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ARTICLE INFO ABSTRACT

Keywords: Scar contraction frequently happens in patients with deep burn injuries. Hitherto, porcine dermal extracellular
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matrix (dECM) has supplied microenvironments that assist in wound healing but fail to inhibit scar contraction.
To overcome this drawback, we integrate dECM into three-dimensional (3D)-printed dermal analogues (PDA) to
prevent scar contraction. We have developed thermally gelled, non-rheologically modified dECM powder
(dECMp) inks and successfully transformed them into PDA that was endowed with a micron-scale spatial
structure. The optimal crosslinked PDA exhibited desired structure, good mechanical properties as well as
excellent biocompatibility. Moreover, in vivo experiments demonstrated that PDA could significantly reduced
scar contraction and improved cosmetic upshots of split thickness skin grafts (STSG) than the commercially
available dermal templates and STSG along. The PDA has also induced an early, intense neovascularization, and
evoked a type-2-like immune response. PDA’s superior beneficial effects may attribute to their desired porous
structure, the well-balanced physicochemical properties, and the preserved dermis-specific ECM cues, which
collectively modulated the expression of genes such as Wntl1l, ATF3, and IL1f, and influenced the crucial
endogenous signalling pathways. The findings of this study suggest that PDA is a clinical translatable material
that possess high potential in reducing scar contraction.

1. Introduction

Burns are the fourth most common cause of trauma following traffic
accidents, falls, and intentional injuries. Statistics show that there are
more than a million burn patients in the United States each year, and the
relevant treatment costs are up to 4 billion U.S. dollars [1]. Apart from
shock and sepsis, scar contraction is also one of the most serious com-
plications of burns, with the incidence ranging from 30% to 90% [2,3].
The firm red scars continue to grow and contract within 1 or 2 years after
injury, causing damage to the patient’s appearance and severely
affecting their physical activities, and finally resulting in emotional
trauma and skill loss. Therefore, preventive treatment is one of the
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current research hotspots of clinical study and regenerative medicine
research.

State-of- the-art burn care to prevent scar contraction involves early
grafting or flap transfer [4]. However, these preventive therapies could
cause cicatricial contracture at the donor or flap site, and are often
affected by insufficient skin/flap sources or knock-on psychosocial
impact. Recently, injectable hydrogels and 3D bio-printing techniques
has been focused on producing skin substitutes to replace cells lost at the
defect site. Studies have shown that mesenchymal stem cells loaded
dermal patches, double-layer bionic skin and pre-vascularized 3D prin-
ted skin can significantly accelerate wound closure [5,6]. However,
most studies focused on material mediated cellular responses in vitro,
rather than macroscopic process of wound healing [7]. There is
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Abbreviations

3D three-dimensional

CCR7 C-C-motif chemokine receptor 7
CD163 cluster of differentiation 163
CD68 cluster of differentiation 68
dECM dermal extracellular matrix
dECMp: dECM powder

FTSGs  full-thickness skin grafts

ECM extracellular matrix

GA glutaraldehyde

GO gene ontology

HUVEC human umbilical vein endothelial cell

IS inguinal split-thickness skin grafts

KEGG Kyoto Encyclopaedia of Genes and Genomes

LPS lipopolysaccharide

MTT 3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide

Mos macrophages

PDA 3D-printed dermal analogues

PL: Pelnac Dermal Substitute

gqRT-PCR quantitative real-time polymerase chain reaction

RNA-seq RNA-sequencing

SEM scanning electron microscopy

STSGs  split-thickness skin grafts

insufficient evidence and controversies at present to support the role of
the biomaterials in inhibiting scar contracture. For example. Immuno-
deficiency animal models are often used for in vivo verification, which
ignores the importance of immune response to both scar contraction and
material success. The implanted materials are easy to become dry and
inactivated due to the evaporation, so the wounds are mainly closed by
centripetal contracture [8,9]. In addition, the skin substitutes also have
issues related to the cell therapy, including the selection of cell category
and materials, the maintenance of cell viability before and after the
printing, and in vitro air-liquid interface/bioreactor culture. As a result,
the clinical application of these materials is hindered by the factors such
as long preparation time, high cost, short shelf time (only 15 days), and
the difficulties in overall quality control.

