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During tissue repair, fibronectin is converted from a soluble, inactive form into biologically active extracellular
matrix (ECM) fibrils through a cell-dependent process. ECM fibronectin promotes numerous cell processes that
are critical to tissue repair and regulates the assembly of other proteins into the matrix. Nonhealing wounds
show reduced levels of ECM fibronectin. To functionally mimic ECM fibronectin, a series of fibronectin matrix
mimetics was developed by directly coupling the matricryptic, heparin-binding fragment of the first type III
repeat of fibronectin (FNIII1H) to various sequences from the integrin-binding domain (FNIII8–10). The re-
combinant proteins were produced as glutathione-S-transferase (GST)-tagged fusion proteins for ease of pro-
duction and purification. Full-thickness, excisional wounds were produced in genetically diabetic mice, and
fibronectin matrix mimetics were applied directly to the wounds. A significant enhancement of wound closure
was observed by day 9 in response to GST/III1H,8–10 versus GST-treated controls (73.9% – 4.1% vs.
58.1% – 4.7% closure, respectively). Two weeks after injury, fibronectin matrix mimetic-treated wounds had
developed a multi-layered epithelium that completely covered the wound space. Furthermore, significant in-
creases in granulation tissue thickness were observed in response to treatment with GST/III1H,8–10 (4.05 – 0.93-
fold), GST/III1H,8,10 (2.91 – 0.49-fold), or GST/III1H,8RGD (3.55 – 0.59-fold) compared with GST controls, and
was accompanied by dense collagen deposition, the presence of myofibroblasts, and functional vasculature.
Thus, the recombinant fibronectin matrix analogs normalized the impairment in repair observed in this chronic
wound model and may provide a new approach to accelerate the healing of diabetic wounds.

Introduction

Cutaneous wound healing is a tightly coordinated,
stepwise process that is governed by interactions be-

tween cells and the surrounding extracellular matrix (ECM).1

After injury, inflammatory cells and fibroblasts migrate to
the wound space through a provisional matrix that is com-
posed primarily of fibronectin and fibrin.1 Fibroblasts pro-
liferate within the wound space and synthesize ECM
proteins to form the granulation tissue and replace the pro-
visional matrix.1 This fibronectin- and collagen-rich granu-
lation tissue supports angiogenesis,2,3 and serves as a
scaffold over which epithelial cells migrate from the wound
edge inward to resurface the wound and form an intact
epidermis.1,4 During granulation tissue deposition, fibro-
blasts differentiate into actin-rich myofibroblasts,5 which, in
turn, contract and organize the newly deposited ECM into a
compact network.6,7 Many factors can disrupt the healing
process, including infection, diabetes, advanced age, and
renal disease, leading to nonhealing, chronic wounds.1

Fibronectin matrix assembly is normally up-regulated in re-
sponse to tissue injury, while decreased fibronectin is associated
with nonhealing wounds.8 Soluble fibronectin is converted into
insoluble fibrils in the ECM by a cell-dependent process.9 The
ECM form of fibronectin promotes cell behaviors that are critical
to timely wound repair, including myofibroblast growth,10

epithelial cell migration,11 and myofibroblast contractility.12

Fibronectin matrix assembly promotes collagen deposition13,14

and organization,12 and increases the tensile mechanical prop-
erties of collagen gels.15 In turn, fibronectin matrix assembly
supports endothelial neovessel formation in collagen lattices,16

promotes vasodilation in vivo,17 and stimulates cellular self-
assembly.18 Thus, the ability of cells to assemble soluble fibro-
nectin into insoluble, bioactive fibrils is likely an important step
for efficient wound repair.

