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Artificial dermal scaffolds (ADSs) have great value in repairing deep skin defects. However, problems such as
unsatisfactory angiogenesis and local dropsy or empyema often occur, resulting in delayed or even failed
wound healing. Negative pressure wound therapy (NPWT) is an effective therapy to promote wound healing
or shorten wound bed preparation time. Studies on whether it can improve the effects of ADSs have never
been interrupted, and no consensus has been reached. In this study, an improved ADS was prepared by
mesh technology, physicochemical experiments were conducted, cell adhesion and proliferation were
assessed with the meshed ADS, and in vivo experiments were conducted to investigate the effects of
meshed ADS or ADS combined with NPWT in repairing full-thickness skin defects. The results showed that
the meshed ADS showed through-layer channels arranged in parallel longitudinal and transverse intersec-
tions. The cell experiments confirmed the good cytocompatibility. The in vivo experiments showed that
there were no differences in the take rate or contraction of grafted skin among all experiment groups. The
meshed ADS exhibited good histocompatibility, and there were no differences in tissue inflammation,
dermal angiogenesis, or degradation among all groups. In addition, necrosis, dropsy, or empyema of the
dermal scaffold were found in all experiment groups except for the meshed ADS + NPWT group, which
showed better wound repair results, including fewer scaffold-related complications and satisfactory skin
graft survival and wound contraction. In conclusion, this novel meshed ADS, which has a regular through-
layer mesh structure and possesses stable physicochemical properties and good biocompatibility, combined
with NPWT can ensure adequate subdermal drainage and reduce the risk of scaffold-related complications,
thereby improving the quality and efficiency of wound repair, promoting a broader application of biomater-
ials, and helping physicians and readers implement more effective wound management.

skin injury can be repaired by the proliferation, differentiation,
and migration of stem cells located in the epidermal basal

Skin acts as an important protective barrier to maintain
homeostasis against pathogens, regulate body temperature,
and provide sensation and endocrine function." A superficial
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layer or adnexal structures. However, for deep skin and sub-
cutaneous tissue defects, the damaged areas cannot be
restored to their original structure and function by themselves.
Autologous split-thickness skin or flap transplantation is
needed, but the secondary damage it causes to the donor site
and the body itself cannot be underestimated.”® With the
emergence of artificial dermal scaffolds (ADSs), many scholars
began to use ADSs combined with split-thickness skin grafts
for deep wound repair.*

In contrast with natural dermal scaffolds, most ADSs have a
bilayer structure that mimics normal skin structure. The upper
layer is a semipermeable medical silicone film that simulates
the epidermis layer and resists water evaporation and microbial
invasion. The lower layer simulates the spongy dermis, which
comprises collagen, other biological materials, or synthetic

This journal is © The Royal Society of Chemistry 2024
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polymers and has good biocompatibility and low
immunogenicity.>® For deep wound repair, the ADS dermis, as
a template for dermal regeneration, can effectively guide
dermal regeneration and optimize the elasticity, flexibility, and
mechanical resistance of the healing area.” Currently, ADSs
not only provide a new choice for deep wound repair but have
also been widely used in burn and plastic surgery,® oral and
maxillofacial surgery,” and abdominal surgery.'® Although the
ADS performs well in various fields, the unsatisfactory dermal
angiogenesis and the risk of infection should not be
ignored.'"'? These problems may lead to the failure of tissue
repair and other concerns."'* Therefore, novel ADSs have
been developed with the aim of improving their composition
and structure or combining them with other technologies to
optimize the speed of dermal angiogenesis and reduce the
occurrence of certain complications, thus improving their
clinical effects.®

Negative pressure wound therapy (NPWT) creates a closed
area of negative pressure around the wound using a negative
pressure drainage device. NPWT has the obvious advantages of
creating a moist healing environment, shrinking the wound
margin, removing necrotic and undesirable secretions, reliev-
ing tissue oedema, and reducing dressing change frequency."®
Therefore, since the 1990s, NPWT has been widely used as a
simple and effective adjuvant technique in the management of
complex chronic or acute wounds to promote wound repair or
shorten the wound bed preparation time. NPWT could stimu-
late the release of local cytokines through mechanical stress
and the hypoxic environment, which not only increases the
amount of microangiogenesis in the early stage of wound
healing but also promotes the structural stability and matu-
ration of wound microvessels in the later stage.'”'® As a result,
there has been an increasing number of studies on the appli-
cation of ADSs combined with NPWT in acute and chronic
wounds. It has been reported that NPWT combined with ADS
could create a better attachment of the ADS to the wound by
reducing the movement between the ADS and the basal layer
and enhancing the local nutrient supply to the ADS dermis,
which accelerates angiogenesis and mitigates the rates of
infection.'®*® However, other studies have shown that NPWT
has no significant effect on ADS dermal angiogenesis, the take
rate of grafted skin, or other long-term effects.”"** The results
of these studies are not uniform and do not provide guidance
for clinical practice. Therefore, it remains to be seen whether
NPWT combined with ADS can improve angiogenesis in the
ADS dermis, reduce the occurrence of complications, and
improve the quality of wound repair.

