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ABSTRACT

Skin substitutes are heterogeneous biomaterials designed to accelerate wound
healing through provision of replacement extracellular matrix. Despite growing
evidence for their use in chronic wounds, the role of skin substitutes in acute
wound management and their influence on fibrogenesis remains unclear. Skin
substitute characteristics including biocompatibility, porosity, and elasticity
strongly influence cellular behavior during wound healing. Thus, we hypothesize
that structural and biomechanical variation between biomaterials may induce
differential scar formation after cutaneous injury. The following human
prospective cohort study was designed to investigate this premise. Four 5-mm
full thickness punch biopsies were harvested from 50 volunteers. In all cases,
site 1 healed by secondary intention, site 2 was treated with collagen-GAG
scaffold (CG), and decellularised dermis (DCD) was applied to site 3 while
tissue extracted from site 4 was replaced (autograft). Healing tissue was assessed
weekly with optical coherence tomography (OCT), before being excised on days
7, 14, 21, or 28 depending on study group allocation for later histological and
immunohistochemical evaluation. Extracted RNA was used in microarray
analysis and polymerase chain reaction of highlighted genes. Autograft treatment
resulted in minimal fibrosis confirmed immunohistochemically and with OCT
through significantly lower collagen I levels (p5 0.047 and 0.03) and reduced
mean grayscale values (p5 0.038 and 0.015), respectively. DCD developed
intermediate scar formation with partial rete ridge reformation and reduced
fasiculonodular fibrosis. It was uniquely associated with late up-regulation of
matrix metalloproteinases 1 and 3, oncostatin M, and interleukin-10 (p5 0.007,
0.04, 0.019, 0.019). Regenerated dermis was significantly thicker in DCD and
autografts 28 days post-injury compared with control and CG samples (p5 0.003
and <0.0001). In conclusion, variable fibrotic outcomes were observed in skin
substitute-treated wounds with reduced scarring in autograft and DCD samples
compared with controls. OCT enabled concurrent assessment of wound
morphology and quantification of dermal fibrosis.

aSMA Alpha smooth muscle actin

CG Collagen-GAG scaffold

CTGF Connective tissue growth factor

d Day

DCD Decellularized dermis

dSS Dermal skin substitutes

ECM Extracellular matrix

IL Interleukin

LOX Lysyl oxidase

MGV Mean grayscale volume

MMP Matrix metalloproteinase

OCT Optical coherence tomography

OSM Oncostatin M

qRT-PCR Real time polymerase chain reaction

TGF-b Transforming growth factor beta

TNF Tumor necrosis factor

VEGF Vascular endothelial growth factor
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Wound healing is the means by which cutaneous damage
is repaired, producing tissue, that is, functionally and cos-
metically similar to uninjured skin.1 Complex but co-
ordinated interplay between multiple cell types, bioactive
molecules, and extracellular matrix (ECM) proteins gives
rise to recognized haemostatic, inflammatory, proliferative,
and remodeling phases.2,3 In adults, the normal end point
of cutaneous repair is development of fibrotic scar tissue,
which occurs after nearly all dermal injuries.4,5 In contrast,
fetal wound repair is regenerative, characterized by the
absence of fibrosis and restoration of normal skin architec-
ture.5,6 This undesirable discrepancy in wound healing
responses has largely been attributed to inflammation
through athymic, transgenic, and knock-out murine studies.
However, inherent differences in cellularity, cutaneous
architecture, and bioactive molecular content between
adult and fetal tissues are also crucial.7–10 Studies investi-
gating mechanisms by which inflammatory profibrotic
stimuli can be limited to shift the balance from scarring to
regeneration have predominantly focused on growth factors
and other soluble mediators. Examples include manipula-
tion of transforming growth factor-b (TGFb), angiotensin
peptides, and tissue inhibitors of metalloproteinases.11–14

