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ABSTRACT: Wound healing is a dynamic and complex process
that demands substantial energy expenditure and a biomimetic
microenvironment. Developing a simple and effective biological
hydrogel to enhance mitochondrial energy metabolism could
effectively promote wound healing. To this end, we developed a
hybrid biological hydrogel based on Escherichia coli lipoate protein
ligase A (LplA), which combines its catalytic and self-assembling
properties to promote wound healing. In murine fibroblast L929
cell models, LplA significantly enhances cellular activity and
intracellular metabolism, promoting cell proliferation and energy
supply. However, cells aggregated into spherical clusters on the
pure LplA hydrogel. To address this issue, we integrated
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glutaraldehyde (GA) as a cross-linker into the LplA hydrogel. The GA-LplA hydrogel enhances cell adhesion and proliferation
and, unexpectedly, exhibits higher catalytic activity compared with the pure LplA hydrogel. Furthermore, LplA was observed to
decompose H,0,, and the GA-LplA hybrid hydrogel significantly reduced reactive oxygen species (ROS) production. The promise
of this hybrid hydrogel is successfully demonstrated in a male mice full-thickness skin defect model with accelerated re-

epithelialization and cell proliferation while reducing inflammation.
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1. INTRODUCTION

Wound healing is an essential yet complex process in humans
and animals, involving several stages: inflammation, prolifer-
ation, and remodeling."”> This process is highly dynamic and
energy-demanding.” Mitochondria serve as the primary site of
biological energy production, converting substrates into ATP."
Increased reactive oxygen species (ROS) during the wound
healing period have been reported to induce mitochondrial
dysfunction, thereby reducing ATP production and delaying
wound healing.” Rescuing or compensating for mitochondrial
function has been proven to be an effective therapeutic strategy
in wound healing.6 The direct intracellular delivery of ATP can
enhance incisional wound healing, reduce surgical wound
dehiscence, and promote rapid tissue regeneration in acute
wound healing.”® Thylakoid membrane-encapsulated poly-
phenol nanoparticles (PTKM NPs) were reported to generate
ATP and NADPH, thus enhancing mitochondrial function and
promoting chronic wound healing.” Besides, hydrogels,
particularly functional hydrogels, which create biomimetic
microenvironments to stimulate cell proliferation and mitigate
inflammation, are reported to expedite wound healing."” In a
murine model of infected wounds, the GSC/PBE@Lut
hydrogel exhibits significant therapeutic benefits through its
antibacterial, anti-inflammatory, angiogenic, and tissue regen-
erative effects. This smart material achieves these outcomes,
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controllably releasing Cu to promote angiogenesis and luteolin
to exert anti-inflammatory actions."' Given the pivotal role of
fibroblasts in wound healing, the murine fibroblast (1L929) cell
model has been widely utilized to develop medical materials. A
proangiogenic peptide nanofiber hydrogel was reported to
enhance the adhesion and proliferation of 1929 and human
umbilical vein endothelial cells (HUVECs) in vitro.'> A bFGF
and collagen matrix hydrogel was designed to promote the
proliferation of 1929 cells, thereby accelerating the healing of
burn injuries in Wistar rats.'” Additionally, glutaraldehyde
(GA) is commonly employed as a cross-linker in hydrogel
preparation to improve its mechanical properties and
stability.14 Therefore, an easy-to-prepare material that
simultaneously enhances cellular mitochondrial energy metab-
olism and provides a moist healing environment is highly
desired for wound healing.

LplA, a functional protein derived from Escherichia coli,
directly utilizes lipoate to complete the lipoylation process.'*'®
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This process is a highly conserved post-translational mod-
ification from bacteria to humans, which is crucial for
regulating mitochondrial metabolism-related enzyme com-
plexes, including pyruvate dehydrogenase (PDH), a-ketoglu-
tarate dehydrogenase (KGDH), branched-chain a-ketoacid
dehydrogenase (BCKDH), 2-oxoadipate dehydrogenase
(OADH), and glycine cleavage system (Ges).'”'® Among
these, PDH and OGDH are crucial in the TCA cycle, whereas
BCKDH, OADH, and GCS play significant roles in the
catabolism of branched-chain amino acids (valine, leucine,
isoleucine), lysine, and glycine, respectively. In all of these
complexes, a specific subunit is modified by the attachment of
lipoate to the specific lysine residues within conserved lipoyl
domains. Consequently, lipoylation is essential for both
mitochondrial energy metabolism and amino acid metabolism.
Dysregulation of the lipoylation process can result in an
inadequate energy supply and metabolic imbalance. Emerging
evidence indicates that LplA can effectively mitigate lipoate
deficiency in mammalian cells, thereby treating mitochondrial
dysfunction and enhancing energy metabolism. The over-
expression of LplA in human cell models of lipoylation
deficiency could recover their lipoylation levels and cellular
respiration.'” Our group demonstrated the rescue effect of
LplA in human cells and extended this finding to mouse
models.”” Besides, we discovered that LplA exhibits self-
assembly properties in vitro, forming a responsive hydrogel
while retaining its catalytic functions.””** More recently, Wang
et al. developed a promising synthetic biology tool leveraging
the phase-separation properties of LplA in vivo.”> This tool
facilitates the rational design of synthetic condensates with
distinct subcellular localizations and translocations, offering a
practical alternative for constructing ligand-responsive genetic
switches that modulate gene expression at various levels. Given
its crucial role in mitochondrial energy metabolism and its self-
assembly features, LplA may represent a novel “simple but
effective” material for wound healing.