In this study, a bilayer ADS with an upper silicone layer and
a lower three-dimensional, porous, collagen-based layer was
selected, and it was prepared with an improved vertical
network structure and an increased longitudinal channel.
Using both in vivo and in vitro experiments, we further
explored the physicochemical properties and therapeutic
effects of the improved ADS alone and combined with NPWT
to repair full-thickness skin defects to find the optimal ADS
structure and working pattern.

This journal is © The Royal Society of Chemistry 2024
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Experimental
Materials

The meshed ADS used in our study is based on the commer-
cialized Lando® Artificial Dermal Regeneration Matrix, an ADS
that has a double-layer structure. The upper layer is a semi-
permeable medical silicone membrane, which has a water
vapor transmission rate that is similar to that of normal
human skin. The lower layer is a cross-linked collagen-chon-
droitin sulfate dermal scaffold. The preparation details of the
meshed ADS are described below. Collagenase (125 U mg ™,
Sigma-Aldrich) was used for the in vitro degradation test.
Mouse fibroblast cells (L929) and human umbilical vein endo-
thelial cells (HUVECs) were used for cytological evaluation.
Bama miniature pigs were used for the in vivo investigations.

Preparation of meshed ADS

The ADS was placed on the carrier and processed by the
specific mesh machine (MT-5, China), which utilized a roller
device with staggered cuts. The prepared channels throughout
the whole layer were 2 mm long and 1.5 mm apart and regu-
larly arranged in parallel longitudinal and transverse intersec-
tions with a network appearance.

Characterization

Micromorphology. The meshed ADS and ADS were cleaned
and dehydrated with 50%, 70%, 90%, and 100% ethanol in
succession. Next, the ADSs were dried in a freeze-dryer and
coated with a thin layer of gold. The surface and cross-sections
of the microstructures were observed using a HITACHI
TM3030 scanning electron microscope (SEM).

Porosity. The porosity value of the dermal scaffolds was eval-
uated according to previous reports.>® Briefly, each sample was
immersed in a glass bottle filled with ethanol and removed
after it was fully impregnated with ethanol. The weight of the
glass bottle filled with ethanol was recorded as W1, and that of
the glass bottle containing ethanol and the immersed sample
was recorded as W2. After removing the sample, the weight of
the bottle with ethanol was defined as W3. Finally, the weight
of each dried sample was recorded as WS. The porosity of the
sample was calculated as (W2 — W3 — WS)/(W1 — W3) x 100%.

Tensile strength. The silicone layer of the meshed ADS or
ADS was cut into a size of 20 mm x 20 mm. The test was con-
ducted as follows: one end of the sample was fixed, and the
other was allowed to hang naturally and fixed to a clamp that
could be moved vertically. Then, the clamp was moved at a
speed of 100 + 10 mm min~" until the silicone membrane was
torn. The maximum force that the silicone membrane could
withstand was recorded as the tensile strength.

Enzymatic degradation. After freeze-drying, the samples
were cut into 20 mm x 10 mm pieces and placed in a 15 ml EP
tube with 4 ml of 50 U ml™" collagenase. At different time
intervals (5 h, 10 h, 24 h), 2 ml of degradation solution was
taken from each tube and placed in a 25 ml glass bottle
(stored at 4 °C). At the end of sampling, 2 ml of 12 M HCI was
added to each tube, and the remaining sample was completely
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degraded in a water bath at 60 °C for 30 min. Then, 2 ml of
degradation solution was placed in a 25 ml glass bottle. Next,
2 ml of 12 M HCI was added to the degradation solution col-
lected above, followed by acid hydrolysis at 110 °C in a venti-
lated drying oven for 24 h. After cooling, 20 pl phenolphthalein
indicator and 6 M NaOH were used to neutralize the acid
hydrolysis solution. Then, the hydrolysis solution was titrated
to 25 ml with water. Finally, the absorbance of the degradation
solution at 560 nm was measured, and the degradation rate
was calculated.

