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Abstract: Surface modification techniques have been used to

develop biomimetic scaffolds by incorporating cell adhesion

peptides. In our previous work, we have shown the tethering

of laminin-332 a3 chain to type I collagen scaffold using mi-

crobial transglutaminase (mTGase), promotes cell adhesion,

migration, and proliferation. In this study, we evaluated the

wound healing properties of tailored laminin-332 a3 chain

(peptide A: PPFLMLLKGSTR) tethered to a type I collagen

scaffold using mTGase by incorporating transglutaminase

substrate peptide sequences containing either glutamine

(peptide B: PPFLMLLKGSTREAQQIVM) or lysine (peptide C:

PPFLMLLKGSTRKKKKG) in rat full-thickness wound model at

two different time points (7 and 21 days). Histological evalua-

tions were assessed for wound closure, epithelialization,

angiogenesis, inflammatory, fibroblastic cellular infiltrations,

and quantified using stereological methods (p < 0.05). Pep-

tide A and B tethered to collagen scaffold using mTGase

stimulated neovascularization, decreased the inflammatory

cell infiltration and prominently enhanced the fibroblast pro-

liferation which significantly accelerated the wound healing

process. We conclude that surface modification by incorpo-

rating motif of laminin-332 a3 chain (peptide A: PPFLMLLK

GSTR) domain and transglutaminase substrate to the lami-

nin-332 a3 chain (peptide B: PPFLMLLKGSTREAQQIVM) using

mTGase may be a potential candidate for tissue engineering

applications and skin regeneration. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Wound repair is a complex and highly multifactorial process.
It results in the contraction, closure of the wound and resto-
ration of a functional barrier.1 For successful tissue engineer-
ing and wound healing applications, scaffolds were designed
by tethering biomolecules whose surface were modified by
using bioactive ligands or cell adhesion peptides. This
directly affects the cellular response and ultimately leads to
tissue regeneration.2,3 The designed scaffold should mimic
extracellular matrix (ECM) and interact with cells to enhance
cell adhesion, growth, and migration. The interaction
between cells and extracellular environment are mediated
via integrins and their ability to activate the signaling path-
ways depends upon the adhesion complexes formed
between the cells and their ECM. Mostly short peptide
sequences from the receptor-binding domain of adhesion
proteins such as laminin and fibronectin are widely used for

surface modification of the scaffold.2,3 The arginine-glycine-
aspartic acid (RGD) is an integrin mediated cell adhesive do-
main which has been studied extensively.4 Apart from RGD,
laminin derived peptide sequence are tethered to the scaf-
fold, which promotes cell adhesion, spreading, and prolifera-
tion.5,6 Laminin is an ECM glycoprotein that is generally
present in the basement membrane. It promotes adhesion,
migration, growth, and differentiation of a variety of cells.7,8

To accelerate healing process and to minimize the scar
formation, different techniques of skin substitution have
been in practice.9 Collagen-based skin substitutes are widely
used in tissue engineering applications like Biobrane (Smith
and Nephew), Integra (IntegraTM).9,10 The disadvantage of
using these skin substitutes is due to its rapid biodegradation
in vivo, along with non-coordinated dermal regeneration.11

Several methods are used to cross-link collagen scaffold to
reduce degradation in vivo. Microbial transglutaminase
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(mTGase) isolated from Streptoverticillium mobaraense is a
calcium-independent enzyme and has been studied as a natu-
ral cross-linker to enhance the mechanical properties of col-
lagen.12 mTGase cross-links the peptide and proteins, using
lysine and glutamine residues, resulting in the formation of
e(c-glutamyl) lysine isopeptide.13 In our previous work, we
have shown that a motif of laminin-332 a3 chain
(PPFLMLLKGSTR)5 and the modified laminin-332 a3 chain
sequence by the addition of transglutaminase substrate
(EAQQIVM) derived from the N-terminus of fibronectin
(PPFLMLLKGSTREAQQIVM) or lysine residues (PPFLMLLKST
RRKKKKG) tethered to the collagen sponge using mTGase
which supported cell growth.6 The hypothesis of the study is
that the motif of laminin-332 a3 and modified motif of lami-
nin-332 a3 chain tethered to the mTGase cross-linked colla-
gen scaffold can promote wound healing in vivo and also pro-
mote angiogenesis in wound repair. In this article, the
modified biomimetic scaffold was examined in full-thickness
rat wound models.

