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Abstract
Wound healing is a dynamic process that relies on coordinated signaling molecules to succeed.
Heparin-binding epidermal growth factor (EGF)-like growth factor (HB-EGF) is proven to
accelerate healing, however precise control over its application is necessary to reduce side effects
and achieve desired therapeutic benefit. To achieve effective growth factor delivery we designed a
bioactive heparin-based coacervate. In vitro, HB-EGF released from the coacervate delivery
system displayed enhanced bioactivity and promoted human keratinocyte migration while
preserving cell proliferative capability. In a mouse excisional full-thickness wound model,
controlled release of HB-EGF within the wound significantly accelerated wound closure more
effectively than an equal dosage of free HB-EGF. Healing was induced by rapid re-
epithelialization, granulation tissue formation, and accompanied by angiogenesis. Consistent with
in vitro results, wounds treated with HB-EGF coacervate exhibited enhanced migration of
keratinocytes with retained proliferative potential, forming a confluent layer for regained barrier
function within 7 days. Collectively, these results suggest that coacervate-based controlled release
of HB-EGF may serve as a new therapy to accelerate healing of cutaneous wounds.
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INTRODUCTION
Dermal injury remains one of the most prevalent and economically burdensome healthcare
issues in the world. In the US alone there are more than 100 million acute wounds annually,
including surgical incisions, trauma, and burns [1]. Current wound management requires
frequent dressing changes and patients are at constant risk of infection until the skin regains
its barrier function. In chronic wounds, a variety of underlying detriments, including
pressure, insufficient blood flow, and edema, prevents healing from occurring without
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proactive treatment [2]. Current treatment options are limited, costly, and inefficient. As a
result, the development of new therapeutics is necessary to satisfy the clinical need.

Growth factor therapies hold tremendous potential to address the shortcomings of current
wound care modalities [3, 4]. Growth factors act as critical extracellular cues that orchestrate
the wound healing process; supply of exogenous growth factors may therefore induce faster
re-epithelialization, leading to reduced risk of infection and shorter inpatient stays. In cases
of chronic wounds, growth factors may provide the necessary stimuli to induce wound
closure that is otherwise unlikely to occur [5]. Several important growth factors involved in
the wound healing process are from the epidermal growth factor (EGF), platelet-derived
growth factor (PDGF), and transforming growth factor-β (TGF-β) families. Heparin-binding
EGF-like growth factor (HB-EGF), although less studied, is present in both human and
porcine wound fluid [6, 7], and is a potent stimulator of keratinocyte proliferation and
migration [8, 9]. HB-EGF has been shown to have mitogenic effects on fibroblasts [6, 10],
and may therefore be involved in the formation of granulation tissues. Lastly, HB-EGF also
plays a role in angiogenesis during wound healing [11, 12]. Clearly, HB-EGF acts as a
versatile regulator of wound healing and would be highly beneficial as a regenerative
therapeutic.

Provision of exogenous growth factors can accelerate wound healing, however they must be
applied in a sustained and localized fashion to be effective. This is due to short growth factor
half-lives, rapid dilution in the body, and undesirable effects at high systemic levels [13].
Our group has developed a controlled delivery system based on intact heparin, a highly-
sulfated glycosaminoglycan with similar functionality to the extracellular matrix (ECM)-
derived proteoglycan, heparan sulfate. Heparin and heparan sulfate bind many growth
factors with high affinity, extend their half-lives by protection from proteolytic degradation,
and increase their bioactivity [14, 15]. To keep the water-soluble heparin:growth factor
complex localized to the site of application, a synthetic polycation, poly(ethylene
argininylaspartate diglyceride) (PEAD), was designed to interact with heparin through
polyvalent charge attraction, forming a growth factor-containing coacervate [16]. In this
simple delivery system, incorporated growth factors are separated from the aqueous
environment in the oil phase of the coacervate, further protecting them from degradation.
This delivery platform is capable of controlling the release of heparin-binding growth
factors and has been used to successfully deliver FGF2 to stimulate therapeutic angiogenesis
[17]. Here we report the utility of this platform in controlled delivery of HB-EGF for wound
healing.

