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Abstract

Xenogeneic acellular dermal matrix (ADM) is widely used in
clinical practice given its good biocompatibility and biome-
chanical properties. Yet, its dense structure remains a hin-
drance. Incorporation of laser drilling and pre-culture with
Adipose-derived stem cells (ADSCs) have been attempted to
promote early vascularization and integration, but the results
were not ideal. Inspired by the manufacturing procedure of fro-
zen bean curd, we proposed a freeze-thaw treatment to en-
hance the porosity of ADM. We found that the ADM treated
with —80°C 3R+-30°C 3R had the largest disorder of stratified
plane arrangement (deviation angle 28.6%) and the largest po-
rosity (96%), making it an optimal approach. Human umbilical
vein endothelial cells on freeze-thaw treated ADM demon-
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strated increased expression in Tie-2 and CD105 genes, proliferation, and tube formation in vitro compared with those on ADM.
Combining freeze-thaw with laser drilling and pre-culture with ADSCs, such tri-treatment improved the gene expression of pro-
angiogenic factors including IGF-1, EGF and vascular endothelial growth factor, promoted tube formation, increased cell infiltration
and accelerated vascularization soon after implantation. Overall, freeze-thaw is an effective method for optimizing the internal
structure of ADM, and tri-treatments may yield clinical significance by promoting early cell infiltration, vascularization and integra-

tion with surrounding tissues.
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Introduction

Acellular dermal matrix (ADM) is a natural 3D biomaterial mainly
composed of collagen fibers without antigens like cells and glands
[1]. Due to its biocompatibility, mechanical properties, abundant
source and immunological inertia, it has been widely used in clini-
cal practice [2, 3], involving procedures of deep wound coverage,
breast reconstruction, abdominal wall reconstruction and rhino-
plasty. These properties have attracted the attention of researchers
in the field of tissue engineering [4, 5]. Additionally, it has been ap-
plied as an injectable tissue filler in the field of medical esthetics in
the past few years given its good shaping ability and is expected to
be an excellent tissue filler ranked directly under hyaluronic acid
and collagen [6]. However, derived from the dermis papillary layer,
the collagen fibers are arranged in an orderly and dense manner

thus lacking sufficient micropores [4]. This poses a hindrance for
cell infiltration and angiogenesis or vascularization, stopping ADM
from becoming the ideal scaffold for early integration. Clinical
studies have found that patients with a history of radiotherapy
were more prone to complications, such as seroma and implant
loss after breast reconstruction when Porcine ADM (PADM) was
used due to delayed or inhibited vascularization and cell infiltra-
tion caused by radio [7]. Abdominal wall reconstruction with
PADM also reported up to 35% complication rate including hernia
recurrence and abdominal wall skin necrosis [8-10]. Therefore,
solving the difficulties of early vascularization and integration after
ADM implantation caused by dense structure would decrease the
occurrence of ADM-related complications and improve the quality
of patients’ postoperative life.

Received: February 26, 2022. Revised: July 3, 2022. Accepted: July 20, 2022
© The Author(s) 2022. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0001-5115-4163
https://orcid.org/0000-0002-9923-6798

2 | Regenerative Biomaterials, 2022, Vol. 9, rbac053

Adipose-derived stem cells (ADSCs) seeded on specific tissues
would promote local vascularization by differentiating to adult
cells or secreting active factors [11-13]. Our previous studies
found that the combined treatment of laser micropore technique
and ADSCs pre-culture promoted the growth of dermis flap con-
structed from treated ADM and fat tissue [14]. Pores drilled by la-
ser significantly increased the contact area with host tissue,
while ADSCs pre-culture formed a pro-angiogenic microenviron-
ment by paracrine. However, the laser micropore technique
merely changed local permeability, and the unperforated zone
remained dense. In addition, the size, connectivity and geometry
of pores are known to influence a range of cell behaviors, includ-
ing cell proliferation, migration and infiltration, and extracellular
matrix deposition [15]. Therefore, there is value to a new method
that increases the void fraction of ADM by increasing the internal
micropore or pore diameter.

Frozen bean curd is a common food in East Asia. Soft bean
curd (a gel composed of soybean particles and water) is frozen be-
low zero into blocks and then thawed at room temperature to ob-
tain frozen bean curd with multiple pores. Inspired by its
manufacturing process, we proposed the freeze-thaw treatment
to ADM (Fig. 1). The ice crystals formed during the cooling process
are influenced by the temperature gradient. The greater the tem-
perature gradient, the smaller crystals formed [16, 17].
Furthermore, the cycles of freeze-thaw also affect the connectiv-
ity of internal pores [18-20]. It has been found that three cycles of
freezing (—20°C) and water bath melting (37°C) could increase the
interconnectivity among pores of a porcine acellular aortic stent.
Temperatures of —20°C, —80°C and —196°C were applied result-
ing in cryogels of different total porosity and porous interconnec-
tivity [21]. Therefore, it is feasible to introduce porosity through
freeze-thaw. Yet so far, no report regarding the ADM reconstruc-
tion by freeze-thaw has been published. In addition, the effect of
freeze-thaw treatment on vascularization of ADM has not been
reported. Thus, we investigated whether porous ADM with high
connectivity could be obtained through the appropriate freezing
rate and freeze-thaw cycles.

Herein, inspired by frozen bean curd and based on previous
studies’ founding, we propose a triple in vitro pretreatment comb-
ing freeze-thaw, laser drilling and hADSCs pre-culture to con-
struct an ADM into a 3D porous scaffold seeded with hADSCs.
Experiments were conducted in vitro to verify the pro-angiogenic
effect of freeze-thaw treatment on ADM through observing the
HUVECs' behaviors on PADM and freeze-thaw treated ADM
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(FADM). Furthermore, pre-implanted microenvironment, cell in-
filtration and vascularization that play significant roles in the
early integration of the ADM treated with triple measures were
assessed in vitro and in vivo.

Materials and methods
Material preparation

PADM was purchased from Jiangsu Unitrymp Bio-medical
Technology Co. (Jiangsu, China) and cut to sizes of 5 x 5 cm slices.