MATERIALS AND METHODS

Collagen scaffold fabrication
Acid-soluble type I atelocollagen was isolated from bovine
Achilles tendon as described in the earlier report.6 The purity
of collagen was established using sodium dodecylsulfate–poly-
acrylamide gel electrophoresis, and its triple helical structure
was monitored using circular dichroism (CD) spectroscopy
(Jasco J-715 spectropolarimeter) and Fourier transform infra-
red (FTIR) spectroscopy (Thermo Nicolet-AVATAR 320).

Microbial transglutaminase isolation
mTGase was isolated from Streptoverticillium mobaraense
(ActivaTMWM, Ajinomoto Corporation, Japan) as described
earlier.13 The specific activity of mTGase was determined to
be 2.7 � 104 nmol of putrescine incorporated/mg protein/h.
A mTGase concentration of 0.05 mg mL�1 used in this study.

Synthesis of peptide sequence
Peptide A (PPFLMLLKGSTR), peptide B (PPFLMLLKGSTR
EAQQIVM) and peptide C (PPFLMLLKGSTRKKKKG) synthe-
sized by Fmoc chemistry were purchased from GenScript
Corporation (USA) and the purity of peptide was found to
be >99%.

Tethering of peptides to the collagen scaffold
Type I collagen was dissolved in a 0.5M acetic solution and
made up to a final concentration of 3 mg mL�1. A concen-
tration of 60 lg mL�1 for peptides A, B, and C was used for
the study. Peptides A, B, and C were added to the collagen
solution separately and aspirated slowly for complete mix-
ing. 0.05 mg mL�1 of mTGase was added to the collagen so-
lution containing peptides A, B, and C, and the pH of the so-
lution was adjusted to neutral using 5� phosphate-buffered
saline (PBS), pH 7.4, and 1M NaOH, and incubated for 24 h
at 37�C. The reaction was arrested by freezing the samples
at �20�C; then the scaffolds were washed with PBS and ly-
ophilized to obtain porous collagen sponges.

Treatment Groups

Further in the article, the peptides tethered to the colla-
gen scaffold will be addressed as Scaffold A, Scaffold B, and
Scaffold C.

In vivo model
All procedures performed were conducted under an animal
license no. B100/3674 and were approved by the Animals
Ethics Committee of the National University of Ireland, Gal-
way. In addition, animal care and management followed the
Standard Operating Procedures of the Animal Facility at the
National Centre for Biomedical Engineering Science. Twelve
Sprague Dawley male rats, ranging between 250 and 300 g
of body weight, were used in the study. The experimental
design included two time periods (7 and 21 days) with six
animals per time period with six treatments per animal. The
animals were anaesthetized with intra-peritoneal injection
of xylazine and ketamine (Xylapan and Narketan, Vetoquinol,
UK) at a dose of 100 and 10 mg/kg, respectively.

The animal’s skin was shaved to remove hair and full-
thickness wound created on dorsal side. Six full-thickness
1 cm2 wounds were placed at least 1 cm apart. All the
procedures were performed under standard general prac-
tice principles of asepsis and no further antimicrobial
therapy was used. The positioning of the six treatments
was randomized and recorded. An outline of all the
wounds was traced on sheets of pre-labeled sterile trac-
ing paper and additional photographic records were taken.
The wounds were covered with transparent polyurethane
dressing (Opsites Smith & Nephew). Color-coded and
numbered jackets were used on all the animals to pre-
vent wound disturbance and facilitate the identification of
experimental groups. Extra measures were taken to mini-
mise wound disruption by housing all the animals individ-
ually for the duration of the study.

Harvesting and processing of tissue
The animals were sacrificed with an overdose of sodium
pentobarbitone at different post-implantation time periods
(7 and 21 days). Jackets and dressings were carefully
removed and the wounds were traced and photographed