The biological activity of ECM fibronectin has been lo-
calized, in part, to a matricryptic heparin-binding site in the
first type III repeat of fibronectin (FNIII1).19,20 Buried in
soluble fibronectin,19,21,22 this matricryptic site becomes ex-
posed during the matrix assembly process or as a result of
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tension exerted on fibronectin fibrils.17,23 To deliver ECM
fibronectin signals directly to cells, recombinant fibronectin
matrix mimetics were engineered by coupling the ‘‘open’’
conformation of FNIII1 (FNIII1H) to variants of the integrin-
binding domain (FNIII8–10).19,24 By design, these fibronectin
matrix analogs bypass the requirement for soluble fibronec-
tin to undergo conformational changes in order to initiate
ECM fibronectin-specific signals. We previously showed that
the fibronectin matrix mimetics GST/III1H,8–10, GST/
III1H,8,10, and GST/III1H,8RGD enhance cell growth, mi-
gration, and contractility to a similar or greater extent than
full-length fibronectin.24 Fibronectin matrix mimetics stimu-
late these cell functions through an FNIII1H-dependent
mechanism, while specific modifications to the integrin-
binding domain enable selective engagement of different
integrin receptors.25 Cell adhesion to GST/III1H,8–10, which
contains the complete cell-binding domain,26 is mediated by
a5b1 integrins.25 Removing FNIII9 (GST/III1H,8,10) results
in cell adhesion via both a5b1 and avb3 integrins.25 Deleting
FNIII10 and inserting the GRGDSP loop into FNIII8 (GST/
III1H,8RGD) results in cell adhesion that is mediated exclu-
sively by avb3 integrins.25 ECM fibronectin, as well as a5b1
and avb3 integrins have been implicated as key mediators of
cutaneous wound healing.3,27–29 In the present study, we
evaluated the ability of the various fibronectin matrix mi-
metics to accelerate healing of full-thickness skin wounds in
a mouse model of diabetes mellitus type I.

Materials and Methods

Recombinant proteins, reagents, and antibodies

The recombinant proteins, GST/III1H,8–10, GST/III1H,
8,10, GST/III1H,8RGD, and GST were produced in Escherichia
coli and purified as described.19,24 Hematoxylin and eosin
(H&E) were from Leica Microsystems; fibronectin polyclonal
and a-tubulin monoclonal (clone DM1A) antibodies were
from Sigma; horseradish peroxidase (HRP) goat anti-rabbit
and goat anti-mouse antibodies were from Bio-Rad; a-
smooth muscle actin (a-SMA) monoclonal antibody (clone
1A4) was from Dako; and mouse-on-mouse HRP-Polymer
bundle for monoclonal antibody visualization was from
Biocare Medical.

Animals

Male C57BLKS/J (22–28 g) and C57BLKS/J-m + / +
Lepr(db) mice (32–51 g) (The Jackson Laboratories) between
ages 10 and 16 weeks were used. Mice were housed one per
cage and maintained in a central animal care facility. Water
and laboratory chow were supplied ad libitum. Glucose levels
were measured weekly using a TRUEtrack� Blood Glucose
Monitoring System (Nipro Diagnostics) (Supplementary
Table S1A; Supplementary Data are available online at
www.liebertpub.com/tea). Blood was obtained from the tail
vein of anesthetized mice. Mice with glucose levels greater
than 300 mg/dL were considered diabetic,30 and mice ex-
hibiting glucose levels less than 300 mg/dL were excluded
from the studies. Mice were weighed daily using an MXX-
612 Balance (Denver Instrument) to monitor health status
(Supplementary Table S1B). All experimental animal proce-
dures were reviewed and approved by the University
Committee on Animal Resources at the University of Ro-
chester Medical Center.

Animal surgery

Three days before surgery, mice were administered acet-
aminophen (Mapap) at a final concentration of 0.5 mg/mL in
water, to achieve a therapeutic dose of *250 mg/kg, based on
water consumption. Mice were anesthetized using a combi-
nation of ketamine (120 mg/kg; Hospira) and xylazine
(9.6 mg/kg; VEDCO); buprenorphine (0.1 mg/kg) was ad-
ministered to the mice immediately before surgery. An area on
the dorsal flank was shaved, and Nair� was applied to re-
move all hair. Nair application did not result in any noticeable
irritation. The flank was cleaned thoroughly with water, fol-
lowed by iodide and 70% ethanol. Full-thickness skin wounds
were made on the dorsal flank using a sterile 6 mm biopsy
punch (Miltex). Animals were given 1 mL of subcutaneous
saline in the scruff of the neck after surgery. Mice continued to
receive water that contained acetaminophen until day 5
postsurgery, at which point acetaminophen was removed.

