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For the treatment of patients with extensive 
burns, heavy scarring or large defects, xeno-
geneic and synthetic bioengineered alterna-

tives to autologous skin grafts have been introduced, 
but none of them share the combined capacity of 
autologous split-thickness skin grafts (STSGs) to en-
graft, vascularize, provide epidermal coverage and 

persist long-term.1–5 Current bioengineered skin 
graft alternatives include cultured epithelial auto-
grafts (CEAs),6 epidermal progenitor cells, dermal 
regeneration templates, and composite skin substi-
tutes.1,2,5 However, clinical utility of these is limited 
by rejection of allogeneic skin substitutes,7,8 absence 
of the epidermal component in dermal regenera-
tion templates, variable rates of engraftment in CEA, 
epidermal progenitor cells, cultured skin substitute 
(CSS),9–12 lack of engraftment in self-assembled skin 
substitute (SASS),13 difficulty in handling because 
of lack of a stratum corneum in CEA,5,14,15 and the po-
tentially sensitizing presence of xenogeneic cells or 
foreign collagen.16–18 Among composite skin substi-
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tutes, the most “anatomically correct” are bilayered 
living cellular construct [BLCC, first Living Skin 
Equivalent introduced by Bell et al.19 and found its 
way to commercialization as allogeneic, off-the-shelf, 
wound healing product: Apligraf® (Organogenesis 
Inc., Canton, Mass.)]20, SASS, and the CSS.5 CSS 
(PermaDerm, Regenicin, Little Falls, N.J.) is a bilay-
ered construct composed of autologous fibroblasts 
seeded on collagen-glycosaminoglycan scaffold with 
an epidermal layer of differentiated autologous ke-
ratinocytes. Although CSS features engraftment 
(71–82%), albeit lower than STSG (>90%),5,11 there 
are few studies supporting its effectiveness.1,2,5 An-
other available composite bioengineered construct 
is the bilayered living cellular construct (BLCC, Ap-
ligraf, Organogenesis Inc., Canton, Mass.), which is 
used to promote healing of chronic venous leg and 
diabetic foot ulcers. The lower layer of the BLCC 
comprises human fibroblasts cultured in bovine col-
lagen, and the upper layer comprises keratinocytes 
that have differentiated into a stratified epithelium. 
The BLCC is applied under allogeneic conditions 
and promotes secondary intention healing from the 
wound margins, but it does not engraft or sensitize 
the patient.21,22 The BLCC has not been studied un-
der autologous conditions, and, therefore, its ability 
to engraft and provide immediate and lasting wound 
coverage is unknown. Most importantly, both the 
CSS and BLCC contain foreign collagen as a scaffold 
or gel.2,5 Random pore area, pore fraction, and struc-
ture of fabricated dermal matrix23,24 may contribute 
to the engraftment variability observed with the CSS 
or lack of engraftment of the BLCC. An ideal skin 
substitute, however, would be a durable bilayered 
construct that is morphologically and biochemically 
similar to native skin, replicating its texture, struc-
ture, and capacity to engraft.1,5

Dermal fibroblasts in static culture can assemble 
a native extracellular matrix (ECM)25; this process 
of dermal ECM generation is termed the self-assem-
bly. The dermis generated by self-assembly can be 
seeded with keratinocytes to produce a bilayered 
construct (containing dermis and epidermis) struc-
turally simillar to skin. When applied under autolo-
gous conditions, the risk of allosensitization by these 
constructs is eliminated.

Here, we describe the implementation and pre-
clinical testing of a self-assembled autologous bioen-
gineered skin, termed the autologous skin construct 
(ASC).25 The ASC was tested as a treatment for 
partial-thickness wounds (PTWs) and full-thickness 
wounds (FTWs) in a translational miniature swine 

model, which was selected because of the similarity 
between pig and human skin.26,27 We hypothesized 
that the ASC derived from autologous dermal fibro-
blasts and keratinocytes would engraft and persist 
similarly to an autologous STSG and that the engraft-
ment and persistence of these constructs would be 
superior to constructs generated using a bovine col-
lagen gel, given the similarity in tissue composition 
and structure between an STSG and the ASC.25 Con-
structs were grafted onto PTWs or FTWs of 3 animals 
from 2 distinct breeds (Yorkshire and Massachusetts 
General Hospital miniature swine) and followed for 
up to a year by clinical observation and histological 
assessment. The ASC’s behavior was compared with 
that of an autologous STSG, an autologous BLCC 
(aBLCC), and to wounds that were allowed to heal 
by secondary intention alone.