Freeze-thaw treatment

The slices soaked in phosphate-buffered saline (PBS) were frozen
at temperatures below zero temperature (—80°C, —30°C or liquid
nitrogen/—196°C) for 1h, water-bathed at 37°C over half an hour
until thawed completely, and repeatedly freeze-thawed for 3, 4, 6
or 8 cycles in total. The FADM was rinsed with PBS and stored at
—80°C until use. The details of temperature, duration and cycle
are shown in Table 1.

Laser micropore technique treatment

The microporous slices were prepared using a 15w UV picosecond
Laser System Micro Material Processing (DCT Co., Ltd, China).
Key parameters included 1000mm/s speed, 500k frequency, 1-
mm spot diameter, 1-mm pitch row and 10-12 repeats which
were adjusted according to the thickness of the material to
achieve maximum vertical penetration and minimum heat dam-
age. The laser-treated ADM (LADM) was rinsed in an ultrasonic
cleaner to remove degenerated tissues inside the micropores.
Then LPADM was stored at —80°C until use.

Combined treatment
The slices were fabricated using the laser micropore technique
first. Then the LADM was further frozen at the optimal setting
that yielded the most porous structure. The freezing-laser-
treated ADM (FLAMD) was rinsed in an ultrasonic cleaner and
stored at —80°C until use.

All above materials were all cut to match the size of the wells
of a 24-well plate and disinfected using ethylene oxide after
freeze-drying.

Scanning electron microscopy and histology of
PADM and FADM

The samples were dried using the freezing-drier (YB-FD-1, SHYB
Co., Ltd, China). The surface morphology of the dermal surface
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Figure 1. Schematical representation of FADM. (1) The procedure of frozen bean curd. Soft bean curd was frozen below zero and thawed at room
temperature to obtain frozen bean curd. (2) Freeze-thaw treatment for PADM with different temperature gradients and cycles.
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Table 1. The different freeze-thaw treatments of PADM

No. Freezing Duration Thawing Duration Cycles Freezing Duration Thawing Duration Cycles
temperature (°C) (h) temperature (°C) (h) temperature (°C) temperature (°C) (h)

1 / / / / / / / / / /
2 —-80 1 37 0.5 2 -30 1 37 0.5 2
3 -80 1 37 0.5 3 -30 1 37 0.5 3
4 -80 1 37 0.5 4 -30 1 37 0.5 4
5 —-80 1 37 0.5 8

6 -30 1 37 0.5 2 —-80 1 37 0.5 2
7 -30 1 37 0.5 3 -80 1 37 0.5 3
8 -30 1 37 0.5 4 —-80 1 37 0.5 4
9 -30 1 37 0.5 8

10 —-196 1 37 1 3

samplel was without any freeze-thaw treatment.

and cross-section after cutting up with liquid nitrogen were
scanned by scanning electron microscopy (SEM) (ZEISS Gemini
300, Germany).

PADM and FADM were fixed with 4% paraformaldehyde, em-
bedded in paraffin, then cut into sections at a thickness of 5um.
Sections were stained with hematoxylin and eosin (H&E) and ob-
served under a light microscope (Nikon, Tokyo, Japan).

Porosity of PADM and FADM

The PADM and the FADM were prepared in sizes of 5 x 5cm and
then freeze-dried. Slices of 1x 1cm in size were clipped in the
center of the lyophilized samples. The cleaned and dried samples
were first weighed (Wy). These were then immersed in anhydrous
ethanol at room temperature and the bubbles in them were re-
moved through vacuum pumping. Fully saturated samples were
then removed from the liquid, immediately rolled on a filter pa-
per to remove the surface film of anhydrous ethanol, and
weighted (W). The volume of samples (V) was calculated by
measuring their length, width and thickness. Pore volume (V)
and porosity were calculated using the following equations:

Vp = (We — Wo)
p
LV '
Porosity = —= x 100%
Vs

where p is the density of anhydrous ethanol.

In vitro experiments of human umbilical vein
endothelial cells on PADM and FADM

Human umbilical vein endothelial cells (HUVECs) were obtained
from the cell bank of the Shanghai Institute of Cell Biology,
Chinese Academy of Sciences (Shanghai, China). HUVECs were
incubated in a low glucose medium (Gibco, USA) supplemented
with 10% fetal bovine serum (CellMax, China) and 1% streptomy-
cin—penicillin-amphotericin B solution (Gibco), and incubated at
37°Cin a humidified atmosphere containing 5% CO,.

Cell proliferation and tube formation assay
HUVECs (1 x 10* cells/well) were seeded on the PADM and FADM.
After 1, 4 and 7 days of incubation, cell proliferation was assessed
with Cell Counting Kit (CCK)-8 (Dojindo, Japan) according to the
manufacturer’s instructions. After incubating at 37°C for 3h, the
absorbance of samples was measured at a wavelength of 450nm
using an MP reader (Thermo, USA).

For the tube formation assay, HUVECs (5000/well) were seeded
into Matrigel-coated (Corning, USA) PADM and FADM in a 96-well

plate and treated with serum-free culture medium [22], and then
examined by bright-field microscopy at 6 h.

Morphology and viability of HUVECs

HUVEGCs (5 x 10 seeded on PADM and FADM and cultured for
2 days were examined by SEM. The samples were fixed overnight
at 4°C in 2.5% glutaraldehyde and rinsed with PBS three times
(15 min each time). Then the samples were dehydrated through a
graded series of ethanol (30-100%, V/V) and dried by CO, critical
point dryer. Once dried, the samples were observed under an
SEM (SU8010, HITACHI, Japan).

The viability of HUVECs (1 x 10%) seeded on PADM and FADM
was measured with the Live/Dead cell viability assay (Beyotime
Biotechnology, China) according to the manufacturer’s instruc-
tion on Days 1 and 3.

Expression of endothelial marker genes: quantitative real-
time PCR

HUVEGCs (1 x 10°) were seeded on circular PADM and FADM and
cultured in a complete low glucose medium for 48h. After cells
were detached from the materials by trypsin (Gibco), total RNA
was extracted and reverse transcribed into cDNA with
PrimeScript RT Master Mix using RNA purification kit and
Reverse Transcription kit (with DNase) (EZBioscience, USA). Gene
expression levels of endothelial markers of CD105 (Endoglin/
ENG), and Tie-2 (TEK receptor tyrosine kinase/TEK) [23] were nor-
malized to that of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and quantified with the comparative Ct method. The
primers synthesized by Sangon Biotech Co. (Shanghai, China) are
mentioned in Table 2.

