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ABSTRACT: The latest advancements in cellular bioenergetics have revealed the
potential of transferring chemical energy to biological energy for therapeutic
applications. Despite efforts, a three-dimensional (3D) scaffold that can induce
long-term bioenergetic effects and facilitate tissue regeneration remains a big
challenge. Herein, the cellular energetic metabolism promotion ability of L-malate,
an important intermediate of the tricarboxylic acid (TCA) cycle, was proved, and a
series of bioenergetic porous scaffolds were fabricated by synthesizing poly(diol L-
malate) (PDoM) prepolymers via a facial one-pot polycondensation of L-malic
acid and aliphatic diols, followed by scaffold fabrication and thermal-cross-linking.
The degradation products of the developed PDoM scaffolds can regulate the
metabolic microenvironment by entering mitochondria and participating in the
TCA cycle to elevate intracellular adenosine triphosphate (ATP) levels, thus
promoting the cellular biosynthesis, including the production of collagen type I
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(Collal), fibronectin 1 (Fnl), and actin alpha 2 (Acta2/a-Sma). The porous PDoM scaffold was demonstrated to support the
growth of the cocultured mesenchymal stem cells (MSCs) and promote their secretion of bioactive molecules [such as vascular
endothelial growth factor (VEGF), transforming growth factor-#1 (TGF-f1), and basic fibroblast growth factor (bFGF)], and this
stem cells-laden scaffold architecture was proved to accelerate wound healing in a critical full-thickness skin defect model on rats.
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1. INTRODUCTION

Efforts to dissolve unmet requirements in biomedical engineer-
ing impels the progress of regenerative medicine. As the largest
organ in the human body, skin tissue regeneration is one of the
research hotspots and large-scale skin grafting cases performed
worldwide each year, aiming to address the clinical needs of
repairing skin damage caused by surgery, acute trauma, burns,
or chronic wounds.' ™ However, there are some limitations of
skin grafting, including donor site shortage, donor site scar, and
the risk of infection.” Tissue engineered skin provides a new
treatment concept for acute or chronic skin injuries.’ Tissue
engineering establishes a three-dimensional (3D) complex of
cells and biomaterial scaffolds to restore the morphology,
structure, and function of the defect tissue,’ especially in
solving the problem of the origin of transplanted tissue, which
can reduce the overdependence on transplanted tissue.
Although the development of biomaterials has made
considerable improvement, existing materials do not yet
meet the requirements for accurate biomimetic tissue repair
and often lack the necessary biological cues to mediate
complex tissue repair.s_7 Hence, a comprehensive under-
standing of the microenvironmental factors associated with
tissue repair, containing the interaction of secreted factors,
extracellular matrix, chemical, and physical stimuli,®” is
essential for material design that guides stem cells and other

© 2023 American Chemical Society

- ACS Publications

repair cells to maximize their potency to improve therapeutic
outcomes. Focusing on metabolic factors in the microenviron-
ment of repair cells, bioenergetic cues including glutamine,m’11
glucose,12 citrate,"® and phosphates,m’]4 showing significant
roles in cell proliferation and differentiation.

Cellular activities are highly dependent on an adequate
energetic supply,”” energy metabolism provides energy
substances such as adenosine triphosphate (ATP) and
substrates for the rapid biosynthesis of macromolecules
required for cell growth, proliferation, and differentiation.'®
It has been suggested that enhancing energy metabolism could
help enhance the ability to tissue repair.'”~>° At present, the
research on energy metabolism bioenergetic materials mainly
focuses on tricarboxylic acid (TCA) metabolism regulating
materials. Yang et al. demonstrated that in the osteogenic
differentiation process of mesenchymal stem cells (MSCs),
exogenous citrate uptake by MSCs can significantly promote
the osteogenic differentiation and mineralization by elevating
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Figure 1. Synthesis of PDoM and the fabrication of rtBMSC-laden PDoM scaffold for accelerated wound healing in a critical full-thickness skin
defect model on rats and the potential mechanism of the degraded malate in ameliorating the bioenergetic metabolic microenvironment by entering
in the TCA cycle and elevating ATP production and the following biosynthesis, especially wound healing-related proteins.

the energy metabolism level of MSCs through TCA
metabolism regulation.'” Zhang et al. found that the degraded
molecular fragments of succinate-based scaffold directly
participate in mitochondrial TCA metabolism or establish
metabolic bypasses and thus can enhance cellular energy
metabolism in situ, significantly promoting bone regener-
ation.”' However, up to now, there has been no report about
the construction of bioenergetic materials using malate, a
metabolic intermediate. As a crucial intermediate metabolite in
the TCA cycle, malate is also the main component of the
malate-aspartate shuttle. Emerging studies demonstrate that, in
the process of osteogenic differentiation, glucose’s entry into
mitochondria serves an important role in producing malate,
catalyzed by mitochondrial malic enzyme (Me2). The resulting
malate then proceeds into the cytoplasm using the malate-
aspartate shuttle mechanism to replenish nicotinamide adenine
dinucleotide (NAD") and maintain glycolysis,”* implying that
malate is involved in not only TCA metabolism but also
glycolysis. Therefore, the incorporation of malate into
biomaterials could potentially be highly effective at boosting
energy metabolism during tissue repair.

Herein, we proved that exogenous L-malate could accelerate
cellular energy metabolism, which can further promote the
following biosynthesis. Inspired by this, via a facile
polycondensation of L-malic acid and aliphatic diols, followed
by scaffold fabrication and thermal cross-linking, a bioenergetic
poly(diol r-malate) (PDoM) scaffold was developed. We
hypothesized that, with the continuous degradation, the
released L-malate and L-malate-containing fragments can
enter cells to modulate cell energy metabolism, specifically,
boosting cellular energy levels by actively participate in the
TCA cycle via entering the mitochondria to regulate the
metabolic microenvironment thus to promote wound healing

(Figure 1). Furthermore, the PDoM scaffold could support the
growth of the cocultured MSCs and promote their secretion of
bioactive molecules which would potentially be conveyed via
the pores of the PDoM scaffold directly to the site of the
targeted defective tissue for accelerating tissue regeneration.

2. MATERIALS AND METHODS

2.1. Materials. 1-Malic acid (MA), 1,4-butanediol (BD), 1,6-
hexanediol (HD), 1,8-octanediol (OD), 1,10-decanediol (DD), and
1,12-dodecanediol (DDD) were obtained from Aladdin Biological
Technology Co., Ltd. (Shanghai, China). Citric acid (CA) was
purchased from Sigma-Aldrich. 1,4-dioxane, acetone, diiodomethane,
and dimethyl sulfoxide-dg (DMSO-d;) were purchased from Meryer
CO., Ltd. (Shanghai, China). The chemicals were used as received
without purification.

2.2. Synthesis of PDOM. MA was reacted with BD, HD, OD,
DD, or DDD to synthesize a PDoM prepolymer first, which was then
thermal cross-linked to give a PDoM elastomer. Representatively, the
synthesis of a poly(1,8-octanediol L-malate) (POM) prepolymer was
presented here. Briefly, 26.8 ¢ of MA (0.20 mol) and 29.2 g of OD
(0.20 mol) were charged into a 250 mL round-bottom flask
containing a magnetic stir bar. The mixture was melted by heating
it to 140 °C under an oil bath while being stirred, and the reaction
was sustained at 120 °C until the speed of the stir bar decreased to 60
rpm. Thus-obtained crude prepolymer was dissolved in 150 mL of
1,4-dioxane, and then, the prepolymer was precipitated in deionized
(DI) water and further washed thoroughly with DI water at least three
times before free-drying to give POM-1.0 (1.0 representing the ratio
between MA and OD) prepolymer. The synthesis of POM-1.2, POM-
1.5, and POM-2.0 prepolymers were conducted according to the same
procedure described in the synthesis of POM-1.0 prepolymer. The
molar ratios of MA: OD = 1.2:1.0, 1.5:1.0, and 2.0:1.0 for POM-1.2,
POM-1.5, and POM-2.0 prepolymers, respectively. Poly(1,4-butane-
diol r-malate) (PBM), poly(1,6-hexanediol r-malate) (PHM),
poly(1,10-decanediol L-malate) (PDM), and poly(1,12-dodecanediol
L-malate) (PDDM) prepolymers were also synthesized following a
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Figure 2. Characterizations of PDoM: 'H NMR (A,B) and FTIR (C,D) spectra of PDoM prepolymers synthesized via one-pot polycondensation
reaction between aliphatic diols with different chain lengths and L-malic acid (MA) using different MA/diol ratios; ATR-FTIR spectra (E,F) of
cross-linked PDoM polymers (120 °C, 3 days, plus 120 °C under vacuum for another 3 days).

similar procedure as that of the POM-1.0 prepolymer, and the ratios
between MA and these diols used were all kept as 1.0:1.0.

