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Initial report of the use of an injectable porcine
collagen-derived matrix to stimulate healing of
diabetic foot wounds in humans

WILLIAM A. MARSTON, MDa; ANTON USALA, MDb; RONALD S. HILL, PhDb; ROBERT MENDES, MDa; MARY-ANN
MINSLEY, RNa

A novel injectable scaffolding matrix (E-MatrixTM) has been developed to accelerate wound healing in
diabetic foot ulcers. This porcine collagen-derived matrix is designed to mimic tertiary embryonic connective
tissue and to stimulate fetal wound repair mechanisms including angiogenesis. In vitro and animal studies have
indicated a beneficial effect on tissue growth and an acceptable safety profile. In this report, we describe the
initial use of this product in a pilot study of six humans with chronic nonhealing diabetic foot ulcers. A dramatic
initial response to injection was seen, with an average wound size reduction of 72% 2 weeks after injection.
Randomized trials are underway to define the potential benefit of this new treatment modality for diabetic
foot ulcers. (WOUND REP REG 2005;13:243–247)

DFU Diabetic foot ulcer

NO Nitric oxide

Progressive diabetic foot ulceration is the leading
cause of lower limb amputation in the United States.1

These lesions are associated with peripheral neuropa-
thy and microcirculatory compromise, resulting in the
breakdown of dermal integrity.2,3 Commonly used
treatments for diabetic foot ulcers (DFUs) include deb-
ridement, pressure off-loading, and moist wound heal-
ing. These treatments are inadequate, as evidenced by
the high incidence of healing failure and recurrent
ulceration after ulcer closure.4

Recent active techniques reported to increase the
rate of wound closure have included growth factor
application5 and cultured human tissue equivalents.6,7

In prospective randomized trials, these treatments have
each shown an increase of 10–20% in wound closure
rates after 12 weeks of treatment.

A novel injectable matrix scaffolding (E-MatrixTM

Encelle, Inc., Greenville, NC) has been developed to
accelerate wound healing in DFUs. E-Matrix is designed
to stabilize denatured single stranded collagen, gelatin,
by copolymerization with a high molecular weight
polysaccharide, dextran (Figure 1). The ionic and hydro-
phobic interactions that maintain the copolymer struc-
ture are further stabilized by addition of the polar amino
acids cysteine, glutamic acid, arginine, and lysine. This
open, polar copolymer structure makes available amino
acid sequences of gelatin that are entwined within triple
stranded native collagen. This open polar structure was
designed to mimic the open nature of early embryonic
dermis.8 It is hoped that this matrix will stimulate faster
wound healing and a better tissue quality at the healed
site to reduce the risk of recurrent ulceration.

E-Matrix has been tested in vitro and in vivo in
various animal models of wound healing. These studies
have shown that wounds treated with E-Matrix are
associated with significantly increased angiogenesis,
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reduced wound contraction, and increased levels of
growth factor production, including transforming
growth factor-b3 and vascular endothelial-derived
growth factor receptors.9 It is believed that the interac-
tion of host cells at the wound site with E-Matrix leads
to altered cellular responses, ultimately improving
wound healing and stimulating the tissue regeneration
observed in these preclinical studies. In addition,
extensive preclinical studies of E-Matrix in animals
were performed to show the safety of E-Matrix for
use in this clinical trial.10 Based on these data, a feasi-
bility study was designed to study the use of E-Matrix
in human DFUs. This article summarizes the design and
results of this initial experience.

MATERIALS AND METHODS
E-Matrix is a biocompatible scaffolding for cellular
attachment composed of gelatin alpha chains derived
from porcine skin collagen stabilized by copoly-
merization with a high molecular weight polysaccharide
(500 kDa dextran). The matrix scaffolding is designed
to maximize the polar amino acid hydrogen bonding
sites found in the open polar alpha chains (Figure 1).
This open polar structure is stabilized by copolymeriza-
tion with dextran while the monomer is heated.11 Polar
amino acids (lysine, arginine, glutamic acid and
cysteine) are added which stabilize the copolymer by
supplying additional hydrogen bonding sites and disul-
fide linkages. EDTA is added to enhance these struc-
tural linkages and also may transiently inhibit
superoxide formation at the time of E-Matrix injection.
Aminoguanidine at a low concentration (800 mM) is
added as a nitric oxide (NO) inhibitor to reduce poten-
tially disruptive oxidative activity.12 Aminoguanidine
inhibits NO production by acting as a competitive inhi-
bitor of inducible nitric oxide synthase. E-Matrix also
contains cysteine (0.8 mM), which binds NO and may
reduce NO released during injection.