Isolation and culture of hADSCs

Human ADSCs (hADSCs) were isolated from five healthy female
patients undergoing abdominal liposuction surgeries between
May 2021 and November 2021. Written informed consent was
provided by all patients. The average age of patients was 28 years
(range, 22-32years). An equal volume of 0.1% (W/V) collagenase
NB4 (Serva, Heidelberg, Germany) in serum-free low-glucose
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco) was added to
washed adipose tissue, and the mixture was digested at 37°C for
2h to a homogeneous state. The lipoaspirate was centrifuged at
1200 rpm for 8 min at 37°C. The cells were concentrated and then
resuspended in DMEM containing 10% fetal bovine serum
(CellMax, China) and 1% streptomycin-penicillin-amphotericin
B solution (Gibco), and seeded into tissue culture flasks. The cells
were incubated at 37°C contained 5% CO, and cultured to 90%
confluence before passaging. hADSCs of passages 3-4 were used
for the experiments.
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Table 2. Primer sequence for gPCR

Cell Gene Forward primer Reverse primer
HUVEC GAPDH CAGGAGGCATTGCTGATGAT GAAGGCTGGGGCTCATTT
ENG CTTCATGCGCTTGAACATCATC GAGTAGATGTACCAGAGTGCAG
TEK CGTGATTGACACTGGACATAAC GAGTTCATATTCTGTCCGAGGT
hADSC GAPDH CAGGAGGCATTGCTGATGAT GAAGGCTGGGGCTCATTT
VEGF ATCGAGTACATCTTCAAGCCAT GTGAGGTTTGATCCGCATAATC
EGF GAAGCATTGGACAAGTATGCAT CAGCTTCTGAGTCCTGTAGTAG
IGF-1 AAAAATCAGCAGTCTTCCAACC CCTGTGGGCTTGTTGAAATAAA

Identification of hADSCs

hADSCs were tested for their ability to undergo tri-lineage differ-
entiation into adipocytes, osteoblasts, and chondrocytes. Passage
3 hADSCs at a density of 2 x 10° cells/ml were seeded into six-
well plates, induced for 3weeks with either adipogenic (Cyagen,
China), osteogenic (Cyagen) differentiation media, and induced
for 4weeks with chondrogenic (Cyagen) differentiation media
according to manufactures’ instructions. The cells were then
fixed in 4% paraformaldehyde and stained with either Oil Red O
(Beyotime, China), Alizarin red (Beyotime) or Toluidine blue
(Beyotime) according to the standard procedure.

The surface markers of hADSCs were detected by flow cytom-
etry. hADSCs (Passage 3) were harvested and incubated with fluo-
rescein isothiocyanate or phycoerythrin-conjugated antibodies
against CD90, CD44, CD105, CD34, CD45, CD106 (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) at 37°C for 30min in
the dark, washed and resuspended in PBS and detected by flow
cytometry (BD Biosciences, San Jose, CA, USA).

Adhesion of hADSCs on PADM, FADM, LADM and
FLADM

hADSCs (1><105) were seeded on PADM, FADM, LADM and
FLADM and cultured for 2days. The adhesion of hADSCs on
materials was evaluated with Live/Dead cell viability assay
(Beyotime Biotechnology) and observed under a laser scanning
confocal microscope (Leica, German).

Toxicity and cytocompatibility of PADM, FADM,
LADM and FLADM

The toxicity of PADM, FADM, LADM and FLADM was indirectly
evaluated, extracts from the above materials were prepared by
incubation in 1-ml DMEM containing 10% FBS and 1% streptomy-
cin—penicillin-amphotericin B solution (Gibco) for complete im-
mersion in a 24-well plate for 72h. The extract was collected and
passed through a filter (Corning). hADSCs were cultured in ex-
tract, and their proliferation was assessed on Days 1, 3, 5, 7 with
Cell Counting Kit (CCK)-8 (Dojindo). After incubating at 37°C for
2.5h, the absorbance of samples was measured at a wavelength
of 450 nm using an MP reader (Thermo).

Quantitative real-time polymerase chain reaction

Gene expression related to angiogenic growth factors was evalu-
ated by gRT-PCR. hADSCs (1 x10°) were seeded into PADM,
FADM, LADM and FLADM of a well size of a 24-well plate and cul-
tured for 48h. Total RNA was extracted and reverse transcribed
into cDNA with PrimeScript RT Master Mix using RNA purifica-
tion kit and Reverse Transcription kit (with DNase)
(EZBioscience). Gene expression levels of vascular endothelial
growth factor (VEGF), insulin-like growth factor 1 (IGF-1) and epi-
dermal growth factor (EGF) [24] were normalized to that of
GAPDH and quantified with the comparative Ct method. The

primers synthesized by Sangon Biotech Co. (Shanghai, China) are
mentioned in Table 2.

In vitro experiments of paracrine products
extracted from four materials

hADSCs (1x10°) were seeded on PADM, FADM, LADM and
FLADM and cultured in 1-ml culture medium. To collect the con-
ditional medium (CM), the cells were first cultured in complete
DMEM for 24h, washed three times with PBS, then cultured in
serum-free DMEM for 24h. The supernatant was collected and
centrifuged at 3000 rpm for 8 min to remove dead cells and de-
bris.

Enzyme-linked immunosorbent assay

The concentrations of VEGF in CM from four materials were
assessed by an enzyme-linked immunosorbent assay kit ((Multi
Sciences, China) according to the manufacturer's recommenda-
tions. The absorbance was quantified at 450 nm.

HUVEC:s proliferation and tube formation assay

The proliferation of HUVECs cultured in 50% CM and 50% serum-
free endothelial culture medium was measured by Cell Counting
Kit (CCK)-8 (Dojindo) after 1, 3days of culture. For the tube for-
mation assay, HUVECs (1 x 10*/well) were seeded into Matrigel-
coated (Corning) 96-well plate and treated with 50% CM and 50%
serum-free endothelial culture medium, and then examined by
bright-field microscopy at 4h.