Cytocompatibility

HUVECs and L929 cells were seeded on the dermal scaffold at
a density of 105 cells per ml in 48-well plates. The culture
medium was changed every other day. On days 1, 4, 7, and 14,
the dermal scaffolds were removed from the culture system,
washed twice with PBS, and divided into two parts. One part
was then fixed with formaldehyde overnight, and the cell
adhesion and growth condition on the dermal scaffold of each
sample were observed under laser scanning confocal
microscopy (LSCM, Leica, SP8) after immunofluorescence
staining with phalloidin-rhodamine and DAPI on the second
day. The other part was successively dehydrated in a gradient
of 50%, 70%, 90%, and 100% ethanol. Next, the sections were
dried in a freeze-dryer, coated with a thin layer of gold, and
prepared for SEM scanning.

In vivo study

Full-thickness skin defect model and experimental group-
ing. A total of six male Bama miniature pigs weighing approxi-
mately 20 kg were used in this study. The animals were kept in
individual cages, and their body states were closely monitored.
All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of
Guangdong Institute of Laboratory Animals, China, and
approved by the Animal Ethics Committee of Guangdong
Institute of Laboratory Animals, China.

The Bama miniature pigs were first sedated by intramuscular
injection of chlorpromazine. Then, anesthesia was induced by
intravenous injection of propofol and maintained by inhalation
of isoflurane. After successful anesthesia, the back hair was
removed. Two days later, the animals were anesthetized again in
the same way. The skin was disinfected with 10% povidone-
iodine solution, and four square full-thickness skin defects with
sides of 5 cm were prepared 5 cm apart. The animals were
divided into two groups: the experimental group (meshed ADS)
and the control group (ADS). Next, each group was further
divided into two subgroups, the negative pressure wound
therapy (NPWT) group and the partial pressure bandage
package (PBP) group, according to the scaffold fixation method.
This experiment was an autologous and allogeneic controlled
study, and each subgroup was repeated six times.

All wounds underwent a two-stage operation (the first stage
was ADS transplantation, and the second stage was an autolo-
gous split-thickness skin graft). The specific experimental
grouping is shown in Table 1, and each Bama miniature pig
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Table 1 Specific experimental groups

Group Sub-groups

Experimental group (meshed-ADS) Group a (meshed-ADS + NPWT)
Group b (meshed-ADS + PBP)
Group ¢ (ADS + NPWT)

Group d (ADS + PBP)

Control group (ADS)

ADS: artificial dermal scaffold; meshed-ADS: meshed artificial dermal
scaffold; NPWT: negative pressure wound therapy; PBP: partial
pressure bandage package.

and the full-thickness skin defect were numbered as shown in
Fig. 1.

Operation procedure. Four full-thickness skin defects 5 cm x
5 c¢m in size were prepared on the back of each Bama minia-
ture pig. Then, the wounds were treated in two steps, as
follows. The wounds were first covered with ADSs or meshed
ADSs, which were fixed with PBP or a negative pressure drai-
nage device (Shenzhen Qikang Medical Equipment Co., Ltd,
China) with a negative pressure value of 100-120 mmHg.
Specific pressure bandages were applied to ensure efficient
dressing. Afterward, each Bama miniature pig was kept in an
individual cage; their body state was closely monitored, and
the negative pressure device or PBP dressing was replaced reg-
ularly. The second step, an autologous split-thickness skin
graft, was performed on day 10 (d10). The negative pressure
device, PBP dressing, and upper silicone were carefully
removed, and the wound substrates were thoroughly cleaned.
Next, the corresponding size of autologous split-thickness
skin, which was taken from the pig’s own buttock and back,
was transplanted to the wound, dressed with sterile gauze, and
fixed with PBP. Finally, each pig was dressed with specific
pressure bandages and kept in an individual cage to observe
the indices described below. The operation process is shown
in Fig. 2.

General observation. The oedema, exudate, or empyema of
wounds; the dissolution, necrosis, and shedding of the ADS;
and the granulation tissue coverage of the wounds were dyna-
mically observed on d4, d7, d10, d14, d17, d21, d28, d60, and
d9o following the first-stage operation. Images of wounds were
collected at different points in time.