MATERIALS	AND	METHODS

Animals
All experimental procedures were carried out in 

accordance with the Guide for Care and Use of Labo-
ratory Animals (Eighth edition, National Academy of 
Sciences Press, 2011) and were approved by the In-
stitutional Animal Care and Use Committees of the 
MGH and Tufts University, Grafton, Mass. The MGH 
miniature swine (20687) was bred at the MGH farm 
and the Yorkshire swine (1, 2) were delivered by ce-
sarean section at Cummings Tufts Veterinary School 
from a sow obtained from Earle M. Parsons & Sons 
Inc., Produce and Livestock (Hadley, Mass.). The 
MGH miniature swine experiments were supervised 
by CAH at the Transplantation Biology Research 
Center (TBRC), Massachusetts General Hospital, 
Boston, MA, and the Yorkshire swine experiments 
were overseen by TJB and the Organogenesis team 
at the Cummings School of Veterinary Medicine at 
Tufts University. The animals presented in this study 
were performed as controls for the study on the 
immunology of allogeneic self-assembled skin con-
structs, presented in a parallel manuscript.

Cell	Culture,	ASC,	and	aBLCC	Generation
Porcine ASCs and aBLCCs were generated at 

the Preclinical Research and Development Labora-
tory, Organogenesis Inc. Dermal fibroblast and ke-
ratinocyte cell banks were created from 6-mm skin 
punch biopsies of neonatal (0–3 days) MGH min-
iature swine (20687) and Yorkshire swine (1, 2). 
Punch biopsies were incubated with trypsin and col-
lagenase to release cells (Fig. 1), which were then 
serially passaged in media favoring proliferation of 
either fibroblasts (Dulbecco’s Modified Eagle’s Me-
dium containing 15% fetal bovine serum) or kerati-
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nocytes (minimally supplemented basal medium).28 
Cultures were cryopreserved at 2 stages to generate 
master and working cell banks. The minimally sup-
plemented basal medium used to expand porcine 
keratinocyte cultures was modified by the addition 
of triiodothyronine, bovine pituitary extract, and 

cholera toxin, as described,28 to prevent differentia-
tion during expansion in monolayer.

The lower (dermal) layer of the ASC was produced 
from dermal fibroblasts (30 million cells/44.2 cm2), 
which were thawed from cryopreserved cell banks, 
expanded for 1 additional passage, and seeded into 
a 75-mm diameter tissue culture inserts (Corning, 
Corning, NY) as previously described, except that cells 
were cultured in Dulbecco’s Modified Eagle’s Medi-
um supplemented only with 50 µg/mL L-ascorbic ac-
id-2-phosphate and 20% fetal bovine serum.25,29–31 The 
lower layer of the aBLCC was generated in 75-mm di-
ameter tissue culture inserts as previously described.31

The upper (epidermal) layers of the ASC and 
aBLCC were generated from keratinocytes, which 
were thawed from a cryopreserved cell bank and 
expanded for 1 additional passage before seeding 
onto dermal matrices with a concentration of 10,000 
cells/cm2. The tissue inserts were lifted to the air-liq-
uid interface, with tissues receiving periodic media 
replenishment to promote epidermal stratification 

Fig. 1. Experimental study design and aSc or aBlcc genera-
tion. Skin punch biopsies were taken from a neonatal piglet, 
followed by cell banking of the fibroblasts and keratinocytes, 
generation of the aSc and aBlcc, and grafting onto the 
same animal.