MATERIALS & METHODS
HB-EGF coacervate preparation

PEAD was synthesized as previously described [18, 19]. Heparin USP from porcine
intestine (Scientific Protein Labs, Waunakee, WI) and PEAD were each dissolved at 10 mg
ml−1 in sterile saline and 0.22 μm filter-sterilized. Heparin was initially combined with
recombinant human HB-EGF (R&D Systems, Minneapolis, MN). PEAD was then added
(50:10:1 mass ratio of PEAD:heparin:HB-EGF) which immediately precipitated the
complex out of solution to form the HB-EGF coacervate, visible as a turbid solution.

Fluorescent imaging of the coacervate
A minimal amount of heparin (less than 1% by weight) in the coacervate was replaced with
fluorescein (Aldrich Chemicals, Milwaukee, WI) by dissolving it in the heparin solution.
The coacervate was centrifuged at 12,100 g for 10 min and the supernatant with unbound
fluorescein was aspirated and replaced with deionized water. The coacervate was loaded to a
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glass chamber slide and imaged by an Olympus Fluoview FV100 confocal microscope
(Olympus, Tokyo, Japan).

HB-EGF release profile
200μl HB-EGF coacervate containing 1 μg HB-EGF was pelleted by centrifugation at
12,100 g for 10 min and placed at 37 C. On day 0, 1, 4, 7, and 10 the supernatant was
aspirated and stored at −80 C, and 200μl fresh saline was replaced to cover the pellet. The
amount of released HB-EGF in three separate fractions per timepoint was determined by
ELISA (R&D Systems, Minneapolis, MN).

In vitro scratch wound assay with primary human keratinocytes
1x106 normal human epidermal keratinocytes (NHEK, Lonza, Basel, Switzerland) at
passage 3 were seeded per well in a 24-well plate and cultured in full keratinocyte growth
media, KGM-Gold (Lonza, Basel, Switzerland), until confluency. A 10 μl pipette tip was
used to scratch the cell layer and wells were washed once with DPBS to remove debris.
Cells were cultured at 37 C in KGM-Gold, without bovine pituitary extract (BPE) or
epidermal growth factor (EGF) supplements, containing 100 ng ml−1 free HB-EGF or HB-
EGF coacervate, or no HB-EGF as control. Photographs were taken of in vitro wounds in
three wells per group with an Eclipse Ti inverted microscope (Nikon, Tokyo, Japan) at the
beginning of the experiment and every 6 hours for one day. Scratch width was measured
using NIS Elements Analysis software (Nikon, Tokyo, Japan).

In vitro proliferation of primary human keratinocytes
2x105 passage 3 NHEK were seeded per well in a 24-well plate and cultured at 37 C in
KGM-Gold media, without BPE or EGF supplements, containing either 10 ng ml−1 or 1 ng
ml−1 free HB-EGF or HB-EGF coacervate, or no HB-EGF as control. After 4 days cell
lysates from three wells per group were prepared by the addition of 0.1 % Triton X-100
(Sigma, St. Louis, MO) followed by 3 freeze-thaw cycles. Double-stranded DNA (dsDNA)
content of cell lysates was measured by Quant-iT dsDNA high-sensitivity assay kit
(Invitrogen, Carlsbad, CA).

