA nanofibers were prepared by electrospinning and
immersed in simulated body fluids (SBF) to obtain mineralized PLA nanofibers
(mZIF-8/PLA). The physicochemical and mechanical properties, lons
releases, and biocompatibility of the mZIF-8/PLA nanofibers were
evaluated in vitro. The regeneration capability of the nanofibers was
systemically investigated in vivo using the excisional wound-splinting
model in Rats.

Results: Hydroxyapatite-like crystals was observed on the surface of
nanofibers, EDS-mapping confirmed that the crystal deposits in mZIF-8/
PLA nanofibers are composed of calcium, phosphorus, and zinc elements.
The mineralized crystallization increased the roughness of PLA nanofibers by
altering its surface topography, and significantly improved its mechanical
property and hydrophilicity. Biomimetic mineralized mZIF-8/PLA nanofibers
significantly improve the biological activity for promoting fibroblast
proliferations. The Zinc and calcium ions released from hydroxyapatite-like
crystals induced by ZIF-8 also promotes angiogenesis, enhances extracellular
matrix deposition and reduces inflammatory infiltration in wound
healing model.
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Conclusions: In summary, this study demonstrates that mineralized ZIF-8/PLA
nanofibers could promote wound healing through regulating angiogenesis and
reducing inflammatory response.
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1 Introduction

Acute and chronic trauma, such as burns and diabetes, remain
persisting challenges that cause a huge burden on the patients and
healthcare systems worldwide (Xiang et al, 2024). Trauma
compromises the integrity of the skin, followed by an intrinsic
healing response that protects the injured skin. The wound
healing process consists of four broad phases: (i) hemostasis, (ii)
inflammation, (iii) proliferation, and (iv) maturation. Hemostasis,
which is the first phase of wound healing, begins at the onset of
injury and lasts for only a few minutes. The inflammation phase
occurs simultaneously with hemostasis, at this stage, neutrophils and
phagocytes from blood vessels penetrate into the wound area to kill
bacteria and clear debris. The proliferation phase involves epithelial
cells and macrophages covering lesion, while fibroblasts and
endothelial cells simultaneously move towards the damaged
areas, forming granulation tissue composed of new matrix and
blood vessels. The maturation phase varies significantly from
wound to wound, and can last for several months (Han and
Ceilley, 2017; Patel, Srivastava, Singh and Singh, 2019). This
complex wound healing process enabled skin to self regenerate,
however, this ability is greatly compromised under full-layer injury,
and the demand for grafts or dressings is inevitable (Tran, Shahriar,
Yan and Xie, 2023).

Recent studies have explored new bioengineering strategies to
improve the treatment of patients with skin lesions, moving away
from traditional approaches such as autografts or allografts (Yu et al,
2019). An ideal wound dressing should effectively accelerate the healing
process, promote rapid vascularized skin formation, prevent scarring,
and aid in the reconstruction of multiple tissue layers in full-thickness
cutaneous defects. The production of electrospun nanofibers based on
biocompatible polymers for skin tissue regeneration has been explored
in recent years, due to their capacity to mimic the nanostructure of the
natural extracellular matrices (Parham et al., 2020; Wang et al,, 2021).
Their highly porous structure and spatial interconnectivity are essential
for nutrient and waste transport and cell communication, thus
supporting cellular phenomena such as adhesion, differentiation, and
proliferation, making electrospun nanofibers well-suited as wound
dressing material (Jang et al, 2023; Jayarama Reddy et al, 2013;
Schroder et al, 2017). The production of electrospun nanofiber
materials, ranging from natural to synthetic polymers, has been
engineered (Bi et al, 2020; Memic et al, 2019; Tanet al, 2022).
Polylactic acid (PLA), which is widely used in the biomedical field
and includes degradable sutures, drug delivery materials, nanoparticles,
and porous nanofibers, shows great potential for application in the
design of wound dressings owing to its excellent biocompatibility, low
antigenicity, and controlled biodegradability (Castro-Aguirre et al,
2016; Tajbakhsh and Hajiali, 2017). In this regard, several studies
have shown that hybrid PLA-based nanofibrous wound dressings
possess

interesting features that accelerating wound healing
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metal-organic framework, polylactic acid, biomimetic mineralization,

(Echeverria et al, 2019; Fan and Daniels, 2021; Ignatova et al,
2009). However, the PLA dressings suffer from some limitations for
their wide application, such as hydrophobicity, insufficient mechanical
strength and lack of biological activity (Chen et al., 2023).

