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Abstract

Using a perfusion decellularization protocol, we developed a decellularized skin/adipose tissue
flap (DSAF) comprising extracellular matrix (ECM) and intact vasculature. Our DSAF had a
dominant vascular pedicle, microcirculatory vascularity, and a sensory nerve network and retained
three-dimensional (3D) nanofibrous structures well. DSAF, which was composed of collagen and
laminin with well-preserved growth factors (e.g., vascular endothelial growth factor, basic
fibroblast growth factor), was successfully repopulated with human adipose-derived stem cells
(hASCs) and human umbilical vein endothelial cells (HUVECS), which integrated with DSAF and
formed 3D aggregates and vessel-like structures /inn vitro. We used microsurgery techniques to re-
anastomose the recellularized DSAF into nude rats. /n vivo, the engineered flap construct
underwent neovascularization and constructive remodeling, which was characterized by the
predominant infiltration of M2 macrophages and significant adipose tissue formation at 3 months
postoperatively. Our results indicate that DSAF co-cultured with hASCs and HUVECs is a
promising platform for vascularized soft tissue flap engineering. This platform is not limited by
the flap size, as the entire construct can be immediately perfused by the recellularized vascular
network following simple re-integration into the host using conventional microsurgical techniques.

Graphical abstract

Schematic representation of ex vivo microvascular free dermal/adipose flap engineering. DSAF is
prepared from the donor rat and recellularized with the hASCs and HUVECs /n vitro. Following
vascular reanastomosis in the recipient site, the engineered flap construct, which creates a pro-
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regenerative environment, could activate an M2 macrophage—-mediated constructive remodeling
process /n vivo. With this strategy, DSAF could be translated as a commercial tissue engineering
product for personalized tissue repair and regeneration. hASCs: human adipose-derived stem cells;
HUVECs: human umbilical vein endothelial cells.
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1. Introduction

Traumatic injury or tumor resection can result in substantial soft tissue loss that requires
surgical reconstruction with autologous soft tissue flaps. However, this approach is often
limited by a lack of high-quality autologous flaps and by donor site morbidity. One
alternative strategy to using autologous tissue flaps is using allogenic tissue flaps.
Vascularized composite tissue allotransplantation is a clinical reality in plastic and
reconstructive surgery [1]; more than 100 composite tissue allotransplantations have been
successfully performed in humans and have included such diverse sites as the hand,
abdominal wall, femoral diaphysis and knee, peripheral nerve, larynx, and face [2, 3].
Unfortunately, the survival of composite tissue allotransplantation without rejection depends
on the use of chronic nonspecific and novel specific immunosuppressive medications, many
of which carry a risk for neoplasms, opportunistic infections, and/or end-organ toxicity [4].

Engineered composite tissue flaps, which do not require the use of immunosuppression, may
offer an ideal, clinically viable alternative to both autologous flaps and allogenic tissue flaps.
Recently, tissue engineers have reached several milestones in the regeneration of organs
including the heart, lung, and liver using decellularized whole-organ matrix scaffolds [5-7].
The native platform, especially its vascular network within the organ extracellular matrix
(ECM), has an important role in vascularized organ engineering. A similar concept has been
applied in vascularized composite tissue engineering. In one study, researchers
decellularized a segment of porcine small bowel with its artery and vein structure and
repopulated it with multiple types of cells in vitro [8]. Another study showed that with blood
perfusion, this kind of bioartificial vascularized scaffold, which had been recellularized with
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porcine bladder smooth muscle cells and urothelial cells and endothelial progenitor cells,
remained intact for 1-3 hours in a porcine model [9]. Furthermore, a similar bioartificial
vascularized scaffold, which had been recellularized with a patient’s autologous muscle cells
and fibroblasts and endothelial cells and implanted into a patient’s arm, had patent vessels
with functional circulation and tissue viability 1 week postoperatively [10]. On the basis of
these promising results, which indicated the feasibility of bioengineering a human tissue
with innate vascularization, Aubin et al. decellularized the native cardiac muscle of a rat to
establish a coronary artery tissue flap; its re-endothelialization /in7 vitro indicated that it had
great potential for further application [11]. More recently, Jank et al. created decellularized
limb composite tissue matrix. The recellularized limb tissue matrix-multiple cells construct
showed perfusion in a re-endothelialized vascular conduit in a short-term non-survival
procedure in a rat model [12]. Overall, the use of decellularized composite tissue matrix to
engineer vascularized composite tissue has progressed much in recent years. However,
unlike the closed system of the whole-organ matrix, the open system of the composite tissue
flap matrix poses many challenges, and most models are still in need of long-term
observation in vivo.

Skin/adipose tissue flaps are the workhorses of routine reconstructive microsurgery. Thus,
skin/adipose tissue flap engineering has tremendous impact in the field of reconstructive
surgery. Studies have shown that a completely decellularized skin flap matrix retains its
vascular structure intact [13, 14]. However, details about the characterization of the acellular
skin flap matrix are lacking, and the interaction between the cells and scaffold matrix during
the remodeling process has not yet been investigated /n vitro or in vivo.