In this study, we investigated the potential of LplA hydrogels
for wound healing. The biocompatibility of LplA was assessed
using L929 cells, and its effects on cellular metabolism were
explored through both intracellular expression and the
extracellular addition of LplA. Unexpectedly, L929 cells
showed poor adhesion on LplA hydrogels. To solve this
problem, a glutaraldehyde (GA)-LplA hybrid hydrogel was
developed. The GA-LplA hydrogel was subsequently evaluated
in an in vitro H,0,-induced oxidative damage cell model and in
an in vivo full-thickness skin defect mice model. As a material
with a simple composition and easy preparation, GA-LplA
hydrogel has the potential to provide a biomimetic micro-
environment throughout the wound healing process, enhance
energy metabolism, exhibit antioxidant properties, and
promote re-epithelialization, thereby accelerating wound

healing.

2. MATERIALS AND METHODS

2.1. Materials. The adherent growing cell line L929 (NCTC
clone 929, CCL-1TM) was obtained from ATCC (Manassas, VA).
The HEK293T cell line was sourced from the National Collection of
Authenticated Cell Cultures (Serial No. SCSP-502). Phosphate-
buffered saline (PBS) solution was purchased from Carl Roth GmbH
(Karlsruhe, Germany). Dulbecco’s modified Eagle’s medium
(DMEM) was obtained from PAN-Biotech (Aidenbach, Germany),
and Gibco Roswell Park Memorial Institute (RPMI 1640) medium
was sourced from Thermo Fisher Scientific (Waltham, MA).
Penicillin/streptomycin was acquired from Corning (Kennebunk,

ME), while trypsin was obtained from the Lonza Group AG (Basel,
Switzerland). Glutaraldehyde, glycine, NaCl, lipoic acid, ATP, and
MgCl, were obtained from Sigma-Aldrich (St. Louis, MO), while the
collagen standard was purchased from Merck (Millipore Sigma, St.
Louis, MO).

2.2. Production and Purification of LplA. The gene encoding
E. coli LplA was constructed in pET-28a (+) vectors using In-Fusion
cloning. Proteins were produced by cultivating the bacterium E. coli
BL21(DE3) in LB medium and subsequent purification following the
procedure described by Zhang et al.** In brief, recombinant cells were
incubated in LB medium containing 50 yg/mL kanamycin at 37 °C
until the ODy, reached about 0.6. Protein expression was induced by
adding 0.2 mM Isopropyl-f-p-Thiogalactoside (IPTG) and incubat-
ing for 8 h at 30 °C. Cells were harvested by centrifugation at 10,000g
for 10 min at 4 °C. The cell pellets were resuspended in lysis buffer
(300 mM NaCl, 50 mM Tris-HCl, 20 mM imidazole, pH 7.5) and
lysed using an Ultrasonic Crusher. Following centrifugation, the lysate
was loaded onto a Ni** chelating Sepharose Fast Flow column (GE
Healthcare, Uppsala, Sweden) for purification via FPLC. The purified
protein solution was then treated with an endotoxin removal kit
(Thermo Scientific) to eliminate endotoxins. The purity of the
recovered proteins was assessed by using 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE).

2.3. Effect of LplA on L929 Cells. 2.3.1. Biocompatibility Assay.
Cell viability in cultures with different concentrations of LplA (0—10
mg/mL) was measured to assess the biocompatibility of LplA. 1929
cells were cultured in RPMI 1640 medium supplemented with 10%
bovine serum and 1% penicillin/streptomycin. Cells were seeded on
96-well plates at a density of 10,000 cells/cm?® and incubated at 37 °C
with 5% CO,. After 24 h, the culture supernatant was replaced with
fresh medium containing LplA (0—10 mg/mL) and incubated for an
additional 72 h. Cell viability was assessed using the neutral red
uptake (NRU) assay, CCK-8 kit (Sigma-Aldrich), and resazurin
kinetic assay, following the manufacturer’s instructions. Untreated
cells served as the control for 100% cell viability. Each assay was
performed in duplicate with a sample size of N = S per group.

2.3.2. Intracellular Energy Metabolism Assay. To analyze
intracellular energy metabolism, we measured the NADH/NAD"
ratio and ATP levels in cells treated with LplA. 1929 cells were
cultured in RPMI 1640 medium supplemented with 10% bovine
serum and 1% penicillin/streptomycin in 96-well plates. After 24 h,
the culture supernatant was replaced with fresh medium containing
LplA (0—10 mg/mL), and the cells were incubated for an additional
72 h. ATP levels were quantified using the ATP Assay Kit (Abcam,
US), and the NADH/NAD" ratio was measured using the NAD/
NADH Assay Kit (Abcam, US). Each group included N = S samples,
and the studies were performed in duplicate.