Several hybrid formulations have been developed to overcome the
shortcoming of PLA biopolymers, particularly the poor biological
activity (Hamed et al.,, 2023; Liao et al., 2023; Mutlu et al,, 2023).
Zeolite imidazolate framework-8 (ZIF-8) is a subclass of metal-
organic framework (MOF) materials that are composed of zinc
ions (Zn**) and organic ligands of imidazole derivatives, gain
specific interest for wound dressing applications owing to its facile
synthesis, high chemical and thermal stability, unique porous
structures, accelerated wound healing, and excellent antibacterial
properties (Cheng et al., 2024; Xia et al,, 2022; Yin et al., 2023). In
addition, the released Zn** can modulate the immune response near
the wound site and promote healing (Zhang et al., 2023). For ZIF-8 to
be better applied in living organisms, its degradation characteristics
should be clarified. As the biological environment is extremely
complicated, some aqueous buffered systems have been adopted
for in vitro and in vivo research. ZIF-8 decomposition and collapse
can be observed in phosphate-buffered saline (PBS), where
phosphates have a high affinity for Lewis metal clusters, which
changes the coordination equilibrium to form insoluble zinc
phosphates, thereby promoting the release of 2-methylimidazole
(2-HmIM) (Bauzd et al, 2016). Moreover, competitive binding
may allow anion exchange with ZIF-8 in media rich in metallic
cations and inorganic anions (Wang Y. et al., 2020). Compared to
PBS, simulated body fluid (SBF) solution contains large amounts of
active metal cations and phosphates, as well as attached crystals and
charged substrate regions. These regions within SBF serve as
that facilitate crystal growth through the
conversion of high calcium ion (Ca®"), trivalent phosphate ion

nucleation  sites
(PO,*), and amorphous calcium phosphate contents into regular
carbonated apatite (Salimi, 2021). We previously reported a
phenomenon in which ZIF-8 formed large hydroxyapatite-like
crystals when immersed directly in SBF. The same phenomenon
was observed on the ZIF-8/poly (epsilon-caprolactone) (PCL)
composite surface, which improved the in vivo and in vitro
osteoinductivity and biocompatibility of ZIF-8/PCL scaffold (Wang
etal., 2023). However, the pro-biomineralization property makes ZIF-
8 applicable in polylactic acid-based biomaterials, and its use for skin
regeneration is still unknown.

It has been described that calcium ions play an important role in
the regeneration of connective tissue and repair of skin, activation of
metalloproteinases, as well as keratinocyte growth and
differentiation (Bikle, 2023; Bikle et al., 2012; Kawai et al., 2011;
Subramaniam et al., 2021). Ribeiro et al. used hydroxyapatite
embedded in collagen nanofibers for skin regeneration (Ribeiro
et al, 2021), suggested that hydroxyapatite coatings not only
have the potential for bone regeneration, but also for skin tissue
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regeneration. Herein, we speculate that these hydroxyapatite-like
crystals induced by ZIF-8 possessed the function of regulate cell
function to promote wound healing in the PLA nanofibers.

In this study, ZIF-8/PLA nanofibers were fabricated via
electrospinning and soaked in SBF. Large hydroxyapatite-like
crystals were observed on the surface of ZIF-8/PLA nanofibers.
This biomimetic mineralization induced by ZIF-8 increased the
roughness of the PLA nanofibers by altering their surface
topography and significantly improving their mechanical and
hydrophilicity. In vitro experiment showed that mineralized ZIF-
8/PLA (mZIF-8/PLA) nanofibers have better biocompatibility and
cell proliferation vitality. The mZIF-8/PLA nanofibers significantly
promotes angiogenesis, extracellular matrix regeneration and
reduces inflammatory infiltration in wound healing model.

2 Materials and methods

2.1 Preparation of ZIF-8 and ZIF-8/
PLA nanofibers

ZIF-8 was synthetized as previously described. Briefly, Zinc
nitrate hexahydrate (1.68 g) in 20 mL ethanol solution was
slowly added to 4 g of 2-methylimidazole dissolved in 40 mL of
ethanol solution under continuous stirring. The reaction solution
with a molar composition of Zn2+: 2- HmIM: ethanol = 1:10:30 was
stirred at room temperature for 2 h. Then, ZIF-8 powders were
isolated by centrifugation at 8500 rpm, washed twice in methanol,
and dried at 60 °C for 24 h. TEM samples were prepared by dropping
an ethanol dispersion of ZIF-8 onto carbon-coated copper grids;
images were acquired on a JEM-2100F (200 kV) and particle size
(n = 50) was measured with Image].

PLA and dissolving agent hexafluoroisopropanol were obtained
from Macklin Biochemical Co. (Shanghai, China). ZIF-8/PLA
nanofibers was fabricated by electrospinning method using a
blend of PLA and ZIF-8 (10 wt%). First, PLA was dissolved in
hexafluoroisopropanol to a concentration of 10% (w/v) PLA
solution via continuous magnetic stirring for 24 h. Subsequently,
the ZIF-8 powder was homogeneously dispersed in deionized water
by ultrasonication for 4 h in an ice-cold water bath. Different
volumes of the ZIF-8 powder dispersion were added to the PLA
solution and stirred in an ice-cold water bath to obtain a total
concentration of 8% (wt./vol) ZIF-8/PLA solutions. The electrospun
nanofibers were then generated. Briefly, the ZIF-8/PLA solution was
filled in a 5-mL syringe with a 19-gauge needle. The syringe was
placed vertically, and the distance between the tip of the syringe
needle and collector was 20 cm. Electrospinning was performed for
10 h at 18 KV and a supply flow rate of 0.5 mL/h, the obtained
membranes were then undergoing freeze drying.