As one of the biggest reconstructive microsurgery centers in the world, we have performed
more than 3,200 free flap transfers in the last 5 years (unpublished data). Our experience
indicates a need for engineering composite tissue flaps to repair large tissue defects to
ultimately avoid donor site injury and morbidity. Thus, the purpose of the present study was
to establish a platform for using a decellularization approach to engineer soft tissue free
flaps that have more flexible clinical applicability. We used a perfusion decellularization
protocol to process skin/adipose tissue flaps from rats. The decellularized skin/adipose tissue
flap (DSAF) was comprehensively characterized with respect to its three-dimensional (3D)
architecture, biomolecular patterning, and bioactivity. The biocompatibility of DSAF was
tested by integrating it with human adipose-derived stem cells (hASCs) and human
umbilical vein endothelial cells (HUVECS). Prevascularized and recellularized DSAF with a
dominant vascular pedicle and integrating multiple cell types was then implanted into a
rodent model using conventional microsurgical techniques, and the /n vivo response,
biocompatibility, and remodeling properties of DSAF were evaluated. The findings of the
present study may inform the development of a platform for designing and fabricating 3D
vascularized dermal/adipose tissue constructs that can be used to repair extensive soft tissue
defects.
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2. Materials and methods
2.1. Creation of the DSAF bioscaffold

All animal handling and experimental procedures strictly followed the research protocol
approved by MD Anderson’s Institutional Animal Care and Use Committee and the National
Institutes of Health guidelines for animal welfare. Groin skin/adipose tissue flaps (2x4 cm?)
were harvested from euthanized 8- to 10-week-old male Fischer 344 rats (Harlan
Laboratories, Indianapolis, IN). The flap pedicle included the superficial epigastric artery
and vein plus segments of the femoral artery and vein and the femoral nerve. Immediately
after harvest, the femoral artery was catheterized with a 24G catheter (BD Biosciences, San
Jose, CA), and the flap was irrigated with normal saline through the femoral artery until only
clear normal saline flowed from the femoral vein. The flaps were frozen at -80°C and
thawed at room temperature for 3 cycles and were then processed with chemical detergents
as described previously [15]. For each flap, the artery was catheterized, and the flap was
connected via the catheter to a Masterflex pump perfusion system (Cole-Parmer, Vernon
Hills, IL) and perfused with ultrapure water (2 ml/min) for 1 day at room temperature. The
flap was then treated with 0.5 M NaCl for 4 hours, 1 M NaCl for 4 hours, and ultrapure
water overnight; this saltwater perfusion procedure was repeated once. After treatment with
0.25% trypsin/ethylenediaminetetraacetic acid for 2 hours at 37°C and washing with
deionized water for 1 hour, the flaps were processed with isopropanol overnight with
agitation. The flaps were then treated with 1% Triton X-100 for 2 days (1 change daily),
washed in ultrapure water for 2 days (3 changes daily), and rinsed in phosphate-buffered
saline (PBS) for 1 day within the perfusion system. DSAF was sterilized using 70% ethanol
and rinsed in PBS. DSAF was stored at 4°C in PBS containing 1% penicillin/streptomycin
until use (Fig. 1A-D).

2.2. Characterization of DSAF

2.2.1. Histological and immunohistochemical analysis—Native skin/adipose tissue
(NSAF) and DSAF (n=3, respectively) were fixed in 10% formalin, embedded in paraffin,
and sliced into 5-um sections. Slides of the paraffin-embedded samples were processed for
histological and immunohistochemical (IHC) staining. The slides were stained with
hematoxylin and eosin (H&E), Masson’s trichrome, and 4’,6-diamidino-2-phenylindole
(DAPI). The slides were also stained using antibodies against vascular endothelial growth
factor (VEGF) and basic fibroblast growth factor (bFGF; both from Oncogene Science,
Cambridge, MA) and antibodies against major histocompatibility complex antigen class |
(MHC-I) and laminin (both from Abcam, Cambridge, MA). For IHC staining, the slides
were placed in antigen retrieval citrate buffer (Biogenex, Fremont, CA) in a 95°C steamer
for 10 minutes. Endogenous peroxidases were blocked with a peroxide block (Innogenex,
San Ramon, CA), and nonspecific binding was blocked with normal goat serum (Vector
Laboratories, Burlingame, CA). Sections were incubated with the primary antibodies at 4°C
overnight. After the slides were washed, they were subjected to the application of a
biotinylated secondary antibody for 30 minutes, treatment with a streptavidin-horseradish
peroxidase complex (Vectastain ABC kit, Vector Laboratories) and diaminobenzidine
solution (DAB kit, Vector Laboratories), and counterstaining with hematoxylin. After
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staining, the slides were dehydrated and mounted and then imaged using an Olympus 1X71
microscope (Olympus, Center Valley, PA).

2.2.2. DNA assessment and quantification—Cell removal was quantified by
measuring the nucleic acid concentration with the Quant-iT PicoGreen dsDNA assay kit
(Molecular Probes) as described previously [16]. Briefly, native tissues and decellularized
samples (n=3, respectively) were digested in 1 mg/ml papain (Sigma, St. Louis, MO) at
60°C for 48 hours. The samples were then centrifuged at 12,000 rpm at 4°C for 10-15
minutes. Supernatants from the samples were measured for fluorescence intensity using a
VersaFluor spectrofluorometer (BioRad Laboratory Inc., Hercules, CA), and the measured
DNA quantity was normalized to the initial dry weight of the tissue.

2.2.3. Sulfated glycosaminoglycan content—The sulfated glycosaminoglycan (GAG)
contents of native tissues and decellularized samples were quantified using an Alcian blue
colorimetric assay kit (SGAG Dye Binding Assay, ALPCO, Salem, NH) as described
previously [16]. Briefly, the samples (n=3 in each group) were lyophilized, digested with
papain, and then incubated with Alcian blue dye. Absorbance of the samples at 600-620 nm
was measured with a DU730 UV/Vis spectrophotometer using chondroitin sulfate (Sigma)
as the standard. The GAG content was normalized to the initial dry weight of the samples.

2.2.4. Scanning electron microscopy—DSAF samples (n=3) were frozen at —-80°C
and dried through lyophilization. The dry samples were coated with a 25-nm layer of a
platinum alloy under vacuum using a Balzer MED 010 evaporator (Technotrade
International, Manchester, NH) and immediately flash-carbon-coated under vacuum. The
samples were examined with a JSM-5910 scanning electron microscope (JEOL, Peabody,
MA\) at an accelerating voltage of 5 kV. Fiber size was measured using the ImageJ software
program (National Institutes of Health, Bethesda, MD).