In vitro preculture of PADM, FADM, LADM and
FLADM with hADSCs before implantation

hADSCs (1 x 10°) resuspended in 100-pl culture medium were
seeded on disinfected PADM, FADM, LADM and FLADM (in size of
a well of the 24-well plate) and cultured for 4 h before adding an-
other 1-ml DMEM supplemented with 10% FBS. The hADSCs-
material compound was co-cultured for 1week before being
transplanted into nude mice.

Implantation surgery

All procedures were approved by the Ethics Committee of
Shanghai Ninth People’s Hospital (assurance no. SH9H-2021-
A091-SB). Thirty-two 6-week-old male nude mice were randomly
divided into eight groups (four materials, and two timepoints,
n=4, with two animals used for mechanical testing). After 1 week
of acclimatization to the laboratory conditions, the mice were
anesthetized by inhalation of isoflurane (oxygen flowmeter of
400ml/min), and their dorsal surface were disinfected. In the ex-
periment group, a 1.5 x 1.5cm circular-shaped skin flap on the
back of mice was lifted and the pretreated-material construct
was implanted and fixed on the subcutaneous fascia. The inci-
sion was closed, and mice were allowed to recover from anesthe-
sia.
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Macroscopic, mechanical evaluation and
histological analysis

Animals were anesthetized postoperatively at 2 and 4 weeks, and
the gross features were examined and recorded with a single-lens
reflex camera (Nikon, Japan). A horizontal incision was made be-
low the implanted material, the local skin flap was lifted. Then
the materials and surrounding skin or muscle were harvested
and fixed in 4% paraformaldehyde overnight. The samples were
cut into sections and embedded in paraffin blocks.

The samples were stained with H&E stain (Solarbio, China)
according to the manufacturer’'s recommendation. For the evalu-
ation of cell infiltration, three random regions of H&E staining
from the upper, middle and lower parts of one slice were selected
and counted. In addition, a region in size of 200 pm x 200 pm was
regulated, and one region should be selected within the laser-
made hole. The average number of the three regions was
regarded as the final result of the sample. For better display of
the implanted material, the result of Masson's trichrome
(Solarbio) was supplemented.

For immunohistochemical staining, the sections were incu-
bated with anti-CD31 (Abcam, USA) at 1:500 dilution. The bound
antibodies were 3,3’-diaminobenzidine (Beyotime Biotechnology),
and the slices were counterstained with hematoxylin. The num-
ber of new blood vessels was calculated based on three random
fields at 400x magnification selected from each sample.

Mechanical properties of the samples (n=3) with 15mm in
length and 8mm in width were measured using Instron
Mechanics Analyzer (Model 5542, Instron, USA). The samples
were stretched at a rate of 10 mm/min until fracture [25]. The an-
alyzer recorded real-time strain and stress, and Young’s modulus
and the maximum load were further calculated from the stress—
strain curve using Origin software (OriginLab, USA).

Statistical analysis

All quantitative results are presented as the mean * standard er-
ror of mean. Statistical comparisons were performed using
Student’s t-test, one-way analysis of variance or two-way analy-
sis of variance followed by Tukey’s post hoc test of data or
Bonferroni’'s method from three independent experiments.
GraphPad Prism version 8.0 software (GraphPad, Inc., La Jolla, CA,
USA) was used to analyze the data. Statistical significance was
setat P<0.05.

Results and discussion
Characterization of FADM

Inspired by frozen bean curd, a manufacturing process using
freeze-thaw approach for a porous ADM was proposed that
allows for easier cell infiltration and angiogenesis. In general, the
solution starts to form ice crystals in conditions of —15°C to
—20°C. Based on previous studies and to retain the original bio-
properties, we selected freezing temperature of —30°C, —80°C or
—196°C (liquid nitrogen) and a water bath of 37°C for thawing.
Ten experimental groups with different temperature gradients
and cycles were then established (Table 1). Since ADM is a two-
sided structure with a base membrane surface and a dermal
surface, and the dermal surface is prone to vessel growth, the mi-
crostructure of the cross-section and the dermal surface of FADM
were observed (Fig. 2A). In PADM (Group O), the collagen fibers
were arranged closely and arrayed in a parallel manner along the
cross-section, and the pores were small and scattered on the der-
mal surface. In contrast, fibers in the FADM (Group F) were

disorderly arranged, without parallel arrangement between
layers, the number and diameter of pores on the dermal surface
increased, and the orientation of fibers changed from unidirec-
tional to multidirectional.

The angle of deviation was used to quantitatively analyze the
distribution order of collagen fibers along the cross-section. We
designated the layer parallel to a horizontal arrangement as 0°,
and the layer perpendicular to the horizontal arrangement as
90°. The higher level of disorder arrangement, the closer the an-
gle of deviation is to 45°. The average angle of deviation of Group
O was 16.7°, and the average angle of deviation of ADM treated
by —80°C 3R+ —30°C 3R was largest (28.6°), which yielded a signif-
icant difference compared with Group O (Fig. 2B). Thus, the layer
arrangement of ADM treated by —80°C 3R + —30°C 3R was most
disorderly.

The method of ethanol adsorption was used to measure the
porosity of ADM treated by different freeze-thaw treatments
with the same volume. Greater porosity of ADM correlated with
more internal pores and looser structure. With the exception for
the Group of —30°C 8R, the porosity of all other groups was higher
than 70%, among which the group of —80°C 3R + —30°C 3R had
the greatest porosity (96%), a significant difference compared to
group O. Based on above data, we concluded that the group of
—80°C 3R + —30°C 3R presented the most optimal treatment
among the 10 groups for most porous FADM. FADM in subse-
quent experiments thus refers to ADM treated with —80°C 3R +
—30°C 3R. In addition, HE staining was performed on PADM and
FADM (longitudinal section), and both remained homogenous red
indicating freeze-thaw treatments preserved the bio-properties
of ADM. Quantitative analysis of collagen volume fraction per
unit area at 200x high magnification also showed that collagen
volume fraction of PADM was higher than FADM, which verified
the effectiveness of freeze-thaw treatment.