Recombinant proteins were filter sterilized and suspended
in phosphate-buffered saline (PBS) at a final concentration of
25 mM. A 15-mL volume of recombinant protein or PBS alone
was pipetted directly onto the wound, and the wounds were
immediately sealed from the environment with Tegaderm
(3M Health Care). Diabetic mice were anesthetized and
treated with proteins on days 2, 4, 7, 9, and 11 after surgery.
New Tegaderm was applied after each treatment.

Wound closure

Images of the wounds were obtained immediately after
surgery and on treatment days, using a Kodak Gel Logic 112
Imaging System and Carestream software (Kodak). Images
were obtained after removal of the Tegaderm dressing.
Wounds were traced using Carestream software to deter-
mine wound area. Wound closure was measured by tracing
the leading edge of epithelium within the wound. Wounds
were considered closed if the moist granulation tissue or
fascia appeared covered with epithelium.31 The wound area
immediately after surgery (Day 0) was referred to as the
original wound area, and all subsequent wound areas were
recorded as a percentage of the original area, as previously
described.32–34 Wound closure is presented as ‘‘Percent Clo-
sure’’ and was determined as follows:

Percent Closure = [1 - (Wound Area (from leading edge of
epithelium)/Original Wound Area)] · 100

Wound contraction was also determined from corre-
sponding images by tracing the area bordered by the original
wound edge,31,35 which could be clearly distinguished from
the leading edge of the new epithelium. Wound contraction
is presented as ‘‘Percent Contraction’’ and was determined
by comparing the area of the wound bordered by the original
wound edge to the area of the wound on day 0 as follows:

Percent Contraction = [1 - (Wound Area (from original
wound border)/Original Wound Area)] · 100

Fibronectin quantification

Full-thickness skin sections (between 120 and 400 mg)
were removed from the dorsal flank of either wild type or
diabetic mice. The tissue section was minced with a scalpel,
frozen on dry ice, and suspended at 50 mg/mL in 1%
deoxycholate (DOC) buffer.36–38 The tissue was pulverized
using a Dounce homogenizer (Wheaton) and incubated for

2518 ROY ET AL.



3 h at 4�C.38 Samples were then centrifuged for 35 min at
35,000g at 4�C to separate DOC-insoluble and DOC-soluble
fractions.38 Aliquots (50mL) were removed from both the
DOC-insoluble and DOC-soluble fractions, treated with re-
ducing sodium dodecyl sulfate (SDS) sample buffer,39 and
analyzed by SDS-polyacrylamide gel electrophoresis (PAGE)
and immunoblotting using enhanced chemiluminescence
(Thermo Fisher Scientific).12 Immunoblot band intensity was
quantified using Carestream software. DOC-insoluble fibro-
nectin values were normalized using the corresponding a-
tubulin band intensities.

Histological analysis

Histological sections were obtained from randomly cho-
sen animals. Seven, 11, or 14 days after wounding, animals
were sacrificed and 1 · 1 cm sections of skin surrounding the
wound were excised down to the fascia, fixed in 10% for-
malin, and embedded in paraffin. Five-micrometer sections
were cut sequentially through the 1 · 1-cm skin samples to
capture the entire wound space. Four sections were mounted
on a slide, and every 20th slide was stained with H&E to
identify the center of the wound. Unstained slides nearest the
center of the wound were processed with Masson’s tri-
chrome stain or incubated with antibodies directed against a-
SMA. Slides were viewed using an inverted microscope
(Olympus IX70). Overlapping images of the wound space
were obtained with a digital camera (MicroPublisher 3.3;
QImaging) and reconstructed using Photoshop (Adobe).

Quantifying re-epithelialization

Tissue sections corresponding to the center of the wound
were used to measure re-epithelialization on day 7, inde-
pendent of wound contraction. Masson’s trichrome stain was
used to clearly distinguish between dermis, epithelium, and
the panniculus carnosus. The entire length of the epidermal-
dermal junction from the edge of the panniculus carnosus to
the leading edge of the epithelium was traced using Im-
ageJ.40 Traces were quantified for both the left and right sides
of the wound, then summed to give the total distance mi-
grated.

Quantifying granulation tissue deposition

Granulation tissue thickness was measured on day 14
using H&E stained sections obtained from the center of the
wound. Granulation tissue thickness was defined as the
distance of intact tissue from the bottom of the epidermis to
the top of the subcutaneous fat layer and was quantified
using ImageJ.