Regeneration guiding scaffolds could stimulate pro-healing or
immunomodulating behaviors of in situ cells, which avoided complex
processing through using the activity of the material itself than that of
the cells. Natural polymer materials such as Pelnac® and Integra® are
this certain type of products [10,11]. During surgery, autologous split
skin graft will be placed on top of the tissue engineered dermal substi-
tute to enable wound repair and inhibit scarring. The possibility of the
scar conctration of the wounds repaired by this classic surgical method is
closely related to whether the material triggers excessive inflammation
and whether the dermal matrix can obtain adequate blood supply from
the underlying wounds [12-14]. Porcine dermal extracellular matrix
(dECM) is biocompatible and also similar to human skin in terms of
composition and immunology, thereby has been used for years to repair
wounds [15]. Generated through the continuous dynamic interactions
between its resident cells [16], dECM retains the intrinsic cues of the
native tissue including paracrine signalling molecules. Research con-
firms that dECM could be formulated into injectable hydrogel, which
can in-situ promote wound healing through its own biological activity
[17]. However, prior studies reported that the extraction of dECM from
natural skin usually requires longer physical, chemical and enzyme
processes, which not only destroys the mechanical properties of the
material, but also entailed a concurring risk of degrading the matrix
[18]. Therefore, the complexity of preparation and the instability of
materials should not be ignored.

To solve the issues brought up by above bottom-up approaches, the
soluable powder (dECMp) was prepared by mechanically disrupting
dECM, which completely maintained the composition of dECM and sub-
micron surface morphology, resulting in the good interaction between
the materials and wound-repairing cells. In this study, we developed
thermally gelled, non-rheologically modified dECMp inks to construct a
novel 3D-printed cell free dermal analogue (PDA), which has micropo-
rous structure with 100% connectivity. The combined transplantation of
PDA and autologous STSG significantly promoted the repair of full-
thickness skin wounds and inhibited scar contraction, due to its im-
mune regulation and early vascularization properties. As far as we know,
this study is the first report that maximumly transforms the porcine cell-
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free materials into the skin substitutes through a simple and effective 3D
printing technology.

2. Materials and Methods

The detailed and expanded Materials and Methods section is avail-
able in the Supporting Information.

3. Results and discussion
3.1. Preparation and characterization of dECMp

ECM provides both tissue-specific ultrastructural support and func-
tional molecules that influence local cell behaviour. Compaired with
enzyme-based extraction, mechanical disruption of the dECM could
avoid material degradation and lower the processing costs. As shown in
the first column of Fig. 1A, native porcine dermis samples were crushed
into ultrafine, dry dECMps. By DAPI staining, the absence of cells or of
necrotic cell debris were confirmed in the dECMps (the second column
of Fig. 1A). The residual DNA amounted only to 2.34 + 0.18% mg !
dECMp dry weight in Fig. 1B. Thus, there would be little inflammatory
reaction at this depleted concentration.

As the results gained via Masson’s Trichrome (the third column of
Fig. 1A) and toluidine blue staining (the fourth column of Fig. 1A), both
collagen and GAGs were well preserved in the dECMps. More than 200
unique protein species could be identified by mass spectrometry analysis
in our dECMps (see Table S2, and Figs. S1 and S2). The preserved pro-
teins could provide critical matrix cues that would promote cell
attachment and advance tissue regeneration [19-21]. Because of the
removal of the cellular components and water, the collagen content
increased proportionately (312.07 + 9.01%; p < 0.05), compared to the
native tissue in Fig. 1C. Conversely, the GAGs content moderately
decreased (61.15 + 6.49%; p < 0.05), compared to the native tissue in
Fig. 1D.