Our study found that both cycles of freeze-thaw and tempera-
ture gradient influenced the connectivity of pores and the total
porosity of ADM. Greater temperature gradient correlated to the
faster ice crystal formation, more uniform crystal distribution,
and smaller crystal nuclei. The maximum porosity from —80°C
3R + —30°C 3R treatment may be seen as ‘small crystals paved
the road, and large crystals expanded the road’. The small ice
crystals formed at a greater temperature gradient distributed
evenly and enlarged the pores in multiple directions, while large
crystals formed at a smaller temperature gradient finished the
connection between pores. Our results also suggested that there
was no direct interaction between cycles of freeze-thaw and
looseness of biomaterials.

Adhesion, proliferation and angiogenesis of
HUVECs on PADM and FADM in vitro

The study of adhesion, proliferation and tube formation of
HUVECs on PADM and FADM is helpful to evaluate the effects of
freeze-thaw treatment on angiogenesis [26]. SEM showed that
HUVECs adhered to PADM (group O) and FADM (group F) and ex-
tended pseudopodia. The adhesion morphology of HUVECs on
the bundle and plane displayed spindle shape and sphere shape
respectively (Fig. 3A). RT-PCR was used to quantitatively analyze
the gene expression levels of proliferation (CD105/ENG) and func-
tion performance (Tie-2/TEK) of HUVECs. Angiopoietin-Tie2 sig-
naling plays a critical role in morphogenesis and homeostasis of
blood vessels and in vascular remodeling [27]. CD105 is predomi-
nantly expressed on proliferating HUVECs [28]. Compared with
group O, the gene expressions of Tie-2 and CD105 were up-
regulated in group F (Fig. 3B). Gene expressions of Tie-2 and
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Figure 2. Characterization of freezing ADM. (A) SEM images of PADM(O) and different FADM, bar = 20 um. (B) Schematic diagram of the angle of
deviation (lift) and analysis of the angle of deviation (right) (n =3 for each group). (C) Porosity and its comparison of different treatments (n=3 for each
group). (D) HE staining results for PADM (O) and FADM (F) (left) and calculation of their collagen volume fraction (right) (n=3 for each group),
bar=200pum. P <0.05, **P < 0.01, *P < 0.001, *™P < 0.0001.
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(C) Representative images of HUVECs forming tubes on PADM (O) and FADM (F) after 6 h, bar =100 ym. (D) Total tube length and number of junctions
of HUVECs on PADM (O) and FADM (F) (n=3 for each group). (E) Live and dead staining of HUVECs on PADM (O) and FADM (F), white arrows represent
dead cells, bar =100 pm. (F-1) Calculation of live HUVECs on PADM (O) and FADM (F) for 1, 3 days. (F-2) Proliferation of HUVECs cultured on PADM (O)
and FADM (F) for 1, 4 and 7 days (n=3 for each group). P <0.05, P < 0.01, *"P < 0.001, ***P < 0.0001.

CD105 in group F were 1.72 times and 1.31 times higher than
those in group O, respectively, indicating that the proliferation
and function performance of HUVECs on FADM were enhanced.
Tube formation experiments were performed on PADM and

FADM coated with matrix glue for 6h (Fig. 3C). The total tube
length and number of junctions of group F were significantly
greater than those in group O (Fig. 3D), indicating that FADM has
a stronger ability to form tubes than PADM. The proliferation of
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HUVECs on PADM and FADM was analyzed by live/dead staining
and CCK8 assay. The survival and death of cells on PADM and
FADM on Days 1 and 3 were shown in Fig. 3E. More HUVECs ad-
hered on the surface with an even distribution in group O and
group F on Day 3 than those on Day 1. The number of live cells
per high power (100x) was calculated. HUVECs in group F were
more than those in group O on days 1 and 3 (Fig. 3F-1). The OD
values of group O and group F on Days 1, 4 and 7 were measured
under 450 nm (Fig. 3F-2). Within 7 days, the OD values of the two
groups continuously increased, and OD values of group F were
consistently higher than group O. Therefore, HUVECs on FADM
presented a trend of faster proliferation and more adhesion.

Endothelial cells (ECs) exhibited differences in adhesion, pro-
liferation and tube formation on varied dermal templates, and
vascularization of dermal templates was the key factor in suc-
cessful engraftment and integration [29]. Thus, promoting ECs
adhesion, proliferation and tube formation on ADM is beneficial
to achieving desired therapeutic results. We simulated the
HUVECs behaviors on PADM and FADM in vitro. It was found that
gene expressions of Tie-2 and CD 105 of HUVECs on FADM were
higher. HUVECs on FADM also had a stronger ability for prolifera-
tion and tube formation, which was consistent with increased
gene expressions. All in all, freeze-thaw treatment promotes vas-
cularization of ADM. We hypothesized that the enhancement of
HUVECs function on FADM was related to the increase in total
porosity. It has been found that HUVECs migrated to the inside of
the granular material in a void fraction-dependent manner [15].
Moreover, rat smooth muscle cells could proliferate and infiltrate
the scaffold with high porosity easily [30]. With a higher total po-
rosity of FADM, more space for HUVECs adherence was present,
allowing for nutrients and metabolic wastes to be easily inputted
and discharged, thus enhancing cell vitality.

Biocompatibility of treated-ADM and stemness
identification of hADSCs

ADSCs served as usual tools for vascularization in tissue engi-
neering because of their convenient management, ability to self-
renew and differentiate into various cell types, and secretion of
angiogenic factors [31, 32]. ADSCs-seeded silk fibroin scaffolds or
hydrogels that accelerated angiogenesis were reported [33, 34].
Our previous study also reported that ADSCs-seeded-PADM pro-
moted pro-vascular gene expression and increased vascular infil-
tration [35]. Thus, hADSCs were seeded on treated-ADM to
strengthen vascularization. In addition, we previously recon-
structed ADM by laser-micropore technique and found that
LADM improved cell infiltration. Based on our previous work, we
set up four groups in this study, including PADM-hADSCs, FADM-
hADSCs, LADM-hADSCs and FLADM-hADSCs, to explore the ef-
fect of triple treatments combining freeze-thaw, laser drilling
and hADSCs pre-culture on vascularization and cell infiltration.
The pores in LADM (group L) and FLADM (group FL) were intro-
duced by advanced laser drilling technology without heat dam-
age to surrounding tissues around the pores (Supplementary Fig.
S3A). Under the acuate parameter, Laser drilling only changed
the gross structure by mechanical force without microstructure
changes. The adhesion of hADSCs on PADM (group O), FADM
(group F), LADM (group L) and FLADM (group FL) after 2 days pro-
liferation was shown by Live/Dead staining. hADSCs were evenly
distributed on the surface of PADM and FADM with scattered cel-
lular clusters and few dead cells. hADSCs were distributed
around the pore edge on LADM and FLADM, and positions closer
to the pore correlated to a denser distribution (Fig. 4A). The ad-
hering morphology of hADSCs was further observed using SEM