2.2 Biomimetic apatite deposition
on nanofibers

To accelerate the biomimetic apatite deposition, samples (PLA
or ZIF-8/PLA nanofibers) were in CaCl2 and
K2HPO4 solutions. Then, nanofibers were immersed in 20 mL
0.2 M CaCl2 solution for 3 min and soaked in 30 mL ddH2O for

immersed
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10 s, followed by soaking in 20 mL 0.2 M K2HPO4 solution for 3 min
and in 30 mL ddH2O for another 10 s. The pretreatment assay was
repeated three times. These alternately soaked samples were
subsequently immersed in SBF for biomimetic apatite deposition
(30 mL of SBF was poured into a 50 mL centrifuge tube containing
six alternately soaked samples). The samples were kept at 37 °C for
14 days, and the SBF renewed every day to sustain a consistent ionic
strength throughout the assay. The samples were removed from the
SBF, gently washed with ddH,O, and subsequently lyophilized
at —50°C for 24 h under a vacuum. SBF was prepared according
to the Kokubo protocol (pH 7.40, 37°C) with final ionic
concentrations (mM): Na* 142.0, K* 5.0, Mg*" 1.5, Ca’* 2.5, Cl”
147.8, HCO;™ 4.2, HPO,* 1.0, SO4>°0.5. Variation in Ca®* primarily
modulates the nucleation rate rather than the eventual occurrence of
apatite formation on ZIF-8 containing fibers.

2.3 Morphology and chemical composition
of the nanofibers

The nanofibers were divided into four groups based on whether
soaking in SBF or not: PLA nanofibers (PLA group), mineralized
PLA nanofibers (mPLA group), ZIF-8/PLA nanofibers (ZIF-8/PLA
group), and mineralized ZIF-8/PLA nanofibers (mZIF-8/
PLA group).

All nanofibers were coated with platinum prior to observation.
The surface morphology of the nanofibers was observed using a field
emission scanning electron microscope (FESEM, Nova NanoSEM,
Netherlands) at an accelerating voltage of 10 kV. The diameter of the
nanofibers was calculated using representative images in OriginPro
9 software. The distributions of phosphorus, Calcium and Zinc in
the nanofibers were recorded using an elemental mapping
spectrometer.

2.4 Mechanical properties of the nanofibers

The mechanical properties of the nanofibers were determined using
an all-electric dynamic test instrument (Instron, British) equipped with
a load cell capacity of 100 N and tensile speed of 10 mm/min. The
stress-strain curve was plotted by GraphPad Prism 8 Software, and
Young’s modulus was calculated by OriginPro 9 Software.

2.5 Water contact angle, water uptake ability
and water vapor transmission rates

The hydrophobicity of the nanofibers was measured using a
contact angle goniometer (LSA100, LAUDA Scientific, Germany).
The angle between the liquid droplet and solid surface was measured
using a CCD video camera and a lens mounted on a viewing stage.

The water uptake ability of the nanofibers was determined as
previous reported (Liu et al., 2023). nanofibers were tailored to
2 cm x 2 cm squares and weighed (W0). The samples were then
immersed in deionized water at room temperature overnight. The
surface water was carefully wiped away using filter paper, and the
nanofibers were weighed again (W1). The water uptake ability of the
nanofibers was calculated using Eq:
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Water uptake ability = (W1 - W0)/W0 x 100%

The moisture permeability of nanofibers was evaluated by
measuring their water vapor transmission rates (WVTRs). Briefly,
the nanofibers were cut into discs and mounted on the mouth of a
cylindrical cup containing deionized water (exposed area A). All the
groups were maintained in an incubator at 37 °C and 50% humidity
for 24 h (the test period At = 1 day). The cup mass increase (Am) was
recorded. WVTR was calculated:

WVTR = Am/ (AAY).

2.6 In vitro degradation and ions
release assay

To quantitatively assess the biodegradability of the nanofibers,
all the groups were weighed (W0) before incubation in PBS. At
predetermined time points, the incubated membranes were
removed, lyophilized, and reweighed (Wt). The degradation rate
of the membranes was determined by assessing the percentage of the
remaining mass and was calculated using Eq:

Remained mass (%) = Wt /W0 x 100%

The release of Calcium and zinc ions from nanofibers were
performed by incubating them in 0.9% PBS at 37 °C. At
predetermined time points, the solution was collected for analysis
and replaced with an equal volume of a fresh solution. The
concentrations of calcium and zinc ions were determined by
inductively coupled plasma atomic emission spectroscopy (ICP-
AES) (Prodigy Plus, Leeman, United States).

2.7 Biocompatibility of the nanofibers

Cytological experiments were performed using human dermal
fibroblasts (HDFs; ATCC, United States). Cell culture was
performed as previously described. The PLA, mineralized PLA,
ZIF-8/PLA, and mineralized ZIF-8/PLA nanofibers were cut into
5 mm square shapes and sterilized with ethylene oxide at 37 °C
overnight. The sterilized nanofibers were then placed at the bottom
of 96-well culture plates and washed thrice with sterile PBS. Each
well was seeded with 2 x 107 cells.

The proliferation of cells on the nanofibers was assessed using a
Cell Counting Kit-8 (CCK-8, Beyotime, China) after 72 h of
incubation. Briefly, 10 uL of CCK-8 solution was added to each
well containing 100 uL of complete DMEM and incubated at 37 °C
for 2 hours. After incubation, 100 pL of the supernatant from each
well was transferred to a new 96-well culture plate. The optical
density (OD) of the solution was then measured at 450 nm using a
microplate reader (BioTek ELx800, United States).