Despite this, therapies proven to ameliorate the fibrotic
response to injury remain elusive.11 In contrast, relatively
little attention has been given to the influence of ECM
characteristics on tissue repair. Indeed, reduced scarring
was observed in rabbit incisional wounds after increasing
fibromodulin expression using an adenoviral vector while
the addition of hyaluronic acid to healing organ cultured
limb explants of gestational day (d) 18 fetal mice pro-
moted scarless repair.12,15 Tissue engineered dermal skin
substitutes (dSS) represent another method by which to
artificially alter ECM components. These biomaterials fun-
damentally provide replacement ECM in the form of
porous three-dimensional dermal templates to stimulate
wound healing.16 They are a relatively new therapeutic
option in chronic wound management with a growing evi-
dence base in diabetic and venous ulcers.17,18 dSS vary
significantly in their constituent proteins, morphology, and
biomechanical properties.19 These differences are likely to
affect multiple wound healing processes including fibropla-
sia as ECM characteristics including porosity, elasticity,
and biocompatibility strongly influence cellular migration,
proliferation, and differentiation during healing.20,21 How-
ever, studies investigating the possible use of dSS as a
method of scar reduction are limited.22,23

Consequently, the aims of this unique human study were
threefold. First, to identify differences in dermal fibrosis
between wounds healing by secondary intention and those
treated using skin substitutes. Second, to establish and
quantify differences in fibrotic outcomes between
collagen-GAG scaffold (CG), allograft (decellularised der-
mis [DCD]), and autograft-treated wounds, and finally,
evaluate optical coherence tomography (OCT) as a nonin-
vasive alternative to histology and collagen-based immu-
nohistochemistry in assessment of cutaneous scarring and
skin substitute-assisted wound healing.

MATERIALS AND METHODS

This prospective cohort study was performed in accord-
ance with the Helsinki Declaration of 1975, National

Research Ethics Service (reference number 12/NW/
0078) and local research and development department
(reference number 2011BP001) approval. Fifty volun-
teers meeting study inclusion/exclusion criteria (Support-
ing Information, Table S1) gave informed written
consent to participate before being electronically
randomized into one of five groups, containing 10 sub-
jects (Figure 1A). The study was conducted at Univer-
sity Hospital South Manchester, England, U.K.
Recruitment occurred between April and June 2013
while final follow-up was in July 2013.
On d0, four biopsy sites per subject were allocated with

two on the right arm (sites 1 and 2) and two on the left
(sites 3 and 4). Sites were located 2 cm proximal and 2
cm distal to the midpoint of a line connecting axillary hair
line with medial epicondyle and investigated with OCT
(Michelson Diagnostics Vivosight Topical OCT probe,
Orpington, UK).
Five-millimeter full thickness punch biopsies (defined as

extending to subcutaneous fat) were uniformly taken from
each allocated site. In all cases, site 1 healed by secondary
intention (Control), site 2 was treated with Integra Matrix
Wound Dressing (CG; Integra LifeSciences, Plainsboro,
NJ), site 3 was treated with National Health Service Blood
and Transplant Decellularised Dermis (DCD; NHSBT,
Watford, UK), and tissue excised from site 4 was replaced
into the defect (Autograft). Neither CG nor DCD had epi-
dermal components and was not epithelialised at the time
of implantation. Wounds were covered with Tegaderm
(3M, Bracknell, UK) for seven days, and patients given
wound care advice.
Subjects attended follow-up on days 7, 14, 21, 28, and

42, where wounds were assessed with OCT. Group 1 sub-
jects underwent 6-mm excision biopsies of healing tissue
from sites 1–4 on d7, group 2 on d14, group 3 on d21, and
group 4 on d28. Group 5 subjects did not undergo excision
biopsies. All biopsied tissue was bisected with half placed
in formalin and the remainder in RNA later for subsequent
investigations (Figure 1B).
Dermal thickness was defined as distance between base

of epidermis and subcutaneous fat, measured using Nano-
zoomer version 2.2.8 (Hamamatsu Photonics UK Limited,
Welwyn Garden City, UK). Mean grayscale value (MGV)
was derived from OCT and measured using image J soft-
ware from a standardized area of upper reticular dermis.
MGV evaluates light-scattering properties of a tissue,
derived from the ratio of refractive indices of scattering
centers to interstitial fluid.24

Laboratory techniques

Histology and immunohistochemistry

(n510 patients/group)

Formalin-fixed paraffin-embedded tissue sections were
prepared on glass slides and stained with haematoxylin
and eosin as well as immunohistochemical markers for
collagen I, collagen III, (Abcam, Cambridge, UK) alpha-
smooth muscle actin (aSMA; Dako, Ely, UK), and fibro-
nectin (Leica Biosystems, Newcastle, UK; Supporting
Information, Table S2). Tissue Studio version 3.5.1
(Definiens, Munich, Germany) was used for stain
analysis.
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RNA extraction (n5 5 patients/group)