and TRITC-tagged-phalloidin staining (Supplementary Fig. S3B
and C). Those adhering hADSCs exhibited spindle-like shape,
elongated and extended to poles. The dermal side, basal mem-
brane side and lateral side of PADM, FADM, LADM and FLADM
were shown in Fig. 4B. The base membrane surface was smooth
with lines, while the dermis side was rough. Round holes in a reg-
ular arrangement were observed after applying the laser micro-
pore technique. The four materials were lyophilized and
disinfected with ethylene oxide. The cytotoxicity of 72h-extract
solution from four materials was determined by cck8 assay.
hADSCs cultured in low glucose complete medium were used as
control, and the OD values of the five groups had no significant
difference on 1, 3, 5 and 7 days (Fig. 4C). Therefore, the extract so-
lution from PADM, FADM, LADM and FLADM did not decrease
the proliferation and viability of hADSCs, which indirectly proved
that the treated ADM sterilized by ethylene oxide had no cytotox-
icity. Stemness identification of hADSCs was performed. The
hADSCs (P3) showed a typical spindle shape under the light mi-
croscope. hADSCs could be induced to adipocytes (lipid droplets
stained red), osteoblasts (calcium deposits stained red) and chon-
drocytes (cartilage ball stained blue) (Fig. 4D). Thus, the hADSCs
have three differentiation abilities. Flow cytometry analysis [36]
of the specific surface markers of hADSCs showed that CD90,
CD44 and CD105 were highly expressed (92.5%, 88.2% and 92.3%,
respectively), while CD34, CD45 and CD106 were negative (2.68%,
2.08% and 3.75%, respectively). CD 90, CD44 and CD105 were spe-
cific markers of stem cells. CD106 mediated immune cell adhe-
sion and was absent or low expressed in hADSCs [37]. CD34 and
CD45 are surface markers of hematopoietic cells, and low expres-
sions of them indicated high purity of hADSCs after amplification
with few hematopoietic cells.

Gene expression and paracrine products of
hADSCs-treated ADM co-culture system

hADSCs were seeded on the PADM (group O), FADM (group F),
LADM (group L) and FLADM (group FL), and co-cultured for
2days. RNA of hADSCs was extracted and the gene expressions
of pro-angiogenesis (EGF, IGF-1, VEGF) were quantitatively ana-
lyzed. The gene expressions of group L and group FL were signifi-
cantly higher than those in group O and F. The expressions of
VEGF in group F, L and FL were significantly higher than that in
group O. The difference in gene expressions between groups L
and FL were not statistically significant. The expressions of EGF,
IGF-1 and VEGF in group FL were 1.78, 1.90, and 1.72 times higher
than those in group O, respectively. Compared with group O, the
other three groups increased the pro-angiogenesis gene of
hADSCs expression (Fig. 5A). However, there was no statistical
difference in VEGF, a secreted protein in the supernatant from
four co-culture systems (Fig. 5B). It may be caused by the com-
plex mechanism of gene expression and protein translation of
VEGF. Part of VEGF proteins reminds bound to the extracellular
matrix resulting in inconsistent outcomes with the PCR results
(38].

The effects on proliferation and tube formation of HUVECs of
4 co-culture systems were further invested. HUVECs were cul-
tured in four CMs (50% supernatant from co-culture system and
50% serum-free endothelial medium), and there were no signifi-
cant differences in proliferation among the four groups on 1 and
3 days (Fig. 5C). In terms to tube formation, HUVECs were cul-
tured in serum-free endothelial medium (control group) and four
CMs (Fig. S5D). After 4h, there were no obvious ring-shaped tubes
and merely few scattered junctions in the control group. Group
O, F, L and FL all displayed more tubes and more junctions with
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uniform distribution. Either the number of junctions or the total
tube length, the control group was the lowest with a statistical
difference. Furthermore, the junctions and tube length in group
F, L and FL were also significantly larger than those on group O,
but no statistical difference was found among the above three
groups.

Physiological angiogenesis is a complicated process that
depends on the vascular microenvironment regulated by positive
and negative angiogenic modulators and requires functional ac-
tivities of other molecules like extracellular matrix proteins and
adhesion receptors [39]. The cell-scaffold co-culture system could
provide a pro-angiogenesis microenvironment by paracrine func-
tion [35, 40]. In addition, hADSCs behaved differently in materials
with various porosity. hADSCs performed higher adhesion, prolif-
eration and cell interaction within high porosity nanofibrous
scaffolds that provided a well microenvironments [41]. Higher
cell viability and spreading morphology of hADSCs were observed
in the aerogel with more porosity as well [42]. Our previous
studies also found that laser perforation does not alter the char-
acteristics of PADM [14], and the expression and secretion of
pro-angiogenic factors by ADSCs are significantly increased.
Thus, we further investigated the pro-angiogenesis microenvi-
ronment produced by hADSCs on FLADM. VEGF, IGF-1 and EGF
are pro-angiogenic factors and play an important role in angio-
genesis. VEGF promotes the growth of vascular ECs, angiogenesis
and is also a survival factor for ECs [43]. IGF-1 is a cell surface re-
ceptor that regulates cell growth and metabolism [44]. EGF is also
a regulator of angiogenesis [45]. Compared with hADSCs on
PADM, the hADSCs on FADM, LADM and FLADM highly expressed
EGF, IGF-1 and VEGF. The proliferation of HUVECs yielded no sta-
tistical difference among the four co-culture systems. However,
there were differences in promoting tube formation on four co-
culture systems, among which PADM-hADSCs co-culture system
had the worst performance, and the other three systems demon-
strated no significant difference. In conclusion, the porosity of
the AMD has a quiet influence on pro-angiogenic microenviron-
ment formed by its co-culture system due to cell behavior
change. The FLADM-hADSCs co-culture system yielded no obvi-
ous advantage in promoting proliferation of HUVECs, but showed
a stronger ability to form tubes compared with the PADM-
hADSCs system. All in all, FLADM-hADSCs co-culture system
provided a pro-vascular microenvironment.