3.2. Characterization of dECMp ink and PDA

The rheological test were performed to devise the optimized formula
of the ink with different dECMp weight concentrations (wt. %) of 8.0,
8.5, and 9.0, respectively. Both the elastic modulus (G') and the loss
modulus (G”) were strongly temperature dependent in Fig. 2A, because
(1) the optimum temperature of the ink container during the printing
was 18-20 °C, which allowed for smooth, continuous, controllable, and
uniform extrusion through the nozzles; and (2) the optimum tempera-
ture of the printing platform after deposition was 4 °C, which favoured
fast gelation and structure maintenance. Notably, since the ink with a
dECMp concentration of 8.5 wt% had the highest G’and G” moduli
values, it was chosen for fast temperature-controlled, layer-by-layer 3D-
printing.
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Fig. 1. The decellularization and the biochemical analysis of the native porcine skin samples. (A) The optical and the microscopy pictures of the native porcine skin
and the dECMp stained with DAPI, Masson’s trichrome, and toluidine blue. The contents of (B) DNA, (C) Collagen, (D) GAGs in the native tissues and the dECMp. *p

< 0.05.

Glutaraldehyde (GA) solutions with different concentrations were
used to crosslink the ink as shown in Fig. 2B. By adjusting the GA con-
centration among 0.1 and 1.0 wt%, the G’ modulus ranged from 10 kPa
to 100 kPa, while when the concentration was 0.1 wt%, the low G’ and
G” moduli of the ink hindered the dECM printing. The maximum G’ and
G” values were reached at 0.25 wt%, but when the GA density increased
further, G’ and G” decreased. Meanwhile, the thermal sensitivity change
of the crosslinked ink could be due to the crosslinking between molec-
ular chains [22,23], which was a prerequisite for maintaining the
3D-printed constructs further on.

The mechanical properties of the stent are critical to its operability in
clinical use. The tensile test results showed that under the tensile
loading, the nominal stress/strain values increased up to the breaking
point, except for the 0.25 wt% crosslinked ink (Fig. 2C). On the one
hand, the increased GA concentration strengthened the tensile strength
of the material. On the other hand, the strong tensile strength made the
stent brittle. Further, considering the high concentration of GA will
affect the biocompatibility of the printed dermis, we chose 0.25 wt% GA
to cross-link the scaffold.

Therefore, the ink with a dECMp concentration of 8.5 wt%, and a GA
concentration of 0.25 wt% were applied to quickly print shape-
controlled constructs (PDAs). Fig. 2D showed dECMp inks (before
crosslinking) at gel (4 °C) and pre-gel (20 °C) phases. Fig. 2E showed the
porous network structure of PDA (outer dimension, 20 mm x 20 mm).
Degradation experiments proved that the PDA could maintain a stable
for up to 56 days (Fig. 2F). The biocompatibility of the printed scaffolds
was investigated by seeding 1929 fibroblasts on the surface of PDAs.
SEM scanning showed the designed porous 3D structure of PDA (mean
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pore diameter is 131.2 + 96.8 pm, similar to that of the human acellular
dermal matrix) with attached, well spreading 1.929 fibroblasts (Fig. 2G).
We further employed the Live/Dead cell staining for further visualiza-
tion of the cell viability [24]. As shown in Fig. 2G, L929 fibroblasts
(green fluorescently dyed) were proliferated healthily on the PDAs. MTT
assay were applied to quantified the viability of L929 fibroblasts incu-
bated in PDA-conditioned media using the fresh culture medium as the
control. The results (Fig. 2H) revealed that the viability of L929 fibro-
blasts cultured in media containing either 75% (134.19 + 5.34) or 100%
(141.60 + 6.93) PDA extracts was higher than that of the fresh
medium-exposed control group (p < 0.05). Altogether, crosslinked PDAs
displayed a good cytocompatibility in vitro.