Cell viability on the nanofibers was measured using calcein-AM
(CAM) and propidium iodide (PI) staining (Beyotime, China) at 24,
48 and 72 h of cell culture. The cytoplasms of live cells were stained
green with CAM, while the cytoplasms of dead cells were stained red
with PI. The fibroblasts were then observed under a confocal laser-
scanning microscope (IX8 Olympus, Japan).
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2.8 In vivo study on rats wound
healing models

All procedures were carried out in compliance with the
guidelines approved by the Institutional Animal Care and Use
Committee  (IACUC) of Westlake University (no.
HZSY2024159-1). The wound healing model was conducted
as previously described. Forty male Sprague-Dawley rats (age:
8 weeks; weight: 230-260 g) were housed separately in a
standardized environment. All operations were performed
under sterile conditions. Rats were anesthetized by inhalation
of 2.5% isoflurane. The dorsal area was shaved, and a depilatory
cream was used to completely remove the hair. The skin
was disinfected, and full-thickness skin wounds (diameter:
10 mm) were made using a 10-mm biopsy punch on the
dorsal skin.

The 40 wounds were randomly divided into four groups (n =
10): PLA, mineralized PLA, ZIF-8/PLA, and mineralized ZIF-8/PLA
nanofibers. Incisions were covered with the respective nanofibers
and then dressed with sterile transparent films (Tegaderm, 3M,
United States). Wounds were wrapped using a self-adhering elastic
bandage (Coban, 3M, United States), and images were recorded at 0,
3,7, 10, and 14 days for further evaluation. The wound closing area
was measured at these time points using Image-Pro Plus Software.
At day 14 post-operation, each wound area was resected from the
skin. The wound tissues were rinsed in PBS, fixed in 4%
and embedded
histological staining and analysis.

paraformaldehyde, in paraffin for further

2.9 Histological analysis and
immunohistochemistry staining

All mice were sacrificed 14 days post-operation. The tissues were
fixed with 4% paraformaldehyde and stained with Hematoxylin-
Eosin (H&E) to observe granulation and wound closure. Collagen
deposition was assessed using Masson’s Trichrome staining and
Sirius Red staining.

For immunobiological staining, paraffin-embedded tissue
sections were incubated with rabbit anti-CD31 and anti-CD86
antibodies (Abcam, Cambridge, UK), followed by incubation with
a horseradish peroxidase-conjugated secondary antibody (Dako,
Glostrup, Denmark). To evaluate angiogenesis in the wound,
CD31" tubular structures were considered capillaries, and the
capillary density in the healing wound area was quantified. To
analyze the inflammatory response of the wound, CD86"
macrophages were counted.

2.10 Statistical analysis

Data were expressed as the mean value + standard deviation
from at least triplicate samples. Statistical analysis was performed
using GraphPad Prism 8 Software. Differences between groups were
analyzed using Student’s t-tests and one-way ANOVA. All data are
represented as mean * SD, and P value < 0.05 was considered to be
statistically significant.
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FIGURE 2

Mechanical strength, hydrophilicity, degradability and ions release of the

nanofibers. (A) The stress-strain curves of the different nanofibers show

that the tensile strains of the mZIF-8/PLA nanofibers were significantly higher than those of the other three groups, owing to the induced mineralization of
ZIF-8 in the nanofibers; (B) Water contact angle tests demonstrated that the hydrophilicity of the mZIF-8/PLA nanofibers significantly increased; (C)

Statistical graphics of water contact angles for each group; (D) Statistical

graphics of water uptake ability (%); (E) Statistical graphics of water vapor

transmission rates (WVTRs); (F) The degradability of the nanofibers, showing that the mZIF-8/PLA nanofibers experienced the fastest weight loss over time
compared to the other three groups; (G,H) The release of Ca?* and Zn?* from the nanofibers over 14 days. (Data are shown as means + SD; n = 3;

*p < 0.05).

3 Results

3.1 Fabrication and characterization of
the nanofibers

The PLA, m-PLA, ZIF-8/PLA, and mZIF-8/PLA nanofibers

showed white color (Figure 1A). Scanning electron micrographs
of the nanofibers revealed that the addition of ZIF-8 had no effect on
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the formation of electrospun nanofibers. However, the nanofibers of
mZIF-8/PLA were noticeably rougher at high magnification. The
mZIF-8/PLA nanofibers were distributed randomly and uniformly
to form a three-dimensional mesh structure that closely simulated
the human extracellular matrix. It can also be observed that the
interlaced pores covered most of the nanofibers, which is suitable for
biomedical applications. Fresh TEM characterisation of the as-

prepared ZIF-8 crystals confirmed well-defined rhombic-
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24 h, 48 h and 72 h of culture (scale bar = 200 um); (B) Quantified cell viability (%) from image counts (n = 3); (C) CCK8 assay results of human dermal
fibroblasts seeded on the nanofibers. The fibroblasts had the best cell proliferation rates on the mineralized ZIF-8/PLA nanofibers compared with other
groups. (Data are shown as means + SD; n = 3; *p < 0.05, **p < 0.01, ***p < 0.001, ns = not significant)

+

dodecahedral particles with a mean size of 50 9 nm
(Supplementary Figure S1), matching our earlier report and
ensuring batch-to-batch consistency.