The E-Matrix injection process around and under
the wound exposes polar sites on the tissue for
E–Matrix interaction. Once host tissues interact with
the E-Matrix film, they undergo changes in gene activ-
ity13 that putatively activate a fetal-like wound healing
cascade theoretically involved in the recreation of
complete skin architecture.

Study protocol
The study protocol was reviewed and approved by the
Center for Devices and Radiological Health at the Food
and Drug Administration. Informed consent was
obtained from each screened patient according to the
1975 Declaration of Helsinki ethical guidelines.

Patients aged 21–75 with documented type I or II
diabetes and foot ulcers of greater than 2 months’
duration were eligible for enrollment. Wagner stage 1
ulcers measuring at least 1 cm in diameter and no
greater than 6 cm in diameter were eligible for enroll-
ment. Hemoglobin A1c values of 7–12 were specified as
well. Exclusion criteria are outlined in Table 1, includ-
ing those typical for a DFU trial.

Patients satisfying all inclusion and exclusion
criteria were skin tested for sensitivity to E-Matrix.
E-Matrix (0.1 cc) was injected intradermally into the
forearm 1 week prior (day �7) to ulcer treatment.
Extensive wound debridement and pressure offloading
were performed at this visit as well. Blood was drawn
for metabolic assessment at several intervals during
follow-up.

Patients returned 3 days after screening for
examination of the test injection site. There were no
patients who experienced an allergic response to the
test injection site.

At day 0, wound debridement and E-Matrix injec-
tion were performed. Sharp debridement was per-
formed to remove all callus and necrotic material
from the wound base, after which wound measure-
ments and photographs were obtained. E-Matrix is a
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FIGURE 1. Schematic diagram of the E-Matrix.
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semisolid gel at room temperature and requires warm-
ing to physiologic temperature (30 minutes at 39 �C)
where it is a moderately viscous liquid. E-Matrix was
then injected using a standard 22 gauge needle circum-
ferentially around the perimeter and intralesionally
under the base of the ulcer (Figure 2). The target
location of the injection was the area of the dermal/
subdermal tissue junction. The volume of E-Matrix
delivered depended on the ulcer size and ranged from
1.3–9.4 mL.

Post-injection protocol
Daily wound dressings were performed after day 3
using hydrogel and gauze on the ulcer site. The patients
returned at day 3, 7, 14, 21, 28, 42, 56, and 84 for follow-
up. This involved physical examination, sharp wound
debridement, ulcer tracings, photographs, and assess-
ment of pressure offloading at each visit. At days 14, 28,
56, and 84, blood samples were obtained for metabolic
follow-up and 24-hour urine for creatinine clearance
was collected.

At the conclusion of the 12-week study protocol,
two patients remained with nonhealed ulcers measur-
ing greater than 1 cm2. Permission was obtained
through the Institutional Review Board and Food and
Drug Administration to retreat these two patients with
E-Matrix 4–5 months after the initial procedure. The
same protocol was followed with E-Matrix reinjection,
with a 12-week follow-up time.

RESULTS
Six patients with diabetes and nonhealing foot ulcers
were recruited satisfying the inclusion/exclusion cri-
teria. Patient demographics are listed in Table 2. Of
note, the group included an average wound duration
of 3.5 years prior to enrollment with a range of 6
months to 12 years. The patients had all been treated
in wound management clinics prior to enrollment, most
with growth factors, human tissue substitutes, or
hyperbaric oxygen. Injection of E-Matrix was well tol-
erated, with one of six patients reporting pain with
injection, described as moderate. There were no other
noted complications related to the procedure.

During follow-up, there was one patient death,
occurring due to medical complications related to his
diabetes. At the last clinic evaluation within 1 week of
death, the ulcer was 89% healed with no evidence of
infection or other complication. The medical team
treating the patient reported no evident association
between the patient’s death and his foot ulcer or the
study treatment. One patient experienced mild and
transient erythema. No other adverse events were
reported that were deemed related to the study proce-
dure or treatment.

Medically, one patient experienced an increase in
serum creatinine from 1.1 to 1.7 mg/dL, and two
patients had small decreases in creatinine clearance
during follow-up. In one of six patients, rheumatoid
factor was detectable at day 56. In all other cases, no

FIGURE 2. Technique of E-Matrix injection.

