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Chronic wounds, particularly diabetic ulcers, represent a main public health concern with significant costs. Ulcers
often harbor an additional obstacle in the form of tunneled or undermined wounds, requiring treatments that can
reach the entire wound tunnel, because bioengineered grafts are typically available only in a sheet form. While
collagen is considered a suitable biodegradable scaffold material, it is usually extracted from animal and human
cadaveric sources, and accompanied by potential allergic and infectious risks. The purpose of this study was to
test the performance of a flowable gel made of human recombinant type I collagen (rhCollagen) produced in
transgenic tobacco plants, indicated for the treatment of acute, chronic, and tunneled wounds. The performance of
the rhCollagen flowable gel was tested in an acute full-thickness cutaneous wound-healing rat model and compared to saline treatment and two commercial flowable gel control products made of bovine collagen and cadaver
human skin collagen. When compared to the three control groups, the rhCollagen-based gel accelerated wound
closure and triggered a significant jumpstart to the healing process, accompanied by enhanced re-epithelialization.
In a cutaneous full-thickness wound pig model, the rhCollagen-based flowable gel induced accelerated wound
healing compared to a commercial product made of bovine tendon collagen. By day 21 post-treatment, 95%
wound closure was observed with the rhCollagen product compared to 68% closure in wounds treated with the
reference product. Moreover, rhCollagen treatment induced an early angiogenic response and induced a significantly lower inflammatory response than in the control group. In summary, rhCollagen flowable gel proved to be
efficacious in animal wound models and is expected to be capable of reducing the healing time of human wounds.

Introduction

M

odern life and increased life expectancy, accompanied by increased risk of disease, are associated with a
heightened incidence of wounds requiring medical attention.
Chronic wounds, such as venous and arterial ulcers, pressure
ulcers, and diabetic ulcers, are often associated with advanced age, compromised blood circulation, patient immobility, and systemic illnesses.1,2 Each year, nearly 4 million
individuals in the United States experience some form of
chronic skin ulcer.3 These wounds are painful, unsightly, and
can require limb amputation if left unattended. Chronic
wounds pose a significant challenge to healthcare providers,
who often adopt multidisciplinary approaches to reach effective results.4–6 Proper and timely intervention can impact
time to healing, hospital length of stay and costs, pain levels,
scar tissue, and overall patient quality of life.7–10
Wound repair and tissue regeneration are complex
physiological processes, involving programmed matrix de-

