Regenerative Therapy 26 (2024) 170—179

Regenerative

Contents lists available at ScienceDirect Therapy=s

Regenerative Therapy

JSRM

journal homepage: http://www.elsevier.com/locate/reth

Original Article

Design and development of pH-responsive levofloxacin-loaded metal-
organic framework for the promising treatment of pediatric
abdominal wound repair

Check for
updates

Guoyan Wang ?, Hongwei Li , Xinhua Shao ¢, Shuisheng Teng ¢, Qiong Wu > "

2 Department of Pediatric General Surgery, The First People's Hospital of Chengzhou, Chenzhou, 423000, China
b Department of Pediatric Respiratory Medicine, The First People's Hospital of Chengzhou, Chenzhou, 423000, China

ARTICLE INFO ABSTRACT

Article history:

Received 25 March 2024
Received in revised form
24 April 2024

Accepted 9 May 2024

With over 9 million fatalities per year expected by 2030, infectious diseases will remain a significant
burden on the world economy and cause high mortality rates. An excellent method to increase the
bioactivity of levofloxacin (LEV) in pediatric abdominal wound repair is the finding of a stimuli-based
drug delivery system (DDS). We designed and developed an LEV incorporated with zeolite imidazole
framework-8 (ZIF-8) as a promising nanocarrier for wound healing applications. The spectral analysis
and morphological analysis confirm the formation of our newly fabricated composites. Mouse embryonic
fibroblast NIH3T3 cells, the cytotoxicity, cytocompatibility, and cell proliferation characteristics of
LEV@ZIF-8 were evaluated in vitro. LEV@ZIF-8 composite considerably improved the biocompatibility
against NIH3T3 cells after 72-h of exposure, according to in vitro experiments. Under acidic circum-
stances, the pH-responsive drug release studies exhibit superior LEV release, and in physiological cir-
cumstances, there is no unintended drug release. The LEV@ZIF-8 composite-treated cells demonstrate
the most remarkable cell growth and migration method in a very short time, according to the results of
the wound scratch experiment. The composite exposure concentration depended on inhibition against
various microorganisms in the antibacterial activity testing. According to the study, LEV@ZIF-8 are
appropriate and effective DDS for stimuli-based pediatric abdominal wound repair.
© 2024, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

0.25% and 3% of people experience dehiscence after a laparot-
omy, which can be attributed to various factors. Infection, hema-
toma, and seroma are the most prevalent local variables linked to
wound breakdown [1]. Systemic factors usually combined with
abdominal wound dehiscence include older age, poor nutrition,
lung problems, kidney failure, fatness, chemotherapy, administra-
tion of radiotherapy, steroid use, and diabetes mellitus [2]. Regional
factors include bowel oedema and abdominal distention, which
intra-abdominal infections, bleeding, and trauma may cause.
Wound dehiscence is also more likely to occur following rushed or
botched surgeries, such as emergency laparotomies [3]. A post-
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laparotomy lesion can decrease superficially and locally to
entirely and radically. Fascial dehiscence almost always results from
a multi-bacteria illness [4]. The primary focus of therapy is to
restore the abdominal wall's integrity, which can only be done by
fixing the root cause of the dehiscence and creating a healthy
environment for the wound to recover [5—38].

Many attempts have been made to improve the recovery of
chronic lesions by employing various methods, such as growth
factor, gene delivery, and cell treatment [9]. The half-life of drugs
and genes can be increased, bioavailability increased, pharmaco-
kinetics optimized, and dosage frequency reduced with the help of
drug delivery devices operating at the nano, micro, and macro sizes,
respectively [10]. Delivering therapeutic proteins and nucleic acids
to their intracellular destinations would require a nanoparticle-
mediated transport system [11]. Conversely, if only extracellular
delivery is necessary, the slower release rates afforded by
microparticle-mediated transport may provide a more stable
therapeutic impact. Alternatively, microcapsules or microgels could
transport cells [12]. The ability of tissue-engineered scaffolds to act
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as a depot for integrating drugs makes them attractive drug
transport devices for wound healing. In addition, they can serve as
actual tangible barriers between the incision and the environment.
So, scaffolds that contain drugs hold great promise for mutually
speeding up the mending process of chronic wounds [13].