2.3.3. Measurement of Glucose Consumption and Lactate
Production. The cells were treated according to the methodology
described in Section 2.3.2. Following a 72 h incubation period, the
supernatant was collected to measure glucose and lactate concen-
trations. These concentrations were quantified using a YSI 2900
biochemical analyzer (YSI Life Sciences, Simpsonville, SC).

2.3.4. Cell Mitochondrial Stress Assay. Mitochondrial targeting
sequence (MTS) was used for the localization of LplA in the
mitochondrial matrix. The MTS of ornithine transcarbamylase
(Uniprot, P00480) was synthesized by Genscript (Nanjing, China).
Fragments of MTS, GFP, and LplA were inserted into the pCDH-
CMV vector (Addgene, 72265) by using In-Fusion cloning. LplA-
overexpressing 1929 cell lines were generated by lentivirus trans-
fection with the corresponding plasmids. Oxygen consumption rate
(OCR) was measured using an XFe96 extracellular flux analyzer
(Agilent). L929 cells were seeded at a density of 10,000 cells per well
and incubated for 24 h. Before the assay, cells were equilibrated for 1
h in a non-CO, incubator with XF Base medium supplemented with
10 mM glucose, 2 mM pyruvate, and 4 mM L-glutamine. OCR was
measured by sequentially injecting 1 yM oligomycin, 1 yuM FCCP,
and 1 uM rotenone/1 M antimycin A. Mitochondrial function was
assessed based on basal respiration and ATP production.
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2.3.5. Determination of H,0, Degradation Activity. The ability of
LplA to degrade H,0O, was assessed by measuring O, production
using a sensor dish reader (SDR, Presens, Germany). In the reaction
system, 0.6 mg/mL LplA was mixed with varying concentrations of
H,0, (0—20 mM) and incubated at 37 °C.

2.4. Preparation and Characterization of Hydrogels.
2.4.1. Preparation of Hydrogels. 2.4.1.1. LplA Hydrogel. The LplA
protein was dialyzed against PBS using a 20 mL dialysis cassette
(Thermo Fisher, Slide-A-Lyzer, 30 kDa) at 4 °C overnight.
Subsequently, endotoxins were removed using an endotoxin removal
kit (Thermo Scientific). The concentration of the purified protein was
measured using a NanoDrop spectrophotometer. The purified
proteins were then diluted with a precold buffer to a concentration
of 40 mg/mL and incubated at 37 °C for 5 min to form LplA
hydrogels.

2.4.1.2. GA-LplA Hydrogel. The LplA solution was diluted to a
concentration of 20 mg/mL in PBS. The LplA solution was then
thoroughly mixed with 0.55 wt % glutaraldehyde (GA) and incubated
at 37 °C for S min. Subsequently, the solution was immersed in an 8
wt % glycine solution to neutralize the free aldehyde groups in
glutaraldehyde. After 4 h, the supernatant was discarded, and the
remaining hydrogel was washed three times with PBS, resulting in the
formation of the GA-LplA hydrogel.

2.4.2. Characterization of the Structural and Catalytic Properties
of Hydrogels. 2.4.2.1. Rheology Measurements. The rheological
analysis of the GA-LplA hydrogel was determined using a rotational
rheometer (AR2000ex, TA Instruments) equipped with a parallel
palate (40 mm diameter). Strain scanning of the GA-LplA hydrogel
was performed over a range of 0.1%—1000%. Frequency sweep
measurements of the GA-LplA hydrogel were conducted at a constant
strain of 1%.

2.4.2.2. Structural Properties. The surface morphology of the
lyophilized hydrogels was examined by using a scanning electron
microscope (SEM) (Zeiss Gemini 450). The prepared hydrogels were
rapidly immersed in liquid nitrogen and subsequently lyophilized.
After being dried, the samples were transferred to a carbon adhesive-
covered sample stage and coated with a gold layer via sputtering. The
surface morphology was observed by using SEM.

2.4.2.3. Catalytic Properties. The experimental conditions for
evaluating the catalytic ability of the hydrogels (LplA hydrogel and
GA-LplA hydrogel) are outlined in Table 1. 100 L hydrogels were

Table 1. Reaction System for Hydrogel Catalytic Ability
Determination

component concentration
R-(+)-lipoic acid 0.5 mM
ATP 1.0 mM
MgCl, 2.0 mM
DTT 0.1 mM
Hapo 40 uM

immersed in a 1 mL reaction solution. The reaction was initiated by
adding ATP, and the mixture was incubated at 37 °C for the specified
durations. The supernatant was collected to measure the concen-
trations of lipoylated H-protein (th) using a previously established
high-performance liquid chromatography (HPLC) method.*

2.5. Performance of L929 Cells on Hydrogels. 2.5.1. Cell
Adhesion Assay. 1929 cells were cultured until they reached 80—90%
confluence, after which they were trypsinized and harvested. Then, 50
uL of collagen hydrogel, LplA hydrogel, and GA-LplA hydrogel were
added separately to the wells of a 96-well plate and incubated for S
min to facilitate hydrogel formation. A suspension of 50,000 cells in
150 pL of the medium was then added to each well, and the cells were
allowed to attach for 4 h at 37 °C. Following this, the cells were
washed twice with PBS to remove nonadherent cells, and cell
numbers were quantified using the CCK-8 assay kit. The experiments
were conducted in triplicate. The control group did not receive the
hydrogel treatment.