3.3. Skin grafts contraction

A clinically relevant, immune competent rat STSG model [25] was
used to assess the therapeutic efficacy of PDA in vivo. Pelnac® (single
layer, Gunze, Japan), a swine-origin standard implantable artificial
dermis was applied as the positive control. The schematic diagram of the
surgical procedure was shown in Fig. 3A. Considering the time that the
scar contraction of grafted wounds required to develop, the morpho-
logical changes and the contraction of the wounds (Fig. 3B and C) in the
rats treated with inguinal STSG (IS, obtained as previously reported
[26]), Pelnac® + IS (PL), or PDA + IS (PDA) were followed for up to 28
days after the operation [27]. At the post-operative 7th day, while the
grafts in the PDA group were flat, coloured, and firmly attached to the
recipient’s bed, the grafts of the remaining groups already exhibited
erosions, exudates, local signs of ischemia, and undesquamated crusts
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Fig. 2. (A) The temperature dependence of the elastic modulus (G') and the loss modulus (G”) of the print inks with different collagen concentrations. (B) The G’ and
G” temperature dependence the dECMp ink (at the concentration of 8.5 wt%) crosslinked with GA of 0.1, 0.25, 0.5, and 1.0 wt%. (C) The nominal stress and strain
relationship of the crosslinked dECM inks. (D) The gel-to-pre-gel transition of the dECMp ink. (E) A PDA sample. (F) Evaluation on the PDAs’ morphological structure
for 56 days of incubation in vitro. (G) Representative SEM images of PDAs with or without L929 fibroblasts, and representative Live/Dead images of L929 fibroblasts
cultured on PDA. Green: live cells. Red: dead cells. (H) MTT assay of L929 fibroblasts viability. The percentage of viable cells were calculated as ODs ratios between

the PDAs extracts-treated cells and the control cells, *p < 0.05.

which indicated unstable and immature graft takes. However, since the
post-operative 14th day onwards, the PDA group significantly inhibited
in comparison with the other groups grafts contraction (97.61 + 6.31%,
p < 0.05). The redness of the PDA grafts progressively faded with time
and the dissimilarities between the PDA grafts and the surrounding skin
diminished. The greatest contraction differences occurred at the 28th
day between the PDA (87.21 + 4.17%) and PL (57.22 + 1.73%) groups
(p < 0.05 in both instances), while the grafts of the IS groups presented a
modest degree of shrinkage. Overall, the PAD were neatly superior to IS
and PL grafts in lessening scar contraction and in improving cosmetic
wound healing upshots. Compared with the majority of tissue enigeered
products focusing on stimulating repaid wound healing, PDA we
designed would be more suitable to combat scar contraction in patients
large-area skin defect.

3.4. Corresponding transcriptome analyses

The above results showed that there were significant differences
between the PDA and PL groups. The superior therapeutic effectiveness
of PDAs could be due not only to the paracrine signalling molecules
stored in the dECMp, but also to a deft and proper balance between
chemical modifications and biophysical qualities [28]. Hitherto, only a
small number of studies [29,30] have systematiclly analyzed the gene
expression profiles of skin substitutes. Given the complexity of these two
materials, transcriptome analyses were performed to reveal the tran-
scription to underpin the above conspicuous changes. The heat maps of
the differently expressed genes were shown in Fig. 4A. In comparison
with the PL group, on the 7th day, 179 genes were significantly
up-regulated and 457 genes down-regulated in the PDA group; while on
the 28th day, in the PDA group 110 genes were significantly
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up-regulated and 528 genes down-regulated.