Biopsied tissues were homogenized in RLT buffer
(Qiagen, GmbH, Helden, Germany) using steel beads and

Qiagen TissueLyser II (Qiagen GmbH). RNA was
extracted with RNeasy Fibrous Tissue Mini Kits (Qiagen
GmbH) and Qiagen Qiacube (Qiagen GmbH). Eluted RNA

Figure 1. Prospective cohort study flowchart (A) and methodology (B). Seventy-four volunteers were screened, 2 were

excluded, and 22 declined to take part. Fifty enrolled participants were electronically randomized to one of 5 groups, each con-

taining 10 patients. On day 0, sites 1–4 were allocated and scanned using OCT before 5-mm punch biopsies were taken asep-

tically. Site 1 healed by secondary intention, site 2 was treated with CG, and site 3 treated with human DCD while excised

tissue from site 4 was replaced into the defect (autograft). Subjects were followed-up for 42 days and OCT imaging repeated

weekly. Six millimeter excision biopsies of healing tissue were harvested at time points based on study group allocation. All

excised tissue was investigated using a range of laboratory techniques.

Greaves et al. Skin substitute related wound fibrosis
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quantity and purity was assessed using NanoDrop ND-100
v3.0.1 spectrophotometer (NanoDrop Technologies, Wil-
mington, DE) and RNA integrity measured with Agilent
2100 Bioanalyser (Agilent Technologies, Wilmington,
DE).

Microarray (n5 3 patients/group)

Microarrays were performed using Agilent Whole Human
Genome (8X60K) Oligo Microarrays (Agilent Technolo-
gies) and the manufacturer’s protocol (One-Color
Microarray-Based Gene Expression Analysis – Version
6.5). Labeled complimentary-RNA from individual (non-
pooled) donors was created using 50-ng RNA templates
and Quick Amp Labeling Kits (One-Color; Agilent Tech-
nologies). Gene Expression Hybridization Kits (Agilent
Technologies) were used; before, arrays were washed with
Gene Expression Wash Buffer Kit solutions (Agilent Tech-
nologies). Arrays were scanned using Axon GenePix
4400A (Molecular Device Ltd, Wokingham, UK) and
images extracted with GenePix Pro 7 (Molecular Device
Ltd). Analyses were performed using BABELOMICS 4.3.0
gene expression and functional profiling analysis suite
(http://babelomics.bioinfo.cipf.es).

qRT-pcr (n5 5 patients/group)

Expression of candidate and reference (ribosomal protein
L32) genes was studied using real time polymerase chain
reaction (qRT-PCR). One-microgram RNA and qScript
cDNA Synthesis Kit (Quanta Biosciences, Gaithersburg,
MD) were used to synthesize complementary-DNA. qRT-
PCR reactions were carried out in triplicate using the
Roche LightCycler 480 system (Roche Diagnostics
GmBh).

STATISTICS

A sample size of 50 adequately powered statistical analysis
designed to identify differences in primary and secondary
outcomes between treatment groups. SPSS version 20
(IBM, Portsmouth, UK), and conventional two-sided 5%
significance levels were used throughout. Initial analysis
tested for an “arm effect” (left arm versus right arm) to
rule out site-specific variation. For each variable, there
was no significant difference between mean response on
the left and right arms. On the basis that an arm effect was
not statistically significant, further analysis was performed
for each investigational modality looking for differences
between treatment groups.

Dermal thickness

Analysis of variance (ANOVA) was used to test for differ-
ences between group mean dermal thickness values at each
time point.

OCT and immunohistochemistry

Changes in values from d0 were analyzed separately for
each treatment on different days using pairwise t-tests
while differences between treatments at each time point
were compared using ANOVA with Greenhouse-Geisser
method. Time points with significant differences under-
went additional pairwise comparisons, and Bonferroni
adjustments were applied.

PCR

Nonparametric Friedman tests compared fold changes
between treatments on d7, d14, d21, and d28 separately. If
significant differences were found, paired Wilcoxon rank
sum tests analyzed differences between modalities. Signifi-
cant changes within treatment groups over time were
assessed using one-sample Wilcoxon signed-rank tests.