For the postpolymerization, the POM-1.0 prepolymer solution in
1,4-dioxane (30 wt %) was cast in a Teflon dish and the solvent was
allowed to evaporate; then, the casted prepolymer was thermally
cross-linked at either 110, 120, or 130 °C for 3 days, followed by 120
°C under vacuum for 1-3 days to give cross-linked POM-1.0 with
various cross-linking degrees. For comparison, all prepolymers of
POM-1.2, POM-1.5, POM-2.0, PBM-1.0, PHM-1.0, PDM-1.0, and
PDDM-1.0 were uniformly subjected to a thermal cross-linking
condition of 120 °C for 3 days, followed by additional 3 days at 120
°C under vacuum.

2.3. Characterizations of PDoM. The proton nuclear magnetic
resonance ("H NMR) spectra of prepolymers were obtained using an
AVANCE HITM HD 600 MHz spectrometer in DMSO-d,. The
results are listed in Figure 2. Representative peaks of '"H NMR (600
MHz; DMSO-ds; 8, ppm) for pre-POM: 1.27 (s, —
OCH,CH,(CH,),— from OD), 1.55 (s, —OCH,CH,— from OD),
2.53-2.69 (m, —CH(OH)—CH,—CO- from MA), 3.57 (br, -CH,—

50838

OH from OD), 3.98—4.04 (br, —COOCH,— from OD), 4.35 (br,
—OCO-CH (OH)~ from MA), 5.69 (br, —OCO—CH (OCO-)—
CH,— from MA).

The Fourier transform infrared (FTIR) spectra of PDoM
prepolymers were obtained using a Thermo Fisher Scientific Nicolet
iS50 FTIR spectrometer, the prepolymer solutions in acetone were
cast on KBr slices and dried overnight before measurement. The
attenuated total reflectance-FTIR (ATR-FTIR) spectra of PDoM
polymers (120 °C, 3 days and 120 °C, vacuum, 3 days) were
conducted using the cross-linked polymer films directly, measured by
a Thermo Scientific Nicolet-iS10 FTIR spectrometer with air as the
background.

The thermal properties of the cross-linked polymer films were
characterized by differential scanning calorimetry (DSC, —60 ~ 150
°C) and thermogravimetric analysis (TGA, 20 ~ 800 °C) at a
heating/cooling rate of 10 °C/min under a nitrogen atmosphere. The
glass transition temperature (T,) was identified by determining the
midpoint of the step change in heat capacity during the initial heating
cycle recorded by DSC. For PDDM, a melting peak was detected
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Figure 3. Characterizations of the PDoM polymer films: tensile strengths (A), Young’s moduli (B), and elongations at break (C) of cross-linked
films of PBM, PHM, POM, PDM, PDDM, POM-1.2, POM-1.5, and POM-2.0 (all cross-linked at 120 °C, 3d plus 120 °C, vacuum, 3d) (n = 8);
representative stress—strain curves of PBM, PHM, POM, PDM, and PDDM (D) as well as POM with different MA/OD ratios (E) (n = 8); and

DSC (F,G) and TGA (H,I) curves of PDoM polymers.

(Figure S1), showing a melting temperature ~17 °C. The
decomposition temperature (T;) is defined as the temperature at
which 5% weight reduction of the sample is observed from the TGA
curve.

Tensile mechanical tests of cross-linked polymer films were carried
out with a mechanical tester (AMETEK LS1) outfitted with a load
cell capable of measuring up to S00 N. In brief, a rectangular-shaped
specimen (26 X 4 X 1.5 mm, length X width X thickness) was
subjected to tension at a speed of S00 mm/min until it fractured.
From the provided data, stress—strain curves were derived, and the
Young’s modulus was calculated through determining the initial slope
(slope in the 0—10% range) of the stress—strain curve. Each sample
was assessed by measuring at least eight specimens, and the average of
the results was calculated. The wet mechanical characteristics of the
cross-linked films were assessed by immersing them in phosphate-
buffered saline (PBS) with a pH of 7.4 for 24 h and measuring their
performance under a 500 N load cell until there was no further
increase in hydrated weight. The results are shown in Figures 3, S2,
and S3 and Table SI.

The cross-linking density (N) of the elastomer was calculated in
accordance with the theory of rubber elasticity, as described by eq 1>

_f _»r
3RT M, (1)

where N refers to the number of active network chain segments per
unit volume (mol/m?); M, represents the molecular weight between
cross-links (g/mol); E, represents Young’s modulus (Pa); R is the
universal gas constant (8.3144 J/mol-K); T is the absolute
temperature (K); and p is the elastomer density (g/m®) measured
by a Mettler Toledo balance according to Archimedes’ principle, with
the assistance of DI water.
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The contact angles (10 s after water dropping) of cross-linked
PDoM films were determined by means of the sessile drop method™*
at room temperature by Drop Shape Analysis System (SL250/
SL150). The measurement was conducted using DI water and
diiodomethane. Matlab software was utilized to calculate the surface
energy via the Harmonic mean equations,” and the results are shown
in Table S2. The results for each sample were determined from four
unrelated measurements conducted at varied locations and sub-
sequently averaged. The evolution of water-in-air contact angles on
the surface of the films was tracked for a period of 30 min following
water droplet deposition. The results are presented in Figures S4 and
Table S2.

2.4. In Vitro and In Vivo Degradation Study. For in vitro
degradation, disk-shaped polymer films (7 mm in diameter and 0.3—
0.5 mm in thickness) were transferred into tubes filled with either 10
mL of PBS (pH 7.4) or a 0.1 M NaOH solution and incubated at 37
°C to determine the relative degradation rates between different
samples. At preset time points, samples were subjected to over three
washes using DI water to eliminate any potential salt residue, followed
by a week-long freeze-drying process. The proportionate mass loss
(%) was evaluated using eq 2, which involves contrasting the starting
mass (W,) with the weight measured at a particular time (W,). Five
duplicate measurements were taken for each sample, and the results
are presented as mean values with the corresponding standard
deviations.

W, - W,
Mass loss (%) = ———— x 100

Wo 2)

For in vivo degradation, disk-shaped polymer films of PBM, POM,
PDDM, POM-1.5, and poly(lactic-co-glycolic acid) (PLGA, LA/GA =
50/50, Mw ~30 kDa, from Guangzhou Bogiang Biotechnology Ltd.)
samples (7 mm in diameter, 0.5-0.7 mm in thickness) were

https://doi.org/10.1021/acsami.3c09394
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subcutaneously implanted under the skin in the backs of healthy, 3
month-old female Sprague—Dawley (SD) rats after undergoing
sterilization with 70% ethanol, sterile PBS (pH 7.4), and UV light
in the order; the samples were left to dry overnight in a cell culture
hood. Each sample was subjected to three tests using different
specimens. At the end of 1, 4, and 12 weeks, the specimens were
collected, rinsed with PBS and DI water, and then subjected to freeze-
drying. Weight loss was calculated using eq 2.

2.5. Cell Culture and Medium. Mouse fibroblasts (L929) were
incubated in complete Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, Thermo Fisher Scientific, USA), with 10% (v/v) fetal bovine
serum (FBS, VivaCell Biosciences, China) and 1% (v/v) penicillin—
streptomycin (Gibco, USA). Rat bone mesenchymal stem cells
(rBMSCs, Cyagen RASMX-01001, passages 4—6) were cultured in a-
Minimal Essential Medium (a-MEM) added with 10% FBS and 1%
penicillin—streptomycin. The cultured cells were grown in a moist
incubator under a 5% CO, atmosphere at 37 °C.