Take rate and contraction rate of grafted skin. The take rate
of autologous split-thick skin grafts was evaluated at d10 after
the second-stage operation. Wound contraction was evaluated
in the first month, the second month, and the third month fol-

Fig. 1 Experimental numbering of Bama miniature pigs and full-thick-
ness skin defects.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 The operation process. (a) Design of the wounds sized 5 cm x
5 cm on the back of the Bama miniature pig. (b) Preparation of the full-
thickness skin defects. (c) General view of wounds immediately after the
autologous split-thickness skin graft. (d) Wound management after the
first surgery according to the primary design (NPWT or PBP). (e)
Postoperative feeding conditions.

lowing the first-stage operation. The specific calculation
method is as follows. The wound was covered with a transpar-
ent film with grids (OPSITE FLEXIGRID, Smith & Nephew).
The number of grids for each measured area was calculated, in
which an area occupying more than half a grid was recorded
as one grid, and an area occupying less than half a grid was
ignored. The measuring area was calculated as the number of
grids x the area of each grid (1 cm?). The area of the current
wound and postgraft skin were measured using this method.
Both the original skin graft area and the original wound area
were 5 cm X 5 cm. Finally, the take rate of the skin graft was
calculated as (the survival skin graft area/the original skin
graft area) x 100%. The wound contraction rate was calculated
as (the original wound area — the current wound area)/the
original wound area x 100%.

Histological assessment. Bama miniature pigs were anesthe-
tized using the method described above. The sampling
method was as follows. After the pigs were anesthetized, two
biopsy samples (3 mm in diameter) were taken by a skin
sampler from the indicated position of the indicated wound in
each subgroup at different time intervals. The designated
sampling wound and position at different time intervals were
based on the animal number and location of the wound.

CD31 staining was performed at d4, d7, d10, d14, d17, and
d21 following the first-stage operation to evaluate dermal
angiogenesis. In addition, HE staining was performed at d4,
dz, d10, d14, d17, d21, d28, d60, and d90 following the first-
stage operation to evaluate local inflammation, ingrowth of
cells and tissues in the dermal scaffold, and in vivo degra-
dation of the dermal scaffold. The specific experimental oper-
ation and histopathological detection means were the same as
those reported in previous studies.”

Statistical analysis

SPSS 19.0 software was utilized for statistical analysis, and the
data were recorded as the mean + SD. The t-test for indepen-

This journal is © The Royal Society of Chemistry 2024
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dent samples was used for comparisons between two groups,
and the »* test was used to compare the proportions and
proceed with correlation analysis of two or more groups. p <
0.05 indicated a significant difference.

Results
Characterization

Morphology. The microstructures of the meshed ADS and
ADS were observed by SEM. The through-layer channels
arranged in parallel longitudinal and transverse intersections
2 mm long and 1.5 mm apart were observed on the surface
and underside of the meshed ADS, and the structure of the
meshed ADS was observed without shrinkage or collapse
(Fig. 3a-c). The double-layer structure of the ADS was observed
on the cross-section view (Fig. 3f). Its upper layer was an intact
smooth silicone membrane (Fig. 3d), and the lower layer was a
cross-linked collagen-chondroitin sulfate dermal scaffold with
a large number of homogeneous circular or ellipsoidal pores,
with a pore size of 111 + 46 um (Fig. 3e).

Physical properties. As shown in Fig. 4a, the porosity of the
meshed ADS was 95.13 + 2.27% and that of the ADS was 96.08
+ 1.31%. There was no significant difference between them. In
addition to porosity, the physical characteristics of tensile
strength and in vitro degradation were measured. As shown in
Fig. 4b, the maximum tensile strength of the meshed ADS was
3.05 + 0.34 N, and that of the ADS was 8.07 + 2.36
N. Compared with that of the ADS, the tensile strength of the
meshed ADS decreased significantly (p < 0.05). The enzymatic
degradation rates of the meshed ADS at 5 h, 10 h, and 24 h
were 58.08 + 1.60%, 82.11 + 1.83%, and 93.84 + 4.56%, respect-
ively, and those of the ADS were 51.87 + 6.90%, 75.09 + 6.03%,
and 93.18 * 4.31%, respectively. There was no significant
difference between the two at any time point (Fig. 4c).

Cytocompatibility

In this study, L929 cells and HUVECs were used for cytocom-
patibility tests. As shown in Fig. 5 and 6, the results of laser
scanning confocal microscopy (LSCM) and scanning electron

CRE T T

Fig. 3 The microstructure of the meshed ADS and ADS. (a-c) The
surface, underside, and cross-section view of the meshed ADS. (d-f)
The surface, underside, and cross-section view of the ADS.

Biomater. Sci,, 2024, 12,1914-1923 | 1917
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Fig. 4 Physical properties. (a) There was no significant difference in the
porosity of the ADS and the meshed ADS. (b) The tensile strength of the
meshed ADS was poorer than that of the ADS (* p < 0.05). (c) There was
no significant difference in the enzymatic degradation rate of the ADS
and meshed ADS at different time points.