struction for the purpose of renewed growth and reorganization.11–13 Collagens, the main structural proteins in
vertebrates and many other multicellular organisms, provide unmatched structural integrity to the extracellular
matrix (ECM).14–16 Collagen and collagen-derived metabolic components control many cellular functions relating
to wound healing, including cell shape, differentiation,
migration, and protein synthesis.17,18 Throughout the multistage wound-healing process, collagen and collagenderived components provide indispensable support for cell
aggregation and adhesion, clot formation, and adequate
scar tissue generation. After clot formation, fibroblasts migrate into the wound region and begin to replace the blood
clot with collagen. Fibroblasts biochemically alter the ECM
by degrading fibrin and producing collagen. Biocompatible
collagen-based wound dressings or tissue substitutes contribute to local haemostatic and chemotactic stimuli, while
supplying a structural support scaffold upon which neotissue can be formed at enhanced rates.14,19 In addition,
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collagen dressings have other advantages over conventional
dressings in terms of ease of application and being natural,
nonimmunogenic, nonpyrogenic, hypoallergenic, and pain
free. The study performed by Veves and Sheehan on 276
patients of diabetic foot ulcer divided equally into two
groups, one group was treated with collagen and the second with other dressing materials, found that the healing
was better in wounds of <6-month duration treated with
collagen dressings.20
To date, animals and, to a lesser extent, cadavers are the
primary collagen sources in the manufacturing of medical
dressings. Such materials can provoke immune responses
and involve risk of contamination with pathogens.21 In addition, collagen extracted from animals and humans undergoes irreversible cross-linking and harsh processing methods
that compromise its biological and mechanical functions. A
genetically engineered tobacco plant line expressing five
human genes essential for the production of post-translationally modified human recombinant type I collagen
(rhCollagen) was established.22 The extracted collagen raw
material can be easily manipulated to form smooth and
consistent fibrils, good for fabrication of collagen-based
products.
Intimate contact between applied therapeutic matrices and
deep wound beds of irregular geometries should expedite
healing. Full coverage of such wounds with graft matrices
that introduce the basic elements required for tissue regeneration is desirable. Therefore, in this study, we wanted to
evaluate gel-type scaffolds that can address these types of
wounds. The aim of the present study was to evaluate the
ability of a flowable gel produced from rhCollagen (VergenixFG) to promote healing of deep wounds and to
compare it to that of commercial flowable gel controls based
on bovine or human cadaver collagen.
Materials and Methods
Flowable gel treatments
The following flowable gel formulations were used for the
treatment of wounds in the animal wound-healing models:
Test article: Human rhCollagen-based gel formulation, VergenixFG. The rhCollagen used as a raw material is a 2.5–
3.5 mg/mL 10-mM HCl solution that was neutralized during
the formulation. The product comes as a dry collagen sample, in the presence of excipients, which upon addition of
saline turns into a gel. The product is sterilized by ETO
(CollPlant, Ltd., Ness-Ziona, Israel), Commercial control 1:
bovine tendon collagen-based flowable matrix with glycosaminoglycans and cross-linking, sterilized by irradiation
(Control 1) and Commercial control 2: cadaveric human
collagen-based flowable scaffold, cross-linked, sterilized by
aseptic filling (Control 2). All products were prepared before
use, according to the manufacturer’s instructions.
Rat wound-healing animal model
Ethics approval. This study was approved by the Ethics
Committee for Animal Use of the Hebrew University of
Jerusalem Israel. Male Sprague-Dawley rats weighing 200–
250 g were housed one per cage with free access to food and
water, in a room with controlled humidity and temperature
(22C), on a 12-h light/dark cycle.
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Operation procedure. Thirty-three rats were included in
the study. Animals were anesthetized using isoflurane inhalation via a facemask. The dorsal aspect and flanks of the
rat skin were clipped and scrubbed using betadine. One
dorsal 1.4 · 1.4-cm full-thickness skin wound was created.
Any ensuing bleeding was arrested before filling each
wound either with Test or with Control 1 or 2. In addition, a
saline control was used. Test or Control products were applied, so that the wound site was completely filled. Each
treatment was given to nine animals. Control 2 was given to
six animals. Subsequently, all wounds were bandaged with
Tegaderm Film bandages (3M, St. Paul, MN). The entire
trunk was then wrapped with a net. After treatment, the
recovery of the animals was carefully monitored before returning them to their individual cages.
Clinical evaluation. All inflicted wound sites were inspected, evaluated, and photographed immediately postwounding and before the application of the Test and Control
Products. In addition, wound sites were visually inspected
and imaged by photography on days 1, 3, and 6 posttreatment.
Wound closure evaluation. Wound closure was assessed
using computerized image analysis (ImageJ; NIH). Briefly,
the extent of open wound area within the image was defined.
Wound area was expressed in terms of percentage of wound
area remaining with time, with the wound size measured
immediately after injury taken as 100%.
Histological analysis of wound healing. Animals were
sacrificed on days 1, 3, and 6 of the study; wound tissue
together with surrounding marginal tissues was excised and
processed for routine histology. Excised wound samples
were fixated in 10% buffered formalin, embedded in paraffin, sectioned in 5-mm thickness, and stained using hematoxylin & eosin (H&E) for evaluation of inflammation and reepithelialization. The severity of the inflammatory response
was graded as minimal, mild, moderate, moderately severe, or severe. Each of these descriptions was assigned a
numerical value: not present = 0; minimal = 1; mild = 2;
moderate = 3; moderately severe = 4; and severe = 5. For reepithelialization, the percent of closure evaluated in the
H&E slides was reported. An accredited histopathologist
was double blinded while performing all histopathology
evaluations.
Statistical analysis. The data were tested with Student’s
t-test statistical analysis. All the results are presented with
mean – standard deviation. Tests were considered statistically significant at p < 0.05.
Porcine wound-healing animal model
Ethics approval. This study was approved by the Ethics
Committee for Animal Use of Israel. Two domestic pigs, one
weighing 37.3 kg and the other 38.9 kg at study initiation,
were kept under environmentally controlled housing conditions throughout the entire study period, and maintained
in accordance with approved standard operation procedures.
The study was performed at Harlan Biotech (Ness-Ziona,
Israel).