2.6. Cytotoxicity and Proliferation Study. The cytocompati-
bility of cross-linked PDoM polymers was evaluated utilizing a Cell
Counting Kit-8 (CCK-8) assay against 1929, with PLGA and
poly(1,8-octanediol citrate) (POC, synthesized according to earlier
literatures)*®*” as controls. Equal weight (1.0 g) of cross-linked
PDoM (PBM, PHM, POM, POM-1.2, POM-1.5, POM-2.0, PDM,
and PDDM) films were completely degraded in a 10 mL 02 M
NaOH solution, and the resulting solutions were subsequently diluted
into three different dilutions [1X, 10X and 100X, 1X means the
undiluted solution; 10X and 100X represent 10- and 100-fold
dilutions by sterile PBS (pH 7.4) of the 1X solution, respectively].
The solutions mentioned above were neutralized to a pH of 7.4 and
passed through a 0.22 ym membrane filter before being utilized in the
cell culture. Subsequently, 200 yL of L929 suspension in complete
DMEM medium with a cell concentration of § X 10* cells/mL was
added to each well of a 96-well cell culture plate and incubated for 24
h at 37 °C, 5% CO,, and 95% relative humidity. Next, 20 uL of 1X,
10X, or 100X degradation products was added and the cells were
further cultured for an additional 24 h, followed by CCK-8 assay
analysis as per the manufacturer’s protocol.

The cell proliferation of L929 treated with 10X degradation
products was also evaluated by the CCK-8 assay after incubating for 1,
3, and S days using PLGA and POC as controls. Briefly, cell
detachment was carried out followed by suspension in media to
achieve a seeding density of 1 X 10* cells/mL. Subsequently, 200 uL
of the cell suspension was dispensed into each well of 96-well plates
and allowed to incubate for 24 h; then, 20 uL of a 10X degradation
product was added to each well, and the cell amounts were measured
at 1, 3, and S days using the CCK-8 assay.

The rBMSCs with 4—6 passages were used for cell culture
experiments. To evaluate the impact of malate on cell proliferation,
cells reaching ~80% confluency were exposed to a-MEM medium
containing L-malate (pH-adjusted to 7.4) at various concentrations
ranging from 0 to 5,000 uM and cultured for another 24 h, followed
by CCK-8 assay tests. The cell proliferation profile of rBMSCs
cocultured with 10X degradation products of different polymers was
assessed using CCK-8 assay and Live/Dead staining after incubating
for 1, 3, and S days, with PLGA and POC as controls. Briefly, to a well
of a 96-well plate containing ~80% confluent rBMSCs and 200 uL of
medium, 20 yL of 10X degradation product was added, and the cells
were cultured for determined periods before the CCK-8 assay test.
For the Live/Dead assay, rBMSCs were seeded at a density of 5 X 10*
cells/cm? into 12-well plates (5000 cells/well) and then cultured in 1
mL complete @-MEM medium at 37 °C under 5% CO, and 95%
relative humidity for 1 day. Subsequently, 100 uL of 10X degradation
product of different polymers was added to each well and incubated
for 1, 3, and 5 days. Then, the cell morphology and spreading were
examined by Live/Dead staining using an inverted light microscope
(Leica, Germany).

2.7. Cell Migration Assay. To assess the effect of polymers on
cells’ migration, in vitro scratch assay and transwell assay were
conducted using POM-1.5 as the representative polymer and 1929 as
the cell model, with PLGA and POC as controls. The effect of 200

and 2000 M MA solutions on cell migration was also studied. For
the scratch assay, briefly, 1929 cells were seeded in six-well plates at a
density of 5 X 10* cells/cm” and cultured in a complete DMEM
medium under conditions of 37 °C, 5% CO,, and 95% relative
humidity. Once reaching 80% confluence, the medium was changed
with FBS-free DMEM and the cells were cultured for another 24 h
before the creation of ~ 0.5 mm scratches upon the cellular
monolayer using a sterile pipet tip. Following that, sterile PBS was
utilized for washing the wells to eliminate debris and detached cells,
and then, the cells were cultured in 2 mL of FBS-free DMEM. Next,
200 uL of FBS-free DMEM solutions containing MA monomer or
10X degradation product of POM-1.5 were added to each well, and
the cells were further cultured. The scratch area was observed after 0,
24, and 48 h. The percentage of cell migration rate was determined by
measuring scratch areas by Image] software and calculating the ratio
of healing area to initial gap area using eq 3***’

cell migration rate (%)
_ scratch area (0 h) — scratch area (24 h) % 100
scratch area (0 h) (3)

The transwell experiment was also carried out in accordance with
the manufacturer’s instructions. In brief, in each well of a transwell
(Corning Inc, NY, USA), 1 x 10* L929 cells were seeded on the
upper chamber with 100 L of serum-free DMEM. Following this, the
lower layer was supplemented with 500 uL of DMEM containing
either MA monomer or 10X polymer degradation product along with
10% FBS. After 24 h’ of culturing, L929 cells on the upper chamber’s
permeable membrane were fixed using 4% paraformaldehyde and
subsequently stained with crystal violet. After that, the membrane was
rinsed with sterile PBS thrice and wiped off to eliminate nonmigrated
cells. Ultimately, the migrated cells on the lower surface of the
membrane were observed using an optical microscope.

2.8. Effect of PDoM to Cells’ Biosynthesis. The effect of PDoM
and malate on Cells’ biosynthesis was assessed using 200 and 2000
uM MA solutions, POM-1.5 (as the representative polymer), using
both 1929 and rBMSCs as the cell models, with PLGA and POC as
controls. For 1929, briefly, cells were seeded in 24-well dishes and
cultured in a complete DMEM medium under conditions of 37 °C,
5% CO, and 95% relative humidity. To a well of a 24-well plate
containing ~80% confluent cells and 500 L of medium, 50 uL of MA
solutions or 10X degradation product of POM-1.5 [a solution of 1.0 g
in 10 mL of 0.5 M NaOH was neutralized and further diluted by 10
times with PBS (pH 7.4)] were added, and the cells were further
cultured for 24 h. The cells treated with 10X degradation products of
POC, PLGA and cells without treatment (blank) were used as
controls. After that, the cells were collected and lysed. The expression
of tissue-specific wound healing related genes, including type-I
collagen (Collal), fibronectin 1 (Fnl), and actin alpha 2 (Acta2/
a-Sma), was determined by a real-time quantitative polymerase chain
reaction (RT-qPCR) assay. The total ribonucleic acid (RNA) was
extracted from the cells utilizing the Trizol reagent (TransGen
Biotech, Beijing), and the RNA was then converted into
complementary DNA (cDNA) by a cDNA Reverse Transcription
Kit (TransGen Biotech, Beijing). Finally, a Q-PCR instrument
(TransGen Biotech, Beijing) was used for RT-PCR analysis with
the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). Primer sequences are listed in Table S3.

Similarly, rBMSCs were seeded in 24-well dishes and cultured in a-
MEM medium under conditions of 37 °C, 5% CO, and 95% relative
humidity. Then, to 500 uL of cell culture medium containing ~80%
confluent cells, SO uL of sterile MA solution in PBS (200 or 2000
uM) or 10X degradation product of POM-1.5, PLGA, or POC was
added, and the cells were cultured for another 24 h. Then, the cells
were collected and lysed to determine the expression levels of
inflammatory, angiogenic, and growth factor related genes, including
interleukin-18 (IL-18), tumor necrosis factor-a (TNF-a), platelet
endothelial cell adhesion molecule-1 (CD31), vascular endothelial
growth factor (VEGF), transforming growth factor-$1 (TGF-f1), and
basic fibroblast growth factor (bFGF), by RT-qPCR. The cell culture
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supernatants were also collected for enzyme-linked immunosorbent
assay (ELISA) testing to determine the levels of IL-1, VEGF, and
bFGF, following the manufacturer’s guidelines (Jiangsu Meimian
Industrial Co., Ltd., Jiangsu, China).

2.9. Effect of PDoM to Cells’ Energy Metabolism. The effect
of PDoM and malate on the cells’ energy metabolism was assessed
using 200 and 2000 uM MA solutions, POM-1.5 (as the
representative polymer), with PLGA and POC as controls. For
intracellular ATP level study, L929 or rBMSCs were seeded into 12-
well plates at a density of S X 10* cells/cm” and then, cultured in 1
mL of complete medium at 37 °C, 5% CO,, and 95% relative
humidity. Once reaching 80% confluence, 100 uL of MA solution or
10X polymer degradation product was added and the cells were
incubated for another 24 h. The cells treated with 10X degradation
solutions of POC, PLGA, and cells without treatment (blank) were
used as controls. Then, the cell culture media were removed, and an
ATP assay kit (Beyotime) was used to quantify the level of
intracellular ATP. As a primary chemical driver of ATP production,
the effect of polymer degradation product to the mitochondrial
membrane potential (Aym) was also studied using a mitochondrial
membrane potential assay kit (JC-1), a cationic indicator for Aym, to
assess the cells” oxidative metabolism.