Murine wound model and wound closure analysis
6–7 week old C57BL6/J mice (Jackson Labs, Bar Harbor, ME) were anesthesized with
isoflurane and the dorsal area was shaved. Two 0.5 mm-thick silicone donut-shaped splints
(OD=16 mm, ID=8 mm) were fixed on either side of the dorsal midline, approximately 2.5
cm from the ears, with 6-0 Prolene suture. Identical full-thickness wounds were made using
a 5 mm round skin biopsy punch, centered within each splint. 1 μg free HB-EGF, as an HB-
EGF coacervate, vehicle alone, or saline was applied to wounds (n=7 animals/ 14 wounds
per group) by sterile pipet as a 10 μl solution. Two wounds were made on each mouse to
increase sample size and both wounds received the same treatment to avoid cross-
contamination. Polyskin II sterile hydrocolloid bandages (Tyco Healthcare, Mansfield, MA)
were applied followed by Coban self-adhesive wrap (3M, St. Paul, MN) around the
midsection to deter chewing of the splints. On days 7, 10, 14, and 17 only the wrap was
removed and wounds were digitally photographed through the clear hydrocolloid bandage.
Wound area was measured by blinded operator using a fine-resolution computer mouse to
trace the wound margin in MetaMorph Image Analysis Software (Molecular Devices,
Sunnyvale, CA). Suture and wraps were replaced as necessary to keep the splints fixed. On
day 7, two animals per group were sacrificed and wounds and surrounding were tissue
collected for histological evaluation. Remaining animals were sacrificed on day 17.
University of Pittsburgh Institutional Animal Care and Use Committee (IACUC) approval
was obtained prior to beginning all animal studies.
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Histological analysis
Wound and surrounding tissue was collected using a 7 mm skin biopsy punch and then
bisected through the midline of the wound using a razor blade. Both halves were
immediately embedded in optimal cutting temperature (OCT) medium (Sakura Finetek,
Torrance, CA), frozen, and sequentially sectioned at 5 μm using a MICROM HM525
cryomicrotome (Thermo Fisher Scientific, Waltham, MA). Only sections from the same area
of the wound were compared histologically. Skin sections were stained with hematoxylin
and eosin (H&E) for standard evaluation and with Masson’s trichrome staining (MTS) for
evaluation of collagen content, counterstained with hematoxylin. All histological analyses
were performed on at least 4 wounds per group per timepoint, and images presented are
representative of all replicates.

Immunohistochemical analysis
Wound sections were fixed and stained using a rabbit polyclonal anti-wide spectrum
cytokeratin antibody (1:75, Abcam, Cambridge, MA) with an IHC staining kit (Santa Cruz
Biotech, Santa Cruz, CA), then counterstained with hematoxylin. Day 7 sections were dual-
stained using rabbit polyclonal anti-Ki-67 (1:500, Abcam, Cambridge, MA) and rabbit anti-
integrin β4 (1:200, Abcam, Cambridge, MA) followed by goat anti-rabbit IgG Alexa Fluor
488 and Alexa Fluor 594-conjugated secondary antibodies (1:200, Invitrogen, Carlsbad,
CA), respectively, and counterstained with DAPI. Day 17 skin sections were dual-stained
with purified anti-mouse CD31 (1:50, BioLegend, San Diego, CA) followed by Alexa Fluor
588-conjugated secondary antibody (1:200, Invitrogen, Carlsbad, CA), and FITC-conjugated
mouse anti-α-smooth muscle actin (α-SMA, 1:500, Sigma, St. Louis, MI). All images were
taken using an Eclipse Ti inverted microscope (Nikon, Tokyo, Japan).

Statistical analysis
Statistical analysis was performed using SPSS 16.0 software (SPSS Inc, Chicago, IL).
Statistical differences were detected using analysis of variance (ANOVA) followed by
Bonferroni correction as post-hoc testing. Differences were considered significant at P<0.05.

RESULTS
Characterization of HB-EGF coacervate

PEAD contains two functional groups per repeating unit that carry positive charge (Fig. 1a).
The coacervate forms immediately upon addition of PEAD to the heparin:HB-EGF complex
in PBS, visible macroscopically as a turbid solution. Fluorescein carries negative charges
and integrates into the coacervate via Coulombic forces. Fluorescent imaging of the
coacervate with embedded fluorescein revealed spherical droplet with diameters ranging
from 10–500 nm (Fig. 1b). The release kinetics of HB-EGF from the coacervate were
determined in vitro. Less than 8% HB-EGF was detected in the supernatant after pelleting
the coacervate (day 0 of release assay), indicating a loading efficiency of greater than 92%.
No initial burst release of HB-EGF was observed on day 1, and release thereafter was
approximately linear at 15 ng day−1 (Fig. 1c).