2.5.2. Staining of Live/Dead Cells. The biocompatibility of the
hydrogels with L929 cells was assessed using live/dead staining assays.
Cells were seeded onto various hydrogels in 48-well plates at an initial
density of 5000 cells/cm? and incubated at 37 °C with 5% CO,. After
48 h of incubation, live and dead cells were distinguished using
Calcein-AM and propidium iodide staining. The final concentration of
Calcein-AM and propidium iodide in the medium was 2 M, and cells
were incubated at 37 °C for an additional 15 min. Live and dead cells
were visualized by using a Nikon fluorescence microscope.

2.5.3. Cell Proliferation Assay. Hydrogels were introduced into a
48-well plate, followed by the seeding of 1929 cells at an initial
density of 5000 cells/ cm?. The cells were then incubated at 37 °C in
5% CO,. After 72 h, cell proliferation was quantified using a CCK-8
assay kit. The proliferation rate of the control group, which did not
receive hydrogel treatment, was designated as the 100% reference
value.

2.5.4. Cell Migration Assay. The migration of L929 cells across
various hydrogels was investigated by using an in vitro scratch assay.
Hydrogels were introduced into 12-well plates, and the Culture-Insert
2 Well (Ibidi, Munich, Germany) was placed onto the hydrogel
surface. 70 uL cell suspension (300,000 cells/mL) was added to each
well of the culture insert. After 24 h, a confluent cell layer was
obtained. The Culture-Insert 2 Well was then gently removed using
sterile tweezers, and the cell layer was washed with PBS to remove cell
debris and nonadherent cells. Cell migration across a 500 ym cell-free
gap was subsequently observed.

2.5.5. Intracellular ROS Assay. 1929 cells were seeded onto 96-
well plates at a density of 10,000 cells per well and incubated
following the protocol described in Section 2.5.2. After 48 h, the
supernatant was removed, and the wells were replenished with 100 uL
of medium containing 100 uM H,0,, followed by a 4 h incubation.
The supernatant was then discarded, and the cell layer was gently
washed with PBS. Subsequently, cells were incubated with 10 yM
DCFH-DA for 30 min at 37 °C, and intracellular ROS levels were
measured via fluorometric detection at an excitation/emission
wavelength of 485/522 nm. The intensity of DCF fluorescence is
directly proportional to the quantity of intracellular ROS generated.
Data were presented as percentages relative to control values. The
capacity for reuse of the GA-LplA hydrogel in degrading H,O, was
quantified by using the peroxide-test kit (Merck, Darmstadt,
Germany).

2.6. In Vivo Wound Healing Study. 2.6.1. Full-Thickness Skin
Defect Model. Male CS7BL/6] mice (8 weeks old) were purchased
from Charles River (Zhejiang, China). All animal studies adhered to
the guidelines of the Laboratory Animal Resources Center at Westlake
University. Full-thickness skin defects, 6 mm in diameter, were
created on the back of mice and treated with GA-LplA hydrogel. The
wounds treated with PBS were used as the control group. Each group
consisted of three mice. Hydrogels were applied to the wounds post-
surgery. In detail, the wound surface was completely covered with
hydrogel, which was cleaned and replaced with fresh hydrogel every 2
days. The control group was washed with PBS. The wound healing
process was documented by photographing the wounds on Days 0, 2,
4, 6, and 12 after treatment. The wound contraction ratio was
calculated as follows:

wound contractionratio = (4; — A,)/(4;) X 100%

where A, is the area of the wound at day t and A is the initial area
of the wound. Mice were euthanized 12 days after treatment. The
healing process was monitored using a digital camera, and the wound
area was quantified by using Image]J software.

2.6.2. H&E Staining and Immunofluorescence Staining. Collagen
hydrogel was added as an additional control to the above-mentioned
model, with the dressing changed daily. On days 4 and 8, animals
were weighed and then euthanized; wound tissues were collected. The
tissues were fixed in 4% Paraformaldehyde for 15 min, dehydrated,
embedded in optimum cutting temperature compound, and stored in
—80 °C before analysis. OTC-embedded samples were sectioned at 5
um. The slides were stained with hematoxylin and eosin (H&E)
staining. Images were captured using a laser scanning confocal
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Figure 1. Effect of LplA on the activity and metabolism of 1929 cells. (a, b) Cell activity assay using the neutral red uptake and CCK-8 kit,
respectively; (c) cell activity assay using resazurin kinetic assay; (d) NADH/NAD" ratio quantitative analysis; (e) ATP level quantitative analysis;
and (f, g) quantitative analysis of glucose consumption and lactic acid accumulation. (h) Quantitative analysis of cellular oxygen consumption rate
(OCR) in L929 wild type and LplA-overexpressing cell lines; (i) calculation of ATP production and basal respiration for OCR. All data are shown
as the mean =+ error standard of n = S independent experiments. Filled circles show individual results (n). Statistical significance was determined
using a two-tailed, unpaired Student’s ¢ test. ¥, p < 0.05; **, p < 0.01; **¥, p < 0.001; ****, p < 0.0001; ns, not significant.