Crystalline porous coordination polymer materials termed
metal-organic frameworks (MOFs) are made from organic com-
pounds and metallic metal ions [14]. More active sites, higher
specific surface areas, higher porosity, lower skeleton density,
consistent pore sizes that can be adjusted, superior temperature
stability, and easy functionalization are just a few of the appealing
features of MOFs [15—18]. MOFs have been extensively applied in
various fields, including gas adsorption and separation, energy
storage, luminescence, catalysis, detection, and proton propagation
[19]. Drug delivery, biocatalysts, biosensors, and biological imaging
are all areas where significant effort has been put into producing
MOFs because of their adaptability based on the interplay between
various metal nodes and organic connections [20].

The healing process of a lesion is highly vulnerable to bacterial
infection, which can cause extensive tissue harm and even death
[21]. The advent of antibacterial strategies has made wound re-
covery easier in recent years [22]. Various applications have been
found for metal ion-releasing MOF materials, including releasing
bactericidal metal ions, loading various small molecular drugs for
wound chemotherapy, generating large amounts of reactive oxygen
species (ROS), and heating for photodynamic or photothermal
sterilization [23—25]. Nanocarbons produced from metal-organic
frameworks (MOFs) have safe and effective cutaneous lesion
disinfection and are immediately helpful as biocatalysts or drug
carriers for accelerating wound healing [26].

Zn?* is an astringent, moisturizer, and antibacterial in skincare
due to its harmless antimicrobial action [26]. Antibacterial action
against a wide variety of bacteria has been observed in tests of ZIF-8
(zeolite imidazolate framework material). These ZIF-8 molecules
are tetrahedral in shape and contain zinc metal atoms connected by
strands of imidazole units. Experiments have shown that copper
and zinc ions, at exact ratios, promote cell movement, angiogenesis,
collagen deposition, fibroblast migration, and proliferation, all
essential for wound repair [27]. ZIF-8's antibacterial and wound
healing characteristics have been confirmed, but its hydrophobic
behaviour and aggregation present challenges for dispersing MOFs
in hydrophilic materials, lowering its tensile strength [28]. As a
result, MOFs' functional design has become an essential tactic for
their widespread use in hydrogels [29]. Combining MOFs with
other tissue healing strategies will help create a multifunctional
skin histocompatibility substance for treating wound infection [30].

Levofloxacin's anti-inflammatory properties, rather than its
antibiotic folks, have recently garnered much scholarly interest
[31]. Psoriasis, hidradenitis, and folliculitis are all treated with this
drug as part of a systemic immunosuppressive regimen. The
amounts of inflammatory cytokines in lesions that don't heal are
significantly more significant [32]. They promote the production of
enzymes like proteases and lipases, which impede the wound-
healing process in several ways (e.g., by degrading growth factors,
stopping cell multiplication and motility, and breaking down the
extracellular matrix) [33—35]. Several in vivo investigations have
shown that wound recovery is boosted when levofloxacin is pre-
sent. In addition, levofloxacin-induced pregnane X receptor stim-
ulation has been linked to accelerated wound healing. In addition,
the drug was effectively used for oral therapy of diabetic foot
osteomyelitis [36]. Levofloxacin incorporated ZIF-8-based nano-
particles for abdominal surgery after wound healing, which was the
present study's primary topic. Fabricated nano DDS will compre-
hensively evaluate their physicochemical characteristics using
various spectral and microscopic methods [37]. In recent years, it
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has been used as an innovative and versatile substance for wound
treatment after surgical procedures for pediatric abdominal sur-
gery [38—40].

2. Experimental section
2.1. Materials and reagents

2-methyl imidazole, zinc nitrate hexahydrate, and levofloxacin
were bought from Shanghai GL Biochem Co. Ltd. Nutrient Broth and
Nutrient Agar was purchased from Beijing ZhongShuo Pharma-
ceutical Technology Development Co., Ltd.3-(4,5-dimethylthiazol-
2-yl1)-2,5-diphenyl tetrazolium bromide (MTT, Beyotime Biotech-
nology Co. Ltd.), acridine orange (AO). All the organic solvents were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Mouse embryonic fibroblast non-cancerous cells (NIH3T3)
were acquired from the China Center for Type Culture Collection
(CCTCC) and preserved in RPMI-1640 medium supplemented with
10% heat-inactivated fetal bovine serum, 1% penicillin-
streptomycin. The cells were incubated under standard culture
conditions (5% CO,, 37 °C).