HB-EGF stimulates keratinocyte migration
The effect of free and coacervate HB-EGF on the migratory capacity of primary human
keratinocytes was determined by their ability to induce in vitro wound closure in a scratch
assay. The closure of wounds made in confluent cell monolayers was tracked over 24 hours
(Fig. 2a). It is important to mention that cell proliferation may also affect closure rate in this
assay, but the short timeframe limits its contribution. Though not statistically significant, the
effect of bolus addition of free HB-EGF is evident 6 hours after wounding (Fig. 2b). By 12
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hours post-wounding, free HB-EGF significantly improved closure of scratch wounds
compared to the control. Beginning 18 hours post-wounding, HB-EGF coacervate also
significantly improved closure compared to the control. Scratch wound closure in free and
coacervate HB-EGF groups was statistically the same at all timepoints. It is important to
note that although the same amount of HB-EGF was added to both groups (100 ng ml−1), in
the controlled delivery case it is mostly incorporated in the coacervate so the concentration
of free growth factor in the medium is much lower.

Controlled release of HB-EGF from the coacervate does not inhibit keratinocyte
proliferation

Primary human keratinocytes were cultured in the presence of free or coacervate HB-EGF in
the culture media. Cell proliferation over 4 days culture was analyzed by DNA
quantification. At high HB-EGF concentration (10 ng ml−1), free growth factor reduced cell
proliferation compared to control while cell proliferation in the presence of coacervate with
the same amount of growth factor had no statistically significant change (Fig. 2c). This is
consistent with the premise of controlled release reducing the burst effect. At lower
concentration (1 ng ml−1) however, neither free nor coacervate HB-EGF had any significant
effect on cell number.

HB-EGF coacervate accelerates mouse wound closure
The effects of free and coacervate HB-EGF on wound closure were examined in a splinted
mouse full-thickness excisional wound model. A modified skin biopsy punch wounding
procedure led to a more uniform wound size than procedures requiring scissors. To mimic
human healing, splints were used to avoid skin contraction, thus making re-epithelialization
the major factor in wound healing. The wounds were treated immediately with saline,
vehicle (PEAD:heparin complex), 1μg HB-EGF free or in the coacervate (Fig. 3a). Wound
area was tracked over 17 days and animals were sacrificed on days 7 and 17 for histological
analysis. Accelerated closure of wounds treated with HB-EGF coacervate was evident by
day 7 and continued throughout the test period compared to all other groups (Fig. 3b-c).
Only this treatment induced complete wound closure by day 17. No significant difference
existed between the other three groups at any time point. Histological analysis after 7 days
showed a thick cell-rich granulation region in HB-EGF coacervate-treated wounds with high
collagen content, revealed by Masson’s trichrome staining (MTS) (Fig. 4).
Immunohistochemical detection of cytokeratin shows a thick stratum corneum on day 7 that
was remodeled to identical structure to the surrounding normal epidermis by day 17 (Fig. 4).
Signs of returning dermal appendages were also observed by day 17 in HB-EGF coacervate-
treated wounds. Other groups showed thin and inconsistent granulation regions which
stained less strongly with MTS. Positive cytokeratin staining was observed in all groups in
dermal appendages such as hair follicles and sebaceous glands where epithelial cells also
reside [20].

HB-EGF coacervate increases keratinocyte proliferative and migratory potential in vivo
To further investigate the effect of HB-EGF on the behavior of keratinocytes after
wounding, day 7 wound sections were immunostained for proliferation and migration. The
former was reflected by Ki-67, a marker of cell proliferation [21]. The latter was observed
by staining of β4 integrins, which heterodimerize with α6 subunits on the surface of
epithelial cells and play a key role in cell motility, especially during wound healing [22–24].
Both markers were localized almost exclusively to the epidermis (Fig. 5a). In the
unwounded skin, normal epidermal stratification was accurately reflected with β4 integrin -
positive cells overlying cells positive for Ki-67; however the majority of cells at the wound
margin were double-positive. Saline and vehicle groups showed minimal cell migration
beyond the proliferating cells at the wound margin. Free HB-EGF induced migration of non-
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proliferating (Ki-67-negative) cells, consistent with the inhibited proliferation observed in
vitro. In contrast, keratinocytes in wounds treated by HB-EGF coacervate exhibited co-
localization of both markers well beyond the wound margin, indicating that the migratory
cells still retain their proliferative capacity. Only HB-EGF coacervate-treated wounds
showed a complete layer of epithelial (β4 integrin-positive) cells across the entire wound
length on day 7.