Group Treatment Abbreviation

1 Collagen scaffold alone Collagen
II Collagen scaffold

cross-linked with mTGase
Collagen þ mTGase

III Collagen scaffold
tethered with peptide
A cross-linked with mTGase

Scaffold A

IV Collagen scaffold tethered
with peptide B cross-
linked with mTGase

Scaffold B

V Collagen scaffold tethered
with peptide C cross-
linked with mTGase

Scaffold C

VI No treatment Control
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before excision. All samples were identified by animal num-
ber (1–6), time period (yellow jackets; 7 days and white
jackets: 21 days), and position in the animal (AL: anterior
left; AR: anterior right; ML: medial left; MR: medial right;
PL: posterior left; PR: posterior right) to avoid bias during
analysis. Samples were fixed in 10% neutral buffered forma-
lin for 24 h to be subsequently processed (Leica ASP300),
blocked (LeicaEG1150H and EG1150C), and sectioned (Leica
RM 2235) perpendicularly to the wound surface in 5-mm
consecutive sections. The samples were stained with haema-
toxylin-eosin (H&E) and Masson’s Trichrome (MT) for sub-
sequent stereological analysis. MT-stained sections were
used to identify inflammatory cells and blood vessels at
400� magnification. Inflammatory cells studied were neu-
trophils and macrophages. Neutrophils were identified as
small, dense, circular, multi-lobed cells. Macrophages were
identified as large cells with accumulations of particulate
matter in their cytoplasm. Nuclei were identified by a dark
purple colour and cytoplasm as pink in color.

Explant analysis
The efficacy of the treatments on wound healing was eval-
uated by the analysis of parameters such as epithelializa-
tion, angiogenesis, inflammatory reaction, and scarring as
described earlier.14

Fibroblast and inflammatory cell infiltrations
Both fibroblast and inflammatory cell infiltrations were
measured in relative terms of nuclear volumes as describe
earlier.14,15 In practical terms, this means that a grid mask
(5 � 5 lm2) was applied to each image with a magnifica-
tion of 1000� (five fields of view per slide, six slides per
treatment, four treatments per animal) and the numbers of
grid intersections that intersect the nucleus of fibroblasts or
inflammatory cells (neutrophils, eosinophils, macrophages,
and/or unidentified mononuclear cells, lymphocytes) were
tagged. All the images were taken of the wound area imme-
diately under the epithelium, when present, or in the most
centralized areas of the wound. The volume fraction (Vv) of
each parameter was expressed as the fraction of tagged
intersections (Pv) in relation to the total number of intersec-
tions (PT) in the grid:

Vv ¼ Pv=PT

Wound closure
The size of the wound was measured by taking the
length and width of the excised wound before and after
treatment to confirm the size of the wound. The following
formula was used to calculate the percentage of wound
reduction:

% wound reduction

¼ Wound area day 0�wound area days ðnÞ
Wound area day 0

� 100

n ¼ 7 and 21 days

Angiogenesis
Parameters evaluated for angiogenesis were surface area
and length of blood vessels. Stereological methods rely on
isotropic uniform random (IUR) sampling. As skin is a
stratified organ, and vertical sections of known orientation
have been saved, known as vertical uniform random (VUR)
sections, it is necessary to emulate isotropy through the use
of a cycloidal test lines.16 This ensures that every surface of
every vessel has equal opportunity to be sampled, regard-
less of vessel orientation when sectioned. To this end, a cy-
cloidal grid of radius 40 microns was overlaid on each field
of view. The grid consisted of six test lines, each comprising
10 cycloid arcs. Therefore, the total length (LT) of cycloid
arcs was 2400 lm. The number of times a blood vessel
intersected (I) an arc was counted, and the following stand-
ard equation used to measure the surface density (SV).

16,17

SV ¼ 2
I

LT

Collagen
Collagen bundle formation was assessed using MT staining.
The stained slides were used to evaluate the general histo-
morphology and quantitative stereological analysis as
describe earlier.14,15 Four fields of view were captured for
each section. A representative sample size of three was cho-
sen for each treatment group.

Statistics
One way analysis of variance (ANOVA) was used to evaluate
the data with post-hoc differences between groups using
Tukey’s Method (SPSS version 10). Data are expressed as
means 6 SD. Values of p < 0.05 were considered to be stat-
istically significant within a given time period.

RESULTS AND DISCUSSION

From this study, we have demonstrated the potential use of
biomimetic scaffolds (scaffold A, B, and C) in dermal wound
healing for longer period (7 and 21 days). This is the first
study to report the in vivo dermal responses to tailored
laminin-332 peptide cross-linked scaffold using mTGase.