Fig. 2. Schematic representation of tissue dissociation, cell banking, and aSc or aBlcc 
 generation.
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and barrier function development, which were in-
duced to differentiate and stratify, as described pre-
viously31 (Fig. 2). Quality control was performed 
before the release of each ASC lot to ensure sterility, 
morphology, and viability.

Split-thickness	Skin	and	Construct	Grafting
The ability of the ASC to engraft like autologous 

skin was tested on PTW (n = 4) and FTW (n = 2) 
beds. Animals were between 5 and 14 months old 
at the time of the surgery. On study day 0, animals 
were placed under general anesthesia in prone posi-
tion and 4 × 4 cm PTWs or FTWs were prepared on 
the backs of the cell-donor animals. A dermatome 
was used to create PTW, until widely spaced punctate 
bleeding was observed (depth of approximately 1 mm 
into the dermis). FTW were made by scalpel until sub-
cutaneous fat was reached. The ASC and STSG were 
fenestrated with a scalpel blade, applied to the wound 
bed dermis side down, and sutured to the wounds with 
prolene sutures. Standardized bolstering technique 
using nonadherent dressing: Adaptic (Systagenix, San 
Antonio, Tex.) and moist and dry gauze dressings fol-
lowed by KCI V.A.C. GranuFoam (KCI, San Antonio, 
Tex.) were used to cover the grafts. Overall, 2 FTW 
and 4 PTW were treated with the ASC. Three PTW 
and 1 FTW were left to heal by secondary intention 
alone (sham) as a negative control (Supplemental	
Digital	 Content	 1, http://links.lww.com/PRSGO/
A199), each animal received at least 1 STSG, to allow 
characterization and comparison of the wound bed 
vascularity/quality grafting technique.

Graft	Biopsy
Wounds were observed clinically, photographed, 

and biopsied according to Table 1. Dressing chang-
es, photographs, and 3- or 6-mm punch biopsies 
were performed every 2 or 3 days starting on postop-
erative day (POD) 3, 4 or 6 (Table 1). Engraftment 
was evaluated by gross examination and histology. 
Images were captured with Sony TX10 cyber-shot/
Nikon D90; figures were prepared using PowerPoint,  
Adobe InDesign CS3, version 5.0 (Adobe Systems, 
Inc., San Jose, Calif.); for the minor processing (re-
sizing, cropping) Adobe Photoshop CS3, version 
10.0 (Adobe Systems), was used.

Histology	Preparation
Biopsies were fixed in 10% neutral buffered for-

malin for subsequent paraffin embedding. All par-
affin embedding and tissue sectioning of research 
laboratory material were performed either by the 
MGH Department of Pathology or by the Preclinical 
Research and Development Laboratory at Organo-
genesis Inc.

Histology	and	Immunohistochemistry
Paraffin-embedded sections were stained with 

H&E for evaluation of tissue morphology or stained 
by immunohistochemistry for CD31 for visualiza-
tion of angiogenesis with a rabbit anti-human CD31 
monoclonal antibody (Clone SP164; Spring Biosci-
ence, Pleasanton, Calif.). Sections were observed on 
a Zeiss Axio Imager 2 (Carl Zeiss Microscopy GmbH, 
Goettingen, Germany), and images were recorded 
at 10× magnification using AxioVision software 
(Carl Zeiss Microscopy) and Aperio ImageScope v10  
(Leica Biosystems, Buffalo Grove, Ill.).