Angiogenesis accompanies faster healing
The vascularization of day 17 wounds was examined with immunofluorescent staining for
endothelial cells (CD31+) and mural cells (α-smooth muscle actin+). At the base of the
granulation region near the wound margins, endothelial cells were observed in the HB-EGF
coacervate-treated wounds (Fig. 5b). Additionally, mural cells were observed co-localizing
with endothelial cells in the HB-EGF coacervate group, indicating early blood vessel
formation not present in other groups.

DISCUSSION
Many delivery systems have been developed to provide controlled spatio-temporal release of
EGF, including sponges [25], hydrogels [26], polymer pellets [27], electrospun nanofibers
[28], and microspheres [29]. However, clinical translation of these systems has been
deterred by setbacks such as poor loading efficiency, large initial burst release, and low
bioactivity of the released growth factors [30]. It is likely that these challenges can be
overcome by examining the integral role the ECM plays in sequestering, protecting,
coordinating, and enhancing growth factor activity. Thus, a particularly effective approach
to design biomimetic growth factor delivery systems is to incorporate ECM components
such as hyaluronic acid [31], collagen [32], and vitronectin [33]. These systems utilize
controlled release while also mimicking the natural extracellular environment of
regenerating tissue [34].

Of similar structure to ECM-derived heparan sulfate proteoglycans, heparin is also used in
many delivery systems [35]. In addition to protecting growth factors from proteolytic
degradation, heparin potentiates the activity of some factors by facilitating their interaction
with cell receptors [36, 37]. Delivering growth factors pre-bound to heparin also prevents
their rapid sequestration by the endogenous ECM. This may be especially important in a
cutaneous wound setting where growth factors are required at the wound margin to stimulate
re-epithelialization and are less useful if immobilized elsewhere in the wound [38]. In
support of this notion is the finding that adding heparanase, which cleaves heparan sulfate
thereby liberating bound growth factors, enhances wound healing and angiogenesis [39].

Our delivery approach is one of a handful of systems that utilize intact, native heparin,
thereby fully retaining its natural functionality. Others have incorporated intact heparin by
conjugation to fibrin matrices via bi-domain peptides [40], to peptide amphiphiles [41], or
within dendrimer-crosslinked collagen gels [42]. Our delivery system employs a polycation
that is a simplistic mimetic of the heparin-binding domain of the fibroblast growth factor
receptor [43]. This bio-inspired ternary complex is stable, held together by polyvalent ionic
interactions. Thus heparin imparts significant bioactivity to our delivery system, which
PEAD keeps localized to the application site in a simple, unobtrusive way. This work
represents, to the best of our knowledge, the first use of a bio-active controlled release
system to deliver HB-EGF in a pre-clinical animal model.

HB-EGF release from the coacervate, governed by degradation of PEAD and dissociation of
the delivery complex, was slow and sustained over at least 10 days in vitro with a steady
release rate of 15 ng per day. We expect that release is accelerated in vivo, driven by
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additional enzymatic activity in the wound bed. Degradation of the coacervate in vivo is
catalyzed by esterases and heparinases, however we do not observe any toxic effects of
PEAD or its degradation products, locally or systemically [18]. Indeed, the vehicle did not
inhibit healing in the present study, showing no difference from the control. The viscous
liquid-like properties of a coacervate, not too different from wound fluid, also make it highly
attractive for use in a wound healing therapeutic. It is prepared in water and then simply
applied topically in this work. The coacervate can also be injected [17] or could be
incorporated into bandages.