Microarrays

GenePix .gpr files were normalized against one another
using normexp background correction, implementing
between array normalization by quantiles and excluding
flagged spots from parameter fittings. Following normaliza-
tion, data was additionally preprocessed with log2 transfor-
mation, merging redundant gene identifiers using the
median value and imputing the row median where values
were missing and requiring a gene identifier to have a value
in at least 70% of arrays to be kept. Following data normal-
ization and preprocessing, three analyses were performed.
Limma was used to conduct pairwise comparisons of data
from successive time points within each treatment group
and data from each time point within a treatment group com-
pared with d0 values. Furthermore, for each time point, all
treatments were compared against each other using ANOVA
analysis. In all comparisons, the Benjamini–Hochberg false
discovery rate was controlled at 5%.

RESULTS

Study demographics

Seventy-four volunteers were screened for study enrol-
ment. Seventy-two met suitability criteria but 22 declined.
Twenty-four participants were male and 26 female. Mean
age was 26 years and 92% of participants were white Cau-
casian (2% black Afro-Caribbean, 4% Asian [Chinese],
and 2% Asian [Pakistani]). Characteristics including BMI,
age, and sex were relatively homogenous between patient
groups (Table 1). Complete data sets were collected with
no loss to follow-up or adverse events.

Variations in cutaneous histology over time and

between treatment groups

Control wounds developed a rim of serosanguinous infil-
trate seven days after injury with subsequent progressive

Table 1. Characteristics of volunteers within each study

group

Average

Age (years)

Average

BMI (m/kg2)

Sex of

Participants

Group 1 25.8 23.2 6 men 4 women

Group 2 33.7 25.6 4 men 6 women

Group 3 21.6 21.3 5 men 5 women

Group 4 24.7 22.4 3 men 7 women

Group 5 24.4 22.7 7 men 3 women

Skin substitute related wound fibrosis Greaves et al.

4 Wound Rep Reg (2015) 00 00–00 VC 2015 by the Wound Healing Society



deposition of ECM and expansion of granulation tissue
with concurrent maturation resulting in homogenous bands
of fibrosis with minor nodularity by d28 (Figure 2A).
Spaces between CG fibers facilitated rapid early cellular
influx by host cells, resulting in brisk diffuse formation of
granulation tissue between fibrils. This tissue rapidly
matured producing dense thick nodulofascicular fibrosis.
CG was evident histologically throughout the study. Fur-
thermore, there was dermal replacement superficial and
deep to CG (Figure 2B). DCD showed slower but progres-
sive colonization by native cells with formation of tongues
of granulation tissue invading graft material at points
defined by ECM fiber orientation. DCD samples formed
uniform regions of fibrosis more slowly than CG and con-
trols, punctuated by normally distributed blood vessels.
DCD could not be distinguished from native dermis once
infiltrated by host cells (Figure 2C). Autograft tissue
appeared devitalized after injury with collapsed blood ves-
sels, collagen denaturation, and epidermal atrophy. How-
ever, this reversed after vascular anastomoses formed at
the graft/host interface re-establishing autograft circulation.
Autografts subsequently developed minimal scarring asso-

ciated with preservation of rete ridges, skin appendages,
and differentiation between reticular and papillary dermis
(Figure 2D). Control and CG samples lacked these features
while half of DCD samples demonstrated partial reforma-
tion of rete ridges.

Quantification of dermal thickness

Autograft dermal thickness was significantly greater than
controls at all time points (p < 0.0001), while DCD was
significantly elevated compared with controls on d28 (p5
0.003; Figure 3).

Differences in structural protein expression

Collagen III was significantly reduced in controls com-
pared with autografts on d7 and d14 (p5 0.032 and 0.011;
Figure 4A). On d7, fibronectin was significantly higher in
controls than DCD (p5 0.022) and on d21 compared with
autografts (p5 0.007; Figure 4B). There were no signifi-
cant differences in aSMA between treatments at any time
point (p5 0.316, 0.221, 0.210, 0.063; Figure 4C). On d21,
collagen I in controls was significantly higher than

Figure 2. Comparative histology of samples from each treatment group, 28 days after injury. Control shows dense homoge-

nous fibrosis with minor nodularity (A). CG displays a thick band of nodulofascicular fibrosis and characteristic biomaterial

appearance (B). DCD illustrates dense cellular infiltrate, partial rete ridge reformation, and uniform fibrosis (C). Autograft displays

retention of normal ECM architecture and minimal fibrosis in comparison to surrounding scar tissue (D). A – autograft, CG –

collagen-GAG scaffold, DCD – decellularised dermis, E – epidermis, F – subcutaneous fat, FN – fibrotic neodermis, HS – hair

shaft, ND – native dermis, and RR – rete ridges. Black dashes – define the wound margin in Figure 2A and the boundary

between skin substitute and native tissue in Figure 2B.