RESULTS
Fibroblast and keratinocyte cell banks were es-

tablished from neonatal skin punch biopsies by the 
cellular dissociation and serial passaging described 
in Materials and Methods. The porcine ASC and 
aBLCC were generated from banked dermal fibro-
blasts and keratinocytes under organotypic culture 
conditions (Figs. 2 and 3). To generate the ASC, 
dermal fibroblasts were seeded at high density and 
induced by selective media to generate an ECM for 
18 days. To generate the aBLCC, fibroblasts were re-
suspended in a solution of collagen, which was neu-
tralized to initiate formation of a collagen gel. Both 
dermal constructs were then seeded with autologous 
keratinocytes, which were allowed to differentiate 
and cornify for 14 days. Each lot of ASCs and aBLCCs 
was rigorously tested for viability and morphology by 
histology before grafting (Fig. 3). PTWs, prepared 
on the backs of MGH swine 20687 and Yorkshire 
1, and FTWs prepared on the back of Yorkshire 2, 
as described in the Materials and Methods, were 
treated with STSG (n = 4), ASC (n = 6), or aBLCC  
(n = 2) or were allowed to heal by secondary inten-
tion alone (sham) (n = 4) to test whether the ASC 
could engraft and persist when applied to the dermis 
or hypodermis, respectively. Grafts were fenestrated 
and after application were sutured and bolstered to 
prevent shearing, desiccation, and the formation of 
seromas and hematomas. Wounds were monitored 
clinically and histologically for viability, signs of re-
jection, inflammation, vascularization, and collagen 
maturation for up to a year (Figs. 4–6 and Table 1) 

Table 1. Schedule of Biopsies

Animal Biopsies	(Postoperative	Days)

MGH 20687 (partial- 
thickness wounds)

4, 6, 8, 10, 12, 46, 61, 69, 99, 312

Yorkshire 1 (partial- 
thickness wounds)

6, 8, 10, 13, 16, 21, 34, 69

Yorkshire 2 (full-thickness 
wounds)

3, 6, 8, 10, 13, 16, 20

http://links.lww.com/PRSGO/A199
http://links.lww.com/PRSGO/A199
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(Supplemental	 Digital	 Content	 1, http://links.lww.
com/PRSGO/A199).

ASC	and	STSG	Behave	Comparably	in	PTWs
The autologous ASCs and STSGs applied to PTWs 

were adherent at early time-points (POD 3–4) and 
were pinkish-red, contoured well to the wound bed, 
and had well-integrated edges. By POD 6, the ASC 
and STSG were well-integrated into the wound bed 
and contained a healthy and stratified epidermis  
(Figs. 4–6) (Supplemental	Digital	Content	1, http://
links.lww.com/PRSGO/A199 and Supplemental	Digi-
tal	 Content	 2, http://links.lww.com/PRSGO/A200). 
All STSGs and ASCs, at later time-points, appeared 
clinically healthy, with normal turgor; no hematomas, 
seromas, or infection were observed. Desquamation of 
the STSGs and ASCs was noted early during the course 
of healing. ASCs and STSGs were comparable in long-
term follow-up (Fig. 4) (Supplemental	Digital	Content	
1, http://links.lww.com/PRSGO/A199). Histology 
showed absence to minimal inflammation, comprising 
mostly polymorphonuclear cells of the innate immune 
system starting on POD 6 (Figs. 5, 6); inflammation 
was similar to ASC- and STSG-treated sites. Dermal 

capillaries extending up to the dermal-epidermal 
junction were observed in the ASC starting on POD 6, 
highlighted by CD31 staining of the endothelial cells 
(Figs. 5, 6). Complete engraftment of ASCs and STSGs 
was observed for up to 1 year (Supplemental	Digital	
Content	1, http://links.lww.com/PRSGO/A199).

The	ASC	and	STSG	Behave	Differently	Than	the	
aBLCC	in	FTWs

The ASCs and STSGs applied to FTWs under au-
tologous conditions behaved similarly to those ap-
plied to PTWs (see above). In contrast, the aBLCCs 
applied to FTWs were generally adherent on POD 
3 but had a waxy surface and a whitish-pink appear-
ance; however, they did not contour as well to the 
wound bed as the ASCs and STSGs and were peel-
ing slightly at their peripheral edges. On POD 6, the 
edges of the aBLCCs continued to peel. By POD 8, 
both aBLCCs sloughed off partially. The sloughing 
continued and was complete on POD 16 after which 
the aBLCC-treated wounds healed by secondary in-
tention. After each biopsy, the ASC- and STSG-treated 
sites healed by granulation from the wound bed, fol-
lowed by epidermalization. As these biopsies were 
taken from the wound bed and as FTWs did not con-
tain appendages and could only therefore heal from 
their peripheral edges, it indicated that epidermal-
ization of the biopsy sites was facilitated by graft kera-
tinocytes, indicating that both the ASC and the STSG 
were viable and physiologically active throughout 
the study time course (Fig. 4) (Supplemental	Digital	
Content	 1,	 http://links.lww.com/PRSGO/A199).  
In contrast to the ASC- and STSG-treated FTWs, 
healing in the aBLCC-treated wound sites by 
 epidermalization from the graft did not occur. This 
occurred despite the fact that the epidermis of the 
aBLCC appeared by histology to be viable normally 
stratified (Fig. 3).