The effect of HB-EGF on epithelial cell proliferation and migration was examined
individually using primary human keratinocytes. HB-EGF significantly increased
keratinocyte migratory capacity but not proliferation, in accordance with previous reports
[8]. HB-EGF coacervate consistently produced results similar to that of the free growth
factor group; however, our release study shows that only 12% and 15% HB-EGF was
released by the end of the 1 day migration study and 4 day proliferation study, respectively.
This indicates an enhanced bioactivity of HB-EGF released from the coacervate. This is
consistent with potentiated activity of fibroblast growth factor (FGF) released from this
delivery system [16]. Though not statistically significant, a slight advantage of free growth
factor over coacervate was evident in the scratch migration assay, particularly during the
first 12 hours. Interestingly, the difference in means between these two groups gradually
decreased over the course of the experiment, reflecting the increasing concentration of HB-
EGF in the medium in the coacervate group. At high concentrations, free HB-EGF inhibited
cell proliferation, as previously reported [7]. However, using the coacervate to maintain a
low, stable concentration of free HB-EGF avoided this inhibition.

Splinted excisional wound models in rodents force healing to occur by re-epithelialization as
in humans, rather than by contraction as in most loose-skinned mammals [44]. Thus they
provide an ideal first validation tool for the potential of HB-EGF coacervate to accelerate
wound closure in vivo. We found that controlled delivery is essential to effective HB-EGF
therapy, as free growth factor healed wounds at the same rate as controls at a dosage of 1 μg.
HB-EGF coacervate significantly accelerated wound closure over 17 days by comprehensive
healing which included expedited re-epithelialization, improved granulation tissue
formation, and angiogenesis.

Endogenous HB-EGF expression is normally low but is upregulated in cutaneous wounds
[7]. It is produced by multiple cells and in the setting of dermal injury acts primarily as a
potent stimulator of re-epithelialization [8]. The presence of exogenous HB-EGF delivered
by the coacervate accelerated re-epithelialization, as evident by a complete keratinized layer
with regained barrier function 7 days after administration. We also observed keratinocytes
well beyond the wound margin which stained positive for β4 integrin co-localized with
Ki-67 protein, expressed exclusively in nuclei of cells in active cell cycle. In agreement with
our in vitro results, these migrating keratinocytes continued to proliferate as long as the
soluble HB-EGF concentration was maintained below threshold levels by the coacervate.
Conversely, free HB-EGF stimulated cell migration beyond that of the controls, however
proliferation was restricted to near the wound margin and ultimately led to no difference in
wound closure rate.

In the first week of acute wound healing, dermal fibroblasts enter the wound bed, proliferate,
and gradually replace the provisional fibrin- and fibronectin-rich matrix with a collagenous
one, also containing proteoglycans. This collagen matrix, primarily type I and III, serves as
inductive scaffolding for infiltrating stromal cells and provides strength and structure to the
new tissue as remodeling occurs [45, 46]. HB-EGF may act as a fibroblast mitogen and
indeed, we observed that granulation tissue in HB-EGF coacervate-treated wounds had high
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collagen content 7 days after injury. This likely resulted from both direct effects on dermal
fibroblasts and indirect effects such as activation of paracrine signaling by epithelial cells
[47]. The presence of dermal appendages within the granulation region at day 17 further
indicates that HB-EGF coacervate-treated wounds were at a later stage of healing compared
to other groups.

Angiogenesis also plays a critical role in the wound healing process. Endothelial sprouts
derived from adjacent tissue invade the provisional wound matrix and support the formation
of granulation tissue [46]. HB-EGF may have direct mitogenic and motogenic effects on
endothelial cells [11] and vascular smooth muscle cells [10], or may influence the
angiogenic process by initiating paracrine signaling by keratinocytes and fibroblasts in the
wound bed. HB-EGF may also be involved through the stimulation of matrix
metalloproteinases (MMPs), which are critical in the initial stages of angiogenesis [48]. Our
results indicate that controlled release of HB-EGF to the wound seemed to induce
endothelial cell infiltration and signs of nascent blood vessels, not observed in other groups.
The exact mechanisms by which HB-EGF affects angiogenic response require further
investigation.