The diameter distribution of the nanofibers in each group is

shown in Figure 1B. The mean diameters of the PLA, m-PLA, ZIF-8/

Frontiers in Bioengineering and Biotechnology

07

PLA, and mZIF-8/PLA nanofibers were 250 + 175 nm, 225 +
200 nm, 150 + 175 nm and 400+ 350 nm, respectively. The
addition of ZIF-8 did not affect the diameter of the nanofibers,
whereas the induced mineralization in the SBF significantly
increased the fiber diameter, especially in the mZIF-8/PLA group.
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EDS mapping confirmed that the crystal deposits in the mZIF-8/
PLA nanofibers were composed of calcium, phosphorus, and zinc,
whereas no similar crystals were observed in the m-PLA nanofibers
(Figures 1C,D).

3.2 Physiochemical properties of
the nanofibers

3.2.1 Mechanical strength of the nanofibers

The mechanical strengths of the different nanofibers were
investigated to determine whether the addition of ZIF-8 and
induced mineralization affected the mechanical properties of the
nanofibers. Figure 2A shows the stress-strain curves of the different
nanofibers, which are linear within the 6% strain range. The tensile
strains of the mZIF-8/PLA nanofibers were significantly higher than
those of the other three groups, owing to the induced mineralization
of ZIF-8 in the nanofibers.

3.2.2 Hydrophilicity of the nanofibers

The water contact angle was measured to verify the
hydrophobicity and hydrophilicity of the nanofibers. There was
no significant difference in the water contact angle between the PLA
and mineralized PLA groups (148.4 + 1.46° and 1444 + 1.65,
respectively). The ZIF-8/PLA group had a water contact angle of
135.8 + 1.75°, whereas the mineralized ZIF-8/PLA group had a
significantly lower angle of 82.0 + 3.45° (Figures 2B,C), indicating
good hydrophilicity.

The water vapor transmission rates (WVTRs) and water uptake
abilities of the different groups were further investigated. The mZIF-
8/PLA nanofibers exhibited much greater WVTRs and water uptake
abilities than the other three groups (Figures 2D,E). This finding
suggests that the induced mineralization of ZIF-8 in the nanofibers
enhances the hydrophilicity of the nanofibrous PLA membrane,
making it more suitable for use as a wound dressing.

3.2.3 The degradability and ions release of
the nanofibers

The mZIF-8/PLA nanofibers experienced the fastest weight loss
over time compared to other three groups and lost approximately
40% of their initial weight after 28 days in vitro (Figure 2F).
the  WVTR (Figure 2E),
(Figure 2D) and controlled mass loss (Figure 2F) indicate that

Collectively, high water uptake
mZIF-8/PLA maintains a breathable yet sufficiently stable matrix
for the healing window. The release of Ca** and Zn*>* mainly
originates from the mZIF-8/PLA nanofibers (Figure 2G,H), In
addition, almost no ions were released from the other three
groups. The release of these two ions may partially explained

why the mZIF-8/PLA nanofibers has biological activity.

3.3 In vitro biocompatibility and bioactivity
of the nanofibers

The biocompatibility of the nanofibers was evaluated using
live/dead staining. Live fibroblasts were stained with calcein-AM
(CAM) to produce green fluorescence, whereas dead fibroblasts
were stained with propidium iodide (PI) to produce red
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fluorescence. The intensity of the CAM fluorescence on the
mZIF-8/PLA nanofibers was significantly higher than that on
the other three nanofibers after 48 h (Figure 3A). Compared with
the PLA and mineralized PLA (m-PLA) nanofibers, there was a
slight decrease in the PI fluorescence intensity in the ZIF-8/PLA
and mZIF-8/PLA nanofibers after 72 h (Figure 3A). Quantified
cell viability (%) showed consistently higher viability for mZIF-
8/PLA at 24,48 and 72 h (Figure 3B). Live/dead staining revealed
notably better cell viability on the mZIF-8/PLA nanofibers,
indicated by a greater proportion of live fibroblasts and a
fibroblasts
cultured on mZIF-8/PLA nanofibers displayed accelerated

smaller proportion of dead cells. Similarly,
proliferation, as assessed by the CCK-8 assay (Figure 3C).
The mZIF-8/PLA nanofibers exhibited better cell proliferation
rates compared to the PLA, m-PLA, and ZIF-8/PLA nanofibers.
Overall, the mZIF-8/PLA nanofibers demonstrate good in vitro

biocompatibility.

3.4 The mZIF-8/PLA nanofibers improved
wound healing in vivo

The wound healing models were covered with PLA, m-PLA,
ZIF-8/PLA, and mZIF-8/PLA nanofibers to evaluate the wound
healing effect of the nanofibers in vivo. The wound healing process
on days 0, 3, 7, 10, and 14 is shown in Figure 4A. The wound
closure rates were calculated and are shown in Figure 4B. Before
day 3, there was no significant difference in the percentage of
wound closure areas among the four groups. However, by day 14,
the percentage of wound closure in the mZIF-8/PLA group
(86.62% * 6.23%) was notably higher than that in the other
groups. The PLA, m-PLA, and ZIF-8/PLA groups exhibited
wound closure rates of 30.13% + 9.55%, 53.2% =+ 6.61%, and
61.32% * 4.69%, respectively. Most of the wounds in the mZIF-
8/PLA group showed significant closure by day 10, with re-
epithelialization accomplished after 14 days. The mZIF-8/PLA
group demonstrated the fastest wound closure rate among the
four groups.