2.2. Fabrication of levofloxacin (LEV)-encapsulated ZIF-8 composite
(LEV@ZIF-8)

According to earlier reports, a multifunctional LEV@ZIF-8 com-
posite was constructed [41]. At first, Milli-Q water (50 mL) and zinc
nitrate (200 mg) were mixed in a 200 mL glass container. Under
magnetic stirring, 2-methyl imidazole (400 mg) and levofloxacin
(20 mg) were suspended in 20 mL of methanol in a second 200 mL
glass container. With magnetic stirring going at 300 revolutions per
minute, the imidazole and levofloxacin solution was introduced to
the zinc solutions. The construction of the LEV@ZIF-8 composite
DDS was observed through a shift in colour from clear to pale
golden colloid. At 14,000 rpm for 20 min, the dispersion was spun.
Methanol and water (1:3) were combined three times to remove
any remaining unreacted precursor molecules or contaminants.
The hydrated nano colloid was desiccated using a heated air
furnace set to 60 °C. for 6-h. The pure ZIF-8 was constructed using
the same technique but without levofloxacin.

2.3. Assessment of drug loading efficiency

Using a straightforward decomposition technique [42], we can
estimate the total levofloxacin loading into ZIF-8 frameworks. A
composite of LEV@ZIF-8 containing 50 mg was dried and dissolved
in 1 mL of HCI before being reduced to 15 mL with ethanol. The
standard calibration curve was then used to analyze the solution's
UV—visible spectrum at 278 nm. Following is the equation that was
used to determine the overall quantity of drug loading:

DL (%) = Amount of drugs/Amount of drugs loaded in composites
x 100.

2.4. Characterizations of LEV@ZIF-8 composite

The FTIR spectra of the various nanoparticle samples were ob-
tained using Nicolet 6700 FTIR Spectrometer (ThermoFisher, Wal-
tham, MA). Samples were synthesized and then lyophilized to
obtain dry samples. The samples were mixed into a KBr pellet at
0.2 wt%. TEM images were acquired with an FEI Tecnai F20 TEM
(Hillsboro, OR) operating at 200 kV. Rings in the reciprocal space
resulting from the electron beam diffraction were analyzed using
Image] software. The average size and zeta potential of polymer-
somes were determined by a Zetasizer Nano-ZS (Malvern
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Instruments) at 25 °C based on dynamic light scattering (DLS)
technique and electrophoresis, respectively. The LEV loading con-
tent was determined by UV—Vis spectroscopy (UH5300, Hitachi).
MTT assays were calculated by measuring the absorbance at
570 nm using a microplate reader (Thermo Multiskan FC).

2.5. Drug release analyses

In vitro drug release was used to investigate the pH-response
drug-release behaviour of the LEV@ZIF-8 composite. Thirty exper-
iments were conducted using Tween 20 (0.5%) and PBS with acidic
and normal conditions. Firstly, 1 mg of LEV@ZIF-8 composite was
dispersed in 20 mL of Tween 20 solution and PBS (pH 5.0, 6.0, 6.5,
and 7.4) with magnetic stirring (200 rpm) for the drug release ex-
periments. Each time the mother solution was changed out for PBS,
2 mL was removed. We could determine the overall quantity of
levofloxacin release by using a UV—Vis spectroscope at a wave-
length of 276 nm and a normal calibration slope [43].

2.6. In vitro cytotoxicity assay

Using an MTT cell viability test, we analyzed the cytotoxic
impact of the LEV@ZIF-8 composite on NIH3T3 fibroblast cells.
Following a 24-h incubation period in RPMI-1640 media containing
1% FBS, NIH3T3 cells were dispersed into 96-well plates and
permitted to adhere to the bottoms of the dishes. The LEV@ZIF-8
composite was dispersed in dimethyl sulfoxide (DMSO) and
added to cell-containing growth media at 25—100 pM. The cells
were permitted to incubate for 48-h at 37 °C with CO, after being
treated with composite. The wells were then re-incubated for 3-h
after adding 20 pL of MTT and PBS solution 48-h after the last
exposure. Using a standard wavelength of 650 nm, we measured
the absorption of composite cell media at 570 nm [44].