CONCLUSIONS
This study assesses the benefit of a controlled release approach to the utility of HB-EGF
therapy for wound healing. We demonstrated that sustained coacervate-based delivery of
HB-EGF significantly accelerated wound closure within 17 days, while free growth factor
application had no effect on closure rate compared to controls. Keratinocyte migratory
capacity was significantly increased and proliferative capacity was maintained by HB-EGF
coacervate. This led to accelerated wound re-epithelialization which was accompanied by
healthy granulation tissue formation and angiogenesis. These results suggest that coacervate-
based controlled delivery of HB-EGF can induce fast and comprehensive healing of
cutaneous wounds.
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Figure 1. The coacervate controls the release of HB-EGF in a steady fashion
(a) Chemical structure of the PEAD. The backbone of PEAD contains aspartic acid and
ethylene glycol diglyceride, connected by biodegradable ester bonds. Arginine is conjugated
to provide two cationic charges per repeating unit, giving PEAD strong affinity for
polyanions. (b) Confocal fluorescent imaging of fluorescein-labeled coacervate shows
spherical morphology with droplet diameters of 10–500 nm. Bar = 1 μm. (c) In vitro release
profile of HB-EGF from the coacervate into saline over 10 days. Bars indicate means ± SD.
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Figure 2. HB-EGF coacervate stimulates primary human keratinocyte migration without
inhibiting proliferation in vitro
(a) Representative images of scratch wounds on confluent keratinocyte monolayers after 24
h of culture in media supplemented with saline (Control), 100 ng ml−1 HB-EGF free or in
the coacervate. Bars = 200 μm. (b) Quantification of percent closure of scratch wounds over
time. Bars indicate means ± SD. *P<0.05; **P<0.01. (c) Quantification of cell number after
4d culture of keratinocytes in media supplemented with saline (Control), 1 ng ml−1 or 10 ng
ml−1 HB-EGF free or in the coacervate. Bars indicate means ± SD. **P<0.01.
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Figure 3. HB-EGF coacervate accelerates healing of full-thickness excisional wounds
(a) Silicone donut-shaped splints, fixed with suture, surrounded the wounds and forced
healing to occur by re-epithelialization. Wounds were treated immediately with 10 μl of
group-specific solution by sterile pipet. (b) Wound closure over time, measured as percent
of original area. Fourteen wounds were averaged for day 7 timepoint after which two
animals were sacrificed per group for histology; the remaining 10 wounds per group were
photographed until sacrifice on day 17. Bars indicate means ± SD. *P<0.05; **P<0.01. (c)
Representative photographs of wounds treated with saline, vehicle (PEAD:heparin
complex), 1 μg HB-EGF free or in the coacervate. Ruler units are mm.
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Figure 4. HB-EGF coacervate accelerates wound re-epithelialization and increases collagen
content of granulation tissue
Wound sections stained with hematoxylin and eosin (H&E) for general observation,
Masson’s trichrome (MTS) for collagen, and immunohistochemically for cytokeratin (IHC-
Cytokeratin) as a marker of epithelial cells. Representative light microscopy images of
sections from the center of day 7 wounds are presented for all three staining methods, and of
day 17 wound sections stained for IHC-Cytokeratin. Arrows indicate newly formed dermal
appendages present within the granulation tissue. Bar = 500 μm.
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Figure 5. HB-EGF induces migration of epithelial cells with retained proliferative capability,
and increases angiogenesis in wounds
(a) Immunofluorescent staining of day 7 wound sections for β4 integrin (red) and Ki-67
(green) with DAPI (blue) nuclear staining. High magnification images of the wound margin
reveal epithelial cells with retained proliferation potential (co-localization of markers; red +
green = yellow). Arrow indicates significant migration of these dual-positive cells. Bars =
200 μm. (b) Immunofluorescent staining of day 17 wound sections for CD31 (red) and α-
smooth muscle actin (green) with DAPI (blue) nuclear staining. Representative images of
granulation tissue near the wound margin show endothelial cell and mural cell infiltration
from the adjacent dermis. Arrows indicate co-localization of cells (red + green = yellow) as
potential nascent vessels. Bars = 50 μm.
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