Fig. 5 SEM images of cytocompatibility. (a, €, i, m) (x300) and (b, f, j, n)
(x1000) Images of L929 adherence and proliferation conditions on the
meshed ADS at d1, d4, d7 and d14 after coculture. (c, g, k, o) (x300) and
(d, h, L, p) (x1000) Images of HUVECs adherence and proliferation con-
ditions on the meshed ADS at d1, d4, d7 and d14 after coculture.

microscopy (SEM) showed that at d1 after coculture, only scat-
tered cells had begun to attach to the pore walls. At d4, the
cells were firmly attached to the scaffold and began to prolifer-
ate rapidly. At d7, most of the cells had expanded. At d14, the
cells had extended into sheets and grew inside along the
scaffold, which exhibited sufficient adhesion and expansion of
cells on the surface of the meshed ADS. According to these

1918 | Biomater. Sci, 2024, 12, 1914-1923
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Fig. 6 LSCM images of cytocompatibility. (a, e, i, m) (x300) and (b, f, j, n)
(x1000) Images of L929 adherence and proliferation conditions on the
meshed ADS at d1, d4, d7 and d14 after coculture. (c, g, k, o) (x300) and
(d, h, |, p) (x1000) Images of HUVECs adherence and proliferation con-
ditions on the meshed ADS at d1, d4, d7 and d14 after coculture.
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results, we believed that due to its good affinity, as long as a
small number of cells adhered to the surface of the meshed
ADS, the cells could rapidly proliferate, extend, and migrate
into its interior structure, which indicated that the meshed
ADS had good biocompatibility and no adverse effects on the
metabolic process of cells.

Evaluation in vivo

Wound healing and general observation. As shown in
Table 1, two groups were set up: the experimental group
(meshed ADS) and the control group (ADS). Then, each group
was further divided into two subgroups: the negative-pressure
wound therapy (NPWT) group and the partial pressure
bandage package (PBP) group. Each subgroup was repeated six
times, and a total of 24 wounds were included in the study. All
wounds were treated with a two-stage operation.

The dynamic progression of wound healing is shown in
Fig. 7. When the wound dressings were changed at d4 after the
first-stage operation, the ruddy dermis could be seen through
the silicone layer in all groups. When the negative pressure
device or PBP was removed at d10 after the first-stage oper-
ation, in addition to the ruddy dermal scaffold of each wound
in Group a, necrosis, dropsy, or empyema of the dermal
scaffold presented on individual wounds in the other groups.
Then, the upper silicone was carefully removed, and the
wound substrate was thoroughly cleaned. A uniform distri-
bution of granulation tissue on the dermal scaffold was clearly
observed. Next, the corresponding size of split-thickness auto-
logous skin was harvested for grafting on each wound and
fixed by PBP.

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 General observations of the in vivo study. The dynamic progression of wound healing treated with meshed ADS + NPWT (Group a), meshed
ADS + PBP (Group b), ADS + NPWT (Group c), and ADS + PBP (Group d) at d4, d10, d17-21, d28, and d60 after the first-stage operation.

The complications that occurred after the transplantation
of the ADS or meshed ADS in Groups b, ¢, and d are shown in
Fig. 8, including necrosis, dropsy, or empyema of the dermal
scaffold (Fig. 8a and b), and the yellow-white appearance and
partial liquefaction of the dermal scaffold (Fig. 8c). The image
shown in Fig. 8d occurred in Group c, and the drainage pores
(the red dashed line) were prepared immediately after hydrops
and empyema of dermal scaffolds were detected. Next, the sili-
cone layer was removed at d10 following the first-stage oper-

Fig. 8 Complications after the transplantation of the ADS or meshed
ADS. (a and b) Necrosis, dropsy, or empyema of the dermal scaffold. (c)
Yellow-white appearance and partial liquefaction of the dermal scaffold
after silicone layer removal. (d) Drainage pores (the red dashed line)
were prepared immediately after the detection of hydrops or empyema.
At d10 after silicone layer removal, the dermal scaffolds showed a satis-
factory ruddy appearance.

This journal is © The Royal Society of Chemistry 2024

ation, and the dermal scaffolds showed a ruddy appearance.
All of the wounds with dermal-related complications under-
went appropriate debridement to remove the necrotic and
liquefied dermal scaffolds, and subsequently, autologous split-
thickness skin grafts were performed.