Statistical analysis

Data are presented as mean – standard error of the mean
(SEM) and are compiled from at least four separate animals per
treatment condition that underwent surgical procedures on
separate days. Statistical comparisons were performed using
either a Student’s unpaired t-test or a one-way analysis of
variance (ANOVA) followed by the Bonferroni post-test, with

FIG. 1. Wound closure and extracellular matrix fibronectin. (A, B) Full-thickness skin wounds were made on wild-type
(n = 8) or diabetic (n = 6) mice. (A) Representative images of wounds immediately after surgery (‘‘Day 0’’) and on day 11. Scale
bar = 5 mm. (B) Percent closure is reported as mean percent closure – standard error of the mean (SEM). *Significantly
different from ‘‘Wild Type’’, p < 0.05 analysis of variance (ANOVA). (C–E) Skin samples of uninjured wild-type (n = 8) and
diabetic (n = 6) mice were extracted with deoxycholate (DOC) detergent. Representative immunoblots of 50 mL of reduced
DOC-insoluble (C) and corresponding DOC-soluble (E) fractions of four mice are shown. (D) Fibronectin band intensities of
DOC-insoluble fractions were quantified and normalized with a-tubulin. Data represent mean band intensity ratio – SEM.
*Significantly different from ‘‘Wild Type’’, p < 0.05 (unpaired t-test).

ECM FIBRONECTIN ANALOGS PROMOTE WOUND REPAIR 2519



FIG. 2. Fibronectin matrix mimetics accelerate closure of diabetic wounds. Full-thickness wounds on diabetic mice were
treated with 25 mM (a) glutathione-S-transferase (GST)/III1H,8–10 (n = 12), (b) GST/III1H,8,10 (n = 14), (c) GST/III1H,8RGD

(n = 13), or (d) GST (n = 13). (A) Representative images of wounds immediately after surgery (‘‘Day 0’’) and on day 14. Scale
bar = 5 mm. (B) Percent closure over time was determined. Data are presented as mean value – SEM. *Significantly different
from GST, p < 0.05 (ANOVA). (C) Representative images of the edge of the wound on day 7, processed with Masson’s
trichrome stain. Arrows indicate the edge of the panniculus carnosus. Black lines indicate re-epithelialization along the
epidermal–dermal junction. Scale bar = 200 mm. (D) Re-epithelialization on day 7 reported as mean distance – SEM for four
mice per treatment. (E) Wound contraction over time was determined. Data are presented as mean value – SEM. No sig-
nificant differences were observed among treatments (ANOVA). Color images available online at www.liebertpub.com/tea
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GraphPad Prism Version 4 software. Differences were con-
sidered significant for p-values less than 0.05.

Results

Diabetic mice display reduced healing
and decreased cutaneous ECM fibronectin

C57BLKS/J-m + / + Lepr(db), genetically diabetic mice are
a model for chronic wounds, due in part to their reduced
healing ability compared with wild-type, nondiabetic mice.41

Full-thickness, 6 mm-diameter punch biopsy wounds were
made on the dorsal flank of wild-type and genetically dia-
betic mice. Wounds were imaged over the course of 2 weeks,
and the areas of the wounds were determined. Shown in
Figure 1A are representative images of wounds on days 0
and 11 of nondiabetic and diabetic mice. Wounds of nondi-
abetic mice were 98.1% – 0.4% closed by day 9 (Fig. 1B).
Diabetic wounds were significantly less closed compared
with nondiabetic mice on days 2, 4, 7, 9, and 11 and achieved
only 89.4% – 4.3% closure by day 14 (Fig. 1B).

The amount of ECM fibronectin present in uninjured di-
abetic mouse skin was quantified and compared with non-
diabetic mouse skin. Detergent extractions were performed
on full-thickness skin sections to separate soluble fibronectin
from insoluble, ECM fibronectin.36 The amount of fibronectin
contained in each fraction was quantified by immunoblot
analysis. Wild-type, nondiabetic mouse skin contained sig-
nificantly more ECM fibronectin than diabetic mouse skin
(Fig. 1C). When normalized to a-tubulin, nondiabetic mouse
skin contained approximately sevenfold more ECM fibro-
nectin compared with diabetic mouse skin (Fig. 1D). Simi-
larly, nondiabetic mouse skin contained 2.56 – 0.18-fold more
soluble fibronectin than diabetic mouse skin (Fig. 1E; p < 0.05
by unpaired t-test). Thus, the skin of diabetic mice contains
significantly less fibronectin, in both soluble and ECM forms,
than the skin of nondiabetic mice.