Greaves et al. Skin substitute related wound fibrosis
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autografts (p5 0.030) while at d28, collagen I in CG was
greater than autografts (p5 0.047; Figure 5A).

Changes in OCT derived MGV

MGV was significantly reduced from baseline in all treat-
ment groups on d7–d21 (all p < 0.001). On d28, MGV
was no different from baseline in controls, CG, and auto-
grafts (p5 0.440, 0.881, and 0.279) while it was signifi-
cantly lower in DCD (p < 0.001). On d42, MGV was
unchanged from baseline in autografts (p5 0.685) while it

was significantly increased in controls, CG, and DCD (p5
0.001, 0.001, and 0.022).
On d7–d21, autograft MGV was significantly greater

than other modalities (all p < 0.001). MGV in DCD was
elevated compared with controls (p5 0.029) at d7 while at
d14 and d21, MGV in controls and CG was greater than
DCD (all p < 0.001). On d28, values in DCD were signifi-
cantly lower than other treatments (p5 0.001–0.002).
However, on d42, autograft values were significantly
lower than controls and CG while DCD (p5 0.038 and
0.015) was reduced compared with CG (p5 0.017;
Figure 5B).

Visualization of cutaneous morphology using OCT

We previously showed that OCT can delineate morphology
of normal skin and wounds throughout healing.24 Fibro-
genesis and scar formation are associated with progressive
increases in tissue reflectivity (MGV) and a homogenous
appearance correlating with ordered collagen bundles
noted histologically (Figure 5C–F). Furthermore, skin sub-
stitute materials and cellular infiltration into biomaterials
can be visualized (Figure 6A–F).

Differential genomic expression

Significantly altered expression of 58 genes associated
with fibrosis was identified after injury (Supporting Infor-
mation, Table S3). Twelve candidate genes were selected
for qRT-PCR (interleukin-1b [IL1B], tumor necrosis factor
[TNF], interleukin-10 [IL10], vascular endothelial growth
factor-a [VEGFA], connective tissue growth factor
[CTGF], matrix metalloproteinase 1 and 3 [MMP1,

Figure 4. Changes in immu-

nohistochemical marker

expression over time. (A) Col-

lagen III, (B) Fibronectin, and

(C) aSMA. Control – solid line

with squares, DCD – solid

line with filled circles, CG –

dashed line with triangles,

and autograft – dashed line

with open circles. *p < 0.05.

Figure 3. Change in dermal thickness over time. Control –

solid line with squares, DCD – solid line with filled circles,

CG – dashed line with triangles, and autograft – dashed line

with open circles. *p < 0.05.

Skin substitute related wound fibrosis Greaves et al.
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MMP3], oncostatin M [OSM], transforming growth factor-
b1, 2, and 3 (TGFb1, TGFb2, TGFb3), and lysyl oxidase
[LOX]) to verify microarray data. These genes were
selected based on a literature review for relevance to cuta-
neous fibrosis, previous experience with certain genes and
availability of suitable primers.

Alterations in gene expression

On d21 (p5 0.026) and d28 (p5 0.019), IL1B expression
was significantly greater in DCD than other treatments
(Figure 7A). On d28 (p5 0.033), VEGFA expression was
significantly greater in autografts than CG or DCD (Figure
7B). On d28 (p5 0.019), IL10 expression was significantly
higher in DCD than other treatments (Figure 7C). On d14
(p5 0.026) and d21 (p5 0.019), OSM expression was sig-
nificantly greater in DCD than other treatments (Figure
7D). On d21 (p5 0.012) and d28 (p5 0.04), MMP3
expression was significantly greater in DCD than controls
and autografts while CG was elevated compared with con-
trols (Figure 7E). On d14 (p5 0.044), d21 (p5 0.019),
and d28 (p5 0.007), MMP1 expression was significantly

greater in DCD than other treatments (Figure 7F). On d21
(p5 0.041), TGFb2 expression was significantly lower in
DCD than controls or autografts (Figure 7G). There were
no significant differences in expression of LOX, CTGF,
TGFb1, TGFb3, or TNF between treatment groups (Figure
7H–L).