RHCOLLAGEN

GEL FOR WOUND HEALING

1521

Operation procedure. After proper sedation, induction,
and anesthesia, 12 full-thickness square wounds, measuring
2 · 2 cm, localized bilaterally along the animal’s dorsal midline,
were surgically created. Each wound site was then treated
with the Test Product (7 wounds per pig, total 14 for both pigs)
or Commercial Control 1 (5 wounds per pig, total 10 for both
pigs), so that the wound site was completely filled. Subsequently, all wounds were bandaged with Tegaderm Film
bandages (3M) and then covered with padded bandages to
protect the wound sites. The entire trunk was then wrapped
with an orthopedic stockinette to keep all the bandages in
place. One animal was sacrificed on day 7 of the study, and the
second animal was sacrificed on day 21. Wound tissues were
collected from both animals for histopathological evaluation.
Clinical evaluation. All wound sites were visually inspected, evaluated, and photographed immediately postwounding, before application of the Test and Commercial
products and, thereafter, twice weekly, until the respective
time of sacrifice of each animal. All dermal reactions such as
erythema and edema were also recorded and evaluated. The
dermal reactions were evaluated using a common 5-point
semiquantitative grading as shown: normal = 0; slight = 1;
moderate = 2; marked = 3; and severe = 4.
Wound closure evaluation. Wound closure was assessed
using computerized image analysis (ImageJ; NIH). Wound
area was expressed in terms of percentage of wound area
remaining with time, with the wound size measured immediately after injury taken as 100%.
Histological analysis of wound healing. Wound samples
were fixated in 10% buffered formalin, embedded in paraffin, and then sectioned. Sections of 5-mm thickness were
stained using H&E for evaluation of foreign body response
and re-epithelialization. All wounds were evaluated and
used for analysis. Foreign body response evaluated the
presence of giant cells in the wound, and scoring was performed in a 0–4 scale as follows: 0 = no response; 1 = minimal
response; 2 = mild response; 3 = moderate response; and
4 = marked response.
Additional sections were immunohistochemically evaluated for angiogenesis using von Willebrand factor (vWF) as a
marker. Stained slides were evaluated for the presence and
density of vWF-positive blood vessels within the wound bed.
A 0–4 scale was used for scoring as follows: 0 = no blood
vessels; 1 = minimal blood vessels; 2 = mild blood vessels;
3 = moderate blood vessels; and 4 = marked blood vessels in
the wound bed. An accredited histopathologist performed all
histopathology evaluations.
Statistical analysis. The data were tested with Student’s
t-test statistical analysis. All results are presented with
mean – standard deviation. Wounds from both pigs were
combined for statistical analysis. Tests were considered to be
statistically significant at p < 0.05.
Results

FIG. 1. VergenixFG significantly accelerates wound closure in a rat wound model. Full-thickness cutaneous wounds
were created on rat backs (n = 9 for saline (Saline control),
control (Control 1), and VergenixFG, n = 6 for Control 2) and
treated with recombinant type I collagen (rhCollagen) flowable gel, saline control, bovine collagen flowable matrix
commercial control (Control 1), or human collagen gel commercial control (Control 2). Wound closure was assessed on
days 1, 3, and 6 post-treatment. Wound closure was measured
as % closure from the time of wound infliction ( *p < 0.05).
treated with VergenixFG significantly accelerated wound
closure when compared to standard treatment saline control
and to both commercial controls (Fig. 1). Specifically, wound
size significantly shrank within 24 h of treatment with VergenixFG. In contrast, a slight increase in wound size was
noted in all other treatment groups, a common phenomenon
among rodents, arising from a loose-skin phenotype.23 Furthermore, wound closure measured on both days 3 and 6
post-treatment occurred faster among VergenixFG-treated
wounds, when compared to all other treatments; two-thirds of
closure was achieved by day 6 in the VergenixFG-treated rats.
Microscopical evaluation of treated wounds showed enhanced re-epithelialization in VergenixFG-treated wounds,
when compared to both commercial control treatments
(Fig. 2A, B), as manifested by keratinocyte proliferation and
migration, the two early re-epithelialization events.24,25 Thus,
rhCollagen jumpstarted the healing process by inducing an
early and rapid reduction in wound size, after more advanced
wound closure, when compared to control treatment.
Inflammation of the wound area was scored, based on
H&E slides. It was found that on day 1, the inflammatory
response with rhCollagen treatment resembled the saline
treatment, and was statistically enhanced compared to the
bovine collagen control (Fig. 3). By day 6, this high-level
inflammation decreased to match all other treatment levels.
Early influx of inflammation and resolution is desired, as
inflammation drives the repair process, followed by its resolution that is essential for healing, unlike most chronic
wounds that are stalled at the inflammatory phase.
The different populations were studied in the rat study,
and no differences between the groups were observed (data
not shown).