For rBMSC:s, to investigate the effect of malate-based polymer and
malate to the key transport proteins participating in the TCA cycle,
including [isocitrate dehydrogenase (IDH-3), succinate dehydrogen-
ase (SDH), and malate dehydrogenase (MDH)], the gene expression
levels of them during the energy metabolism regulation process of
cells after being treated with MA monomer or 10X polymer
degradation solutions for 24 h were analyzed by the RT-qPCR
assay. Ultraperformance liquid chromatography-tandem mass spec-
trometry (UPLC-MS/MS) was also utilized to detect the critical
energy metabolites. After coculture with the MA solution, or 10X
polymer degradation product of POM-1.5 for 24 h, the rBMSCs (1 X
107 cells/cm?) were washed with PBS and then mixed with 1 mL of
cold methanol: acetonitrile: water (2:2:1, v/v/v) to extract intra-
cellular metabolites. After being kept on ice, the samples were
sonicated for an hour and then subjected to centrifugation at 16,000g
at 4 °C for 20 min. The supernatant was used for subsequent UPLC—
MS/MS analysis. The UPLC—MS/MS analysis involved the use of a
Nexera X2 LC-30AD UHPLC system (Shimadzu, Kyoto, Japan) in
conjunction with a §500 QTRAP mass spectrometer (AB SCIEX,
Toronto, Canada). For LC, (A) aqueous acetonitrile (v/v) at 5% and
(B) aqueous acetonitrile (v/v) at 95% made up the mobile phase. The
mass spectrometer was set to negative ionization and multiple
reaction monitoring modes. The metabolomics data were processed
with MultiQuant software (AB SCIEX, Toronto, Canada). All sample
peaks were detected and aligned with respect to their corresponding
standard substances (Sigma-Aldrich).

2.10. In Vivo Foreign Body Response. To assess the in vivo
compatibility and inflammatory response of the cross-linked PDoM
films, PBM, POM, PDDM, and POM-1.5 were chosen as the
representatives to conduct foreign body response study by
subcutaneously implanting the films on the back of SD rats using
PLGA films with the same thickness as control. All animal studies
were conducted following the protocol approved (Approval no.
SMUL2022064) by The Institutional Animal Care Committee of
Southern Medical University (Guangzhou, China). Briefly, following
the sterilization and drying process carried out in the cell-culture hood
according to the method described above, disk-shaped films (7 mm in
diameter, 0.5—0.7 mm in thickness) were subcutaneously implanted
in the superior (upper) or inferior (lower) part of the back of healthy
female SD rats (3 months old). Twelve SD rats were randomly
separated into three groups with four rats per group. For each SD rat,
four specimens of different samples were implanted. At each of the
three preset time points (1, 4, and 12 weeks), four rats were
euthanized using excessive CO, exposure, and the polymer films with
adjacent tissues were harvested and preserved by immersing them in
4% paraformaldehyde. The automated tissue processor was utilized to
process the specimens, which were then embedded in paraffin wax
and sliced into 4 ym sections. For each sample, six tissue sections

from different regions were examined using hematoxylin and eosin (H
& E) staining. In order to determine the existence of inflammatory
cells, CD11b (an inflammatory cell marker) staining was also
conducted using another six slides for each sample. The numbers of
cells within a portion of the skin-side tissue measuring 200 X 200 ym®
adjacent to the implanted polymer films was determined through
quantitative analysis using H & E staining images by Image]. At least
eight square regions from different specimens were studied for each
sample, and the results were averaged to obtain a representative value.
Similarly, the process for counting the CD11b* cells in the CD11b
immunohistochemically stained specimens was consistent with that of
the previous method, but only CD11b positively stained cells were
counted.

2.11. Scaffold Fabrication. Pre-POM-1.5 was chosen as the
representative prepolymer to fabricate porous scaffold following the
process reported in our previous literature.’”*' Briefly, 10.0 g 30 wt %
pre-POM-1.5 solution in 1,4-dioxane and 12.0 g (porosity: 80 wt %)
sieved salt (125—200 pm, as porogen) were uniformly mixed, and the
solvent was continually evaporated under a chemical hood. After
being cast into square-shaped poly(tetrafluoroethylene) (PTFE,
Teflon) molds, the resultant slurry was then cross-linked at 120 °C
for 3 days and then remained under vacuum at the same temperature
for an additional 3 days. After that, the scaffolds underwent a process
of salt leaching by washing them with DI water for a duration of more
than 1 week; DI water was changed every other day, until all salt was
removed. After freeze-drying, the scaffolds were obtained and
subsequently stored in a vacuum desiccator before use. The
morphologies of scaffolds and cells grown on scaffolds were observed
by scanning electron microscopy (SEM, Zeiss Sigma 300).

2.12. BMSCs Cocultured on Scaffold. POM-1.5 scaffolds were
shaped into circular discs with a 16 mm diameter suitable for 24-well
plates using a die-cutting method. Prior to cell seeding, the scaffold
disks were subjected to sterilization through a series of steps including
treatment with 75% ethanol, sterile PBS (pH 7.4), and exposure to
UV light, before being placed in DMEM. Afterward, rBMSCs in a
complete a-MEM medium were seeded on the scaffolds in the wells
of a 24-well plate with 500 yL of medium per well, and the cells were
incubated for S days with medium changes every other day. The
morphology and spreading of rBMSCs on the POM-1.5 scaffold on
day S were further observed by SEM after fixing the cells using a 2.5%
(w/v) glutaraldehyde solution in PBS followed with gradient
dehydration and air-drying.

2.13. In Vivo Wound Healing Study. A full-thickness cutaneous
wound model was created on SD rats to evaluate the wound healing
efficacy of malate-based bioenergetic scaffold, using POM-1.5 and
POM-1.5 + BMSC as the representatives, with Tegaderm film (3 M
Tegaderm Dressings)-treated wounds and untreated wounds as
controls. All animal experiments were performed according to
protocols approved by the Institutional Animal Care Committee of
Southern Medical University (Guangzhou, China) (Approval no.
SMUL2022064). Briefly, a total of 12 male SD rats weighing between
200 and 250 g were randomly assigned to four groups (untreated,
Tegaderm, POM-1.5, POM-1.5+BMSCs), with four rats in each
group. Once the rats were anesthetized with pentobarbital (2 wt %, 2
mL/kg), their back areas were entirely depilated, and four full-
thickness wounds (2.0 cm X 2.0 cm) were produced on each rat’s
back. An untreated wound was set as a control on every rat. To track
the healing progress over time, digital photographs were taken 0, 3, S,
7, 10, 14, 17, and 21 days post wound treatment. A ruler was situated
adjacent to the wound to act as a reference for assessing the wound’s
size. On each time point of day 7, 14, and 21, four rats were sacrificed
and the entire wound along with the surrounding healthy skin was
harvested and then fixed in 4% buffered paraformaldehyde and
embedded in paraffin blocks for sectioning into 3—5 ym slices using a
microtome. Then, H & E staining and Masson’s trichrome staining
were conducted to assess the inflammatory response and collagen
deposition in the process of wound healing. IL-18 and VEGF
immunohistochemical and CD31 immunofluorescence staining
experiments were also conducted to further study the inflammation
and vascularization during the wound healing process. All the stained
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slices were observed using a positive microscope (Leica DM4000 B,
Germany).

2.14. Statistical Analysis. Statistical analysis was performed to all
experimental data, with the results reported as the mean + standard
deviation (SD), and the statistical difference was determined by t-test
or one-way ANOVA. All the data are considered to have significant
differences only when p < 0.0S. * and ** represent p < 0.05 and p <
0.01, respectively.