Take rate and contraction of grafted skin. The graft skin take
rate was evaluated at 7-11 d after the second-stage operation.
The take rates of graft skin for Groups a-d were 92.33 + 2.50%,
87.67 + 6.44%, 85.67 + 7.87%, and 82.33 + 7.71%, respectively,
which were greater than 80%, and each wound only retained a
small unhealed area, as shown in Fig. 9a.

The contraction of grafted skin in each group was estimated
at d28, d60, and d90 after the first-stage operation (Fig. 9b).
The contraction rates of grafted skin for each group at the
three time points were as follows. Group a: 48 + 7.56%, 56 *
8.66%, and 58 + 5.89%;j; Group b: 46 + 6.52%, 56 + 3.74%, and
62 + 8.40%; Group c: 49 + 7.69%, 61 + 6.55%, and 61 + 3.74%;
and Group d: 46 + 4.46%, 54 + 5.39%, and 62 + 4.04%. Over
time, there were no significant differences among the four
groups (p > 0.05), and the contraction rates of the experi-
mental group and control group showed an increasing trend
and tended to be stable.

Inflammation and histocompatibility in vivo. As shown in
Fig. 10, at d4 after the first-stage operation, cells grew into the
dermal scaffold from the junction of the dermal scaffold and
the wound (Fig. 10a-d). At d7 (Fig. 10a-d), more cells could be
seen on the dermal scaffolds. At d10 (Fig. 10e-h), many myofi-
broblasts, fibroblasts, and endothelial cells grew into the
dermal scaffold from the junction of the dermal scaffold and
the wound. In addition, a small number of inflammatory cells,

Biomater. Sci., 2024, 12,1914-1923 | 1919
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Fig. 9 Take rate and contraction of grafted skin. (a) There was no sig-
nificant difference in the take rate of grafted skin among the different
groups at d7-11 after the second-stage operation. (b) There was no sig-
nificant difference in the contraction rate of grafted skin for each group
at d28, d60, and d90 after the first-stage operation.

Group a Group ¢

4d

21d

Fig. 10 Inflammation and histocompatibility in vivo. Dynamic changes
in the dermal scaffold and inflammation in the four groups (Group
a—d) at d4 (a—d), d7 (e—h), d10 (i-1), d14 (m-p), d17 (g-t) and d21 (u-x)
after the first-stage operation.

mainly monocytes, and a small number of lymphocytes, multi-
nucleated cells, and eosinophils were observed in the dermal
scaffold. At d14 and d17, many myofibroblasts, fibroblasts, and
endothelial cells grew into the dermal scaffold, regenerating
tissue was distributed throughout the dermal scaffold, and the
number of inflammatory cells was gradually reduced (Fig. 10m-
t). At d21, except for a small number of multinucleated cells

1920 | Biomater. Sci, 2024,12,1914-1923

View Article Online

Biomaterials Science

around the residual dermal scaffold, the inflammation dis-
appeared (Fig. 10u—x). In addition, many regenerating fibers
filled the whole dermal scaffold with a dense distribution, and
the residual collagen fibers of the ADS were disordered and dis-
persed. An obvious vascular network was established between
the graft skin and vascularized dermal scaffolds, and there were
no significant differences in the inflammatory response and cell
proliferation among all groups at each time point.

The results of HE staining of the experimental groups and
control groups at d28, d60, and d90 after the first-stage oper-
ation are shown in Fig. 11. At 28 d, proliferation of the fibrous
structure was observed (Fig. 11a-d). At d60, the regenerative
tissue was nearly mature (Fig. 11le-h). At d90, the collagen
fibers of the regenerative tissue were arranged in bundles and
interlaced with each other, some of which were close to the
normal tissue (Fig. 11i-1).

Degradation in vivo. As shown in Fig. 10, within the first
four weeks after the first-stage operation, the outline of the
dermal scaffolds was clear, and the original morphology was
still maintained. Then, with the continuous ingrowth of cells
and regenerative tissues, the scaffold disintegrated gradually.
More than three to four weeks after the first-stage operation,
dermal scaffolds had degraded gradually; a small number of
scaffolds remained on some wounds, and the tissue reaction
tended to be stable (Fig. 11a-d). Two-to-three months after the
first-stage operation, a small number of dermal scaffolds could
be seen on each wound, and the tissue reaction was stable
(Fig. 11e-i). There was no significant difference in dermal
scaffold degradation in vivo among the different groups, which
was consistent with the results of tissue ingrowth.