2.2.5. Porosity measurement—The porosity values of the DSAF samples (n=3) were
measured by liquid displacement as described previously [17]. Ethanol was used because it
penetrates easily into pores and does not induce shrinkage or swelling.

2.2.6. Vascular structure measurement—The microcirculatory network of DSAF was
revealed by injecting 1 ml of mixed Microfil-117 (Flow Tech, South Windsor, CT) solution
into the artery pedicle at a rate of 1 ml/min. DSAF was stored at 4°C overnight and then
imaged using a Discovery V8 microscope (Zeiss, Oberkochen, Germany).

2.3. Recellularization of DSAF

2.3.1. hASC and HUVEC culture—All procedures involving human tissue samples were
approved by MD Anderson’s Institutional Review Board and conducted in accordance with
MD Anderson’s research guidelines. Samples of subcutaneous adipose tissues resected from
the abdominal wall area in patients undergoing reconstructive surgery were collected. (These
tissues are usually discarded after surgery.) hASCs were cultured using our established
protocol [15]. hASCs were confirmed by adult stem cell differentiation assays (GIBCO stem
cell differentiation kit, Life Technologies). Adipogenesis of hASCs was assessed by Oil Red
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O staining. Osteogenesis was assessed by Alizarin Red S staining. Chondrogenesis was
assessed by collagen type Il staining as described in section 2.2.1. Commercially available
HUVECs (Lonza, Walkersville, MD) were cultured in endothelial in growth medium
supplemented with bovine brain extract according to the manufacturer’s instructions. Cells
were maintained in 25 cm? flasks until they were plated onto glass slides or DSAF scaffolds.
The medium was replaced every other day, and the cultures were maintained in a humidified
5% CO> incubator at 37°C.

2.3.2. Seeding HUVECs and hASCs on DSAF—hASCs or HUVECs within three
passages were harvested and plated onto glass slides or DSAF scaffolds at a density of
2.5x104 cells/cm? and then stained with Calcein AM and Ethidium homodimer-1 (EthD-1)
using the LIVE/DEAD Viability/Cytotoxicity Kit (Molecular Probes) according to the
manufacturer’s instructions. Samples (n=3 in each group) were examined with an Olympus
IX81 confocal fluorescence microscope on days 1 and 7 after cell seeding. For the hASC/
HUVEC coculture, 2x10° HUVECS in 200 pl of medium were injected into the artery and
vein pedicle, respectively, and an additional cell mixture of 1x10% hASCs and 2x10°
HUVECs suspended in 1 ml of growth medium was injected into the DSAF scaffold at 10
sites (3 on the dermis side and 7 on the fat pad side). DSAF was statically cultured for 7
days. The cell-seeded DSAF was stained with a mouse polyclonal antibody against CD31
(1:300; Abcam) and then with fluorescein isothiocyanate goat anti-mouse immunoglobulin
G (heavy and light chains; 1:500). All cells were stained with DAPI. Three samples were
prepared under each condition at each time point. Samples were imaged with an Olympus
IX81 confocal fluorescence microscope. Cell morphologic features (perimeter, area, and
roundness) were measured using Photoshop CS 5.1 image-processing software (Adobe, San
Jose, CA). Roundness was defined as 4*n*area/(perimeter)2.

2.4, Transfer of the DSAF-cells construct as a free flap

All animal procedures were approved by MD Anderson’s Institutional Animal Care and Use
Committee and met all requirements of the U.S. Animal Welfare Act. Eight- to ten-week-old
syngeneic athymic female nude rats (National Institutes of Health) were used to minimize
cellular and humoral immunological responses to human cells. The rats were randomly
divided into three groups: group A received cell-seeded DSAF implanted with microsurgery;
group B received cell-seeded DSAF implanted without microsurgery; and group C received
DSAF alone implanted without microsurgery. Anesthesia in rats was induced and
maintained with isoflurane in oxygen (0.5-2%, 3-5 L/min). For the group B and C rats, a 2-
cm incision was made in the groin area, the engineered cell-seeded DSAF or DSAF alone
was carefully implanted subcutaneously, the skin incision was closed with a 4/0 Prolene
suture, and the constructs were left in place for 3 months (n=5 for both groups), after which
time the animals were humanely killed and the constructs explanted. For the group A rats,
groin dissection was performed to isolate the deep femoral artery-vein pedicles; nerves were
preserved to avoid interfering with the animals” movement. The vascular pedicle of the cell-
seeded DSAF was anastomosed with the recipient femoral artery and vein with a 10/0 Nylon
suture under a Medlink 2880 surgical microscope (Montrose, MN). The nerve structure was
joined with the recipient femoral nerve in an end-to-side fashion. After vascular perfusion
was confirmed, the skin incision was closed, and constructs were left in place for 7 days
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(n=4) or 3 months (n=5), after which time the animals were humanely killed and the
constructs explanted. The constructs from all three groups were subsequently dissected,
cross-sectioned, and fixed in 10% formalin and embedded in paraffin for histologic analysis.
The samples were stained with H&E and Masson trichrome and with antibodies against
HuNu (for human cell nuclei, 1:200, Millipore, Bedford, MA), antibodies against CD31,
smooth muscle actin (SMA), and CD68 (all at 1:200; Abcam), and antibodies against
CD163 and CD80 (both at 1:200; AbD Serotec, Raleigh, NC) as described in section 2.2.1.
The slides were imaged using the Vectra multispectral slide analysis system (PerkinElmer,
Waltham, MA). The resulting multispectral images were analyzed using Photoshop CS 5.1
image-processing software. The following quantities in each slide were measured: total area
of the sample, total area of the adipose tissue, and total area of remodeled tissue. These data
were used to calculate the percentage of the total area that was adipose tissue and the
percentage of the total area that was remodeled in individual groups. Positive cell staining
was quantified visually using random fields over the entire construct.