We applied Gene ontology (GO) and pathway enrichment analyses to
track down the biological processes and metabolic and/or signalling
pathways involved by the above differently expressed genes. Thus, the
differential genes of PL-ys.-PDA groups on the 7th day were significantly
enriched regarding 86 GO terms and 59 signalling pathways. On the
28th day, the differential genes of PL-vs.-PDA groups were significantly
enriched with respect to 122 GO terms and 31 signalling pathways. At
the selected time points, the differently expressed genes of the two
groups under comparison were mainly enriched with reference to bio-
logical entities or processes such as Z disc, M band, myofibril, muscle
contraction, and so on.

Further, the Kyoto Encyclopaedia of Genes and Genomes (KEGG)
analysis showed that the differently expressed genes were mainly
enriched as regards oxytocin signalling pathway, cardiac muscle
contraction, gastric acid secretion, and so on. Fig. 4B and C illustrated
the top enriched GO terms and KEGG pathways pertaining to each group
respectively. Among them: insulin secretion was previously reported not
only as a potent chemoattractant and mitogen for cells involved in
wound healing, but also as being capable of promoting keratinocyte
growth and of collagen synthesis by fibroblasts [31]; the oxytocin sig-
nalling pathway was proven to regulate endothelial cell proliferation,
stimulate angiogenesis [32,33], and mediate new blood vessel formation
[34,35]; the Jak-STAT signalling pathway was considered as one of the
most important signalling pathways in regulating inflammation reaction
and fibrosis [36,37]; the chemokine signalling pathways was found to
induce neovascularization and relate to the progression of hepatic
fibrosis [38,39]; tight junction [40], focal adhesion [41,42] and MAPK
signalling pathway [43,44] were reported as the pathways that highly
associated with collagen deposition and fibrosis [42,45-47]. The above
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PDA

IS, PL, and PDA. Evaluations were performed at the selected post-operation days. (B) The

morphological changes occurring in the diverse types of skin grafts (i.e. IS, PL, and PDA) during the first 28 days after the surgery. (C) The quantification of relative
skin graft size, *p < 0.05.
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results indicated that the difference in the phenotype of animal wounds
between the PL and PDA groups was caused by a series of changes in the
wound cells at the genetic level mediated by the material (Fig. S3 shows
gRT-PCR expression pattern validation of transcriptome data in the PL
and in PDA groups).

It was worth noting that some conventional wound repair-related
signalling pathways, such as the Wnt, PI3K-Akt, and TGF-ones, were
not differentially enriched in PL-vs.-PDA groups, which might be due to
shared treatments like wounding and skin grafting in these two groups
did not induce the significant difference in transcription of related
genes.

3.5. The skin graft changes after the surgery and the collagen deposition
and maturation

The differentiation of an abnormal keratinocytes activates the fi-
broblasts, thus partaking in the promotion of the tissue fibrosis and
contraction [48,49]. The H&E staining allows us to analyse structural
changes within the graft epidermis. As shown in Fig. 5A and B, on the
7th day, the epidermis almost regained its original appearance in IS and
PDA groups, while epidermal hyperplasia and exfoliation were manifest
in PL group. On the 14th day, a distinctly thickened epidermis was
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apparent in PL (130.51 + 7.49 pm) and IS (50.10 + 4.04 pm) grafts. Over
time, due to wound remodelling, the thickness of the newly formed
epidermis significantly decreased in all groups. On the postoperative
28th day, the epidermis over PDA grafts was almost fully restored to a
normal morphology (25.85 + 3.89%), while the grafts of PL group still
showed an epidermal hyperplasia (66.38 + 4.28%, p < 0.05).

Hair follicles and their annexed sebaceous glands amounted to
relevant components of a reconstituted skin. Fig. 5C and D showed the
corresponding results. On the 7th day the PDA grafts had mostly
conserved a uniform distribution of hair follicles (30.67 & 3.06), while a
few of them (5.00 £ 2.00, p < 0.05) had remained in the PL grafts. From
the 14th day to the 28th day, as the remodelling progressed, the hair
follicles numbers kept falling. The grafts belonging to the PDA group still
exhibited a close resemblance to the normal epidermis as they kept most
of their skin appendages. On the other hand, while the sebaceous glands
on the 28th day were still a rare occurrence in the PL grafts, in the PDA
grafts their numbers were instead significantly higher (7.33 & 0.58; p <
0.05) than in all the other groups.