Rat wound model

Pig wound model

Large, full-thickness wounds created on the backs of healthy rats were treated and monitored for 6 days. Wounds

Wound closure was significantly faster after treatment with
the VergenixFG, when compared to the bovine commercial
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FIG. 3. VergenixFG treatment results with high initial inflammation in rat wounds. Full-thickness cutaneous wounds
were created on rats backs and treated with rhCollagen
flowable gel, saline control, bovine collagen flowable matrix
commercial control (Control 1), or human collagen gel commercial control (Control 2). Microscopical wound inflammation was assessed and scored on days 1, 3, and 6, based on
H&E-stained slides. Human collagen Control (control) was
not available for day-1 analysis (n = 3) ( *p < 0.05).

FIG. 2. VergenixFG treatment induces re-epithelialization
in rat wounds. Full-thickness cutaneous wounds were created on rats backs and treated with rhCollagen flowable gel,
saline control, bovine collagen flowable matrix commercial
control (Control 1), or human collagen gel commercial control (Control 2). (A) Microscopical wound re-epithelialization
was assessed and scored on day 6, based on hematoxylin &
eosin (H&E)-stained slides. (n = 3) ( *p < 0.05). (B) Representative H&E sections showing right and left sides of
wounds with marked re-epithelialization front (dashed line).
Color images available online at www.liebertpub.com/tea
control ( p < 0.01) (Fig. 4A). Moreover, a jumpstart in wound
closure was documented on day 3 post-treatment in the
VergenixFG-treated wounds. By day 21, rhCollagen-treated
wounds reached a mean of 95% ( – 3.7%) closure, whereas
control groups demonstrated a mean closure of 68%
( – 15.35%) (Fig 4A, B). VergenixFG-treated wounds reached
full re-epithelialization at the wound site by the end of the
study, while the epithelium had not fully closed the wound by
day 21, in those treated with a commercial bovine-based gel
(Fig. 4C).
In addition to wound closure evaluation, any evident inflammatory dermal reaction, such as edema, in proximity to