Fibronectin matrix mimetics accelerate wound closure
of diabetic mice

We next tested whether topical application of recombinant
fibronectin matrix mimetics to diabetic wounds would accel-
erate wound closure. Full-thickness skin wounds in diabetic
mice were treated topically with GST/III1H,8–10, GST/
III1H,8,10, GST/III1H,8RGD, or GST and wound closure, as
denoted by the leading edge of the epithelium, was measured
over the course of 2 weeks. Representative images of wounds
immediately after surgery (‘‘Day 0’’) and on day 14 after
wounding are shown in Figure 2A. No difference in closure
rate was observed between wounds treated with the control
protein, GST, and the vehicle control, PBS (not shown).
Application of GST/III1H,8–10 to wounds significantly accel-
erated closure compared with GST treatment on days 9
(73.9% – 4.1% vs. 58.1% – 4.7%), 11 (88.9% – 3.6% vs. 77.1% –
3.3%), and 14 (97.2% – 2.8% vs. 85.2% – 3.5%) postwounding
(Fig. 2B). Further, wounds treated with GST/III1H,8–10 ex-
ceeded 85% closure 3 days earlier than GST-treated wounds
(Fig. 2B; compare GST/III1H,8–10, day 11 with GST, day 14).
Application of GST/III1H,8,10 to wounds did not accelerate
wound closure compared with GST (Fig. 2B). Application of
GST/III1H,8RGD to wounds increased closure over GST on day
9 (71.0% – 3.7% vs. 59.2% – 4.5%; Fig. 2B).

Histological sections of day 7 wounds were also evaluated
for differences in re-epithelialization in order to assess
wound closure at an earlier time point. For these studies, the
panniculus carnosus was used to identify the edges of the
original wound.40 Re-epithelialization was then determined
by tracing the epidermal–dermal junction from the edge of
the panniculus carnosus (Fig. 2C, arrows) to the leading edge
of the epithelium. Fibronectin matrix mimetic treatment did
not increase epithelial migration by day 7 compared with
GST controls (Fig. 2D).

Wound contraction was also determined over the 2-week
period by comparing the area of the wound bordered by the

FIG. 3. Fibronectin matrix mimetics increase granulation
tissue deposition. Full-thickness skin wounds on the dorsal
flank of diabetic mice were treated with 25mM (a) GST/
III1H,8–10 (n = 7), (b) GST/III1H,8,10 (n = 9), (c) GST/
III1H,8RGD (n = 9), or (d) GST (n = 8) as described in Materials
and Methods section. Fourteen days after surgery, animals
were sacrificed, the skin surrounding the wound was excised,
and sections were processed for hematoxylin and eosin (H&E).
(A) Sections from the center of the wound stained with he-
matoxylin and eosin. Scale bar = 200mm. (B) Granulation tissue
thickness was quantified at the center of the wound for each
mouse as described in Materials and Methods section. Data are
presented as the mean granulation tissue thickness – SEM.
*Significantly different from GST, p < 0.05 (ANOVA). Color
images available online at www.liebertpub.com/tea

ECM FIBRONECTIN ANALOGS PROMOTE WOUND REPAIR 2521



original wound edge to the area of the wound on day 0.31,35 On
day 14, diabetic wounds had contracted to *40% of their
original area (Fig. 2E). However, no difference in wound con-
traction between fibronectin matrix mimetic-treated wounds
and GST-treated control wounds was observed (Fig. 2E).