On day 6, the epidermis of the aBLCC exhibited 
a healthy stratified morphology (Fig. 5). Imbibition 
of wound fluid within the construct was manifested 
as a thickening of the dermal component and a sepa-
ration of swollen collagen fibers in the plane paral-
lel to that of the wound bed (Fig. 5). The construct 
was not adherent to the wound bed, unlike the ASC 
and STSG, which were well-integrated on POD 6 
(Fig. 5). Clearly demarcated layers of inflammatory 
cells accumulated at the surface of the granulation 
tissue, immediately adjacent to the aBLCC (Fig. 5). 
This inflammatory cell layer was composed mostly 
of macrophages, lymphocytes, and endothelial and 
connective tissue cells. In contrast to the ASC and 
STSG, there was no cellular infiltration or vascu-
larization within the aBLCC. However, numerous 
blood vessels were observed in the granulation  tissue 

Fig. 3. Histologically, the aSc and aBlcc contain the nor-
mal bilayered morphology of human skin, with a dermal 
layer containing dermal fibroblasts in either a self-assembled 
(generated without inclusion of foreign collagen) extracellu-
lar matrix (aSc) or a bovine type i collagen gel (aBlcc), and 
a stratified and differentiated epidermal layer containing a 
stratum basale (b), stratum spinosum (s), stratum granulosum 
(g), and stratum corneum (c) (H&E staining).

http://links.lww.com/PRSGO/A199
http://links.lww.com/PRSGO/A199
http://links.lww.com/PRSGO/A199
http://links.lww.com/PRSGO/A199
http://links.lww.com/PRSGO/A200
http://links.lww.com/PRSGO/A199
http://links.lww.com/PRSGO/A199
http://links.lww.com/PRSGO/A199
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 immediately beneath the aBLCC as evidenced by 
CD31 immunohistochemical staining of endothe-
lial cells (Fig. 5). The bovine collagen layer of the 
aBLCC appeared to present a barrier to infiltration 
of vessels and inflammatory cells. In comparison, in-
filtration of both cells and vasculature into the ASC 
appeared to be uninhibited.

By POD 10, wound exudation had stopped. A sig-
nificant inflammatory infiltrate, comprising neutro-
phils, lymphocytes, and monocytes/macrophages, 
was observed, which coincided with complete necrosis 
of the cells within the aBLCC. Because the aBLCC was 
applied under autologous conditions and contained 
the same cells as the ASC, it is assumed that the ne-
crosis was the result of lack of both serum exudation 
and vasculature within the construct. By POD 16, the 
aBLCC was no longer present on the wound (Fig. 5).

The	STSG	and	ASC	Minimize	FTW	Contraction
Both full-thickness and all partial-thickness sites 

treated with the ASC and STSG maintained their 
original size, without apparent contraction; in con-
trast, the full-thickness sham site and the aBLCC sites 
were highly contracted and moderately contracted, 
respectively (Fig. 4) (Supplemental	Digital	Content	1,  
http://links.lww.com/PRSGO/A199). Furthermore,  
the ASC- and STSG-treated sites contained very little 

granulation tissue, whereas the aBLCC and sham 
sites granulated well (Fig. 5). Further maturation 
and remodeling of the fibroblast layer of the ASC, as 
indicated by thickening and reorganization of colla-
gen fibers, was seen on POD 16 and continued until 
study termination (Figs. 5, 6). Late time-point biop-
sies showed complete engraftment and integration, 
with no inflammation of the ASC or STSG (Fig. 6). At 
late time-points, vertically oriented collagen bundles 
and vessels and the absence of a well-developed su-
perficial vascular plexus were the only features that 
distinguished the ASC from the STSG sites (Fig. 6).