the wounding site margins was described. On days 0 and 3,
no abnormalities were detected. A significant difference in
the extent of edema was shown between the Control and
Test articles on both days 7 and 10; lower levels of edema
were observed after treatment with VergenixFG, compared
to Control 1 treatment (Fig. 5D). After day 10, no differences
in wound edema were evident (data not shown). During the
H&E histopathological analysis, the residual scaffolds could
be tracked, revealing that on day 7, little or no residual
VergenixFG remained in the wound, while extensive
amounts of residual bovine collagen-based control gel were
evident in all treated wounds. The degree of foreign body
inflammation was greater for the Control-treated wounds,
when compared to those treated with the Test article; microscopic observation substantiated the macroscopic findings of enhanced local dermal edema (Fig 5C, D). On day 21,
giant cell formation was lower in the VergenixFG-treated
tissue samples when compared to the day-7 response of
these samples, whereas in the control group, giant cell formation was higher.
The density of blood vessels within the granulation tissue
surrounding the wound was slightly higher on day 7 in
wounds treated with VergenixFG when compared to those
treated with Control 1. Furthermore, after an early increase
in blood vessel formation, VergenixFG-treated wounds displayed a lower frequency of new blood vessels (vWFpositive cells) on day 21 (Fig 5A, B). These findings are
indicative of accelerated wound healing, with faster progress
through the natural phases of wound healing, inflammation,
proliferation, and remodeling, when compared to wounds
treated with a control gel.
Discussion
Chronic wounds, especially diabetic ulcers, present a serious public health concern due to their problematic healing
process and a high rate of recurrence.26–28 Diabetic ulcers
often harbor an additional obstacle in the form of tunneled or
undermined wounds, calling for treatments that can fill the
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FIG. 4. VergenixFG significantly accelerates wound closure in a pig wound model. Full-thickness cutaneous wounds were
inflicted on the backs of two domestic pigs and treated with rhCollagen flowable gel and commercially available bovine
collagen flowable matrix. (A) Wound closure was monitored for 21 days (n = 10 for Control 1, n = 14 for Test until day 7, n = 5
for Control 1l, and n = 7 for Test until day 21) ( *p < 0.05). rhCollagen treatment jumpstarted healing on day 3. (B) Representative image of wound closure progression in rhCollagen-treated versus commercial control-treated wounds, as observed on day 21 post-treatment. (C) Representative images of H&E-stained samples collected from rhCollagen-treated and
commercial control-treated wounds. Color images available online at www.liebertpub.com/tea
entire wound tunnel. Bioengineered scaffolds designed to
promote wound healing are usually available in the sheet
form and are ineffective in treating complex or irregularly
shaped or hard to access wounds.29,30
A novel rhCollagen flowable gel product indicated for
management of wound healing was evaluated and compared to two commercially available flowable gels made of
bovine and cadaveric human collagen. The described rat
study was preceded by multiple rat studies performed to
select the best rhCollagen formulation (data not shown). The
presented rat study purpose was to pre-evaluate the products in a small-animal study, before a large-animal study,
and to help select the commercial controls to be used in the
pig study.
Both animal models were tested in healthy animals and
not in models that simulate chronic wounds. The decision
was made because most of the chronic models do not manifest the full pathophysiology of chronic wounds such as
diabetic wounds, including neuropathy, inflammatory process changes, and more. Secondly, as stated in the Guidance
for Industry Chronic Cutaneous Ulcer and Burn Wounds—
Developing Products for Treatment,31 there are no ideal
animal models for chronic wounds or extensive burns;
therefore, multiple animal models should be used to assess
activity of wound treatment products, as was performed in
this study. In the small-animal rat model, VergenixFG effi-

cacy was compared to saline treatment, as well as to bovine
and human collagen gel treatment. VergenixFG fostered
advanced wound closure compared to all controls, including
saline treatment; a notable jumpstart in wound closure was
documented. Wound enlargement is often observed in rodent skin-healing processes, due to their loose-skin phenotype.23,32 Interestingly, while all wounds treated with control
preparations showed some wound enlargement or static
wound size on day 1, VergenixFG-treated wounds did not
grow, but rather began to contract and heal. Wound enlargement was evident with the two collagen controls, which
could be argued to be due to physical interference, but was
evident to some extent also in the saline treatment group,
where there is no physical interference. On the other hand,
rhCollagen treatment induced early closure, supporting the
beneficial action for wound healing that the rhCollagen
treatment posses. The difference in wound closure/contraction in the initial healing is an outcome that can be translated
into faster healing. Faster healing in humans can be further
translated to better wound management, decreased complications such as wound infection, decrease in limb amputation, better compliance of patients, and eventually decreased
health costs.
Histological analyses revealed that re-epithelialization of
the wound bed via the hyperproliferative epidermal gulf
were greater in rhCollagen-treated wounds when compared
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FIG. 5. VergenixFG induces early angiogenesis and reduces inflammatory response in a pig wound model. Full-thickness
cutaneous wounds were created on the backs of two domestic pigs and then treated with either rhCollagen flowable gel or
commercially available bovine collagen flowable matrix. Wounds were clinically evaluated for inflammatory response, and
samples were harvested on days 7 and 21 for microscopical analysis of inflammatory and angiogenesis responses. Sections were
stained with either H&E or anti-vWF antibody for determination of blood vessel formation, and then scored. (n = 10 for Control,
n = 14 for Test until day 7, n = 5 for Control, and n = 7 for Test until day 21). (A) Blood vessel formation scores ( *p < 0.05). (B)
Representative images of blood vessel formation immunohistochemistry. (C) Foreign body responses in VergenixFG-treated
versus bovine collagen matrix-treated wounds. (D) Clinical wound assessment of inflammation of VergenixFG-treated versus
bovine collagen matrix-treated wounds. Color images available online at www.liebertpub.com/tea
to the bovine and human cadaver collagen gel-treated
wounds. Re-epithelialization of the wound is highly important, as it restores the skin barrier function.33 Furthermore,
re-epithelialization is a proof that not only contraction occurs, but there is a true enhance in wound closure.
The rat study that was used as a preliminary study to
select either Control 1 or Control 2 to the pig study showed
that both controls exhibited similar wound closure and
similar re-epithelialization and inflammation score. Control 1
was selected for the pig study, as it better resembled the
rhCollagen formulation in terms of the collagen preparation.
In Control 2, human collagen is derived from donated human skin. The epidermal and dermal cells are removed to
result in a matrix of preserved human dermal tissue, including its native protein, collagen structure, blood vessel
channels, and other biochemical components. On the other
hand, the bovine collagen commercial control gel (Control 1)
is made of collagen extracted in techniques that result in a
clean collagen solution, similar to the clean rhCollagen extract that is later engineered to form the rhCollagen gel.
The close resemblance of porcine to human skin makes
this model a widely acceptable one and the closest to humans for cutaneous wound-healing studies.34 VergenixFG