3. RESULTS AND DISCUSSION

3.1. Synthesis of PDoM. PDoM prepolymers were
synthesized through a one-pot polycondensation reaction
between MA and diol (Figure 1), adapting to our previous
literature.”*~* The successful synthesis of PDoM prepolymers
is confirmed by the appearance of multiple peaks ~4.1 ppm in
the '"H NMR spectra, which are assigned to the protons of the
—CH,— near the synthesized ester groups (Figure 2A,B). This
is further proved by the appearance of the characteristic peak
for the ester group [~C(=O)OR] at 1737 cm™" in the FTIR
spectra of the prepolymers (Figure 2C,D). Along with the
increase of the chain length of diol, the "H NMR peaks in the
high field at 1.3 and 1.6 ppm were heightened (Figure 2A),
which can also be reflected from the reinforcement of the
characteristic peaks for the methylene group at 2700—3000
cm™' in the FTIR spectra of the prepolymers (Figure 2C). In
the "H NMR spectra of POM prepolymers (Figure 2B), along
with the ratio of MA: OD increased from 1.0 (pre-POM) to
2.0 (pre-POM-2.0), the height of the peak at 3.3 ppm assigning
to the protons of the methylene groups adjacent to the
terminal —OH groups (—CH,—OH) decreased, which is
further confirmed by the decrease of the characteristic peak in
the FTIR spectra of POM prepolymers shown in Figure 2D.
The PDoM prepolymers possess abundant reactive carboxyl
and hydroxyl groups on their side chains, which can undergo
esterification reaction to create cross-linked polymeric net-
works during the following thermal postpolymerization to give
cross-linked PDoM with various cross-linking degrees. The
further polymerization or cross-linking of the PDoM polymers
is confirmed by the decrease (compared to that of the
prepolymers) of the characteristic peak of free carbonyl and
hydroxyl groups at 3300—3700 cm™" in the ATR-FTIR spectra
of PDoM polymers shown in Figure 2E,F.

3.2. Characterizations of PDoM. To investigate the effect
of cross-linking conditions to the mechanical properties, pre-
POM (MA/OD = 1.0:1.0) was chosen as the representative
prepolymer for cross-linking condition optimization study. As
shown in Figure S2A,B, overall, the increase of cross-linking
temperature, elongation of cross-linking time, and application
of vacuum all led to higher tensile strengths and Young’s
moduli, with the effect of the latter two more obviously.
However, increasing cross-linking temperature or prolonging
cross-linking time also led to the decrease of the elongation at
break (Figure S2C), especially when the cross-linking temper-
ature increased from 120 to 130 °C. The fact that the
elongation of cross-linking time led to the decrease of the
elongation at break can be also proved in the representative
stress—strain curves (Figure S2D). Thus, the optimized cross-
linking condition of the PDoM polymer was set as 120 °C for
3 days plus 120 °C under vacuum for another 3 days. The
mechanical properties of the PBM, PHM, POM, PDM, and
PDDM, POM-1.2, POM-1.5, and POM-2.0 cross-linked under
this condition are shown in Figure 3 and Table S1. It can be
seen that the tensile strengths and Young’s moduli of PBM,

PHM, POM, PDM, and PDDM were all around or less than
1.0 MPa (Figure 3A,B), indicating the negligible effect of
aliphatic diol’s chain length to the mechanical strength when
the MA/diol ratio = 1.0. This can also be confirmed by the
representative stress—strain curves shown in Figure 3D.
However, overall, the increase of chain length led to the
increase of the elongation at break, with the elongation of
PDDM the highest (243.7 + 53.00%) (Figure 3C). The POM
polymer series were chosen as the representative to investigate
the effect of MA/diol ratio to the mechanical strength. As
shown in Figure 3A—C, along with the increase of the MA/OD
ratio from 1.0 to 2.0, both the mechanical strengths and
Young’s moduli gradually increased, with the elongations at
break being kept in the range of 74—185%. The representative
stress—strain curves of POM polymers with different MA/OD
ratios shown in Figure 3E also reflect the same trend. POM-2.0
exhibited the highest mechanical strengths, with a tensile
strength at 23.8 + 1.08 MPa and a Young’s modulus as high as
72.0 & 13.09 MPa (Figure 3A,B). The stress—strain curves of
all the tested polymer films all exhibit the characteristic
behavior of elastomeric materials (Figure 3D,E), and no
permanent distortion of the films was found while being
subjected to tensile forces during mechanical testing. The
favorable elasticity of PDoM make it can quickly recover after
being subjected to dynamic loads in a certain extent.
Meanwhile, extreme dynamic loads would lead to fatigue
failure of the PDoM films. Interestingly, after being immersed
in PBS (pH 7.4) for 24 h, the mechanical strengths of the
cross-linked PBM, PHM, POM, and PDM films are mostly
kept and all increased (Figure S3 and Table S1). This might be
caused by the limited residual carboxyl and hydroxyl
functionalities in the cross-linked network of PDoM comparing
with POC (derived from citric acid and 1,8-octanediol)***°
since MA contains one less carboxyl group than that of citric
acid. Few residual functionalities also led to low cross-linking
densities and high molecular weight between cross-links
comparing that of POC,*® which is confirmed in Table SI.
For PDDM, the tensile strength and Young’s modulus,
especially the latter one, of the swollen film were even
significantly enhanced compared to that of the dry film (Table
S1). This might be caused by the phase separation in the
polymer chains of PDDM during water soak and the formation
of physical cross-linking points. The favorable elasticity and the
well water resistance of PDoM guarantee their applicability in
soft tissue engineering, especially as wound dressing scaffolds.

The thermal properties of the PDoM were characterized by
DSC (Figure 3F,G) and TGA (Figure 3H,I). As shown in
Figure 3F, along with the aliphatic chain length of diol being
increased from 4 to 10, the glass transition temperature (Tgs)
of the cross-linked polymer films gradually decreased from
—10.71 to —31.95 °C. Meanwhile, for PDDM with an aliphatic
chain length of 12, there is a melting peak ~16 °C that shows
up in the DSC curve (Figure S1). For the POM polymer series,
an increase of MA/OD ratios from 1.0 to 2.0 led to the
increase of Tes from —31.77 to 641 °C (Figure 3G), well
agreeing with the mechanical testing results that higher MA/
OD ratios brought higher mechanical strengths but the
elasticity of the polymer reduced overall (Figure 3A—C). All
the cross-linked PDoM polymers exhibited considerable
stability reflecting by their TGA curves shown in Figure
3H,], the decomposition temperatures (Ts) are all >242 °C
except for PHM which possesses a T4 = 188 °C. Along with
the increase of the MA/OD ratio from 1.0 to 2.0, the Tys
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Figure 4. In vitro cytocompatibility of PDoM: (A) cytotoxicity against L929 after 24 h for degradation products of PDoM films and (B) cell
proliferation profiles of the 10X degradation products of PDoM films for 1, 3, and S days; (C) cell proliferation profiles of rBMSCs after being
treated with the 10X degradation products of representative PDoM films for 1, 3, and S days and (D) the corresponding Live/Dead staining

images. *p < 0.05, **p < 0.01, *p > 0.05.

gradually decreased from 302 to 242 °C. All the above thermal
properties once again confirmed that all the tested PDoM
polymers are in the rubbery state at room temperature (Tgs all
< 25 °C) and thus possess favorable elasticity. PDDM
possesses a melting temperature, which might be one reason
that at the wet state, the mechanical strength of which was
even enhanced compared with the polymer at the dry state
(Table S1).

The wettability of PDoM polymers were assessed by contact
angle tests against both water and diiodomethane (CH,1,), and
the results are shown in Table S2 and Figure S4. All the water-
in-air contact angles of the cross-linked PDoM films are in the
range of 65—88° (Table S2), suggesting moderate wettability
for all PDoM polymers. Prolonging water contact time led to a
gradual decrease of contact angle, and the water-in-air contact
angles for POM, POM-1.2, and POM-1.§ all decreased from
70 to 88° in the beginning to 30—40° after 30 min; but for
POM-2.0, the contact angle deceased from the initial ~85 to
~60° at 20 min and stabilized in the range of 60—65° during
20—30 min (Figure S4). The above results might be caused by
that higher MA/OD ratios leads to more hydrophilic carboxyl
and hydroxyl groups which can be wetted by water thus reduce
the contact angle along with the prolongation of water contact
time. Combining with the measured contact angles of the
PDoM films to CH,1,, the surface energies (7,), as well as their
dispersive (%) and polor () components and the ratios of
v&/y, (), were calculated and presented in Table S2. The
surface energies of all the tested polymer films were in a small
range of 32—45 mJ m™?, once again confirming the moderate
wettability of the polymer films.