The RNA-sequencing data were consistent with the above findings:
the genes associate with the growth of normal epidermis (like Krt27,
Krt76 [50], and Tcf 23 [51,52]) and hair follicles formation (like Krt75
[53]) were significantly higher in the PDA group than those in PL group
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Fig. 5. (A) H&E staining of graft sections harvested at different time points showing epidermis (yellow triangles), hair follicles (yellow arrows), sebaceous glands
(black stars), and implants (black " symbol). Masson’s trichrome staining of skin grafts. (B) Epidermis thickness. (C) Quantification of hair follicles. (D) Quantification
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(Fig. 5F) on the 7th day postoperatively. Whereas the expression of
genes like Fhll [54], FGF13 [54], TGFSR3l [55] and Satb1 [56], all of
which were proven to connect with abnormal aspects of epidermal
morphology, was most intense in the PL group.

Compare to unwounded skin, collagen fibers in scar tissue are
densely packed, align linearly along direction of the tension, which re-
sults in myofibroblast hyperplasia and scar contraction. Masson’s tri-
chrome staining was applied to analyse collagen deposition and
organization in the skin grafts (with the blue stained area representing
the collagen). As shown in Fig. 5A, while the IS and PL groups were in a
fibrotic state with dark blue dyed, compact arranged collagen fibers on
the 28th day postoperatively, the PDA grafts were much like un-injured
skin characterized by loosely packed collagen fibres arranged according
to a “basket-weave” pattern. The results of the quantitative image
analysis further supported these observations (Fig. 5E). The amount of
collagen deposits was significantly higher in the PL (0.72 + 0.01) grafts
than in the IS (0.68 + 0.01) grafts, whereas the quantity of collagen
fibres (0.61 + 0.01) was at its lowest level (p < 0.05) in the PDA grafts.

The KEGG enrichment analysis was used to understand the graft
scarring mechanisms by revealing the signalling pathways involved in
fibrosis (Fig. 5G). On the 7th day after the injury, the Jak-STAT signal-
ling pathway was significantly enriched (p = 0.0028) [57-60] in the
PL-vs.-PDA groups, and the differentially expressed genes were signifi-
cantly upregulated (10/11) in the PL group. On the 28th day after the
injury, a significant enrichment of the signalling pathways associated
with tight junctions (p = 0.0063) [61], focal adhesions (p = 0.0102) [42,
62], and MAPKs (p = 0.0166) %’ occurred in the PL-vs.-PDA groups.
Conversely, the differentially expressed genes connected with tight
junctions (12/12), focal adhesions (11/12), and MAPKs signalling

Day 14 Day 7 Day 3

Day 28

Day 7

«»
-
©
c
S
Q
(8]
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pathways (12/13) were significantly down-regulated in the PDA group.

Among this, some profibrotic genes were found significantly down-
regulated in the PDA grafts on the 7th and the 28th days (Fig. 5G), i.e.
the I113ro2 gene, a known therapeutic target for TGF-f-driven pulmo-
nary fibrosis [63]; the Itgall gene, which encoded a collagen-binding
integrin regulating intracellular collagen production [64] and, when
overexpressed, inducing cardiac fibrosis and left ventricle hypertrophy
[65]; the Thbs2 gene, which specifically associated with the progression
of liver fibrosis [42]; the IL13 gene, an effective pro-inflammatory
cytokine promoting fibroblasts proliferation and collagen deposition
[66,67]. These observations revealed as likely that PDA devices might
mitigate wound fibrosis by inhibiting the expression and signalling
pathways of the just mentioned genes. However, the role(s) of the pro-
fibrotic genes in our biomaterial-microenvironment settings warrant(s)
further studies.