2.5. Statistical analysis

3. Results

Data were presented as means + standard deviations. Data were analyzed using one-way
analysis of variance and the Student t-test with the SigmaStat software program (version 3.5,
SyStat, USA). Pvalues of less than 0.05 were considered significant.

3.1. Characterization of DSAF

Microfil was easily injected into the flap matrix through the artery pedicle. Microfil images
revealed that the femoral artery and its branch, the superficial inferior epigastric artery,
remained intact after decellularization. The microcirculatory network was well preserved in
the decellularized fat pad, and the number of perforators ascending to the acellular dermis
suggested that the subdermal blood plexus was well retained (Fig. 1E-G).

H&E and DAPI staining revealed that cell nuclei were present in native tissues but absent in
DSAF (Fig. 2A-D). The DNA content was significantly reduced from 0.38 ug/mg DNA/dry
weight in the native skin to 0.04 pg/mg DNA/dry weight in the decellularized dermis
(P<0.05) and from 0.35 pg/mg DNA/dry weight in the native fat pad to 0.05 pg/mg DNA/dry
weight in the decellularized fat pad (/<0.05). These results indicated that a significant
amount of cellular components had been removed in the DSAF samples. H&E staining also
showed that oil components were completely removed, while blood vessels and nerves
structures were well retained in DSAF (Fig. 2A).

Masson trichrome staining showed that collagen was a major component of native adipose
tissue and that the collagen component was maintained in DSAF after decellularization (Fig.
2C). Staining with Alcian blue revealed that GAG was also retained in DSAF (1.56+0.42
pg/mg GAG/dry weight in the decellularized dermis; 0.54+0.58 pg/mg GAG/dry weight in
the decellularized fat pad). IHC analysis indicated that laminin was distributed in the vessels,
nerves, and nanofibrous structures in DSAF (Fig. 2E). bFGF and VEGF, which play
important roles in angiogenesis and neovascularization, were also retained in DSAF. In
native adipose tissue, both growth factors were found mainly at blood vessels and
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surrounding adipose cells and gland cells. After decellularization, the growth factors were
found along vessels, nerves, and nanofibrous structures (Fig. 2F, G). IHC analysis also
revealed that MHC-I was located mainly at the blood vessels in native adipose tissue. The
absence of MHC-I in DSAF indicated the removal of alloantigenicity from DSAF (Fig. 2H).

Scanning electron microscopy (SEM) images confirmed that cells were absent in DSAF,
leaving 3D porous structures in the fat pad (porosity = 83.6 +£7.8%; Fig. 21). Nanofibrous
structures of ECM were well maintained in DSAF (fiber size = 302.3 £90.4 nm; Fig. 21).
The decellularized femoral artery remained elastic and patent (Fig. 2J).

3.2. Recellularization of DSAF

3.2.1. hASC integration with DSAF—L.ive/dead cell staining with Calcein AM and
EthD-1 indicated that DSAF supported hASC survival and proliferation (Fig. 3). After
plating, the hASCs attached well to DSAF and proliferated from day 1 through day 7.
Quantitative analysis of cell morphologic features revealed significant differences between
cells cultured on DSAF and cells cultured on 2-dimensional glass slides (Table 1). For
example, the hASCs on DSAF were rounder than those on the glass slides and exhibited
smaller spreading areas and perimeters (#<0.05 for each).

3.2.2. Prevascularization of DSAF—Live/dead cell staining also showed that DSAF
supported HUVEC survival and proliferation. When HUVECSs were cocultured with hASCs
on DSAF scaffolds, more capillary-like structures formed, and they developed an
interconnected network of branches by day 7. The vascular pedicle was re-endothelialized
by culturing it with HUVECs. Cells cultured on DSAF also formed 3D cellular aggregates /n
vitro (Fig. 3 and Supplementary Videos 1-2).

3.3. Evaluation of the DSAF-cells construct in vivo

Following the removal of the clamps from the anastomosed vascular pedicle, blood
immediately perfused the whole DSAF-cells construct. That the construct remained warm
and pink without congestion for up to 30 minutes suggested that the functional circulation
maintained balanced blood flow (Fig. 4A-C). All animals survived until sample
explantation. On day 7, the explant was encapsulated in swollen tissue. When Mircofil-117
was injected through the contralateral femoral artery, it easily went through the vascular
pedicle of the engineered flap construct. Using microscopy, we found that the Microfil filled
the vessels that grew in the pedicle area instead of the main artery. This suggested that the
bypass arteries were perfusing the construct and that the main artery was not functional at
this time (Fig. 4D). Unlike the constructs explanted at 7 days, the constructs explanted at 3
months were very soft and had a yellow-gold adipose tissue appearance, and the numerous
visible blood vessels penetrating the regenerated soft tissue confirmed that it was highly
vascularized (Fig. 4D).