In vivo experiment and the changes in
mechanical properties

The schematic diagram of animal experiments is shown in
Fig. 6A, which was created by BioRender.com and approved for
publication. PADM, FADM, LADM and FLADM were pre-cultured
with hADSCs in vitro for 1 week, and then embedded into the back
of nude mice. Samples were taken at 2w and 4w, respectively, af-
ter operation. The detailed procedures are described in
Implantation surgery section for reference. Theocratically,
FLADM would have more vascular growth and cell infiltration,
and blood vessels would sprout out from the punched holes or
the internal pores of the material.

The biomechanics (Young's modulus and maximum load) of
PADM (group O), FADM (group F), LADM (group L) and FLADM
(group FL) before and after implantation were analyzed and
changes in mechanical properties were evaluated to reflect the
treated-ADM remodeling process (Supplementary Fig. 6B).
Figure 6B-1 showed the changes in the maximum load. Before im-
plantation, the maximum loads of group O and F were signifi-
cantly higher than those of group L and FL, while the load of

group F was slightly lower than group O. At 2w, the maximum
load of group F was superior to group O that was the largest
among four groups. At 4w, the maximum load of group F was still
the largest, and the load of group FL exceeded that of group L.
Figure 6B-2 displayed the changes in Young's modulus. Young's
modulus quantitatively describes the deformation resistance of
materials. A larger modulus correlated to stronger tensile
strength. Before implantation, the modulus of group O was the
largest, while group FL was the smallest. At 2w, the modulus of
group FL exceeded that of group L. At 4w, the modulus of group F
exceeded group O achieving the highest value, and the modulus
of group FL was still better than that of group L which remained
at the value seen before implantation. Combined with Fig. 6B-3,
in terms of the maximum load, four groups all showed a down-
ward trend at 2w, but showed an upward trend at 4w with the
largest rises in group FL. In terms of Young's modulus, except
for group O, the other three groups exhibited better performance
at4w.

The ADM underwent remodeling during various biological pro-
cesses, and the mechanical properties changed accordingly [46].
The tensile test is the most widely used mechanical test per-
formed on skin specimens [47]. As matrix remodeling progresses,
the stiffness of the matrix increases [48]. The initial values of
LADM and FLADM were lower than those of PADM and FADM
both in the maximum load and Young’s modulus. Although the
laser drilling decreased the mechanical strength, the values of
Young's modulus were all >10 Mpa, which meets the strength
requirements of most tissue substitutes. Degradation of the
materials and the matrix deposition to remodel materials by in-
filtrating cells simultaneously during the regenerative process
[49, 50]. Though the stiffness and strength of a scaffold decrease
with the porosity increasing, the biological processes enhanced
[51]. The swelling ratios of FADM, LADM and FLADM were signifi-
cantly higher than that of PADM (Supplementary Fig. S1A) due to
porosity increase, indicating that the better nutrients are
absorbed in the scaffolds for adhering cells [52]. In addition, the
degradation rate rises with structure porosity increasing because
of the enlarged surface [53]. The degradation results of the four
groups were shown in Supplementary Fig. S1B. Both on 1 and 3
days, the PADM degraded most slowly, while FLADM was in the
highest degradation speed. The difference in degradation rates
among the four groups was mainly caused by porosity variance.
Thus, the biomechanical properties decreased at first and in-
creased subsequently, indicating that there was a balance be-
tween the material degradation and extracellular matrix
deposition. The remolding process of FADM, LADM and FLADM
was enhanced due to porosity increase. FADM, LADM and FLADM
showed earlier mechanical properties enhancement compared
with PADM, and the improvement of FLADM was the most signif-
icant. In conclusion, FLADM pre-cultured with hADSCs can
achieve early remodeling initiation.

Histological and immunohistochemical analyses

In order to further observe the cell infiltration of PADM, FADM,
LADM and FLADM (all of them pre-cultured with hADSCs), we
conducted HE staining and Masson staining (Fig. 7A). HE staining
highlighted the relationship between the skin and the material,
while Masson staining focused on the material itself. It has been
observed that cells infiltrated materials at 4w were significantly
more than those at 2w. The ‘membrane-like’ autologous tissue
has been seen in the perforated holes, in which cells and blood
vessels increased significantly. According to the distance between
material and surrounding tissue (skin layer and muscle layer), it
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Figure 6. In vivo experiment and mechanical properties. (A) The schematic diagram of animal experiments created by BioRender.com. (B) The
maximum load and young’s modulus of PADM (O), FADM (F), LADM (L) and FLADM (FL) in vitro, at 2w and at 4w (n=3 for each group). P < 0.05,
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can be divided into central zone and peripheral zone. Since the
host cells generally migrated from the periphery to the central re-
gion, more cells in the central zone indicated accelerated cell mi-
gration or increased proliferation. We calculated and
quantitatively analyzed the number of cells in peripheral and
central zones at 2w and 4w (Fig. 7B). The size of 200 pm x 200 pm
was artificially set as the counting region, three regions were ran-
domly picked in the upper, middle and lower parts of the same
slice and had their results averaged. In addition, one region
should be selected in the hole for drilled samples. At 2w, there
was no significant difference in the number of cells in the periph-
eral zone of the four groups, but the number of cells in the cen-
tral zone of group FL was obviously higher than that of the other
three groups. At 4w, the number of cells in the peripheral area of
group L and FL was significantly higher than that of group O, and
the number of cells in the central zone of group L and FL was
statically higher than that of group O and F, while there was no
obvious difference between group L and FL. Whether in the cen-
tral or peripheral zone, the number of cells on four groups at 4w
was higher than that of 2w, and groups L and FL were signifi-
cantly increased.