microscope (LSM980). Moreover, immunofluorescence staining
(EDU, K14, CDI11b) was employed to evaluate skin tissue
regeneration, and nuclei were stained with DAPL

2.7. Statistics and Reproducibility. Statistical analysis was
performed using GraphPad Prism (v9.0). Differences between any
two groups were analyzed using a two-tailed, unpaired Student’s t test.
For comparisons involving more than two groups, one-way ANOVA
with Tukey’s multiple comparisons was employed. P < 0.05 was
considered statistically significant. The presented data indicates the
mean =+ SD from at least two independent experiments.

3. RESULTS AND DISCUSSION

3.1. Effect of LplA on the Activity and Metabolism of
L929 Cells. LplA with a purity of over 80% (Figure S1) was
obtained by nickel ion affinity chromatography. Endotoxin
from E. coli was removed by 97.59% (Table S1). Other
physicochemical properties of LplA are summarized in Table
S2. To investigate the biocompatibility of LplA, the purified
LplA protein was dissolved in the medium used for cultivating
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experiments. Statistical significance was determined using a two-tailed, unpaired Student’s t test. *, p < 0.05; **, p < 0.01; **%, p < 0.001; **** p <

0.0001; ns, not significant.

L1929 cells at different concentrations. The cultures were then
analyzed by employing NRU, CCK-8, and resazurin kinetic
assays. The NRU assay evaluated the dye absorption capability
of Iysosomes within the cells,”® while the CCK-8 and resazurin
kinetic assays quantified the reductive activity of intracellular

dehydrogenases.”””* Compared to the LplA-free control group

(Figure la—c), LplA supplementation at concentrations of 2.5
and 5 mg/mL markedly increased cell activity by 120—150%.
These findings indicated that LplA exhibits good biocompat-
ibility, and moderate concentrations of LplA enhance cell
activity, potentially due to its catalytic properties that boost
cellular metabolism. However, at an LplA concentration of 10
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mg/mL, a discernible reduction in cell activity was observed
compared to lower concentrations. LplA is reported to form
hydrogels spontaneously at 40 mg/mL,” and at 10 mg/mL, it
can self-assemble into aggregates that induce significant
turbidity in culture medium. Consequently, the aggregation
of LplA at 10 mg/mL may interfere with oxygen transfer,
nutrient uptake, and waste elimination, thereby negating the
positive impact of LplA on cellular activity.

Cell activity is intricately linked to intracellular energy
metabolism. To evaluate the enhancement of cellular activity
by LplA, as measured by NRU, CCK-8, and resazurin kinetic
assays, we quantified the NADH/NAD" ratio, ATP levels,
glucose consumption, and lactate accumulation. Figure 1d,e

shows that LplA concurrently increased the NADH/NAD*
ratio and intracellular ATP levels, indicating a potential
enhancement in cell activity through improved energy
metabolism. Moreover, glucose consumption remained at a
similar level (Figure 1f), while the diminished lactate
production observed in Figure 1g suggests that LplA might
promote intracellular ATP synthesis by redirecting cellular
metabolism toward aerobic respiration. These results support
the hypothesis that LplA may enhance aerobic respiration,
thereby increasing ATP synthesis and cell activity. It is
proposed that this effect is due to the internalization of the
LplA protein into the cells, where it performs a catalytic
function, thus inducing a metabolic change. To investigate
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Figure 4. Antioxidant properties and reusability of the GA-LplA hydrogel. (a) Oxygen production rate of LplA decomposition of different H,0,
concentrations; (b) H,0, induced oxidative damage efficiency in cells, measured by flow cytometry; (c) H,O, induced oxidative damage efficiency
in cells on different matrixes; (d) quantitative analysis of the reusability of LplA hydrogel and GA-LplA hydrogel; and (e) qualitative analysis of the
reusability of LplA hydrogels and GA-LplA hydrogels. All data are shown as the mean = error standard of # = 3 independent experiments. Statistical
significance was determined using one-way ANOVA with Tukey’s multiple comparisons. *, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p <

0.0001; ns, not significant.

whether LplA is internalized into the cells, we conducted
Western blot analysis (Figure S2). After coculturing L929 cells
with 2.5 mg/mL LplA for 48 and 72 h, cells were washed with
ice-cold PBS three times and lysed with RIPA buffer. LplA was
detected in the supernatant of the cell lysates using anti-LplA
antibody, indicating that a portion of LplA may be internalized
into cells and exert intracellular effects.