DISCUSSION

Formation of fibrotic scar tissue is a normal response to
dermal injury, but the influence of dSS on this process
remains unclear.4 Most data pertaining to dSS use in
acute wounds is derived from animal studies hindered by
small sample numbers, poor study design, and limited
translation to human subjects.22,23 In contrast, this unique
study is the first to compare multiple treatment types in
the same individuals over six weeks following cutaneous
injury.
Fibrosis is an ill-defined term used to describe ECM

deposition in a spectrum of conditions from normal wound
healing to pathological scarring. Accurate quantitative

Figure 5. Invasive and non-

invasive measures of fibro-

genesis and scar tissue

formation after injury. Colla-

gen I immunohistochemical

staining (A) and mean gray-

scale value (B) derived from

OCT. OCT imaging and histo-

logical appearance of day 0

normal skin (C and E) and

day 28 fibrotic wound tissue

(D and F). Fibrotic tissue has

a hyper-reflective appearance

on OCT, with loss of distinc-

tion between dermal layers

and numerous parallel colla-

gen bundles. E – epidermis,

PD – papillary dermis, RD –

reticular dermis, and white

square – representative of

region where mean gray-

scale value measurement is

taken. Control – solid line

with squares, DCD – solid

line with filled circles, CG –

dashed line with triangles,

and autograft – dashed line

with open circles. *p < 0.05.

Greaves et al. Skin substitute related wound fibrosis
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fibrosis assessment tools are not available, and existing
methods including the Vancouver scar scale and Manches-
ter scar proforma have significant subjective elements.4,25

In contrast, OCT is a noninvasive imaging technique anal-
ogous to ultrasound, that interferometrically detects infra-
red light and provides high resolution (1–7.5 lm) images
of cutaneous ultrastructure.25–27 MGV derived from OCT,
alters during wound healing secondary to influxing cellular
content as well as deposition and remodeling of ECM pro-
teins.24 It is not specific to any particular ECM component
but provides an overview of all dermal constituents. This
study confirms MGV can quantitatively assess the chang-
ing nature of ECM during dermal regeneration. Significant
differences in MGV were identified between treatment
groups that correlated with variations in tissue fibrosis
identified by other means. Furthermore, OCT images cor-
responded to time-matched histology enabling concurrent
assessment of wound morphology.24 Larger evaluation

studies are required, but OCT could reduce skin biopsy
requirements while MGV may represent a novel quantita-
tive measure of tissue fibrosis.24

OCT and laboratory studies demonstrated differential
development of fibrotic tissue between treatments with
best microscopic and macroscopic results in autograft
samples (Figure 8). Autografts differ significantly from
other biomaterials, with a full cellular complement, intact
vasculature, and a reservoir of sequestered growth factors.
Despite this, autograft behavior was histologically and
genetically similar to other modalities seven days after
injury. However, its characteristics changed significantly
after formation of graft/host vascular anastomoses,
thereby restoring circulatory integrity and improving graft
viability. Resumption of blood flow within autografts is
likely to have reduced angiogenic stimuli such as
hypoxia. The influence of angiogenesis on fibrosis has
been described previously.28 Application of angiogenic

Figure 6. Time matched

optical coherence image

and histological sections.

Day 7 CG sample illustrat-

ing good morphological

congruity between investi-

gative modalities (A and B).

Comparative appearance of

CG (C and E) and DCD (D

and F) via OCT and histo-

logical sectioning demon-

strating architectural

differences between bioma-

terials. CG – collagen-GAG

scaffold, E – epidermis, F –

subcutaneous fat, and GT –

granulation tissue. White

dashed line – epithelial

boundary.