2.7. Fluorescence dead and live staining by in vitro

After seeding NIH3T3 fibroblast cells at a density of
(5 x 10% cells/well) in RPMI-1640 solution, the cells were grown for
24-h. LEV@ZIF-8 composite at 100 M was used to treat the cells
after they had been incubated. A saline solution was used as a
reference to treat the cells. Composite preincubation of cells for 2-h
was followed by fluorescence microscopy analysis of bio targeting.
Cells were stained with 0.5 mL of AO for 15 min after exposure to
LEV@ZIF-8 and then rinsed with PBS to remove any remaining
stain. We observed treated cells' toxicity and morphological
changes using a fluorescent microscope and captured the images
[45].

2.8. Wound scratch assay by in vitro

An in vitro wound scratch test was used to analyze the cell
growth and migrations of scraped NIH3T3 cells. NIH3T3 cells were
grown in RPMI-1640 supplemented with 10% fetal bovine serum
and 1% streptomycin. After 24-h of growth at 37 °C, a clean 200 pL
micro tip was used to scratch the surface of the cells in a 12-well
culture dish. After scraping the lesion, we measured cell prolifer-
ation and movement at various times. Inverted phase contrast and
fluorescence microscopy were used to watch and photograph the
cell movement and regeneration. We measured initial injury and
cell movement in the scratched region using Image | at 24-, 48-, and
72-h. We measured the overall quantity of cell migration three
times to ensure accuracy [36].
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2.9. Antibacterial activity by in vitro

The well diffusion technique was used to test the LEV@ZIF-8
composite's antimicrobial performance [46]. 15 We sub-cultured
four human-infectious bacteria on nutritional agar. Each dish had
wells drilled into it using a 1 mL micropoint. Wells of sterilized agar
nutritional medium were filled with varying concentrations of
LEV@ZIF-8 composite. After that, the bacterial types were inocu-
lated, and the surface wetness was removed by air drying. Each well
in a set of Petri plates has an identical layer of agar medium. Two
types of Staphylococcus aureus (S. aureus), Escherichia coli (E. coli),
Pseudomonas aeruginosa (P. aeruginosa), and Staphylococcus epi-
dermidis (S. epidermidis). Petri dishes were coated with composite
and then kept at 37 °C for a whole day. An estimate of the bacterial
zone of suppression was made, revealing the possible growth-
inhibiting effects of the composite. Triplicate measurements of
each bacterium were used to determine their typical zone of inhi-
bition diameters.

2.10. Statistical analysis

All data presented are Mean + SD. Statistical analysis was per-
formed using Student's t-test. The differences between experi-
mental and control groups were considered statistically significant
for P value < 0.05.

3. Results and discussions
3.1. Fabrication of LEV@ZIF-8 composite

One-pot synthesis was used to construct a biocompatible DDS
sensitive to external cues. 2-Methylimidazole and Zn*>* developed a
ZIF through metal-organic bonding [47]. The simultaneous stirring
technique was then employed to incorporate levofloxacin within
the highly porous ZIF-8 drug containers. When given, the LEV@ZIF-
8 composite guarantees drug transport at an acidic pH without
breaking down under physiological circumstances. High-
antibacterial-potential fibroblast cells proliferate more thanks to
clever drug release in response to stimulation. The levofloxacin
released at wound sites rises progressively as ZIF-8 frames degrade
in acidic environments. We have developed unique antibiotic-
encapsulated ZIF-8 nanoframeworks to facilitate safe wound
healing.