3.5 Histological analysis

HE staining of wound areas covered with the four nanofibers
is shown in Figure 5A. The area delimited by vertical lines, which
lacks hair follicles and sebaceous glands, signifies regenerated
granulation tissue. The healed wound will be covered by
epithelium (dashed line); areas not covered by epithelium
indicate that the wound has not healed. As shown in
Figure 5A, the wound in the mZIF-8/PLA group is completely
covered by epithelium, indicating complete wound healing.
Statistical analysis of the length of the incomplete wounds
demonstrated that the mZIF-8/PLA group had significantly
enhanced wound healing (Figure 5D).

Collagen regeneration was examined by Masson’s trichrome
staining (Figure 5B). On day 14, the mZIF-8/PLA group showed a
significant increase in collagen deposition in the wound tissue
compared to the other three groups (Figure 5E). The type of
collagen fiber was investigated using Sirius red staining
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FIGURE 4

In vivo wound healing evaluation of the PLA, mPLA, ZIF-8/PLA, and mZIF-8/PLA nanofibers. (A) Photographic evaluation of wound repair in four
groups onday 0, 3,7, 10, and 14; (B) closure area (%) of the wound defect. The mZIF-8/PLA group achieved the best effect among four groups on day 3, 7,
10, and 14. (Data are shown as means + SD; n = 6; *P < 0.05, **P < 0.01, ***P < 0.001).

(Figure 5C), observed under a polarized light microscope. Most Additionally, wounds in the mZIF-8/PLA  group
collagen fibers were identified as type I collagen, which  presented a more regular and well-organized collagen fiber
appears red. arrangement and a decreased ratio of type I/III collagen
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Histological analysis and collagen regeneration, maturation, and remodelling of wound tissues on 14 days. (A) H&E staining of tissue sections. The
area between black dash lines: incomplete wound healing, and high magnified views of the central area are within the black solid lines; (B) Masson staining
for representative wound beds on day 14; collagen deposition is stained blue; (C) Regenerated collagen content was analyzed using Picrosirius red
staining under a polarized light microscope. Collagen type Ill is visualized in green color and collagen type | is visualized in orange/red color; (D)
Statistic analysis of epidermal coverage in four groups; (E) The percentage of collagen volume to tissue volume was quantified according to the Masson
staining results; (F) Ratio of collagen Il in wound beds of each group. (Data are shown as means + SD; n = 5; *P < 0.05, **P < 0.01, ***P < 0.001,

**xP < 0.0001).

(Figure 5F), indicating that mZIF-8/PLA nanofibers reduced scar
formation after wound healing.

3.6 Immunohistochemistry staining

Immunohistochemical staining for CD31 was performed to
investigate the effect of the different
neovascularization at the wound site (Figure 6A). The number

nanofibers on

of blood vessels at the wound site in each group is shown in

Figure 6C. Specifically, the wound area in the mZIF-8/PLA group
had the highest number of blood vessels, whereas the PLA group
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had the least. The number of new blood vessels in the mZIF-8/PLA
group was almost twice that of the other groups, suggesting that
mineralized ZIF-8 notably enhanced neovascularization during the
wound healing process. Immunohistochemical staining for CD86 was
performed to investigate the effect of the different nanofibers on the
inflammatory reaction at the wound site (Figure 6B). The density of
CD86" cells at the wound site for each group is shown in Figure 6D. The
number of CD86" cells in the mZIF-8/PLA group was significantly lower
than those in the other groups, with no significant differences observed
between the other three groups. This indicates that the mZIF-8/PLA
nanofibers can significantly regulate the inflammatory response of
wound tissue and prevent excessive inflammation.
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FIGURE 6

The effect of mZIF-8/PLA nanofibers on angiogenesis and inflammation in wound. (A) CD31-stained wound tissues on day 14 were shown via IHC
assay; (B) CD86 staining results showed infiltration of macrophages/monocytes on day 14, and the red arrows indicate accumulation of CD86-positive
cells in wound tissues; (C) Statistical analysis of number of CD31-positive vessels in the wound tissues; (D) The number of CD86-positive cells on day
14 was counted. (Data are shown as means + SD; n = 5; *P < 0.05, **P < 0.01).

4 Discussion

With the growing number of surgical procedures and chronic
wounds, the promotion of skin regeneration in various wounds has
become a major therapeutic challenge (Homaeigohar and
Boccaccini, 2020). This study proposes PLA nanofibers loaded
with ZIF-8, which induce biomimetic apatite deposition in
simulated body fluids, this process results in the biomimetic
mineralization of the surface of PLA nanofibers, enhancing their
effectiveness for wound healing. In vitro and in vivo experiment
revealed that the mineralized ZIF-8/PLA nanofibers enhances
fibroblast proliferation, accelerates wound healing, promotes
collagen regeneration, and relieves inflammation. Additionally,
the type I/III collagen ratio in wound tissue was significantly
downregulated, implying that scarless healing.