To further investigate the impact of LplA on intracellular
energy metabolism in L929 cells, we introduced heterologous
expression of LplA in 1929 cell lines and evaluated changes in
cellular energy metabolism using a mitochondrial stress test.
Data presented in Figure 1h indicated that the expression of
LplA led to a significant increase in the basal respiratory
capacity of L929 cells, along with a rise in intracellular ATP
concentrations. These observations align with the outcomes
from extracellular assays, indicating that the increase in cell
activity is indeed attributed to LplA.

3.2. Cell Functional Assays on Hydrogels and
Characterization of Gel Properties. Given the notable
efficacy of LplA in enhancing cellular activity and its inherent
gelation capability, we evaluated its potential as a material to
promote wound healing using the 1929 cell model. The

cytotoxicity of hydrogels was assessed using the CCK-8 kit
following a 48 h coculture with hydrogel extracts. The results
showed that the cell viability of the GA-LplA hydrogel and
collagen hydrogel groups did not significantly differ from that
of the control group, indicating that they have good
biocompatibility and suitability for further in vivo or in vitro
applications (Figure S3). The adhesion of L929 cells to LplA
hydrogels was assessed by seeding the cells on the hydrogel
surface and examining the cell morphology through
fluorescence microscopy. Observations revealed that cells
failed to adhere to the LplA hydrogel surface and instead
aggregated into spherical clusters (Figure 2a). Notably, these
clusters consisted of living cells, as indicated by live/dead
staining visualized by fluorescence microscopy (Figure 2a).
The formation of spherical clusters by L929 cells on the LplA
hydrogel may be attributed to its excessively soft texture, which
creates a low-adhesion surface that promotes spheroid
formation.’”*" Conversely, L929 cells demonstrated effective
adhesion to the commercial collagen hydrogel, as evidenced in
Figure 2a.

To address this limitation and further improve the
performance of LplA hydrogel, we examined a hybrid hydrogel
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with glutaraldehyde (GA) cross-linked with LplA. As a cross-
linking agent, GA was reported to improve the mechanical
stability of hydrogels and enhance cell adhesion in previous
studies.”>** Indeed, L929 cells successfully adhered to the GA-
LplA hydrogel, with adhesion levels comparable to those on
the collagen hydrogel (Figure 2b). Moreover, no instances of
cell death were detected after 6 h, as confirmed by the live/
dead staining assay.

Promoting cell proliferation is a critical attribute for
hydrogels used as substrates in cell culturing and wound
healing. We assessed cell proliferation efficiency across various
hydrogels using the CCK-8 assay, with the untreated group
serving as the benchmark. As depicted in Figure 2¢, L929 cells
exhibited significant proliferation within the commercial
collagen hydrogel, achieving 147% relative to that of the
control. In strong contrast, the LplA hydrogel failed to support
comparable cell proliferation, demonstrating only 10% of the
control group’s rate. On the other hand, cells cultured on the
GA-LplA hydrogel showed enhanced proliferation, reaching
170% of the control group’s rate. This enhancement is likely
due to the improved cell adhesion properties conferred by the
GA-LplA hydrogel and the beneficial effects of LplA on
intracellular metabolism, which may facilitate accelerated cell
growth. Importantly, the density of adherent cells per well on
the GA-LplA hydrogel exceeded that observed on the collagen
hydrogel (Figure 2b), suggesting the GA-LplA hydrogel’s
superior capacity to support cell adhesion and proliferation.
The ATP levels of cells on various hydrogels were measured,
and the results indicated that cell viability on the GA-LplA
hydrogel was significantly higher than those on the control and
collagen hydrogel groups (Figure 2f). Consequently, GA-LplA
hydrogels are recognized as promising materials for enhancing
cell adhesion, proliferation, and energy metabolism in future

research endeavors. Figure 2d illustrates that both GA-LplA
and collagen exhibited a slight enhancement in promoting cell
migration compared with the control group. Specifically, at the
16 h time point, the migration rate in the GA-LplA group was
slightly higher than that in the collagen group.

LplA, a natural ligase, catalyzes the lipoylation of the H-
protein from H,,, to Hy;,. The GA-LplA hydrogel is produced
through a cross-linking reaction that employs glutaraldehyde,
which may potentially affect the ligase’s catalytic function.
Intriguingly, the cross-linking hydrogel demonstrated a higher
lipoylation catalytic ability compared to that of the pure LplA
hydrogel, as shown in Figure 2e. It is hypothesized that in the
unmodified LplA hydrogel, which relies on spontaneous self-
assembly of LplA molecules, conformational alterations may
compromise catalytic efficiency. Conversely, in the GA-LplA
hydrogel, cross-linking facilitates the formation of a structurally
supportive framework, potentially stabilizing each LplA
molecule in a conformation that enhances its inherent catalytic
activity.