treatment accelerated wound closure in the porcine model,
when compared to a commercial bovine flowable matrix
control. As in the rat model, healing was jumpstarted at
early stages, with 27% wound closure already recorded
during the first observation session, versus 7.9% closure in
control-treated wounds. Moreover, full re-epithelialization
was seen in the Test article-treated wounds, while only
partial re-epithelialization was achieved after control
treatment (Fig. 4A–C).
Angiogenesis is an important process that has to take place
in wound healing.35 In the pig study, blood vessel count was
higher on day 7 and lower on day 21 upon the rhCollagen
treatment (Fig. 5A, B). Higher blood vessel score at day 7
indicates good vessel growth and effective healing process.
Toward full repair of the wound, the scar has fewer blood
vessels than in the middle of the healing process. This was
demonstrated in this study by the rhCollagen treatment. It can
be claimed as a transition between wound healing phases,
corresponding to natural and accelerated healing.36,37
Inflammation is a highly effective component of the innate
initial reaction of the body to injury and one that normally
leads to tissue repair and restoration of function. Leukocytes,
including neutrophils and macrophages, infiltrate the
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wounded area and assist in cleaning and removing damaged
tissue debris and foreign particles. Once in the wound site,
activated macrophages release several important growth
factors and cytokines, initiating granulation tissue formation.37 If there is no resolution of inflammation, wound
healing will not occur and will lead to chronic wounds, such
as in diabetic wounds.38 Hence, inflammation is necessary
for wound healing, but needs to be resolved for the repair to
continue and move to the proliferative phase. In the foreign
body response, giant cells composed of cluster of macrophages persist at the site of implantation, sometimes for
years. Their presence indicates that there is a chronic inflammatory response that distinguishes it from wound
healing, thus not a desired phenomenon.39 The respective
inflammatory response observed in the treated pigs was
documented. Control 1 treatment induced high-level skin
edema around lesions on days 7 and 10 post-treatment
compared to VergenixFG. In correlation with the macroscopical evaluation, histopathological analyses revealed
more giant cell formation that increased with time, in the
bovine-treated wounds. However, a very slight reaction that
decreased with time was observed in the group of wounds
treated with VergenixFG. Giant cell formation, manifested as
a foreign body response, can delay wound repair.40–42 Both
the rhCollagen and the bovine collagen of the control treatment are of different species than the pig; therefore, it raises
a question why with rhCollagen, the inflammatory reaction
was normal and to a lesser extent than with the control
treatment. It may be argued that the rhCollagen is of pure
nature verses collagen extracted from animals, as was
demonstrated by Stein et al.22 In addition, other factors may
affect the inflammatory reaction, including the degree of the
cross-linking of the collagen scaffold and the type of crosslinker.43
To conclude, VergenixFG rhCollagen flowable gel, accelerated healing of cutaneous full-thickness animal wounds
when compared to the rate of healing achieved by the tested
commercial controls. Furthermore, VergenixFG jumpstarted
the wound closure process, stimulated an early angiogenic
response, and reduced the inflammatory response. Implementing this treatment in human wounds may be advantageous in deep and inaccessible wounds, possible
shorting the time to healing.
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