50843

3.3. Degradation Profiles of PDoM. The degradation
profiles of PDoM were investigated by conducting in vitro
degradation study in both PBS (pH 7.4) and 0.1 M NaOH
solution (for fast degradation) and in vivo degradation study
using subcutaneous implantation model on SD rats. As shown
in Figure S5A,B, except for PDM and PDDM, all PDoM films
completely degraded in 14 h in 0.1 M NaOH solution, both
shorter aliphatic chain of diol used and higher MA/OD ratio
(for the POM series) led to faster degradation. The PBS
degradation study results shown in Figure SS5C further
confirmed the fact that the shorter aliphatic chain of diol
used in PDoM led to faster degradation, with PDDM degraded
the slowest. The overall trend reflected by the PBS degradation
results for POM series (Figure SSD) agrees well with the
degradation results in 0.1 M NaOH (Figure SSB), but the
degradation of POM-1.5 was slightly faster than POM-2.0 in
PBS. The complete degradation times for POM, POM-1.2,
POM-1.5, and POM-2.0 in PBS (pH 7.4) were determined to
be 35, 32, 20, and 22 weeks, respectively (Figure SSD). The in
vivo degradation results shown in Figure S6 indicate that PBM
degraded the fastest in all tested polymer films and completely
degraded in 4 weeks, which aligns with the in vitro degradation
results (Figure SSA,C). After subcutaneous implantation of
polymer films in the backs of SD rats for 12 weeks, the mass
losses of POM, PDDM, POM-1.5, POM-2.0, and PLGA were
35.82, 16.27, 56.74, 46.69, and 14.04%, respectively (Figure
S6). These results confirm the fast degradability of PDoM
comparable with PLGA, well supporting their potential
biomedical applications as wound dressing scaffolds.

3.4. Cytocompatibility Evaluation of PDoM. The
cytocompatibility of PDoM was estimated by studying the
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Figure S. PDoM promote fibroblasts’ migration, enhance cells’ biosynthesis in vitro: (A) images of the scratch test of L929 cultured with MA
monomer and 10X diluted degradation products of POM-1.5, PLGA, and POC for 0, 24, and 48 h, and (B) the calculated cell migration rate of
different groups; (C) RT-qPCR results of the gene expressions of Collal, Fnl, and Acta2 after L929 cells being treated for 24 h by the 10X diluted
degradation products of POM-1.5, PLGA, POC, or L-malate solutions. *p < 0.0S, **¥p < 0.01, #p > 0.0S.

cytotoxicity of the degradation products of PDoM polymers
against both L929 and rBMSCs using the CCK-8 and Live/
Dead assays, with PLGA and POC as controls. As shown in
Figure 4A, although the 1X degradation products of all tested
PDoM films showed similar much lower cell viabilities (~30%)
compared to PLGA (~50%), the cell viabilities of the 10X and
100X diluted solutions of degradation products of PDoM
became much higher and were comparable to that of PLGA.
The 10X degradation products of PDoM were further used to
coculture 1929 (Figure 4B) and rBMSCs (Figure 4C) for 1, 3,
and S days. It can be seen that the 10X degradation products of
PDoM showed favorable cell cytocompatibility and similar cell
proliferation profiles as that of POC and PLGA. As a
representative PDoM polymer, a noticeable cell growth-
enhancing effect of POM-1.5 can be seen from the result
that the optical density of the POM-1.5 group on day S was
significantly higher than that of the blank control group
(Figure 4C), which can also be reflected in the representative
Live/Dead staining images (Figure 4D). The Live/Dead
images of POM-1.5 exhibited stretched/elongated cell
morphology, once more indicating that POM-1.5 could
promote cell attachment and proliferation. These results
preliminarily prove the favorable cytocompatibility and
proliferation-enhancing properties of the PDoM polymers.

The cell cytocompatibility of L-malate monomer (0—5000
uM L-malate, pH 7.4) was also assessed by conducting a CCK-
8 assay against rBMSCs. As shown in Figure S7, in a very
broad range from 200 to 5000 uM, L-malate induced no
cytotoxicity against rBMSCs and can even enhance the
proliferation of rBMSCs to a certain extent. The optimal
feeding concentrations for exogenous L-malate supplementa-
tion were determined to be 200 and 2000 uM, which were
subsequently used in a future study.
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3.5. PDoM Promotes Cell Migration and Gene
Expression of Fibroblasts. Fibroblasts’ motility is essential
in the healing of skin injuries, and several extracellular matrix
proteins, growth factors and cytokines, such as Collal, Fnl,
and Acta2, are also recognized playing important roles in
wound he:iling.32_3’4 To assess the effect of PDoMs and MA
monomers on the migration of cells, both scratch and transwell
assays were conducted using 1929 as the cell model with
PLGA and POC as controls. As it can be seen from Figure
SA,B, the cell migration rates of POM-1.5 at 24 h was ~30%,
much higher than that of the control and PLGA groups (all <
20%), but close to and slightly higher than that of the POC
group (~28%). The cell migration rates of 200 and 2000 uM
MA at 24 h were also ~28%. Prolongation of treating time to
48 h led to much increase of migration rates to ~38 and ~32%
for POM-1.5 and MA solution samples, respectively, and the
POM-1.5 group showed significantly higher values than that of
the control and PLGA groups (~23%) and comparable to that
of the POC (~38%). Similar trends were observed in the
transwell assay results (Figure S8). These results indicate that
both the degradation products of malate-based polyesters and
MA monomer could promote the migration of fibroblasts and
thus have a constructive impact on wound healing.

The synthesis of the extracellular matrix (ECM), which can
provide a transport system for nutrients and waste products,
serves a pivotal function in wound healing.>> Collal and Fnl
are major components of the skin extracellular matrix,*® and
Acta2/a-Sma plays a vital role in wound healing by regulating
ECM secretion;’’ thus, the expression levels of Collal, Fnl,
and Acta2 genes by L929 cells after being treated by the 10X
diluted degradation product of POM-1.5 or MA solutions for
24 h were investigated by RT-qPCR. As shown in Figure 5C,
the expression levels of Collal, Fnl, and Acta2 genes of the
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Figure 6. PDoM enhance rBMSCs paracrine level in vitro: (A) representative paracrine effects of stem cells; (B) RT-qPCR results of the gene
expressions of TNF-a, IL-15, TGF-$1, CD31, VEGF, and bFGF by rBMSCs; (C) ELISA quantification results of IL-1/3, VEGF, and bFGF secreted
from rBMSCs, after -BMSCs being treated by the 10X diluted degradation products of POM-1.5, PLGA, POC, or L-malate solutions for 24 h. **p

<001, p > 0.05.

POM-1.5 sample were determined to be ~1.79, ~1.64, and
~2.90 folds of that of the control group (1.0), all close to that
of the POC group which was reported can promote the
expression of Collal by osteogenic differentiated MSCs."” The
MA solutions also induced enhanced gene expression,
especially at 2000 #M and for Fnl and Acta2, the Acta2
expression level of the MA2000 yM sample even reached >
6.31-fold of that of control (Figure SC). Meanwhile, for PLGA,
the expression levels of the tested three genes were all lower
than that of the control group (Figure SC). These results
indicate that the expression of wound-healing genes in 1929
cells was significantly enhanced by malate-based polyesters,
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which might be derived from the related/degraded r-malate
from the polymers, suggesting their favorable therapeutic value
in facilitating wound healing.

3.6. PDoM Enhances rBMSCs’ Paracrine Function.
Bone marrow mesenchymal stem cells (BMSCs) are a type of
self-renewing and expandable stem cell with multidirectional
differentiative potential and paracrine function and thus were
widely used in different wound treatment.**~*° The paracrine
functions of BMSCs are responsible for improving wound
healing, including promoting epidermal cell growth, angio-
genesis, collagen deposition, suppressing inflammatory re-
sponse, and closing wounds (Figure 6A).** Therefore, the
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paracrine levels of several relevant factors were measured,
namely, TNF-q, IL-15, CD31, VEGF, TGF-f1, and bFGEF.