Dermal angiogenesis in vivo. As shown in Fig. 12, immuno-
histochemistry staining of CD31 represented the artificial
dermal angiogenesis of the experimental groups and control
groups at different time points. At d4, d7, and d10 after the
first-stage operation, the number of new vessels in the dermal
scaffold of different groups increased successively (red arrows
indicate the neoangiogenesis lumen), which indicated that the
proliferation, expansion, and neoangiogenesis of endothelial
cells in the scaffolds required a certain period (Fig. 12a-h). At
d10 and di14, the new vessels were gradually distributed
throughout the whole dermal scaffold (Fig. 12i-p). At d17 and

Groupa Group b Group ¢ Group d

284

Fig. 11 Long-term degradation in vivo. Dynamic degradation of the
dermal scaffolds of the four groups (Group a—d) at d28 (a—d), d60 (e—h)
and d90 (i—l) after the first-stage operation.
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21d .

Fig. 12 Dermal angiogenesis in vivo. Dynamic angiogenesis of the dermal
scaffolds of the four groups (Group a—d) at d4 (a—d), d7 (e—h), d10
(i-1), d14 (m-p), d17 (g—t) and d21 (u—x) after the first-stage operation.

d21, the neoangiogenesis and tissue structure tended to be
mature, forming a complete skin structure (Fig. 12q—x). There
was no significant difference in artificial dermal angiogenesis
among all groups.

Discussion

Although the emergence of the ADS provides a new option for
the treatment of deep wounds, problems such as unsatisfac-
tory dermal angiogenesis, inadequate drainage, local dropsy,
and even empyema should not be ignored.**** Therefore, to
improve its clinical effects, the focus of ADS development has
been optimizing dermal angiogenesis and self-drainage by
altering its composition and structure or combining it with
other therapeutic means.'>?°

The mesh technique is a technical method of improving
the biological function of the ADS by modifying its physical
structure. That is, a specific mesh machine is used to prepare
channels throughout the whole layer that are regularly
arranged in parallel longitudinal and transverse intersections
in a specific proportion to enhance its longitudinal drainage,
preventing the formation of local dropsy or empyema.?” In
addition, the meshed ADS exhibits increased compliance,
which makes it suitable for wounds in nearly any location.?® In
breast reconstruction, meshed ADSs could reduce the inci-
dence of postoperative infection, hematoma, and seroma and
shorten the drainage time.® In addition, the meshed ADS is
potentially cost-effective because it scales up the ADS surface
and improves its actual coverage.*® In this study, the meshed
ADS was prepared in a specific proportion and without shrink-
age or collapse. SEM showed that the meshed ADS had a
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regular staggered mesh throughout the whole layer. Further
research confirmed that, except for the decreased tensile
strength, the meshed ADS had no significant differences from
the ADS in porosity or degradation. Cell coculture and in vivo
experiments confirmed that both ADSs had good cytocompat-
ibility and histocompatibility. Therefore, the meshed ADS pre-
pared in this study still maintains superior physicochemical
properties, which can meet the needs of in vivo research and
clinical application.

Angiogenesis is one of the major issues in tissue regener-
ation and repair and is indispensable for satisfactory wound
repair by delivering oxygen and nutrients to reparative cells
located around the wound. However, the dermal angiogenesis
of ADS is barely satisfactory. Methods to improve dermal
angiogenesis have always been a topic of interest.> Currently,
the strategies mainly include three-dimensional
bioprinting,>**> the transplantation of angiogenesis-related
genes,”® the implantation of prefabricated vascular
scaffolds,***® and the modification of structure and physico-
chemical properties.'” In this study, we modified the physical
structure of the ADS to have a meshed appearance. This
unique structure can enhance the drainage of the ADS and
decrease the risk of local dropsy or empyema.?® In addition,
due to the increased longitudinal mechanical stress, it may
improve the angiogenesis of endothelial cells and accelerate
the formation of the vascular network.'® However, the results
of this study confirmed that although the meshed ADS pos-
sessed stronger longitudinal mechanical stress, there was no
significant difference in dermal angiogenesis. Surprisingly, the
regenerative tissue had slightly different growth patterns in the
meshed ADS due to the presence of the mesh structure. The
mesh structure made it easier for cells and extracellular matrix
to grow vertically and horizontally into the dermal scaffolds,
which is more favorable to achieving complete angiogenesis.