3.2. Characterization of composites

Using powder XRD, we investigated the crystalline structure of
the LEV@ZIF-8. In Fig. 1A, you can see the PXRD patterns for ZIF-8
and LEV@ZIF-8. The powder X-ray diffraction results proved the
formation of LEV@ZIF-8 composite, which revealed uniform crys-
tallinity between ZIF-8 and levofloxacin encapsulated ZIF-8 com-
posite. The 28 values are located at the diffraction maxima at
approximately 10.39, 12.57, 14.36, 16.28, 18.47, 27.25, 29.62, and
30.47 for crystal surfaces (201), (212), (221), (311), (223), (201),
(201), and (105). After levofloxacin was incorporated into the ZIF-8
structures, the XRD diffraction patterns changed, proving that the
LEV@ZIF-8 composite contained levofloxacin. ZIF-8 crystal struc-
tures without levofloxacin encapsulation reveal the same crystal
surfaces and 26 values, confirming that the levofloxacin molecules
were uniformly encapsulated. As a result of the levofloxacin
modification, the crystal morphology of LEV@ZIF-8 was somewhat
obscured by the amorphous nanoparticle surface, and the strength
of the diffraction peaks was decreased. In addition, FTIR spectros-
copy was used to examine levofloxacin and encapsulated functional
groups of LEV@ZIF-8 composites (Fig. 1B). Peaks at 3433 cm™~! and
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Fig. 1. Morphological characterization of composites. A) X-ray powder diffraction (XRD) spectral analysis of ZIF-8, levofloxacin (LEV), and LEV@ZIF-8 composites. B) Fourier-
transform infrared spectroscopy (FTIR) spectral analysis of ZIF-8 and LEV@ZIF-8 composites.

2919 cm™! indicate OH bending and CH stretching vibrations,
respectively. The compound LEV@ZIF-8 shows clear peaks at
1623 cm~! and 1205 cm~! due to C—0 and C—0—C stretching vi-
brations, suggesting that levofloxacin has been successfully
encapsulated. When comparing the spectra of the LEV and
LEV@ZIF-8 composite, we see that the distinctive peak of levo-
floxacin at 1062 cm™! is absent in the latter, confirming the inte-
gration of levofloxacin into ZIF-8 frames. Imidazole, a common
organic binder, and levofloxacin, a common antioxidant, contain
benzene groups that can be stacked onto ZIF-8 [41].

UV—vis spectroscopy examined ZIF-8 and levofloxacin ab-
sorption spectra (Fig. 2A). levofloxacin, ZIF-8, and LEV@ZIF-8 all
have absorbance maxima at 220, 285, and 278 nm. The homoge-
neous encapsulation of levofloxacin was demonstrated by a
decrease in the absorption peak at 278 nm across samples of
LEV@ZIF-8 composite, showing that the levofloxacin absorption
site was shifted. A thermogravimetric investigation was carried
out to investigate the composite's thermal stability. TGA spectra
for ZIF-8, ZIF-8, levofloxacin and LEV@ZIF-8 composites are dis-
played in Fig. 2B. The mass loss percentage at temperature com-
parisons verified the thermal durability of ZIF-8 and LEV@ZIF-8
(°C). These are the two main weight loss episodes depicted by
levofloxacin. The initial mass loss between 50 and 120 °C is due to
water molecules released from levofloxacin. The decomposition of
organic molecules from levofloxacin was verified by a second
steady weight loss of 70%—85%. The breakdown of physisorbed
water molecules accounts for the modest weight loss of 7% in ZIF-
8 from 100 °C to 180 °C. At temperatures up to 500 °C, neither pure

N
o

ZIF-8 nor the LEV@ZIF-8 composites experience appreciable mass
loss [48]. Water molecules desorption on the composite's exterior
surface and the breakdown of organic molecules cause the initial
13% weight loss in LEV@ZIF-8. Sharp weight loss of 65%—85%
emerged after 600 °C in ZIF-8 and LEV@ZIF-8 composites. When
metal and organic cooperation breaks down, it causes ZIF-8
structures to disassemble, as seen by this massive weight loss.
Compared to ZIF-8, levofloxacin has greater thermal stability,
suggesting that the synthesized composite is more stable and
appropriate for biomedical uses.