In previous research, we found that apatite deposition was
formed after ZIF-8 degradation and induction in SBF, which
could eventually generate mineralized pellets (Wang et al., 2023).
Consistent with that study, the ZIF-8-induced biomineralization in
our system follows a sequential process that is also experimentally

Frontiers in Bioengineering and Biotechnology

11

supported by our current dataset (Figure 7). In practical terms, Zn-N
bonds and hydrogen bonds in ZIF-8 slightly decompose due to Ca
ion attack in the simulated body fluid (SBF) solution, leading to an
early Zn>" burst (Figures 2G-H) indicative of sacrificial framework
dissolution. Consequently, an intermediate containing Zn and Ca
ions bonded to a single 2-HmIM ligand is formed. Subsequently,
HPO, and H,O act as hydrogen donors to induce rapid
protonation of 2-HmIM, resulting in the formation of excess
calcium and zinc hydroxy phosphates. This protonation process
may induce partial Zn ion release. Elemental mapping in this work
(Figures 1C,D) confirms Ca and P deposition exclusively on ZIF-8-
containing fibers, but not on PLA controls, supporting interfacial
nucleation and growth of an apatite-like layer. Additionally, during
the replacement process in SBF, the Ca content remained stably
high, with the precipitation equilibrium always shifting towards the
formation of Ca hydroxy phosphate. This layer growth is
by increased fiber enhanced
hydrophilicity  (Figures 2B,C), and
performance, altogether consistent with an emergent apatite
coating. Due to electrostatic adsorption and covalent bonding,

accompanied diameter,

improved mechanical
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first electrospun to fabricate the ZIF-8/PLA nanofibers. (B) The ZIF-8/PLA nanofibers was immersed in SBF solution to induce mineralization, resulting in
the mineralized ZIF-8/PLA (mZIF-8/PLA) nanofibers. The mineralization process of ZIF-8 within the PLA nanofibers was illustrated: Calcium attack
induced ZIF-8 degradation, providing Ca-P binding sites and causing apatite deposition. (C) The mZIF-8/PLA nanofibers accelerating wound healing

of mouse dorsal skin by enhancing angiogenesis and reducing inflammation.

continuous agglomeration of mineralized pellets was observed.
Therefore, our current physicochemical readouts (Zn®* release,
Ca/P shift
strengthening) experimentally verify, in agreement with the
proposed ZIF-8-induced biomineralisation mechanism.

co-localisation,  wettability and  mechanical

PLA is derived from 100% renewable sources and is considered
an eco-friendly material with good biocompatibility and controlled
biodegradability. These properties make it a desirable candidate for
wound dressings and tissue engineering applications (Avinc and
Khoddami, 2010; Li et al, 2020). However, the poor biological
activity of PLA limits its wide application. Therefore, researchers
continue to develop composite formulations by incorporating PLA
and other biologic agents to improve the biological activity of PLA-
based materials while enhancing the ability to release bioactive
molecules (Hajikhani et al, 2021; Khazaeli et al, 2020). To
improve the poor biological activity while retaining the
mechanical characteristics of PLA, ZIF-8 was incorporated into
PLA. The ZIF-8/PLA nanofiber
electrospinning in this research. The sample was then immersed

was synthesized through

in simulated body fluid (SBF) for a few days. As a result, obvious
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mineralized crystallization deposits were observed on the sample
surface (Figure 1A). Based on EDS mapping images, P, Zn, and Ca
ions showed a uniform distribution in the mineralized ZIF-8/PLA
nanofibers. In contrast, these ions were almost not observed in the
mPLA group, despite it also being soaked in SBF for several days
(Figures 1C,D). This indicates that the mineralization on the fiber
surface is induced by ZIF-8, not by the PLA itself or the SBF.
Figure 2A depicts the stress—strain curve of the nanofibers, which
evaluates their mechanical performance. Mineralisation not only
significantly increases the breaking strength but also keeps the initial
tensile modulus within the reported low-strain dermal range,
indicating mechanical compatibility with native skin. The higher
allowable strain before pronounced stiffening supports conformal
contact and accommodation of routine periwound micro-extension,
reducing interfacial shear. The strength enhancement is attributed to
the greater average fibre diameter together with the apatite layer
acting as a load-sharing, friction-enhancing sheath that dissipates
stress without over-stiffening the scaffold.

Wettability, as an important physicochemical property of
wound dressings, is a key prerequisite for absorbing wound
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exudate and maintaining an optimal level of moisture at the wound
site (Bacakova et al., 2011). As shown in Figure 2B, PLA, being a
hydrophobic material, had a water contact angle of approximately
148.4° for its nanofibers. When ZIF-8 was added, the contact angle
decreased to 135.8°, but it was still not hydrophilic. After biomimetic
mineralization, the water contact angle of the mZIF-8/PLA
nanofibers was reduced to 82°, indicating hydrophilicity.
Additionally, the mineralized ZIF-8/PLA membranes exhibited
much greater water uptake ability (Figure 2D) and water vapor
transmission rates (WVTRs) (Figure 2E) compared to the other
three groups. Hydroxyapatite (HA) coating has received significant
attention in the scientific community for the development of
it that HA
biocompatibility, enhance osteogenic activity, and HA as a polar
molecule with hydrophilic properties could improve the
hydrophilicity of materials (Cao et al., 2021; Qadir et al,, 2021;
Wang et al., 2019). Thus, we suspect that the hydroxyapatite formed

implants, can be confirmed can improve

on the surface of PLA nanofibers, induced by ZIF-8, contributes to
the hydrophilicity and wettability of the material. This is
advantageous for its application as a wound dressing.