Fibronectin matrix mimetics increase granulation
tissue deposition

Granulation tissue deposition at the center of the wound was
quantified 14 days after wounding to assess healing indepen-
dent of re-epithelialization. Granulation tissue deposition was
quantified by measuring the thickness of the granulation tissue
at the center of the wound, from the epidermis to the subcu-
taneous fat layer. A significant increase in granulation tissue
thickness was observed in response to treatment with GST/
III1H,8–10 (4.05 – 0.93-fold), GST/III1H,8,10 (2.91 – 0.49-fold),
or GST/III1H,8RGD (3.55 – 0.59-fold) compared with GST con-
trols (Fig. 3A, B). For a comparison, the average granulation
tissue thickness of day 11, fully closed wounds from wild-type
mice was 775.2 – 71.75mm (n = 4), which was significantly
greater than that of day 14 diabetic wounds treated with the
fibronectin matrix mimetics ( p > 0.05, by ANOVA).

Granulation tissue composition of nondiabetic wounds

During normal healing, the fibronectin- and collagen-rich
granulation tissue is replaced by a predominantly collage-
nous matrix.42 The collagen matrix is subsequently con-
tracted into a tightly woven network by myofibroblasts.1,7 To
determine the composition of the wound space under normal
healing conditions, a histological analysis was performed on
sections taken from wounds of wild-type, nondiabetic mice
11 days after wounding. As expected,43 granulation tissue in
wounds of nondiabetic mice contained less collagen than the
adjacent, uninjured tissue (Fig. 4a, b). Uninjured skin from
diabetic mice was composed of a thin layer of dense collagen
on top of a layer of fatty tissue (Fig. 4c).

Fibroblasts differentiate into actin-rich myofibroblasts
during the remodeling phase of wound healing.5,7 Antibodies
directed against a-SMA were used to identify myofibroblasts
within the wound and in the surrounding uninjured tissue.

Uninjured skin from both nondiabetic and diabetic mice
lacked a- smooth muscle actin stain (Fig. 4d, f ). As expected,7

a-SMA was present in the center of normal wounds in non-
diabetic mice 11 days after injury (Fig. 4e).

Collagen deposition and a-SMA staining
of diabetic wounds

Collagen deposition and the presence of a-SMA staining
within the center of the wound space of diabetic mice were
assessed 14 days after injury. Diabetic wounds treated with
GST/III1H,8–10 (Fig. 5A, a), GST/III1H,8,10 (Fig. 5A, b), or
GST/III1H,8RGD (Fig. 5A, c) contained dense, collagen-rich
granulation tissue that spanned the entire wound space. In
contrast, GST-treated control wounds contained a thin layer
of granulation tissue with limited collagen deposition, par-
ticularly toward the center of the wound (Fig. 5A, d).

a-SMA stain was visible at the wound edges and within
the center of the granulation tissue of fibronectin matrix mi-
metic-treated wounds (Fig. 5B). High-magnification images
confirmed that widespread a-SMA staining was present at the
edge of diabetic wounds in all treatment conditions (Fig. 5C,
‘‘Edge’’). Wounds treated with GST/III1H,8–10 (Fig. 5C, a),
GST/III1H,8,10 (Fig. 5C, b), and GST/III1H,8RGD (Fig. 5C, c)
exhibited a-SMA stain within the center of the granulation
tissue, indicating cellular infiltration into the wound bed. In
contrast, a-SMA staining was not visible within the center of
the GST-treated wound by day 14 (Fig. 5C, d). Together, these
data indicate that application of fibronectin matrix mimetics to
diabetic wounds promotes a uniform deposition of collagen-
rich granulation tissue that supports increased cellularity
across the entire width of the wound bed.

Revascularization of diabetic wounds

Granulation tissue serves as a scaffold for angiogenesis
during wound repair.1,2 In turn, blood vessels supply the
wound space with nutrients and oxygen to support sustained
healing.43 To determine whether vasculature is present in the
granulation tissue of wounds treated with the fibronectin
matrix mimetics, high-magnification images were obtained
from the center of the wound space. Masson’s trichrome stain