To better demonstrate angiogenesis within materials, CD 31
on ECs was stained (brown, black triangle marked in Fig. 8A).
New blood vessels were observed in the perforated pores and at

A o) F

the edge of the material, indicating that the closer to the autolo-
gous tissue, the greater vascular density was. Thus, increasing
the contact areas with surrounding tissues is beneficial to the
vascularization of the material. We counted the vessels under
high magnification (400x). At 2w, there was no significant differ-
ence among the four groups. At 4w, the mean number of vessels
in groups F, L and FL was higher than that in group O, and the
number of vessels in groups L and FL was also significantly
higher than that in group F. In addition, the number of vessels on
four groups at 4w were all greater than that at 2w, with statistical
differences found for groups F, L and FL. In terms of the blood
vessel diameter, there was no significant difference among the
four groups, which was <10 pm, belonging to capillaries (6-9 pm).
At 4w, the blood vessel diameter of four groups increased. The
diameters in groups L and FL were significantly larger than that
found in groups O and F, which were 10-15 pm, belonging to mi-
cro veins (7-50 um) (Fig. 8B).

Through in vivo experiment, we found that FLADM pre-
cultured with hADSCs had the most infiltrated cells at 2w, and
there were a large number of cells in the central zone. It may be
directly related to the total porosity increase of ADM. Freeze—
thaw treatment loosened the internal structure, providing more
space for cell adhesion, and meeting the metabolic requirements
of more cells. The laser drilling method significantly promoted
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Figure 8. Immunohistochemical staining. (A) Immunohistochemical staining for CD31 in materials, black triangle indicates the new vessels,
bar=10pum. (B) Number of blood vessels of per high-power field (HPF) and diameter of vessels (n =3 for each group). *P < 0.05, "P < 0.01, *"P < 0.001,

"**P < 0.0001.



Regenerative Biomaterials, 2022, Vol. 9, rbac053 | 15

the autologous tissue growth into ADM. Quantitative analysis of
the number and diameter of new blood vessels showed that both
freeze-thaw and laser drilling obviously improved the blood ves-
sel density per area, and vessels diameter increased markedly af-
ter laser drilling, which may be related to blood vessels that
sprouted from the vessels in the upper skin or lower muscle pass-
ing through holes or earlier blood vessel remodeling initiation.
Thus, hADSCs seeded-FLAM increased cell infiltration and accel-
erated vascularization at the early stage after implantation,
resulting in early remodeling initiation and better integration
with surrounding tissues.

The 21st century is the era of biomaterials with immense
improvements. However, the number of biomaterials applied to
clinical practice is limited except for acellular tissue matrixes [54,
55]. The extracellular matrix is a unique substance produced by
organisms for adapting to a special environment and surviving in
evolution. Thus, the acellular tissue matrix has advantages of
structural proteins with complex functions and natural 3D struc-
tures that are difficult to be simulated by synthetic materials. It
has attracted extensive attention from researchers, for example,
Wu et al. used a heparinized porcine acellular liver scaffold
loaded with mesenchymal stem cells to construct liver tissue
[56]. The ADM was one of the acellular tissue matrices with high
clinical value as tissue filler or soft tissue substitute [32].
However, it was found that ADM was difficult to achieve good re-
construction results in patients with diabetic foot ulcers due to
local ischemic and insufficient blood supply to ADM from long-
term clinical follow-up. In addition, ADM resurfaced by skin graft
is not always possible and indicated, such as for extensive burns.
Thus, in order to reduce the incidence of early complications re-
lated to ADM usages, like seroma and implant necrosis, and to re-
lieve foreign body sensation caused by insufficient -cell
infiltration and poor integration with surrounding tissue, it is ur-
gent to promote early cell infiltration and vascularization of
ADM. In this study, we constructed ADM by a triple treatment
combining freeze-thaw, laser drilling and hADSCs pre-culture. In
vitro, we found that gene expression of pro-angiogenic factors in-
creased, and the ability to form tubes strengthened. In vivo ex-
periment further verified the feasibility of the measure. We
observed greater cell infiltration, especially on the central region,
more blood vessels and bigger vessel diameter. Therefore, the tri-
ple treatment promotes cell adhesion, migration, proliferation
and new blood vessel growth. All in all, the advantages of this
strategy can be summarized as follows.

1) Fast, convenient and easy to control. Nowadays, laser mi-
cropore technique has become more mature [57], and
freeze-thaw conditions are easy to achieve and control. In
addition, the factory production of cell large-scale cultiva-
tion has been realized. Therefore, the preparation process
is short in time and viable for mass production.
Maintaining original micro-structure and satisfying me-
chanical requirements. Compared with chemical crosslink-
ing, the physical modification does not destroy the natural
components of ADM with higher biological safety, and
retains its micro-3D structure for cell adhesion, prolifera-
tion, differentiation and maturation. It was found that the
biomechanical properties of ADM decreased a little at the
early incorporation stage, but with development of adap-
tive remodeling, the properties gradually recovered to the
initial level or even exceeded the original value, meeting
the mechanical requirements of the replaced tissue.

il

=

ili) Increasing the total porosity of ADM, improving its vascu-
larization and cellular carrier capacity, further enhancing
its clinical application potential. Freeze-thaw treatment
significantly improved the density of internal structure
with total porosity increasing, providing more areas for cell
adhesion and proliferation. hADSCs on FLADM highly
expressed genes of pro-angiogenic factors and provide a
better microenvironment for tube formation. More cell in-
filtration and blood vessels were also observed in vivo.
Thus, the triple pretreatment promotes early vasculariza-
tion and integration with host tissues, which is conducive
to improving therapeutic results and the postoperative sat-
isfaction of patients.

Conclusion

Freeze-thaw treatment is one of the more effective measures to
optimize the internal structure of ADM, and also benefits adhe-
sion, proliferation and tube formation of HUVECs. In the present
study, the porcine dermal matrix fabricated by laser micropore
technique and freeze-thaw cycles (—80°C 3R + —30°C 3R) were
co-cultured with hADSCs to achieve early integration. This novel
ADM with tri-treatments could not only enhance the gene
expression levels of pro-angiogenic factors and tube formation
capacity, but also promote cell infiltration and angiogenesis. In
conclusion, with the advantages of fast, convenient and easy to
control manufacturing, along with the preservation of micro-
structure and mechanical properties, and promotion of early
vascularization and integration, the FLADM-hADSCs co-cultured
system might inspire further clinical adoption of heterologous
ADM.
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Supplementary data are available at REGBIO online.
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