3.6. Skin graft neovascularization analyses

The after implantation survival of the grafts relies mainly on effica-
cious blood circulation, which supplies nutrients that are crucial to skin
repair [68]. The development of a functional neovasculature at an early
stage of implantation is associated with an enhanced maintenance of
healthy skin grafts, which prevent scar formation and subsequent
contraction in site.

Fig. 6A showed the grafts densities of the microvessels (as charac-
terized by endothelialized lumens containing red blood cells) under a
high-power field (HPF) microscope. At the earliest post-operative time
point (the 3rd day), the microvessel number (Fig. 6B) in the PDA group
(30.67 + 3.06/HPF) was much higher than those in PL (17.33 + 2.52/
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Fig. 6. (A) The H&E stained microvessels (yellow arrows) and implanted materials (black triangles) in the grafts on the 3rd, 7th, 14th, 28th days. (B) The quan-
tification of microvessels’ numbers. (C) The quantification of microvessels areas, *p < 0.05. (D) The heat map of the genes involved in oxytocin signalling pathway.
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HPF) and in IS groups (5.33 + 1.53/HPF) (p < 0.05). While the
microvessel density values were significantly increased in the IS and PL
groups up to the 7th day (7.33 + 1.53/HPF and 27.67 + 2.08/HPF) and
to the 14th day (18.00 + 2.00/HPF and 23.67 + 1.53/HPF), a decreasing
trend became manifest in the PDA group since the 7th day onwards
(20.00 + 2.00/HPF). By the 28th day, in the PDA group the vessel
density was significantly lower (13.33 + 1.53/HPF; p < 0.05) than those
in the other grafts.

The degree of the grafts vascularization could be also defined by the
microvessels’ area as shown in Fig. 6C. On the 3rd day, in the PDA grafts
the total vessels area (408.50 + 32.33 um?/HPF) was significantly
greater than those in the remaining groups. While the vessels area un-
derwent a significant increase on the 7th and the 14th day, and a sub-
sequent decrease on the 28th day in the remaining groups, the smallest
vessel area was observed in the PDA grafts (2548.06 + 30.96um?/HPF;
p < 0.05).

As shown in Fig. 6D, the genes involved in oxytocin signalling
pathway, which regulated the endothelial cell proliferation and directly
stimulated the production of new vessels [33,69-73], were significantly
upregulated in the PL group both on the 7th day 7 (p = 1.489395e-08,
15/17 significantly up-regulated genes) and the 28th day (p =
7.637762e-08, 12/13 significantly up-regulated genes). In particular,
the Greml [74] gene not only induced neoangiogenesis, but also
advanced the progression of hepatic fibrosis [75]. The transcriptomics
data were correlation with the increased vascularization level of the PL
group on the post-operative 7th day and at later stages, indicating a
phenomenon could be attributed to a persistent inflammation provoked
by the necrotic cells [76].

CRR7 CD68

CD163

CRR7 CD68

CD163
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3.7. Macrophage polarization in surgical sites

An inflammatory response will be evoked after skin wounding.
Among all the immune cells involved in such a response, the subsequent
changes of M¢s phenotype (M1=M2) act as crucial determinants not
only of wound repair regulation, but also of the material’s incorporation
and scarring [77,78]: the long existence of M1 macrophage would
damage the tissue engineering materials and impair its ability to pro-
mote tissue regeneration, and M2 macrophage attributes to the adap-
tation of tissue engineering material and promotes tissue remodelling
[79,80], but consistently increased M2 macrophages have been closely
linked to hypertrophic scar at 14-28 days after wounding [81]. At all the
selected time points, the M¢s reaction of cluster of differentiation 68
(CD68), a pan-macrophage-positive marker, was intense in the PL grafts
(Fig. 7A and B) and was typical of a predominating M1 (CCR7-positive)
phenotype (p < 0.05). Conversely, on the 7th day after the surgery, PDA
grafts exhibited a modest CD68 response and they predominantly
belonged to a M1 profile (M2/M1 was 0.76 + 0.07). Although the
macrophages present in the wounds were of a mixed M1/M2 phenotype,
an increasing proportion of M2 M¢ps was detected in PDA grafted
wounds compared with those in IS and PL grafted ones since the 14th
day onwards (on the 14th day, 2.01 + 0.11; on the 28th day, 3.28 +
0.22%; p < 0.05 in either instance). The reduced total number of mac-
rophages and switch between phenotypes suggested that the PDA
wounds be ready to move from a reparative stage characterized by
re-epithelization and granulation tissue development towards a stable
stage [27]. Whereas the unbalanced polarization toward M1 phenotype
in PL grafts, caused by undesired biomaterial-wound interaction(s),
might elicit a wound healing blighted by undesirable features [82-84].