Moreover, the SEM image of the hydrogel formulations
(Figure 3a) revealed that the GA-LplA hydrogel has a higher
pore size than that of the pure LplA hydrogel (Figure S4).
Besides, GA-LplA also possesses injectable properties (Figure
SS). Strain scanning and frequency sweep (Figure 3b)
demonstrate that the storage modulus (G’) and loss modulus
(G”) of the GA-LplA hydrogel are superior to those of the
LplA hydrogel.”® Adhesion properties of the GA-LplA hydrogel
were investigated on various materials and tissues, including
rubber, steel, plastic, skin, and multiple mouse organs (Figure
3¢,3d). The results showed that the GA-LplA hydrogel adhered
tightly to the surfaces of all of the tested materials and organs
(Figure 3d). The good swelling properties of hydrogels are
crucial for aligning with the wound healing process and for
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Figure 6. Hematoxylin and eosin (H&E) staining analysis of wounds treated with PBS (control group), collagen hydrogel, and GA-LplA hydrogel.
(a) Ilustration of wound creation and treatment timeline; (b) representative images of H&E staining of the wound tissue on day 4 and day 8. Scale
bar: S00 pm; (c, d) quantitative analysis of scar widths on day 4 and day 8 (n > 3 biologically independent samples), respectively. Statistical
significance was determined using a two-tailed, unpaired Student’s ¢ test. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant.

efficient wound exudate absorption. The GA-LplA hydrogel
exhibited excellent swelling capabilities, achieving a swelling
ratio of 20 (Figure S6). These characteristics make the GA-
LplA hydrogel a promising candidate for biomedical
applications, particularly in the areas of wound healing and
tissue regeneration.

3.3. Antioxidant Properties and Reusability of the
GA-LplA Hydrogel. Given that ROS can impair wound
healin%, ROS-scavenging hydrogels are desired for skin wound
repair.”” Serendipitously, it was found that LplA possesses
catalase-mimetic activity, facilitating the decomposition of
H,O0, into oxygen. As depicted in Figure 4a, oxygen generation
correlated positively with H,O, concentrations ranging from
0.5 to 20 mM. The maximum velocity (V) for LplA-
catalyzed H,0, decomposition was determined to be 250 uM/
min/mg.

To evaluate the antioxidant potential of LplA, a ROS-
induced damage model was established in L1929 cells usin
H,0,, following commonly cited methods in the literature.™
The addition of H,0, at concentrations of 100 or 200 uM
successfully induced an increase in intracellular ROS levels, as
demonstrated by flow cytometry (Figure 4b). At a 100 M
H,0, concentration, cell viability was maintained above 80%,
with significant intracellular ROS accumulation observed
(Figure S7). The reusability of the LplA hydrogel and GA-
LplA hydrogel in the presence of H,0, was also evaluated
(Figure 4d,e). It was found that 100 uL of the GA-LplA
hydrogel could completely degrade 1 mL of 1 mM H,O,
within 1 h. Furthermore, the GA-LplA hydrogel retained its
activity over at least five consecutive uses. Due to limited
stability, LplA hydrogel’s network structure was disrupted
during the fourth repetition, resulting in protein dissolution.

In terms of the cellular response, Figure 4c illustrates the
impact of ROS damage on cells cultured in different hydrogels.
Both the control and collagen hydrogel groups exhibited a
significant increase in fluorescence intensity, indicative of ROS
damage, upon exposure to 100 uM H,O,. Contrastingly, cells
incubated with the GA-LplA hydrogel displayed resilience
against H,0,-induced ROS damage, with fluorescence
intensity remaining comparable to that of the untreated
control group. These findings suggest that the GA-LplA
hydrogel provides protective effects against oxidative stress and
holds promise for applications in wound healing.

3.4. In Vivo Wound Healing Analysis. After the
aforementioned evaluations, an in vivo full-thickness skin
defect model was employed to further assess the wound
closure and healing capabilities of the GA-LplA hydrogel.
Figure Sa depicts the surgical procedure, dressing application,
and healing timeline. As shown in Figure 5b—d, the wound
areas progressively diminished in both the PBS and the GA-
LplA hydrogel group on the second, fourth, sixth, and 12th
days of the healing period. In the PBS group, scab formation
and delayed wound closure were observed. Meanwhile, the
GA-LplA treatment group exhibited a higher percentage of
wound closure compared to the control group, particularly on
the fourth day, with a closure rate above 70%, significantly
higher than the 50% observed in the control group. This can be
attributed to the antioxidant effects of GA-LplA hydrogels and
their impact on cellular metabolism, which accelerated cell
proliferation and reduced the duration of the inflammatory
phase of wound healing.