DISCUSSION

The	ASC	Is	a	Viable	Alternative	to	the	STSG	for		
Delayed	Coverage	of	PTWs	and	FTWs

Our results demonstrate that an autologous com-
posite skin substitute with a self-assembled dermis is an 
efficacious alternative to STSGs for FTWs or PTWs. In 
contrast to the CSS, which requires multiple grafting 
procedures because of a lower engraftment rate, ASC 
revascularization was successful even in a less vascular-
ized wound such as the FTWs lacking the perforator 
vessels of the dermis. The similar short- and long-term 
appearance of the wounds treated with the ASC and 

Fig. 4. representative time course of the FtWs treated with the aSc, StSg, aBlcc, or dressings alone (sham) acquired from 
Yorkshire 2. arrowheads point to the sites of biopsies performed on StSg and aSc on POD 3, which by POD 16 have com-
pletely healed. StSg- and aSc-treated sites undergo minimal wound contraction in contrast with the aBlcc-treated and 
sham sites. the aBlcc sloughed partially from the wound during the POD 8 dressing change, and the remainder was lost 
by POD 16, after which the wound epidermalized from the margin.

http://links.lww.com/PRSGO/A199
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STSG in this translational model further suggests that 
they may have comparable cosmetic outcomes in the 
clinical setting. Minimal contraction of the wounds 
treated with ASCs was comparable with the STSGs, 
despite the significant difference in the thickness 
(ASC approximately 200 µm and STSG approximately  
350 µm). It is believed that dermal thickness is in-
versely proportional to the degree of the resulted 
contraction. Regardless of small thickness of ASC, the 
contraction is comparable with STSG and has an ad-
vantage if compared with the sham and aBLCC sites 
(Fig. 4).

Manipulation and application of the ASC were 
similar to those of the STSG because of the pres-
ence of a robust stratum corneum (Fig. 3), which gave 
the construct strength and durability. In addition, 
integration into the wound bed and revasculariza-
tion were comparable in speed to inosculation of 
the STSG. Notably, the ASC does not require pre-
formed vessels for successful engraftment, contrary 
to what Tremblay et al.32 showed, but undergoes an-
giogenesis early after implantation, in contrast to the 
STSG, which contains vessels that undergo inoscu-
lation. The ability to quickly and efficiently induce 

Fig. 5. representative histology of FtWs treated with aSc, StSg, and aBlcc. a, aSc-treated wound on POD 6 showing a 
viable, engrafted construct. B, StSg-treated wound on POD 6 demonstrates similar viability and engraftment. c, aBlcc on 
POD 6 showing hydrated dermal layer. D, cD31 staining of aSc-treated wound on POD 6 highlighting early angiogenesis 
(arrowheads) from wound bed toward dermal-epidermal junction (DEJ) of the construct. E, cD31 staining of StSg on POD 
6. F, cD31 staining of aBlcc-treated site on POD 6 showing vasculature limited to granulation tissue (gt) immediately 
adjacent to the bottom of the construct but not penetrating. g, aSc-treated wound on POD 16 with interval deposition 
of collagen bundles throughout the fibroblast layer of the construct, most notably at the graft bed, indicating successful 
integration and maturation. H, StSg-treated wound on POD 16 showing continued healing. i. aBlcc-treated site on POD 
16. Wound site comprises granulation tissue and a neo-epidermis derived from the wound margin. inflammation is absent 
on POD 16 in both StSg- and aSc-treated sites. all sections H&E- or anti-cD31-stained and captured at 10× magnification. 
aSc, StSg, and aBlcc epidermal (E) and dermal (D) layers and wound bed granulation tissue (gt) and hypodermis (H), are 
indicated within the images.
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a new vascular supply is thought to be a major fac-
tor affecting graft survival.32 All existing bilayered 
skin constructs contain foreign collagen scaffolds 
and, with the exception of CSS, they do not possess 
the essential property of a matrix—the capacity to  
engraft.2,5,10,11,13,33 The construct, proposed by Boa  
et al.,13 also fails to engraft, despite the fact that it is 
autologous and is generated through self-assembly.