Table 1. Exclusion criteria for patient enrollment in this
clinical trial

Clinical wound infection or osteomyelitis
Active charcot arthropathy
Surgical procedure on study foot within 56 days of screening
Significant arterial insufficiency (ankle brachial index < 0.7 or toe
pressure < 50 mmHg)
Chronic venous insufficiency
Severe hypertension (> 200 systolic or 120 diastolic)
Renal insufficiency (serum creatinine > 2 mg/dL)
Hepatic insufficiency (LFTs greater than 2.5 times normal)
Serum albumin < 3.0 g/dL
History of active collagen vascular disease
Use of chemotherapy, radiation, or immune suppressants within 1
year of screening
Immune deficiency syndromes
Pregnancy
Treatment of ulcer with growth factor or human tissue substitute
within 28 days of screening
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rheumatoid factor was detectable after injection. No
other evidence of immunologic response was noted.

In all cases, an immediate response was noted to
E-Matrix injection, with a 72% average decrease in
wound size over the first 2 weeks after treatment
(Figure 3). The average wound closure was 61% at 1
week, 72% at 2 weeks, and 77% 4 weeks after injection.
After 4 weeks, healing progress slowed, with the aver-
age closure 78% at 8 weeks. Two wounds experienced a
small increase in size between 56 and 84 days. After re-
injection, these two wounds improved markedly, from
9 to 2.8 cm2 and from 2.5 to 0.6 cm2 at 12 weeks, but
neither had completely closed by day 84 (Figure 4). At
6 months after reinjection, both of these wounds
were completely closed. No moderate or severe study-
related adverse events were experienced after E-Matrix
reinjection.

DISCUSSION
As noted in the introduction, DFUs remain a critical
problem resulting in limb loss in a significant number
of cases. A recent study examined the expected healing
rates for DFUs through a person-level meta-analysis
from published, randomized clinical trials.14

Evaluating a database that included 586 individuals,
the author concluded that 24% of ulcers healed after
12 weeks and 33% healed after 20 weeks of standard
wound care. Unfortunately, re-ulceration after closure
is common due in part to the poor quality of scar tissue
in the area of healing.

Early in fetal development, a more open form of
collagen (compared to tightly bound mature collagen)
is associated with large carbohydrate molecules, and
serves as the predominant tissue scaffolding.9,13,15 It is
postulated that the attachment of undifferentiated, or
incompletely differentiated cells to the polar collagen
scaffolding results in a specific host tissue response.
This response during fetal development is to guide the
differentiation of mesenchymal tissue into various skin
structures, including endothelial cells. Subsequently,
these organize into blood vessels and other critical
structures in the development of new skin. It is possi-
ble that the induction of fetal-like wound healing may
lead to more rapid wound healing, and these hypoth-
eses have been supported by the results of preclinical
evaluation of E-Matrix.8,10,12 It is also expected that
wounds closing with tissue that is characterized by
increased vascularity and decreased scarring may be
more resistant to ulcer recurrence.

In this initial feasibility study, E-Matrix was
injected into six human DFUs. No treatment-related
severe adverse events were noted. Patients were fol-
lowed closely for renal, hepatic, immunologic, or other
toxicities. There appeared to be no significant trends
related to treatment. Clearly, this feasibility study is a
small sample size, and must be followed with larger
controlled clinical studies.

There was an apparent initial benefit to E-Matrix
injection resulting in a decrease in wound size in all
patients in the first 2 weeks after injection. The

Table 2. Demographics of patients enrolled in this clinical trial

Patient # Gender Age (years) Ulcer duration Previous treatment

103 Male 62 4 years Vein revascularization, Dermagraft� � 3, Regranex�

104 Male 69 2 years Betadine soaks, Hydrogel� dressings
105 Male 68 6 months Apligraf� � 3, Dermagraft�

106 Male 63 1 year Regranex�

108 Male 60 12 years Regranex�

109 Male 58 1.5 years Apligraf� � 4, Regranex�, hyperbaric oxygen
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E-Matrix injection.
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stimulatory response apparently slowed after several
weeks, possibly due to degradation of the matrix, col-
lagen turnover, or other factors. In preclinical studies,
transforming growth factor-b3 gene expression was
enhanced by E-matrix, and this effect may be transient,
limited to 2–4 weeks.9 Based on these results, and the
lack of procedure-related adverse events, we believe
that further study is warranted, including larger trials
randomizing patients to control treatment compared to
E-Matrix treatment. In these studies, repeated injec-
tions will be performed to assess the sustainability of
the healing response.

Several issues concerning the optimal use of E-
Matrix must be determined during further studies. The
exact method and site of injection of E-Matrix must be
determined. Also, it appears that patients might benefit
from repeated applications of E-Matrix during applica-
tion, but the optimal re-treatment time and the safety of
multiple applications must be determined.

In conclusion, we believe that the injection of E-
Matrix into chronic nonhealing diabetic foot wounds
may induce fetal-like wound healing mechanisms,
improving the ability of these wounds to close. This
feasibility study provides promising results that argue
for larger trails to further examine the benefit of this
new method of treatment.
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