Skin substitute related wound fibrosis Greaves et al.
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inhibitors to acute wounds such as endostatin reduced
scar formation while proangiogenic molecules including
IL-8 and TGF-b are found at lower concentrations during
scarless fetal healing.29–31 Consequently, reduced angio-
genic drive in autografts after revascularization may con-
tribute to subsequently limited scar formation. In contrast,
other treatments require complete reconstitution of vascu-

lar networks resulting in prolongation of angiogenic sig-
nals with accordingly increased profibrotic side effects.
Autograft use is limited by volume of tissue that can be

transplanted without a vascular pedicle and formation of
another wound during tissue harvest. DCD represents an
alternative therapeutic option, also associated with thicker
neodermis and reduced fibrosis. DCD is a human tissue

Figure 7. qRT-PCR of selected genes derived from whole genome microarray studies. (A) IL1B, (B) VEGFA, (C) IL10, (D)

OSM, (E) MMP3, (F) MMP1, (G) TGFb2, (H) LOX, (I) CTGF, (J) TGFb1, (K) TGFb3, and (L) TNF. Control – solid line with

squares, DCD – solid line with filled circles, CG – dashed line with triangles, and autograft – dashed line with open circles.

*p < 0.05.

Greaves et al. Skin substitute related wound fibrosis
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allograft with inherently similar biomechanical and struc-
tural properties to autografts.32 In contrast, CG does not
have this architectural congruity as its constituent proteins
are xenogenic in origin. ECM elasticity and porosity play
key roles in regulating dynamic interactions between cells
and matrix components as well as mediating binding or
release of sequestered growth factors including TGF-b.33

Consequently, ECM characteristics significantly influence
infiltration and cellular positioning within matrices as well
as proliferation, differentiation, and secretion profiles of
resident cells.34,35 In general, more rigid ECM like DCD
promotes stable focal adhesions facilitating tissue forma-
tion while softer matrices such as CG encourage transient
adhesions and increased cell motility.36 In turn, cells exert
contractile forces on ECM which modulate matrix compo-
nents over time.37 As a result, structural and biomechanical
similarities between DCD and autografts may contribute to
reduced fibrosis noted in these samples.

Progressive colonization of DCD by host cells resulted
in unique bimodal expression of genes including OSM,
IL10, IL1B, and MMP3. OSM is a potent mitogen for der-
mal fibroblasts and limits monocytic cell recruitment dur-
ing inflammation via suppression of CCL5.38 IL10 over
expression is associated with reduced inflammatory media-
tors and promotion of regenerative healing while lower
MMP3 levels are associated with impaired wound healing
in mice and humans.38–41 Late up-regulation of these genes
was not observed in controls and this response may con-
tribute to differences in observed outcomes.

Interestingly, expression of other key genes governing
the fibrotic response such as TGFb1 and TNF was similar
between treatment groups within microarray and/or PCR
studies. One explanation is that variations in fibrotic out-
comes are secondary to novel unidentified bioactive sub-
stances. Other alternatives include differences in molecular
profiles within the first week of treatment that were not
assessed, being crucial in determining long-term fibrogenic
behavior, particularly as this is the peak of the inflamma-
tory period. Our sample size may have been under pow-
ered to detect differences in cytokine expression between
treatment groups, and finally, mRNA expression is not
always proportionally translated to active protein expres-
sion.42 Dermal remodeling continues for many months

after injury while the final time point in this study was 42
days. Consequently, we can only comment on initial out-
comes recognizing that longer term follow-up, and further,
biopsies would be beneficial to substantiate our findings.
However, we have demonstrated for the first time that dif-
ferences in fibrogenic behavior can be observed and meas-
ured from an early stage of wound healing. Further studies
are required to validate these conclusions, investigate simi-
lar outcome measures at later time points and use such
materials in larger, more diverse wounds.
In conclusion, treatment of acute cutaneous wounds

with autografts or DCD resulted in reduced dermal fibrosis
compared with equivalent injuries treated with CG and
those healing by secondary intention. Differences in
matrix composition, architecture, and cellular content
between biomaterials may account for this variability.
Although autografts are known to provide good cosmetic
outcomes for injuries including burns, they have limited
availability and are associated with significant morbidity.
Consequently, our findings relating to DCD which is
abundantly available off the shelf are particularly exciting,
suggesting that DCD may stimulate a more regenerative
rather than reparative therapeutic option in cutaneous
wound management. Additionally, OCT is a novel, nonin-
vasive method to evaluate tissue morphology and quantify
wound fibrosis through MGV measurement. However,
further randomized controlled studies are required to vali-
date these findings and justify skin substitute and OCT
use as therapeutic and diagnostic wound healing tools,
respectively.
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