The transcriptomics data further revealed the probable upstream

Time post surgery (days)

*
*
—
*
— ois
apL
%
FEH
el ] 1
7 14 28

Time post surgery (days)

Fig. 7. (A) Macrophage polarization assessment of the compared groups on the 7th, 14th and 28th days post-operatively. The M¢s phenotype within each section
was assessed through immunohistochemical staining for CD68 (pan-M¢s), CRR7 (M1 M¢s), and CD163 (M2 M¢s). (B) The quantification of M¢s and ratios of M1: M2
percentages, *p < 0.05. (C) The heat map of the genes associated with inflammation and M¢s polarization.
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causes of this phenotype shift (Fig. 7C). On the post-operational 7th day,
genes related to M1 polarization [85] like I123r [86], CCR8 [87], and
Gpr174 [76], which were known to correlate with disproportionate in-
flammatory responses [88] and various inflammatory diseases [86,89],
were significantly upregulated in PL group. Meanwhile, the genes
known to inhibit inflammatory reactions in obese subjects, such as Sfrp5
[90], Wnt11 [91], Fgf 16 [92], Rab7b [93], Rab 15, ATF3 [94], and Cd9
[95], were significantly upregulated in the PDA group on the
post-operational 7th day. These genes could not only modulate NF-xB in
LPS-stimulated M¢s [91], but also decrease monocyte infiltration, in-
crease M1=>M2 Md¢s phenotypic differentiation, and release
anti-inflammatory cytokines associated with wound remodelling [92,
93,95,96]. No Genetic differences were found on the 28th day. The
reason could be that the genetic changes related to macrophage polar-
ization occurred mainly at the early stages of wound healing. Therefore,
the grafting “early stage” played a vital role in the whole graft take
process [25].

4. Conclusion

Here we report a novel, anti-scarring method to assemble grafts of
PDA using porcine dECMp, which recapitulate the latter’s compositional
and topological features. We proved that transplanting autologous IS
along with an optimally crosslinked PDA device significantly reduced
wound contraction and scarring in an immune competent, full-thickness
wound model. The PDA-implanted group shows an efficient early
revascularization, an increased polarization of macrophages to the M2
phenotype, better preserved skin functions, and a repair advancing ef-
fect whose upshot bore a closer morphological resemblance to normal
skin. We also disclosed the basic transcriptional profiles of the STSG-
engineered dermal biomaterial-wound complex in both the early and
late stages of the healing process. PDA’s preserved dermis-specific ECM
cues and optimized mechanical properties, such as flexibility and elastic
modulus, which collaboratively modulated endogenous signalling
pathways, are likely to exert aforementioned therapeutically beneficial
effects. which collaboratively modulated endogenous signalling path-
ways, are likely to exert aforementioned therapeutically beneficial ef-
fects. Together, our present results may help increase the understanding
of how at the molecular level the IS and skin wounds respond to
biomaterial stimuli and serve as a starting foundation for future im-
provements of biomaterials’ anti-scarring properties and of their clinical
translatability.
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