FIG. 4. Histological analysis of
nondiabetic wounds. Full-thickness
skin wounds were made on the
dorsal flank of wild-type mice. Ele-
ven days after wounding, animals
were sacrificed and the skin sur-
rounding the wound site was ex-
cised and processed for histological
analysis. Skin sections were ob-
tained away from the wound (‘‘Un-
injured’’) and through the center of
the wound site (‘‘Day 11’’). Unin-
jured skin from diabetic mice was
also processed for histological anal-
ysis. Sections were stained using ei-
ther Masson’s trichrome (a–c) or
antibodies directed against a-
smooth muscle actin (a-SMA) (d–f ).
Scale bar = 500mm. Color images
available online at www
.liebertpub.com/tea
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was used to identify red blood cells; antibodies directed
against a-SMA were used to visualize pericytes and vascular
smooth muscle cells in blood vessel walls.44 Granulation tissue
of wounds treated with GST/III1H,8–10 (Fig. 6a, b), GST/
III1H,8,10 (Fig. 6c, d), and GST/III1H,8RGD (Fig. 6e, f ) showed
functional, erythrocyte-containing blood vessels within the
center of the wound space. These data indicate that the
granulation tissue deposited by fibronectin matrix mimetic-
treated wounds supports vascularization.

Discussion

In this study, we report that topical application of re-
combinant fibronectin matrix mimetics to full-thickness ex-
cisional wounds in diabetic mice accelerates wound closure
and promotes granulation tissue formation. Application of
GST/III1H,8–10 to diabetic wounds significantly increased the
extent of wound closure by day 9 compared with GST-treated
controls, and by day 14, the epithelium was multi-layered.

FIG. 5. Collagen and smooth muscle actin staining of diabetic wounds after treatment with fibronectin matrix mimetics.
Full-thickness skin wounds were made on the dorsal flank of diabetic mice. Wounds were treated with 15mL of 25-mM (a)
GST/III1H,8–10 (n = 7), (b) GST/III1H,8,10 (n = 9), (c) GST/III1H,8RGD (n = 9), or (d) GST (n = 8) immediately after surgery and
on days 2, 4, 7, 9, and 11 postsurgery. Fourteen days after surgery, animals were sacrificed, and the skin surrounding the
wound was excised and processed for (A) Masson’s trichrome stain or (B, C) stained using an a-SMA monoclonal antibody
(brown). Representative images were obtained at the edge and center of the wound. (A, B) Scale bar = 500mm. (C) Scale
bar = 100mm. Color images available online at www.liebertpub.com/tea
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Application of the fibronectin matrix mimetics GST/III1H,8–
10, GST/III1H,8,10, or GST/III1H,8RGD significantly increased
granulation tissue deposition over GST-treated wounds.
Granulation tissue of wounds treated with the fibronectin
matrix mimetics was completely covered by epithelium, and
characterized by dense collagen throughout the wound space,
actin-rich myofibroblasts, and the presence of functional vas-
culature. These studies provide evidence that fibronectin ma-
trix mimetics, designed to deliver ECM fibronectin-specific
signals to cells under conditions where fibronectin matrix as-
sembly is impaired, promote the healing and neovascular-
ization of chronic, cutaneous wounds.

The ability of fibronectin matrix mimetics to improve
healing was assessed in a well-established murine model of
impaired healing that mirrors many of the clinical findings
observed in diabetic patients. C57BLKS/J-m + / + Lepr(db)
genetically diabetic mice exhibit obesity and hyperglycemia,
and are susceptible to immunodeficiency, peripheral neu-
ropathy, and microvascular lesions.31,45 Genetically diabetic

mice experience delayed wound closure and reduced wound
contraction compared with wild-type mice.31,41 Delayed
wound healing in genetically diabetic mice is associated with
low collagen content, delayed and disorganized fibroblast
infiltration, reduced angiogenesis, chronic inflammation, and
low wound strength.46 Similarly, human diabetic wounds
demonstrate decreased levels of cellular infiltration after
injury, including impaired fibroblast migration and delayed
re-epithelialization.47 Future investigations are necessary to
determine the clinical potential of fibronectin matrix mi-
metics for treatment of nonhealing ulcers in diabetic patients.