Based on our results, the mZIF-8/PLA nanofibers exhibited
superb cell activities and a lower apoptosis rate (Figure 3A).
Anchoring-dependent cell division cannot be achieved without
prior extension on the surface of the growth substrate, leading
these cells to potentially undergo apoptosis (Kaniuk et al., 2020).
The significantly increased roughness of the fiber surface, due to the
deposition of apatite, promotes fibroblast attachment, growth, and
differentiation in this research.

An ideal wound dressing should not only effectively accelerate
the healing process, the quality of healing also deserve attention. The
mZIF-8/PLA nanofibers exhibited an appropriate degradation
profile over 28 days, making it advantageous for use as a wound
dressing. Additionally, the slow release of bioactive substances such
as calcium and zinc ions minimized potential toxicity to the body
(Figures 2F,G). Based on current research, both of these ions play
crucial roles in wound healing (Lin et al., 2017; Subramaniam et al.,
2021). Zinc is an essential micronutrient in the human body, Zinc-
dependent proteins play numerous indispensable roles within cells,
such as transcriptional regulation (Zheng et al., 2015), DNA repair,
apoptosis (Cho et al, 2016) and extracellular matrix (ECM)
regulation (Tomlinson et al, 2008). Zinc has been shown
effective for angiogenesis in vivo (Li and Chang, 2013) and
angiogenesis played a crucial role in skin tissue regeneration,
during wound repair angiogenesis performs the function of
supplying essential nutrients and oxygen to the wound site, thus
promoting granulation tissue formation (Liu et al., 2023; Wang X.
et al., 2020), inhibited neovascularization is an important factor of
refractory wound healing (Falanga, 2005). In the present study, we
observed an increased capillary density in wounds treated with the
mZIF-8/PLA nanofibers, as evidenced by histological evaluation of
anti-CD31 immunohistochemical staining (Figures 6A,C). The
continuous release of zinc ions from ZIF-8 degradation may have
contributed to angiogenesis during wound healing. It has been
found that zinc deficiency increases inflammatory cytokines and
oxidative stress production in elderly subjects. Conversely, zinc
supplementation can reduce plasma levels of oxidative stress
markers and decrease the ex vivo production of inflammatory
cytokines such as C-Reactive Protein (CRP) and IL-6 (Bao et al,
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20105 Prasad, 2014). Dierichs et al. recently reported that zinc could
participate in modulation of monocyte differentiation into pro-
inflammatory (M1) or immune-regulatory (M2) macrophages,
they discovered that zinc deficiency promote M1 phenotypes,
while inhibiting M2 differentiation (Dierichs et al, 2018). A
prolonged and heightened inflammatory response contributes to
impaired healing, and regulating the inflammatory response can
accelerate the healing process (Wood et al., 2014; Wu and Chen,
2016). This study showed that treatment of wounds with the mZIF-
8/PLA  nanofibers the
inflammatory macrophages (Figures 6B,D), this could contribute

significantly  reduces infiltration  of
to accelerated wound closure. Apart from being a critical
coagulation factor during hemostasis, the calcium ion has also
been shown to act as a fundamental cue, directing the cellular
functions of different types of cells during wound healing. Some
studies have shown that calcium plays a vital role as the extracellular
signaling molecule and intracellular second messenger in the
morphology, proliferation, and collagen deposition of fibroblasts
(Kawai et al.,, 2011). Navarro-Requena et al. conducted a study to
examine the effects of extracellular calcium on skin fibroblasts
cultured in vitro. They found that supplementation with
extracellular calcium increased fibroblast metabolic activity,
migration, MMP production, collagen synthesis, and cytokine
release (Navarro-Requena et al., 2018). In this study, a significant
increase in the synthesis and deposition of collagen was observed by
Masson’s trichrome staining in wound tissues treated with the
mZIF-8/PLA nanofibers 5B,E). These
histological data, together with Sirius-red analysis (Figures 5C,F),

(Figures quantitative
indicate not only accelerated matrix accumulation but also a more
regenerative ECM architecture. Similar collagen-promoting effects
have been reported for mineralised ZIF-8/PLA membranes in bone-
regeneration models (Wang et al., 2023). Besides the release of
calcium ion, hydroxyapatite itself can also promote collagen
regeneration, a phenomenon that has been confirmed in bone
tissue engineering (Ramesh et al.,, 2018).

Our mineralized ZIF-8/PLA nanofibers exhibited excellent
physicochemical properties, thereby promoting the wound
by cell
neovascularization, and collagen neogenesis. Additionally, the

healing  process enhancing proliferation,

decreased inflammatory response and the reduced ratio of type
/I
scarless healing.

collagen in wound tissue indicate a potential for

5 Conclusion

In summary, this study demonstrates that mineralized ZIF-8/
PLA nanofibers could promote wound healing. Moreover, ZIF-8
may serve as a bioactive additive that enables the surface
modification of synthetic polymers, suggesting that it can be
applied in in-situ skin regeneration.
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