The ASC has important clinical limitations. As it 
is derived exclusively from dermal fibroblasts and 
keratinocytes, the ASC does not contain appendag-
es, such as, hair follicles and eccrine glands, which 
will affect cosmesis. ASCs also lack pigmentation, 
which may potentially be addressed by introduc-
ing melanocytes within the construct.1,2,34 Further 
research will address these issues, and other un-
answered questions, including the need for cell 
banking in construct generation and the influence 
of the age of the donor. Nevertheless, we believe 

that the self-assembly approach is a major advance 
toward a true substitute for skin with excellent en-
graftment and long-term viability. Our translational 
model demonstrated successful engraftment with-
out rejection and with a cosmetic outcome com-
parable with STSG in PTWs and FTWs as judged 
by clinical observation. It is important to mention 
the clinical testing of the SASS for chronic wounds, 
which is a different construct, however, using a simi-
lar approach: the self-assembly. SASS requires 6–7 
construct applications for successful venous ulcer 
healing.13 The ASC contains only 1 sheet of ECM, in 
contrast to SASS, which combines multiple sheets, 
and the media formulation is different, which may 
have affected the intrinsic ECM properties, such 
as, porosity, ligand density, and cross-linking fac-
tors, that critically affect bioavailability in case of  
matrices.23,24 Also, we applied constructs to acute 
wounds, in contrast with the lower extremity ulcer, 

Fig. 6. representative histology of PtWs treated with aSc and StSg on the MgH swine (20687). a, Partial-
thickness wound treated with aSc on POD 6 shows viable, engrafted construct with early angiogenesis 
from wound bed toward dermal-epidermal junction (H&E, 20×); arrow and inset highlight angiogenesis 
within the loose dermal matrix. B, Partial-thickness wound treated with StSg on POD 6 with engraftment 
and no inflammation. c and D, POD 6 biopsies stained with cD31 demonstrate angiogenesis in the aSc and 
transplanted vasculature in the StSg (20×). E and F, late time-point biopsies showing complete engraft-
ment and integration, no inflammation of the aSc and StSg (H&E, 20×). g, Engrafted aSc on POD 61 with 
a well-healed wound bed and mature collagen; vertically oriented collagen bundles and increased cellular-
ity help define the graft-wound bed junction (dotted line). H, Histology of 1 representative sham wound 
(untreated with StSg or aSc) at late time-point (POD 99), entirely re-epithelialized by secondary intention 
with collagen disorganization and scar (gross image in Supplemental Digital Content 3, http://links.lww.
com/PRSGO/A201).

http://links.lww.com/PRSGO/A201
http://links.lww.com/PRSGO/A201
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studied by Boa et al.,13 which may have had a poor 
vascular supply.

The successful engraftment of all animals in our 
study with a single ASC application is encouraging 
and could be a step forward toward clinical trials. 
No infection was noticed within our experiments; 
however, it may be attributed to a low number of 
animals and rigorous aseptic care. It is known that 
infection is capable of inhibiting engraftment of 
an STSG.35

Despite the current timeframe for generation of 
the construct (approximately 6 weeks), the clinical 
outcome closely resembles the gold standard of burn 
repair: the autologous skin graft. Further study is 
underway to streamline the manufacturing process. 
However, clinical studies and further development 
are needed to test the feasibility and to decrease ASC 
production time. Nevertheless, this report represents 
the first demonstration of spontaneous vasculariza-
tion and permanent engraftment of a self-assembled 
bioengineered skin construct, and this technology 
could supplement existing methods used in recon-
structive surgery.
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