Integrin interactions with the surrounding ECM are criti-
cal during normal wound repair. b1 integrin-null keratino-
cytes display impaired migration during cutaneous wound
repair in mice.48 Similarly, mice expressing b1 integrin-null
fibroblasts exhibit delayed wound closure and decreased
granulation tissue deposition.34 Fibronectin fragments with
binding specificity toward a5b1 integrins have been studied
for their ability to aid in various stages of wound repair. The
Pro-His-Ser-Arg-Asn (PHSRN) sequence from FNIII9 con-
tributes to the binding specificity of full-length fibronectin
for a5b1 integrins.49 Peptides containing the PHSRN se-
quence promoted complete re-epithelialization of 4-mm di-
ameter skin wounds in diabetic mice within 8 days of
injury.41 The fibronectin matrix mimetics used in the present
study exhibit different integrin-binding specificities.25 The
construct GST/III1H,8–10 contains the PHSRN sequence and
binds to cells via a5b1 integrins.25 Thus, the ability of this
construct to engage a5b1 integrins may account for the in-
crease in re-epithelialization observed in the current study.

Uninjured diabetic mouse skin contained significantly less
ECM fibronectin than nondiabetic mouse skin (Fig. 1C),
which may contribute to the reduced healing response ob-
served in the diabetic mice. In one previous histological
study, sections of uninjured skin from diabetic humans
showed increased fibronectin staining compared with skin
from healthy individuals.50 Fibronectin in diabetic humans is
subject to advanced glycation end products (AGE) that can
affect fibronectin structure and function.51 AGE-modified
fibronectin has reduced ability to support cell adhesion,
spreading, and migration,52,53 and to bind to collagen and
heparin.54 As such, the fibronectin fibrils observed in unin-
jured human diabetic skin may have reduced function. Fi-
bronectin matrix mimetics promote adhesion, spreading, and
migration,24 suggesting that they may be used to overcome
the irregularities in cell adhesion and migration associated
with AGE-modified fibronectin from diabetic humans.

Nonhealing, diabetic wounds are increasingly prevalent as
the number of diabetic patients climbs.47 Limited therapies
are available that offer reliable, cost-effective treatment.
Bioengineered skin substitutes have a high procedural cost
and only promote closure on roughly half of the diabetic foot
ulcers tested.55 The use of topical growth factors to accelerate
re-epithelialization and increase cell infiltration of chronic
wounds has also been tested.31,32,56 Currently, only recom-
binant platelet-derived growth factor (PDGF; Regranex�) is
FDA approved to treat diabetic ulcers.57 In the present study,
we show that topical application of fibronectin matrix mi-
metics to diabetic wounds strongly promotes the deposition
of a collagen-rich, vascularized granulation tissue by day 14.
These results are similar to the reported effects of equimolar
PDGF on granulation tissue formation of full-thickness

FIG. 6. Revascularization of diabetic wounds. Full-thickness
skin wounds were made on the dorsal flank of diabetic mice.
Wounds were treated with 15mL of 25-mM (a, b) GST/III1H,8–
10 (n = 7); (c, d) GST/III1H,8,10 (n = 9); or (e, f ) GST/III1H,8RGD

(n = 9) immediately after surgery and on days 2, 4, 7, 9, and 11
postsurgery. Fourteen days after surgery, animals were sacri-
ficed, and the skin surrounding the wound was excised and
processed using either (a, c, e) Masson’s trichrome stain, or (b,
d, f ) an a-SMA monoclonal antibody (brown). Representative
images were obtained at the center of the wound. Arrows in-
dicate blood vessels. Scale bar = 50mm. Color images available
online at www.liebertpub.com/tea
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wounds in diabetic mice.26 Moreover, application of GST/
III1H,8–10 significantly increased wound closure as early as
day 9. In contrast, no significant differences in wound clo-
sure in response to PDGF treatment were observed until day
21 after injury.26 Treatment of diabetic mouse wounds with
fibronectin fragments engineered to bind both integrins and
growth factors has been shown to enhance the wound-healing
effects of PDGF and vascular endothelial growth factor.58 Si-
milarly, full-length fibronectin potentiates effects of erythro-
poietin treatment on wound healing in diabetic mice.33 As
such, fibronectin matrix mimetics could serve as a supplement
to other treatment strategies to enhance healing of chronic
wounds. The small size of the recombinant fibronectin pro-
teins facilitates production, decreases potential immuno-
genicity, and provides increased structure and stability
compared with peptides. Thus, fibronectin matrix mimetics
make attractive candidates for integration into various de-
livery vehicles, including fibrin sprays59 and collagen me-
shes,60 to promote healing of chronic diabetic wounds.
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