Histologic analysis revealed an inflammation reaction, characterized by cellular and vascular
infiltration in the tissue at day 7 (Fig. 5A). Unlike the constructs explanted at 7 days, the
constructs explanted at 3 months underwent constructive remodeling. Most of the dermis
tissue was degraded and remodeled as adipose-fascia tissue, and the remaining small portion
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of dense collagen was being remodeled. Compared with its dermis side, the flap construct’s
fat pad side was fully remodeled, showing mature adipose-fascia tissue formed by
adipocytes and few fibroblasts (Fig. 5B, C). The mean percentage of adipose soft tissue at 3
months (78.5+6.8%) was significantly higher than that at 7 days (3.3+£1.3%; /<0.05) (Fig.
5E). The presence of seeded cells was evaluated by immunohistochemical staining. In the
engineered soft tissue, the “donor” cells (i.e., the original HuNu-positive cells) were
distinguishable and persistent at 7 days; by 3 months, however, the signal for these cells was
fading (Fig. 5D, F). Cells in the vascular and adipose structures stained positively for HUNu,
indicating that seeded cells contributed to angiogenesis and adipose tissue development. The
peripheral nerve structure showed cellular infiltration at day 7; it was completely
repopulated at 3 months (Fig. 5A-C). Abundant CD31- and SMA-positive blood vessels
were distributed throughout the capsule, dermis, and fat pad of the explant at 7 days.
Accordingly, the pedicle had many intravascular red blood cells (Fig. 6A). Although the
main artery pedicle showed myointimal hyperplasia, the soft tissue formation was highly
vascularized by numerous CD31- and SMA-positive vessels throughout the explant at 3
months; meanwhile, lots of red blood cells filled the functional vessels (Fig. 6B). As
predominant inflammatory cells, many CD68-positive macrophages infiltrated the construct
at 7 days. Among these cells, both CD80-positive macrophages (M1 macrophages) and
CD163-positive macrophages (M2 macrophages) were found throughout the sample tissue
(Fig. 7A). There were significantly fewer M1 macrophages at 3 months than at 7 days
(P<0.05); most macrophages at 3 months were M2 macrophages. The M2 macrophage—
predominant infiltration in the dermis side suggested ongoing constructive remodeling in
that area. Much fewer macrophages were present in the fat pad side, indicating that the area
was fully remodeled (Fig. 7B-D). Unlike those of group A, the explanted samples of groups
B and C were relatively hard, with lots of undegraded dermis; histologic analysis revealed
that compared with the group A samples, the group B and C samples showed much more
fibrotic remodeling, with lower vascularization and less adipose tissue regeneration, at 3
months (Fig. 8).

4. Discussion

Although decellularized adipose matrix holds tremendous potential for adipose tissue
regeneration, recent attempts to engineer adipose tissue have involved only decellularized
adipose tissue matrix without the appropriate circulatory network [15, 18, 19].
Consequently, the engineered constructs require lengthy periods to achieve
neovascularization and integration with the host tissue. This extra time requirement limits
the success of using decellularized matrix in the large-scale regeneration of adipose tissue.
Given its unique circulatory system, recellularized and re-endothelialized DSAF can receive
immediate blood perfusion, which in large-scale stem cell-bioscaffold constructs would
reduce the ischemia duration, thus increasing their function and survival for better
constructive outcomes. The present study confirmed the feasibility of this approach. Our
data showed for the first time that DSAF—a composite soft-tissue flap matrix recellularized
with multiple cell types—can become vascularized 7 days after reanastomosis in the
recipient site and achieve fully constructive remodeling with highly vascularized adipose
tissue regeneration within 3 months.
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In the present study, we applied a perfusion protocol combined with agitation to create the
DSAF matrix. We found that this protocol efficiently removed cellular and oil components
from the skin and adipose tissues. DSAF had only a little nuclear debris, which may have
been due to a small amount of cell nuclear material that remained attached to the DSAF
scaffold after decellularization. (Even though implant failure due to a small amount of small-
molecular-weight DNA is unlikely, ways to completely remove DNA from DSAF should be
identified to achieve 100% safety.) After DSAF decellularization, the native ECM structure
was well maintained, and the resultant 3D ECM architecture presented microporous and
nanofibrous hybrid structures. The remaining scaffolds were composed mainly of collagen,
GAG, and laminin, particularly in the dermis side of DSAF. bFGF and VEGF were mainly
located in the fat pad side, indicating a pre-angiogenic property, and the overall absence of
MHC-I indicated that the DSAF matrix would be safe from rejection at implantation. IHC
analysis showed that the peripheral nerve and vessel structures remained intact in DSAF.
Microfil-117 angiography confirmed that DSAF maintained a dominant vascular pedicle and
a microcirculatory network that was closely accompanied by peripheral nerve ECM
structures. These results indicate that the native 3D structural and biochemical properties of
skin and adipose tissue ECM were well-maintained in DSAF and provided molecular and
topographical cues for cell seeding and tissue engineering.

Mesenchymal stem cell-based treatments, specifically those used in combination with
ECM-based scaffolds for tissue engineering, have expanded substantially in recent years.
Not surprisingly, owing to their adult stem cell characteristics and easy isolation with
conventional liposuction procedures, which avoid tissue damage better than bone marrow
aspiration does, hASCs have been the predominant cell source for adipose tissue engineering
[20]. In this study, live-cell staining with Calcein AM proved that hASCs successfully
integrated with DSAF /n vitro. In addition, hASCs on DSAF exhibited /n vivo-like
morphologic features, including smaller areas and rounder shapes. These features, which
were significantly different from those of hASCs in 2-dimensional cultures, were likely due
to the unique topography cues of DSAF: the DSAF scaffolds had porous nanofibrous
structures, which have been reported to affect cellular morphology and function [19, 21-23].
Others have reported that seeded hASCs stabilized HUVECs /n vitro and that the paracrine
activity of hASCs facilitated tissue angiogenesis /n vivo [24]. For this reason, we applied co-
cultured hASCs and HUVECs to re-endothelialize DSAF in the present study. As a result,
HUVECs adhered to and proliferated in DSAF and re-endothelialized the vascular pedicle,
and vessel branch-like structures grew in DSAF after /n vitro cell culture. This interaction
among hASCs, HUVECSs, and DSAF supports the idea that DSAF, with its native ECM
properties, provides a suitable niche for effective precellularization and prevascularization.