First, the gene expression levels of TNF-a, IL-15, TGF-f1,
CD31, VEGF, and bFGF by rBMSCs after being treated with
MA solutions and the 10X diluted degradation products of
PDoM (using POM-1.5 as the representative) for 24 h were
studied by RT-qPCR. As shown in Figure 6B, the messenger
ribonucleic acid (mRNA) expression levels of pro-inflamma-
tory cytokines, including TNF-a and IL-1p, in the POM-1.5
and MA groups (except for MA2000 yM for TNF-a) were all
significantly lower than that of the control and PLGA groups
and comparable with that of POC group, indicating the
favorable anti-inflammatory potential of PDoM. Meanwhile,
for TGF-f1, bFGF, CD31, and VEGF, both POM-1.5 and MA
solutions in 200 and 2000 yM induced significantly enhanced
expression comparing with that of the control and PLGA
groups, the levels were comparable or even higher than that of
POC, implying the favorable activity of PDoM in promoting
re-epithelialization and angiogenesis.

Second, the IL-1f, bFGF, and VEGF levels in the cell
culture supernatants of rBMSCs after being treated by MA
monomers and 10X diluted degradation product of POM-1.5
were determined with the ELISA kit (Figure 6C). The levels of
IL-1f in the POM-1.5 and MA monomers groups were all
significantly lower (p < 0.01) than that of the control and
PLGA groups, and comparable with that of the POC group,
further confirming the anti-inflammatory property of PDoM.
The levels of bFGF and VEGF in the POM-1.5 and MA
monomer groups were all significantly elevated (p < 0.01)
compared to the control and PLGA groups, and also
comparable with that of POC groups, once more confirming
the epithelialization and angiogenesis promoting ability. All the
above results prove the microenvironment amelioration ability
of malate-based polymers by regulating the paracrine of
BMSCs, therefore potentially promoting rapid wound healing.

3.7. Energy Metabolism Promotion of PDoM by
Participating in the TCA Cycle. To further investigate the

inherent mechanisms of the promotion effect of PDoM to
cells’ proliferation, migration, biosynthesis, and paracrine, the
effect of MA monomer (200 and 2000 M) and the
degradation products of PDoM (using POM-1.5 as the
representative) on the bioenergetic metabolism of both L929
and rBMSCs were studied, with PLGA and POC as controls
and cells treated by pure cell growth medium as the blank
control. The intracellular ATP levels of different groups
measured by the ATP assay kit for -BMSCs and 1929 (Figure
7A,C) respectively, all show that the intracellular ATP levels of
the POM-1.5 and MA monomer (especially 2000 uM MA)
groups were all significantly higher (p < 0.01 except for the
MA200 M group for rBMSCs) than that of the blank control
and PLGA groups. Although the ATP production levels in
rBMSCs for the POM-1.5 and POC groups were nearly the
same, the intracellular ATP level in 1929 of the POM-1.5
group was significantly higher than that of the POC group,
implying that r-malate might be a better energy metabolism
regulator suitable for broader cell types with different energy-
producing modes since it can effectively interlink oxidative
phosphorylation (TCA cycle) and glycolysis (two most
important energy-producing metabolic pathways in nearly all
life forms) via malate-aspartate shuttle.””

Moreover, the assessment of Aym, a crucial factor driving
ATP generation in cells, was also carried out using JC-1 as a
cationic indicator. Changes in membrane potential over time
could be accomplished by JC-1, which aggregates in the matrix
to create J-aggregates resulting in high Awm-emitting red
fluorescence; conversely, JC-1 cannot aggregate in the
mitochondrial matrix to create monomers with low Awm-
emitting green fluorescence. After being incubated for 24 h,
rBMSC and L1929 in the POM-1.5 group all showed a clearly
aggregated red fluorescence, confirming higher Aym inten-
sities (Figure 7B,D). However, the red fluorescence was
significantly lowered in the POM-1.5-CCCP group due to the
effect of the uncoupler carbonyl cyanide 3-chlorophenylhy-
drazone (CCCP), a respiratory chain inhibitor capable of
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reducing Aym and weakening the ATP synthase’s driving
force. Collectively, the cellular metabolism results indicated
that the degradation products of malate-based polyesters and
MA monomer could elevate Awym and promote ATP
production by both L929 and rBMSCs, implying that
malate-based polymers could provide additional energy
resources for tissue regeneration. To assess the link between
malate-based polyesters and TCA cycle, RT-qPCR was utilized
to determine the expression levels of genes related to the
critical rate-limiting enzymes of the TCA cycle, including IDH-
3, SDH, and MDH. The mRNA abundances of the
transcription genes of IDH-3, SDH, and MDH, of the POM-
1.5 and MA solution (especially MA2000 uM) group were
significantly (p < 0.01) higher than that of the PLGA and blank
control groups (Figure S9A). Particularly, the level of MDH
showed the most significant increase (p < 0.01) in the MA2000
UM group, indicating that PDoM or other malate-based
polymers are able to boost the TCA cycle by promoting
mitochondrial biogenesis.

To further and directly verify the effect of malate to the TCA
cycle by entering mitochondria, rBMSCs were treated by both
10X diluted degradation product of POM-1.5 and MA2000
uM for 24 h, and the contents of intracellular metabolites
related to TCA cycle were measured using liquid chromatog-
raphy—mass spectrometry (LC—MS). A hierarchical cluster
analysis (HCA) heatmap was utilized to visualize the intensity
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of each metabolite, highlighting eight significant metabolites in
the TCA cycle (Figure 8A). The abundances of the key
metabolites in the TCA cycle, such as L-malate, isocitrate,
succinate, and citrate, for the POM-1.5 and MA2000 uM
groups were significantly (p < 0.05 except for the MA2000 M
group for citrate) higher than that of the control groups
(Figure 8B,C). For some metabolites such as oxaloacetate, cis-
aconitate, a-ketoglutaric acid, and fumarate, their abundance in
the POM-1.5 and MA2000 M groups were also higher than
the control group but had no significant difference (p > 0.05
except for the POM-1.5 group for oxaloacetate) (Figure S9B).
Given the limited parallel specimens and possible data errors,
the above results still can confirm that increase of exogenous
malate level also promotes the increase of the contents of other
key metabolites in the TCA cycle.

To sum up, these results provide conclusive evidence
proving that the increase of cellular malate concentration via
the uptake of the degradation products of malate-based
polyester by cells could promote energy metabolism including
elevate ATP production and increase the abundance of critical
metabolites by participating in the TCA cycle.

3.8. Foreign Body Response Evaluations. The in vivo
cytocompatibility of cross-linked PDoM films was studied by
subcutaneously implanting PBM, POM, PDDM, and POM-1.5
films in SD rats, respectively, using PLGA as control. As shown
in Figure S10, all samples exhibited a mild acute inflammatory
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response after 1 week of implantation, confirming by cell
infiltration (H & E staining, Figure S10A) and the presence of
CD11b-positive cells in tissues adjacent to the implanted
polymer films (CDI11b staining, Figure S10B). This is an
expected normal process, consistent with the entry of most
foreign bodies into the body; and the inflammatory response of
all tested PDoM polymers was similar to that of PLGA,
reflecting from the comparable total cell numbers and cell
amounts of CD11b-positive cells of different groups (Figure
S10C,D). Meanwhile, the cell densities around different
polymer implants decreased over time, with no significant
statistical differences between different groups at weeks 4 and
12 (Figure S10C). After 12 weeks of implantation, very few
CD11b-positive cells could be observed, indicating the decay
of an acute inflammatory response (Figure S10D). These
results further prove the biocompatibility of PDoM polymers
in vivo, preliminarily confirming the feasibility of PDoM
polymers in the following in vivo wound healing applications.

3.9. PDoM Scaffolds Support Cell Attachment and
Proliferation. Tissue engineering porous scaffolds could
provide a favorable microenvironment similar to natural
ECM for cell growth and proliferation.*** As a presentative
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of PDoM, elastic POM-1.5 was fabricated into porous soft
scaffold and rBMSCs were also seeded on the scaffold and
cultured for S days; the photograph and SEM images of the
scaffold and cell-laden scaffold are shown in Figure S11. The
POM-1.5 scaffold looks as a yellow-colored disk with obvious
pores (Figure S11A1), and the pores were cube-shaped with a
size ranging 125—200 pm, which are created by salt crystals as
the porogen (Figure S11A2). From Figure S11A3,A4, it can be
seen that rBMSCs were well attached and spread on the
surface and in the pores of the scaffold, indicating that the
POM-1.5 scaffold could support the adhesion and proliferation
of rBMSCs.