In addition to improving self-structure, ADS combined with
NPWT is a novel method to enhance dermal angiogenesis.*®*’
NPWT is a commercial approach to managing complex acute
and chronic wounds that can provide a favorable wound micro-
environment to improve wound repair.'®*® NPWT can not only
increase the number of microvascular structures in the early
stage of wound repair but also promote the stability and matu-
ration of microvascular structures in the later stage, thus
affecting local blood perfusion."® In this study, although
meshed ADS and ADS combined with NPWT had better
dermal angiogenesis than PBP, the difference was not statisti-
cally significant. However, the inflammation in the NPWT
group was relatively mild during the entire treatment process,
which may be closely related to its closed and low oxygen
environment, thus ensuring angiogenesis stimulation,
thorough drainage, and low infection incidence.***°

In addition to angiogenesis, local infection is another vital
problem caused by poor drainage, which may lead to local
necrosis, dropsy, or empyema. In this study, it was observed
that whether combined with NPWT or PBP, ADS showed local
necrosis, dropsy, or empyema, with an incidence of 3/24. Even
if local drainage pores were operated on in time, dermal angio-
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genesis was still greatly affected, thus delaying wound repair.
During the widespread communication with peers about the
application of ADS, we found that most clinicians encounter
the same problems. Therefore, in routine clinical practice,
regardless of whether the ADS is used alone or combined with
other therapeutic means, it is likely that drainage pores or
manual fenestration to increase the drainage efficiency before-
hand will be necessary. In addition, there was still a certain
incidence of dermal dropsy or empyema, which tended to
result in delayed wound healing or even reoperation. In this
study, we found that one wound in Group b, the meshed ADS
+ PBP group, presented obvious dropsy and empyema with a
yellow-white appearance. However, in the meshed ADS +
NPWT group, the dermal scaffold showed good performance
without any adverse reactions and demonstrated a better survi-
val rate of grafted skin and wound healing. Therefore, we
believe that adequate negative pressure drainage and a specific
mesh structure can accelerate the clinical effects of ADSs.

Therefore, the results of this study demonstrated that the
mesh structure does not affect the physicochemical properties
of the ADS. Because of the mesh structure, the meshed ADS
likely facilitates drainage of the exudate and reduces the risk of
dropsy or empyema, which may guarantee satisfactory dermal
angiogenesis. At the same time, a meshed ADS with a flexible
and soft structure combined with NPWT can ensure better
adhesion to the wound surface and complete drainage,
especially for wounds located in unique positions or suffering
from dropsy and dermal chronic ulcers. The ADS used in this
study has already been commercialized, and the major physico-
chemical properties of the meshed ADS were not changed with
the addition of the mesh structure. The prepared meshes were
uniform, with no inconsistencies caused by different physicians.

As a preliminary exploratory study on a method to improve
the clinical effects of ADSs, the design and implementation of
this study need to be further improved. NPWT treatment
includes continuous, intermittent, and dynamic negative
pressure models. It has been reported that among the three
models, dynamic negative pressure was more conducive to
inducing granulation tissue hyperplasia and angiogenesis.*!
Negative pressure values of NPWT that are too low may not
achieve the proper mechanical stress, and values that are too
high will overcompress the three-dimensional structure of the
ADS, neither of which is conducive to guiding the dermal
regeneration and angiogenesis processes. In this study, the
working model of NPWT was continuous, and the pressure
value was 100-120 mmHg, which is considered appropriate at
present.*> No other working models were used in this study,
which might affect the research reliability and validity, and
they should be further investigated.

Our clinical work showed that the wound contraction would
occur after skin graft and generally tended to be stable after
3 months. The results of this research also confirmed that the
wound contraction rate tended to be stable 2-3 months post-
surgery, which was consistent with the results reported in the
literature.*® Thus, we planned the 3 months post-surgery as
the observation endpoint in this research. A longer research
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period may be planned for our future work. Another limitation
of our study was the lack of surgical scar assessment, such as
the Vancouver Scar Scale (VSS) and durometer and cutometer
evaluation,** which would help to support the research con-
clusions. These scar assessments would certainly be carried
out in our future work. According to the current findings, we
believe that the meshed ADS prepared in this study has better
compliance and is suitable for various types of wounds and
wound sites. A meshed ADS combined with NPWT was more
easily fixed on the wound site and was more conducive to
wound drainage, avoiding the occurrence of local dropsy or
empyema, which has great potential to be a better wound
management method in the treatment of various wounds.

Conclusions

The meshed ADS prepared in this study had a regular stag-
gered through-layer mesh and possessed stable physico-
chemical properties and good biocompatibility. Compared
with other groups, a meshed ADS combined with NPWT can
ensure adequate subdermal drainage and reduce the risk of
local dropsy or empyema, improving the quality and efficiency
of wound repair, which can help physicians implement
effective wound management.
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