The host’s immunological responses to implanted cell-biomaterial constructs play major
roles in determining the clinical efficacy of the biomaterials used [25]. Macrophages are
particularly important immune cells involved in the host’s reaction to the implants [26].
Studies have shown that a muscle or dermal ECM scaffold can promote anti-inflammatory
and immunosuppressive responses and activate the M2 macrophage phenotype to support
constructive remodeling /n vivo [27-29]. Although the exact mechanism by which ECM
scaffold regulates macrophage polarization is not fully understood, a number of factors have
been recognized. For example, certain surface peptides and ligands on the scaffold that have
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been exposed by the decellularization process may modulate the immune response [28, 30—
32], and the ECM degradation products may have immunomodulatory activity [26]. hASCs,
owing to their unique immunomodulatory properties, can also induce the M2 macrophage
phenotype [33, 34]. One recent study suggested that 3D topography plays a key role in
regulating mesenchymal stem cells’ immunomodulatory effects, which can push
macrophages towards an anti-inflammatory phenotype [35]. In the present study, the DSAF-
cells construct did elicit a foreign-body response in the form of CD68-positive macrophage
infiltration. Both M1 and M2 macrophages, which are markers of acute inflammation,
infiltrated the implants by day 7; however, there was a trend of the macrophages switching
from M1 to M2 status in the following remodeling stage. Unlike the macrophages involved
in a severe foreign-body reaction, which results in structural weakening or rapid degradation
with severe fibrosis [36], the macrophages present within the implants at 3 months in the
present study were almost at a reconstructive remodeling stage (CD163-positive M2
macrophages) and not in an inflammation stage (CD80-positive M1 macrophages).
Consistent with the cellular action, IHC staining indicated that mature adipose tissue
regeneration occurred in the engineered DSAF. The center portion of the dermis was still in
a constructive remodeling stage, with M2 macrophages predominantly distributed, whereas
abundant adipocytes in the fat pad side and the area between the fat pad and dermis
indicated that these areas were fully remodeled. During construct remodeling, the number of
hASCs decreased while the number of host cells increased, suggesting that seeded hASCs
play an important role in adipogenesis early on, whereas host cells, probably bone marrow-
derived adipocyte precursors, greatly contribute to adipogenesis later on. These results were
consistent with those of previous reports [15, 37]. hASCs contributed to adipose
regeneration through direct differentiation and/or paracrine action. As others have posited
[27-29, 33-35], we believe that hASCs and DSAF worked synergistically to activate M2
polarization and provide a pro-regenerative environment for adipose tissue formation in our
model. Hence, our data suggest that the hASCs-DSAF 3D scaffold holds great promise in
soft tissue engineering because each component not only directly participates in adipose
tissue regeneration but also modulates the host immune response to the engineered
constructs.

Vascularization and blood supply are critical to the successful grafting of cell-biomaterial
constructs, and researchers have proposed many strategies and techniques to improve
neovascularization within implanted bioscaffolds. One strategy is to functionalize scaffolds
by introducing biochemical molecules, such as VEGF, to promote vessel formation [38].
Physical components such as nanofibrous structures also have been incorporated into
scaffold design to induce neovascularization for tissue engineering [39]. Another strategy for
increasing neovascularization involves cell-based treatment with ASCs or ASCs co-cultured
with endothelial cells [40]. These strategies are all incorporated into the creation of DSAF,
which provides a 3D bioscaffold, contains bFGF and VEGF, and supports hASCs’ adhesion
and proliferation, making it an ideal platform for co-culturing hASCs and HUVECs for
engineering pre-vascularized soft tissue free flaps.

Successful tissue engineering depends on the successful, efficient integration of all
components, which allows adequate cellular implantation onto a biomimetic scaffold that
will sustain a sufficient cellular mass that can be perfused with a vascular network that can
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be integrated with the host circulatory system. As with other decellularized composite tissue
flaps, such as small bowel flaps [9, 10], DSAF, with its native dominant vascular pedicle,
can be integrated into the host using conventional microsurgical techniques; thus, the size of
the engineered construct does not limit is ability to obtain adequate blood supply. In the
present study, DSAF was easily incorporated /n7 vivo; after anastomosis to the recipient
vessels, the recellularized vascular network immediately perfused the native
microcirculatory network of DSAF. This type of early blood perfusion delivers oxygen and
nutrition to the large-scale biomaterials-cells construct, facilitating its survival, and
simultaneously recruits host bone marrow—derived immune cells and progenitor cells for
flap angiogenesis, vasculogenesis [41], and tissue remodeling and regeneration. Although
the main vascular pedicle was not functional at day 7, the Microfil still went through the
bypass arteries in the pedicle area. IHC staining confirmed that a number of large vessels
around the pedicle area contained red blood cells and that numerous vascular infiltrations
were present throughout the construct at day 7. These data indicated that the flap construct
became vascularized and obtained a blood supply quickly. The immediate blood perfusion
through the pedicle is crucial to preventing ischemia in the flap immediately following
implantation. We believe that the early perfusion and/or a short period of perfusion through
the pedicle in the initial phase after implantation is critical to achieving optimal remodeling
outcomes. This is because oxygen diffusion is limited, allowing only the cells within 100-
200 um of the nearest capillary to survive [40-42], and spontaneous vascular ingrowth into
the implant usually takes several days to weeks [42]. Hence, ischemia/hypoxia always leads
to necrosis or dysfunction of cells-biomaterials constructs and especially that of the core of
large-scale engineered constructs. Unsurprisingly, then, we found in the present study that
without reanastomosis to recipient vessels, even with precellularization, adipose tissue
regeneration occurred only in the peripheral area of the explants in group B, whereas fibrosis
occurred in most areas of the explant in both group B and group C. This finding coincides
with previously reported clinical findings indicating that compared with non-vascularized
free flap transplantation, vascularized adipose facial free flap transplantation results in better
outcomes for patients undergoing facial contour deformity correction [43—44]. Unlike the
constructs of groups B and C, the construct of group A was highly vascularized at 3 months,
and this vascularization was closely associated with better constructive remodeling and
maintenance of mature adipose tissue regeneration. Although the artery pedicle was
obstructed, the vessels that originated in the surrounding tissue and those growing in the
adventitia area provided the construct with adequate blood supply at this stage. Similar to
the pathological process of vein graft disease [45-47], the shear stress on the engineered
artery wall may have induced myointimal hyperplasia, resulting in lumen obstruction. In the
present study, we used a static cell culture for DSAF repopulation; although this was
appropriate for re-endothelialization, it may not deposit adequate ECM into the full layers of
the artery wall to resist shear stress during re-perfusion. In future studies, therefore, we plan
to use a dynamic long-term “organ culture” strategy to comprehensively improve the
recellularization of DSAF and its vascular system especially [48]. In addition, because
Microfil angiography only indirectly assessed the flap’s perfusion, our future studies may
employ dynamic blood flow examination (e.g., Microfil injection with subsequent micro—
computed tomography), which would provide a direct measure of flap perfusion in the early
postoperative stage. Furthermore, although the main pedicle provided early blood perfusion
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of the engineered flap construct and that this early perfusion played an important role in
increasing the viability of the construct, the main pedicle lost patency within 7 days. At this
point, the DSAF cannot really be considered a “true” flap. In particular, the sufficient
vascularization of the center portion of the dermis may take longer than that of other areas of
the implants, thereby resulting in the delayed remodeling. This may have been due to the
subdermal vascular plexus not being completely open to allow blood to perfuse the dermis
tissue, resulting in it behaving more like a graft. Maintaining the main pedicle’s patency for
as long as possible—i.e., until the flap and the surrounding tissue have healed completely—
is crucial for the DSAF’s survival in a clinical setting. Hence, encouraged by the success of
this proof-of-concept study, we will focus on examining and increasing the patency of the
main pedicle in future studies.