Field emission scanning electron microscopy (FE-SEM) and
transmission electron microscopy (TEM) were used to examine the
morphology of the nano DDS surface after fabrication (Fig. 3). The
two-dimensional flakes-like crystal shape of ZIF-8 was visible in the
FE-SEM image of the pure compound. Here, the levofloxacin-
incorporated LEV@ZIF-8 presents a globular aggregate. ZIF-8 ap-
pears to be a two-dimensional microgranule in the TEM image
(Fig. 3). However, the LEV@ZIF-8 reveals the encapsulated polyg-
onal particles with an average diameter of 150 nm region. Crys-
tallization and structural regularity of levofloxacin nanoparticles
were disrupted during embedding with ZIF-8 frameworks (Fig. 3).
The molecules of levofloxacin served as both a reduction agent and
a synthesis component in the one-pot synthesis techniques. The
effective encapsulation and surface adjustments of the levofloxacin
molecules in ZIF-8 formation, the morphological properties and
particle size of the LEV@ZIF-8 were drastically decreased, and the
crystal angles (26) were blurry, in contrast to the clear microscopic
structure of ZIF-8 and LEV@ZIF-8.
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Fig. 2. A) Ultraviolet—visible (UV—vis) spectral analysis of ZIF-8, LEV, and LEV@ZIF-8 composites. B) Thermogravimetric spectral analysis of ZIF-8, LEV, and LEV@ZIF-8 composites.
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Fig. 3. Morphological characterization of composites. Scanning electron microscope (SEM) images of ZIF-8 and LEV@ZIF-8 composites. Scale bar 2 um. Transmission electron

microscopy (TEM) images of ZIF-8 and LEV@ZIF-8 composites. Scale bar 100 nm.

By utilizing DLS, we could ascertain the hydrodynamic stability
of the LEV@ZIF-8 composite and the typical particle diameters of its
constituents. The dynamic light scattering (DLA) analysis of a
LEV@ZIF-8 composite in an aqueous medium is displayed in Fig. 4A.
Composite particles, on average, are 120 + 3.1 nm in size. The
nanoparticles were consistently sized, and they dispersed very well
in water. The composite's surface area and porosity were measured
using the Brunel-Emmett-Teller technique. Fig. 4B shows that the
LEV@ZIF-8 composite, a prime example of a microporous material,
displays conventional type I N2 absorption-desorption isotherms.
At 567 m?/g, ZIF-8's BET surface area is extensive; at 152 m?/g,
LEV@ZIF-8 significantly decreases this value. Compared to raw ZIF-
8, the pore volume of LEV@ZIF-8 was 0.84 cm?/g. While ZIF-8 has
microporous pores, the ones in LEV@ZIF-8 composites are meso-
porous due to levofloxacin packaging, which increased the size of
the metal-organic coordination interaction. The findings of the BET
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analysis validated the modified ZIF-8 and levofloxacin

encapsulation.
3.3. Drug release property of LEV@ZIF-8 composite

The pH-mediated release was used to evaluate the efficacy of
LEV@ZIF-8 composites for stimulus-responsive drug release. The
LEV@ZIF-8 composites solution was to calculate the drug-loading
(DL) of levofloxacin within the ZIF-8 and find a decent linear
connection between the two variables. The rising tendency in
levofloxacin absorbance at 278 nm with increasing quantity is
depicted in Fig. 5A. Fig. 5B demonstrates that a mass ratio of 1:1
between ZIF-8 and levofloxacin results in the most remarkable
loading effectiveness of the LEV@ZIF-8 composite. The total drug
dosage was determined to be 41.25 + 1.24 %. The drug-loading ef-
ficacy of the LEV@ZIF-8 composite is significantly higher than that

—o— LEV@ZIF-8
—o—ZIF-8

’V{;JSXZXX‘P(NX%"Q{“ 338K

Fig. 4. A) Dynamic Light Scattering (DLS) particle size analysis of LEV@ZIF-8 composites. B) Surface area evaluation of LEV@ZIF-8 composites by BET assessment nitrogen with

adsorption—desorption isotherm.
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LEV@ZIF-8

Fig. 5. A) Calibration curve of LEV at various concentrations. B) The drug-loading percentage of LEV@ZIF-8 composites at different ratios of LEV@ZIF-8 composites.