A collagen hydrogel was incorporated into the above wound
healing model experiments as a control group to prevent the
acceleration of the wound healing process due to the moist
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Figure 7. Immunofluorescence staining analysis of wounds that underwent treatments with the control group (PBS), collagen hydrogel group, and
the GA-LplA hydrogel group. (a, e) Representative fluorescence images of K14 immunostaining (light blue), CD11b immunostaining (red), and
EDU staining (white) of wound tissues on days 4 and 8 post-treatment. Cell nuclei were stained with DAPI (blue), scale bar: 200 um; (b, f)
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Figure 7. continued

quantification of basal layer thickness on Day 4 and Day 8, respectively; (c, g) quantification of CD11b-positive cells on Day 4 and Day 8,
respectively; and (d, h) quantification of EDU positive cells on Day 4 and Day 8, respectively. Representative images are shown from three
independent experiments with similar results (a, e). Statistical significance was determined using a two-tailed, unpaired Student’s ¢ test. *, p < 0.05;

** p < 0.01; ¥*% p < 0.001; ns, not significant.

environment created by the GA-LplA hydrogel. Tissue samples
were collected on days 4 and 8 for histopathological evaluation
using hematoxylin and eosin (H&E) staining to measure the
scar width. Day 4 represents a crucial time window for the
inflammation and proliferation stages of the healing process,
while Day 8 can reflect the regeneration stage and healing
efficacy. Staining results (Figure 6b,c) showed that wound
healing was slower in all treatment groups on day 4, and the
scar width in the GA-LplA hydrogel group was slightly smaller
than the control group and collagen hydrogel group. On the
eighth day, the healing speed of every treatment group
increased significantly, and a new epidermis developed (Figure
6b,d). The epidermis of the GA-LplA hydrogel group was
flatter and more continuous, and the attachments, such as hair
follicles and glands, increased significantly. Throughout the
treatment period, all mice in the PBS, collagen hydrogel, and
GA-LplA hydrogel groups exhibited normal feeding behavior
and similar weight gain (Figure S8).

Epidermal regeneration was evaluated by using immuno-
fluorescence staining to quantify key markers essential for
wound closure, including the levels of cells expressing
cytokeratin 14 (K14), the percentage of CDI11b-positive
cells, and the number of proliferating cells. These markers
were used to assess the wound area’s capacity for re-
epithelialization, the recruitment of inflammatory factors, and
cellular proliferation, respectively (Figure 7a,e). Since epitheli-
alization is a critical indicator of complete wound healing, K14
expression, primarily expressed in hair and epithelial cells, was
measured via immunofluorescence staining to evaluate re-
epithelialization. Tissue staining on days 4 and 8 demonstrated
that, except for the PBS group, the wound areas in both the
collagen hydrogel and GA-LplA hydrogel groups were covered
by keratin 14 on day 4 (Figure 7b), with enhanced K14
expression on day 8 (Figure 7f). The mean keratin 14
expression cell thickness at the wound site was used to quantify
the epidermal basal layer thickness across various treatment
groups. Results indicated that the GA-LplA hydrogel group
exhibited a greater basal layer thickness compared to both the
PBS and collagen groups, suggesting a more robust re-
epithelialization capacity. Enhanced cell proliferation at the
wound site promoted wound repair. Proliferating cells were
quantified using EDU labeling, which revealed a greater
number of labeled cells at hair follicle sites with migratory
tendencies toward the wound site from day 4 onward in the
GA-LplA hydrogel group (Figure 7d). By contrast, the PBS
and collagen groups exhibited this trend from day 8 (Figure
7h). These findings indicate that the GA-LplA hydrogel
potentially accelerates wound healing by promoting hair follicle
stem cell proliferation. CD11b, a marker for various
inflammatory cells, was analyzed to assess the inflammation
levels. All treatment groups exhibited low inflammation levels
with no significant difference in CD11b-labeled cell counts on
day 4 (Figure 7c). However, there was a slight increase in
immune cells in the collagen hydrogel group compared to the
PBS and GA-LplA hydrogel groups on day 8 (Figure 7g).
These immunofluorescence results demonstrated that the GA-

LplA hydrogel did not induce an inflammatory response and
accelerated wound healing by promoting re-epithelialization
and cell proliferation.

4. CONCLUSIONS

In this study, a natural enzyme, LplA, with catalytic capability
and self-assembly ability, has been investigated for its functions
in L929 cell culture. The exogenous addition of LplA
significantly increased the cellular activity by up to 150% and
stimulated intracellular metabolism. However, cells aggregated
into spherical clusters when using the LplA hydrogel as a cell
culture matrix. To overcome this shortage, GA-LplA hydrogel
was developed by cross-linking LplA with glutaraldehyde to
enhance its mechanical ability. Comparative analyses revealed
that the GA-LplA hydrogel outperformed both the natural
LplA hydrogel and commercial collagen hydrogels in terms of
cell adhesion and proliferation. Notably, the GA-LplA hydrogel
substantially enhanced ROS resistance in 1929 cells,
suggesting its potential to effectively mitigate oxidative stress.
When applied to a full-thickness skin defect mouse model, this
hybrid hydrogel significantly accelerated wound healing by
promoting epithelial regeneration and cell proliferation. In
summary, the GA-LplA hydrogel exhibits promising character-
istics, including easy preparation, enhanced cellular metabo-
lism, proliferation, and robust resistance to ROS. These
properties contribute to accelerated healing speed and
significantly improved healing quality, making it a promising
candidate for applications in wound healing and skin repair.
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