Studies have shown that a prefabrication approach to implanting a vascular pedicle into
matrices could be used to successfully engineer a pedicle flap /n vivo [49, 50]. In those
studies and the present study, the close relationship between angiogenesis and adipogenesis
are fully recognized. In the present study, however, we focused on engineering a free flap ex
vivoto achieve more flexible applicability. The findings of the current study could be
translated to large soft-tissue defect repair and reconstruction procedures such as breast
augmentation and reconstruction. The decellularized dermis in the engineered composite
soft tissue flap could provide support, whereas the acellular adipose tissue could drive
adipose tissue regeneration. The peripheral sensory nerve structure in the flap matrix could
easily bridge the host nerve growth into the flap. Indeed, we observed cellularization in the
nerve structure after its end-to-side connection with the femoral nerve in the host; however,
whether nerve function can fully recover in this setting requires further investigation [12,
51].

5. Conclusions

We used a perfusion-based protocol to produce DSAF with well-maintained ECM
architecture that provided the molecular and topographical cues necessary for the integration
and growth of hASCs and HUVECs. We demonstrated for the first time that this pre-
vascularized, pre-cellularized dermal/adipose flap matrix, which included both a dominant
vascular pedicle and microcirculatory network and integrated multiple types of cells, not
only augments neovascularization but also modulates foreign-body reaction, thereby
facilitating the constructive remodeling and long-term maintenance of adipose tissue
regeneration. Our approach holds great promise for composite soft tissue free flap
engineering and large-scale soft tissue repair and reconstruction.
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Statement of significance

Significant soft tissue loss resulting from traumatic injury or tumor resection often
requires surgical reconstruction using autologous soft tissue flaps. However, the limited
availability of qualitative autologous flaps as well as the donor site morbidity
significantly limits this approach. Engineered soft tissue flap grafts may offer a clinically
relevant alternative to the autologous flap tissue. In this study, we engineered
vascularized soft tissue free flap by using skin/adipose flap extracellular matrix scaffold
(DSAF) in combination with multiple types of human cells. Following vascular
reanastomosis in the recipient site, the engineered products successful regenerated large-
scale fat tissue /n vivo. This approach may provide a translatable platform for composite
soft tissue free flap engineering for microsurgical reconstruction.
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Fig. 1. Perfusion decellularization and flap matrix angiography
(A, B) Groin skin/adipose tissue flaps with vascular pedicles (2 cm x 4 cm) were harvested

from Fischer 344 rats. (C, D) Transparent DSAF matrix was achieved using a bump
perfusion system combined with agitation decellularization. (“D-" indicates “decellularized”
in this and other figures.) (E) Microfil-117 angiography showed that DSAF retained femoral
vessels, superficial inferior epigastric vessels, and microcirculatory vessels. (F) Artery
perforators penetrated into the dermis (black arrows). (G) An acellular sensory nerve (yellow
arrow) and artery (black arrow) are shown.
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Fig. 2. Characterization of DSAF
(A) H&E staining showed that blood vessels and nerve structures were well maintained in

DSAF. Cell nuclei were present in NSAF but absent in DSAF. (B) DAPI staining revealed
the absence of nuclei DNA in DSAF. (C) Masson trichrome staining showed that collagen
was a major component of DSAF. (D) The DNA content in the decellularized skin and fat
pad was significantly lower than that in the native skin and fat pad (/A<0.05). (E) IHC
analysis indicated that laminin was distributed in vessels, nerves, and nanofibrous structures
in DSAF (red arrows). (F) bFGF was present in the glandular and nanofibrous structures of
DSAF (black arrows). (G) VEGF was present in the vessels and nerve structures of DSAF
(green arrows). (H) The absence of MHC-I indicated the removal of alloantigenicity from
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DSAF. (I) SEM images confirmed that cells were absent in DSAF, leaving 3D porous
structures in the fat pad side. Nanofibrous structures of ECM were well maintained in
DSAF. (J) SEM images showed that the decellularized femoral artery remained elastic and
patent.
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Middle section Bottom section

Fig. 3. Recellularization of DSAF
(A) Confocal microscopy images showed hASCs and HUVECs on DSAF. Cells were

stained with Calcein AM (green) and EthD-1 (red) on days 1 and 7 after seeding. (B)
Confocal microscopy images of HUVECs integrated with the DSAF pedicle (top view). (C)
Confocal (DAPI staining) and fluorescence (Calcein AM and EthD-1 staining) microscopy
images of HUVECs integrated with the DSAF pedicle (side view).
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Anastomosed
vascular pedicle