of other DDSs, and it is synthesized using a straightforward one-pot
procedure. Furthermore, the pH-dependent release process of the
LEV@ZIF-8 composite was measured in PBS-buffered solutions of
varying pH. Fig. 6A depicts the accumulated levofloxacin release at
varying pH over periods. Substantial levofloxacin release did not
occur until 24-h in a physiological state, with only 10.08% of the
drug being released. The ZIF-8 breaks down rapidly in acidic cir-
cumstances, leading to release. Drug release was maximized over
minimal periods when the pH of PBS solutions was lowered. The
ultimate assay findings revealed that drug release could be as high
as 65.8% in acidic pH 5 and as low as 52.46% at pH > 6. Decompo-
sition or fracture of MOFs bonding of ZIF-8 frameworks, as evi-
denced by levofloxacin release from LEV@ZIF-8 under acidic
conditions. In vitro pH-mediated drug release experiments showed
consistent findings. Initial dynamic data indicated that the
LEV@ZIF-8 composite has excellent promise as a stimuli-responsive
DDS for use in biomedicine.

3.4. Cytocompatibility of LEV@ZIF-8 composite against NIH3T3 cells

The MTT assay was used to determine if the composite of
LEV@ZIF-8 had cytotoxic properties. The data showed that NIH3T3
cells were killed in a dose-dependent manner. Concentration is as
high as 100 uM. After 48-h of contact, only 8% of cells had died, as
shown in Fig. 6B. At 48-h, cytotoxicity is 12% in groups treated with
levofloxacin alone. The biocompatibility of the compound was
improved by encapsulating levofloxacin within ZIF-8 structures,
which allowed for better cell death in NIH3T3 cells. The absence of
damage in the control group was striking.

The live/dead cell staining technique assessed cell viability after
exposure to hybrid materials. Fig. 7 demonstrates that the LEV@ZIF-
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8 treated groups exhibit no detectable red luminescence until 72-h
after exposure. Consistently brilliant green light suggests that
NIH3T3 mouse fibroblast cells are alive and well. Encapsulation, on
the other hand, improves biosafety in therapeutic uses of both
synthetic and natural pharmaceutics. Increased benefits in fibro-
blast cell safety for wound treatment after pediatric abdominal
surgery will result from ZIF's excellent stability under physiological
conditions.

3.5. Cell growth and wound scratch assay of LEV@ZIF-8 composite

Recovery from a wound treatment after pediatric abdominal
surgery is difficult and time-consuming, often resulting in several
imperfections [49]. The need for well-designed components and
bacterial infections severely hampers the wound-healing process.
As a result, there is an increasing need for antibacterial and inno-
vative wound care products to help patients recover from their
wounds. Avoiding microbial infection is even more crucial for
effective wound recovery, making antibiotics and multipurpose
materials more essential. A predetermined repair plan with
stimuli-responsive key stages was necessary for wounds to recover
properly. Severe inflammation prevents cells from re-
epithelializing and remodelling, resulting in fibrosis. The ability of
LEV@ZIF-8 composite-mediated fibroblast cells to proliferate and
migrate was measured 24- to 72-h after contact. An in vitro wound
scrape test reveals that the re-epithelialization stages and wound
healing inflammation occur rapidly (Fig. 8). Surprisingly, our
composite successfully promotes cell migration and reproduction
at reduced concentrations. Fig. 7 is an inverted phase contrast
micrograph of scraped NIH3T3 cells, demonstrating rapid cell
growth and migration of incubation within 24-h. The live/dead test

== Control = LEV  mm LEV@ZIF-8
100 *kk kol
754
50+
254
0-
25 50 75 100

Concentration (uM)

Fig. 6. A) Cumulative drug release of LEV at different pH (5.0, 6.0, 6.5, and 7.4). B) cell proliferation of LEV, LEV@ZIF-8 composites treated NIH3T3 cells in MTT assay at various
concentrations (25—100 pM) for 24 (pink), 48 (green), and 72-h (violet). Data were expressed as means + SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, compared with control

group.
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48 hours 72 hours

Fig. 7. For biocompatibility assessment, fluorescence microscopic images of ZIF-8 and LEV@ZIF-8 composites treated NIH3T3 cells by AO staining. Scale bar 100 um.