3.10. In Vivo Wound Healing Evaluation. A full-
thickness rat skin defect repair test was conducted to validate
the efficacy of PDoM scaffolds combined with BMSCs in vivo
as a wound dressing and assess its potential applications in
wound healing. The POM-1.5 scaffold was selected as a
representative of PDoM polymer scaffolds, and alive rBMSCs
were also laden on POM-1.5 scaffold to create a POM-1.5 +
BMSC sample, commercially available Tegaderm dressing, and
the wound left untreated were used as controls. After surgery,
the wound areas all shrank over time for the four groups
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Figure 10. Effect of PDoM scaffolds on immunomodulation: (A) IL-1/ immunohistochemical stained images of wound tissues on the 7% 14% and
21% day after surgery; (B) quantified data of the integrated optical density (IOD) of IL-18. **p < 0.01, *p > 0.05.

(Figure 9A), but the wound closure rates of the POM-1.5 and
POM-1.5 + BMSC groups were significantly higher (p < 0.05)
than that of the control and Tegaderm groups, especially on
days 3 and 7 (Figure 9B). After 14 days’ treatment, the wound
closure rates were approximately 91.52 and 84.95% for POM-
1.5 + BMSC and POM-1.5 groups, respectively, whereas those
of the control and Tegaderm groups were 77.64 and 83.64%,
respectively (Figure 9B). At the end of the 21 day period, the
wounds that were dressed with Tegaderm were partially
healed, whereas those treated with POM-1.5 + BMSC had
adequately closed and even exhibited hair regeneration in some
rats. Taken together, these results indicate that the
combination of POM-1.5 scaffold with rBMSCs can consid-
erably accelerate the rate and improve the quality of wound
healing.

To further evaluate the process of wound healing,
histological examination was performed using H & E and
Masson’s trichrome staining. The histologic assessment was
conducted to evaluate the progression of wound healing in
different phases. On day 7, an augmented quantity of
inflammatory cells was evident in all the four groups as
shown in the H & E staining images (Figure 9C), revealing the
onset of an inflammatory response. Inflammatory cell counts
reduced over time as healing progressed (between days 7 and
21) while the formation of epithelial tissue gradually took place
in all groups. After 14 days’ treatment, the POM-1.5 + BMSC

group displayed complete re-epithelialization and almost a
normal epidermal structure. In contrast, incomplete formation
of skin structure was observed in the Tegaderm and control
groups, along with the persistence of inflammatory cells in the
dermis structure (Figure 9C).

Collagen, as the main structural protein present in the skin,
is crucial for both wound healing and dermal remodeling.*
Masson’s trichrome staining images of the healing area until 21
days after surgery are shown in Figure S12. All groups showed
a certain degree of collagen deposition at 7 days following
initial wound formation. The POM-1.5 scaffold-treated wound
exhibited significantly higher (p < 0.05) collagen density than
the control group after 14 days. As shown in Figure S12A,B,
the quantitative image analysis results revealed a significantly
higher collagen density in the POM-1.5 + BMSC (~62%)
group than the control (~35%), Tegaderm (~43%), and
POM-1.5 (~57%) groups after 14 days’ healing. After 21 days
of healing, parallel collagen fibers and well-aligned granulation
tissues were observed in both the POM-1.5 + BMSC and
POM-1.5 groups (Figure S12A). A higher collagen content in
the scaffold combined with the BMSC group indicates a better
healing effect as collagen deposition and granulation formation
are positively correlated with wound healing.

Critical molecular and cellular mechanisms are also involved
in wound healing. In the initial stages of the wound healing
process, the expression of pro-inflammatory factors is crucial
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Figure 11. Effect of PDoM scaffolds on neovascularization: (A) CD31 immunofluorescence stained images (red arrows represent new blood
vessels) of wound tissues on the 7, 14, and 21* day after surgery; (B) the relative fluorescent area percentage of CD31 (D) (the control group on

day 7 was set as 100%). **p < 0.01, *p > 0.05.

for wound repair."* Nevertheless, an extended inflammatory
phase caused by prolonged upregulation of proinflammatory
factors can lead to delayed wound healing.* To evaluate the
extent of the inflammatory response, the levels of IL-15, a
representative pro-inflammatory factor, were studied by IL-1/
immunohistochemical staining (Figure 10A). As shown in
Figure 10A,B, the numbers of inflammatory cells steadily
declined throughout the tissue-healing process. IL-1p
expression was partially inhibited at different time points in
the POM-1.5 and POM-1.5 + BMSC groups compared to that
in the control and Tegaderm groups, indicating considerable
anti-inflammatory ability of POM-1.5 and POM-1.5 + BMSC.
Neovascularization plays a vital role in wound healing since it
provides the necessary nutrients and oxygen to the tissues
along with the removal of waste products and carbon
dioxide. To determine the degree of neovascularization
during healing, VEGF immunohistochemical and CD31
immunofluorescence staining was performed (Figures 11A
and S13A). According to Figures 11B and S13B, the POM-1.5
and POM-1.5 + BMSC groups exhibited significantly higher
expression of both CD31 (p < 0.01) and VEGF (p < 0.05)
when compared to the Tegaderm and control groups on day 7.
Meanwhile, on days 14 and 21, the expression levels of both
CD31 and VEGF for the POM-1.5 and POM-1.5 + BMSC
groups were all lower than those of the other two groups; this

50850

might imply the fast wound healing of the two scaffold groups
and thus the need of neovascularization moderated after 7
days. These results indicate that the application of PDoM and
stem cells can accelerate wound closure and enhance
neovascularization during the initial phases of healing. Thus,
it is further revealed that the PDoM scaffold combined with
BMSCs could significantly decrease early inflammation and
enhance neovascularization as evidenced by a decreased
expression of the pro-inflammatory factor IL-1f and elevated
expression of the pro-angiogenic factors CD31 and VEGF
(especially in the early wound healing phases), thus promoting
the regeneration of the entire skin and improving the healing of
dermal wounds.

4. CONCLUSIONS

In summary, through the facile polycondensation reaction
between L-malic acid and aliphatic diol to obtain poly(diol t-
malate) (PDoM) prepolymers, followed by scaffold fabrication
and thermal-induced postpolymerization, a family of biode-
gradable and biocompatible L-malate-based PDoM bioen-
ergetic scaffold was developed. The degradation products of
the developed PDoM scaffolds and r-malate monomer were
proven to regulate the metabolic microenvironment by
entering the mitochondria and participating in the TCA
cycle to elevate intracellular ATP levels and thus promote the
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cellular biosynthesis, including the production of Collal, Fnl,
and Acta2/a-Sma. The porous and interconnected structure of
the PDoM scaffold makes it suitable as a matrix for the 3D
BMSC culture and was demonstrated to support the growth of
the cocultured rBMSCs and promote their paracrine function,
including the secretion of bioactive molecules (such as VEGF,
TGF-f1, and bFGF), and this stem cell-scaffold architecture
was proven to improve the wound microenvironment by
inducing an increase in key genes involved in the repair process
in a critical full-thickness skin defect model on rats. The animal
study revealed that the groups treated with POM-1.5 + BMSCs
exhibited superior wound healing outcomes compared to the
control and Tegaderm groups, with regard to both wound
closure and collagen metabolism. Notably, the evaluation of
histomorphology and IL-13, VEGF, and CD31 expression
levels throughout the wound healing process affirmed its
improved wound healing efficacy by boosting the expression of
angiogenic factors while suppressing inflammatory factors.
Thus, we confirm that these malate-based bioenergy boosting
scaffold materials possess great application potential in the field
of tissue engineering and regenerative medicine and can be
universally expanded from skin wound healing to all tissue
engineering scenarios where energy metabolism and cell
biosynthesis need to be enhanced to realize fast healing and
the paracrine functions of related cells also need to be
regulated to provide a more suitable tissue healing micro-
environment. However, in the future, polymer design needs to
be further improved to introduce more energetic substances,
such as organic phosphate-containing chemicals or metallic
ions affecting energy metabolism, and to regulate the
mechanical property and the release rates of energetic
substances; the activation of energy metabolism and redox
homeostasis also need to be balanced to eliminate possible
oxidative stress.
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