Fig. 4. Implantation and explantation of the engineered DSAF-cells construct in group A
(A) The vascular pedicle was re-integrated into the host using conventional microsurgical

anastomosis techniques. (B, C) Blood immediately perfused the engineered flap construct.
(D) At 7 days (top row), the implant was encapsulated in swollen tissue (first image).
Removing the swollen tissue capsule from the fat pad resulted in bleeding (second and third
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images). Mircofil-117 went through the vascular pedicle (fourth image) when it was injected
through the contralateral femoral artery at day 7 (fifth image). At 3 months (bottom row), the
implant was remodeled. Adipose tissue formed on both the dermis side and fat pad side.
Numerous visible blood vessels penetrated into the newly formed soft tissue, indicating that
it was highly vascularized.
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Fig. 5. Histological analysis of explants in group A
(A) H&E and Masson trichrome staining revealed an inflammation reaction characterized by

cellular and vascular infiltration in the tissue at day 7. Lots of intravascular red blood cells
were within the large-diameter blood vessels in the pedicle area. (B, C) H&E and Masson
trichrome staining showed constructive remodeling in the implant at 3 months. Most dermis
tissue was degraded and remodeled as adipose fascial tissue, and a small portion of dense
collagen remained. The fat pad side of the implanted flap construct was fully remodeled,
showing mature adipose tissue formed by adipocyte cells. (The numbered areas in the top
images are magnified in the correspondingly numbered bottom images). The center of the
dermis (images 1&2) was undergoing constructive remodeling, with dense collagen, highly
vascular infiltration (black arrows), and numerous adipocytes. The outer layer of the dermis
(image 3) showed a high level of remodeling, with numerous proliferating adipocytes (black
arrows), blood vessel formation, and collagen that was less dense than that in the center of
the dermis. The fat pad side of the construct (images 4-6) was completely remodeled,
showing mature adipose tissue (black arrows), loose fascial tissue, a high number of blood
vessels, and no inflammatory cells. In the pedicle area of the construct (image 7),
myointimal hyperplasia of the main artery was present, the vein was patent, a number of
functional vessels grew (green arrows), and the intact sensory nerve structure was
recellularized. (D) The presence of donor cells was evaluated by immunohistochemical
staining for an anti-HuNu antibody. HuNu-positive cells were distinguishable and persistent
at 7 days and 3 months. Donor cells were closely located around the vascular structures (red
arrow) and adipose structures (black arrow) at 3 months. (E) The area of adipose tissue at 3
months was significantly greater than that at 7 days. *: £<0.05 as compared to 7 days. (F)
There were significantly fewer HuNu-positive cells at 3 months than at 7 days. The
percentage of donor cells at 3 months was significantly lower than that at 7 days. #: £<0.05
as compared to 3 months.
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Fig. 6. IHC analysis of explants in group A
(A) Abundant CD31- and SMA-positive blood vessels were distributed in the capsule,

dermis, and fat pad area of the explant (red arrows) at day 7. (B) The adipose tissue was
highly vascularized, showing numerous CD31- and SMA-positive vessels (red arrows)
throughout the explant at 3 months; lots of red blood cells were present in the functional
vessels. Although the main pedicle artery showed myointimal hyperplasia, lots of vessels
grew in the adventitia area (green arrows). (C&D) The numbers of CD31-positive vessels
and SMA-positive vessels at 7 days and 3 months were both large and did not differ
significantly.
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Fig. 7. IHC analysis of explants in group A
(A) As predominant inflammatory cells, many CD68-positive macrophages (black arrows)

infiltrated the construct at day 7. Among these cells, both CD80-positive macrophages (M1
macrophages; green arrows) and CD163-positive macrophages (M2 macrophages; red
arrows) were found throughout the sample tissue. (B) There were significantly fewer CD68-
positive macrophages (black arrows) and CD80-positive macrophages (green arrows) at 3
months than at 7 days. Most macrophages were CD163-positive M2 macrophages (red
arrows), which predominantly infiltrated the dermis side. Much fewer inflammatory
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macrophages were present in the fat pad side, indicating that the area was fully remodeled.
(C) There were significantly fewer CD68- and CD80-positive macrophages at 3 the fat pad
side at 7 days and in both the dermis and fat pad side at 3 months. *: £<0.05 as compared to
CD80; #: P<0.05 as compared to CD80.
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Fig. 8. IHC analysis of explants in groups B and C at 3 months
(A) Explanted samples of group B and C were relatively hard with lots of undegraded

dermis. Masson trichrome staining showed fibrotic remodeling in most areas of the explants.
There were only a few vessels located in the vascular pedicle area (third images). The much
lower vascularization resulted in less adipose regeneration in the tissues of both groups. *:
adipose tissue. (B) Compared to CD80-positive M1 cells (blue arrow), relatively high
numbers of CD163-positive M2 cells (red arrow) were distributed in the tissues. Numerous
CD68-positive macrophages (black arrow) infiltrated the tissues in both groups. (C) At 3
months, there were significantly more CD163-positive macrophages in the tissue of group A
than in the tissues of groups B or C. *: £<0.05 as compared to groups B and C. (D) The ratio
of CD163-positive cells to CD68-positive cells in group A was significantly higher than
those in groups B and C at 3 months. *; £<0.05 as compared to groups B and C. (E) There
were significantly more CD31-positive vessels in the tissue of group A than in the tissues of
groups B and C at 3 months. *: £<0.05 as compared to groups B and C. (F) At 3 months, the
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area of adipose tissue in group A was significantly greater than that in groups B and C. *:
F<0.05 as compared to groups B and C.
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