0 hours 24 hours

Control

ZIF-8

LEV@ZIF-8

48 hours 72 hours

Fig. 8. Microscopic images of ZIF-8, LEV@ZIF-8 composites-treated NIH3T3 cells by wound scratch assay at different time intervals (0, 12, 24, 48, and 72 h). Scale bar 100 pum.

was also used to examine the toxicity and growth of injured cells.
Within 24-h of treatment, a consistent cell migration rate can be
shown in reversed fluorescence microscopy images (Fig. 8). At 24-h,
the number of cells still alive and those that have multiplied in the
LEV@ZIF-8 composite-treated group increased progressively. It was
found that cell growth and migration were increased by a factor of
four in the composite-treated groups compared to the control
groups. The composite's high surface area and permeability made it
an ideal environment for epidermis re-epithelialization. The
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microscopic findings and final in vitro scratch test results indicate
that the fabricated LEV@ZIF-8 composite is a strong contender for
stimuli-responsive wound treatment after pediatric abdominal
surgery [50—52].

3.6. Antibacterial activity against skin pathogens

Slowing down the recovery from a laceration is a bacterial
illness. Bacterial infection in wound recovery is receiving more and
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more research and focus. Infectious germs colonize all post-c-
section incisions and slow the healing process. Evidence of bacte-
rial diseases within incisions harbouring biofilm communities is
mounting. The germs are shielded from the host and evolve toler-
ance to the drugs used to treat them. The antibacterial activity of
LEV@ZIF-8 against different common wound pathogens (Escher-
ichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, and
Staphylococcus epidermidis) was investigated using the well
diffusion technique in aerobic circumstances. Fig. 9 demonstrates
that the LEV@ZIF-8 composite showed a dose-dependent increase
in bacterial inhibitory activity. When composite at 75 pg/mL and
100 pg/mL, the suppression zone for treated bacteria is more sig-
nificant than 17 and 19 mL. Based on these findings, levofloxacin, in
addition to ZIF-8, reduces bacterial proliferation and survival.
Furthermore, ZIF-8-released zinc ions can cause bacterial cell
membrane impairment and subsequent cell mortality. Zinc ions'
bactericidal qualities against wound bacteria are enhanced by their
synergistic impact in penetrating cells and generating reactive
oxygen species. LEV@ZIF-8 employs DNA topoisomerase activities
and inhibits protein synthesis in bacteria to exercise its antibacte-
rial qualities. However, when the levofloxacin concentration is high
enough, the organelle of the bacterium cell is destroyed. Based on
the diffusion test results, it was determined that the fabricated

S. aureus
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composite is a superior substance for eliminating wound-infecting
bacteria and promoting wound healing via antibiotic action [53].

4. Conclusions

The current investigation showed that levofloxacin could be
effectively encapsulated within ZIF-8 frameworks to generate pH-
response LEV@ZIF-8 composites. The drug-loading capability of
the synthesized composite was 40.32%. Outstanding stimuli-
response drug release capability under acidic circumstances was
verified by the composite's in vitro drug release. There was a sig-
nificant decrease in the proliferation of Escherichia coli, Staphylo-
coccus aureus, Pseudomonas aeruginosa, and Staphylococcus
epidermidis in the presence of the composites. Synergetic impacts
of levofloxacin molecules and zinc(Il) ions mediated antimicrobial
system were observed in the LEV@ZIF-8 composite. Analysis of
LEV@ZIF-8 biocompatibility in culture showed that it was neither
immunogenic nor harmful to NIH3T3 fibroblast cells. A scratch
model was used to verify that the fabricated composite significantly
increased the growth and movement of injured cells. The pH-
sensitive drug release results determined that the synthesized
composite was robust under neutral pH. The rapid levofloxacin
release (65.8%) in acidic circumstances shows that the composite is

Fig. 9. The antibacterial ability of LEV@ZIF-8 composites with different concentrations of Staphylococcus aureus (S. aureus), Escherichia coli (E. coli), Pseudomonas aeruginosa (P.
aeruginosa), and Staphylococcus epidermidis (S. epidermidis) human pathogens in well diffusion assay (zone of inhibition).
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an improved option for pH-responsive drug delivery. This investi-
gation demonstrates that LEV@ZIF-8 composites show exceptional
promise as a DDS for wound treatment after pediatric abdominal
surgery.
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