Wound closure
Reduction of wound size was measured by tracing the
wound before excision of granulation tissue for hisotomor-
phometeric analysis. Percentage reduction in wound size
was seen in scaffold A (82.66 6 6.80) and Scaffold B (75.66
6 3.15) at day 7 when compared with control (61.33 6

3.05), collagen (64.6 6 4.87) mTGase (66.75 6 5.12), and
Scaffold C (67.66 6 5.77). Wound healing involves the coor-
dinated infiltration of dermal cells types, along with the
ECM depositions and re-epithilization.18 Apart from dermal
cells and ECM depositions, a combination of growth factors
and cell adhesion molecules such as intergrins are involved
in healing process. The rate of epithelialization is dependant
on both. This fact indicates that the in vitro activities of lam-
inin-332 a3 chain and modified laminin-332 a3 chains
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FIGURE 1. MT section of different treatment groups at 7 day of wound healing. (A) Control, (B) Collagen, (C) Collagen þ mTGase, (D) Scaffold A

(E), Scaffold B, and (F) Scaffold C. At 40� magnification. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIGURE 2. MT section of different treatment groups at 21 day of wound healing. (A) Control, (B) Collagen, (C) Collagen þ mTGase, (D) Scaffold

A, (E) Scaffold B, and (F) Scaffold C. At 40� magnification. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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reflected those in vivo. From our results, it is suggested that
cells at the wound site were activated by the peptide A and
B conjugated with collagen scaffold using mTGase and
transferred these signals to the neighboring cells which
results in epithelialization by epithelial cells and granulation
tissue regeneration by fibroblasts. Figure 1 shows the heal-
ing process of wound in Scaffold A and B treated group
with complete epithelialization as compared with other
treatment group. At day 21, no significant difference in
wound size was seen among the groups, but histological
changes were observed on day 21 among the groups (Fig.
2).

Fibroblast and inflammatory cells infiltration
The volume fractions of fibroblasts at day 7 and 21 are
shown in Figure 3. The wounds treated with Scaffold A, B
showed a significant increase in the volume of fibroblasts
on 7 and 21 day when compared with other groups. Scaf-
fold C also showed an increase in fibroblast when compared
with collagen and collagen mTGase group. Increase in the
fibroblasts in scaffold B were observed due to the retention
of peptide in the scaffold, the results are in agreement with

the cross-linking assays, which shows that mTGase forms a
linkage between the transglutaminase substrate present in
the peptide sequence (EAQQIVM).6

During wound healing process, fibroblast plays an im-
portant role in skin tissue regeneration. During healing
fibroblast proliferation and migration occurs and it is fol-
lowed by induction of the expression of smooth muscle cell
contractile protein namely alpha smooth actin that coverts
to myofibroblast and leads to reorganization of the ECM.
They are also responsible for secreting ECM proteins as
part of the dermal regeneration process.18

Earlier reports have shown that laminin-5 derived pep-
tide promoted the initial cell attachment and spreading of
normal epidermal keratinocyte and dermal fibroblasts in
vitro, which plays a role in complete wound closure and re-
epithelization in vivo.19 Our results correlate well with ear-
lier reports demonstrating the wound healing process of
laminin-5 derived peptides. We have also shown that sur-
face modification of scaffold by tethering laminin-332 and
tailored laminin peptide using mTGase supports cell prolif-
eration and spreading.6 The initial attachment of the cell to
the substrate is crucial for the subsequent behavior such as
spreading, proliferation and differentiation of the cells. Lam-
inin-332 plays an important role in wound repair, a major
ligand for keratinocyte adhesion in epidermis and in stabi-
lizing the epithelium by interacting with cells surface recep-
tors such as intergin a3b1 and a6b4.20,21

Inflammatory response plays a crucial role during heal-
ing process. The volume fractions of inflammatory cells
were significantly decreased in wounds treated with Scaf-
fold A and B compared with the collagen, control and
mTGase treated groups at day 7 (Fig. 4). In addition, the
volume fractions of inflammatory cells were lower in the
Scaffold C when compared with collagen and mTGase group
at day 7 (Fig. 4). A further reduction in inflammatory cells
was seen at 21 days (Fig. 4) in Scaffold A and B, when com-
pared with other treatment groups. On the other hand in
collagen and control groups increase in inflammatory cells
was seen when compared with mTGase and scaffold treated

FIGURE 3. Volume of fibroblast measured at 7 and 21 days. Scaffold

A, B, and C showed significantly increase in fibroblast cells at 7 and

21 days when compared with collagen and control groups. *p < 0.05,

n ¼ 6.

FIGURE 4. Volume of inflammatory cells, measured at 7 and 21 days.

Scaffold A showed a decrease in inflammatory cells at 7 and 21 days

when compared to collagen and control groups. *p < 0.05, n ¼ 6.

FIGURE 5. Volume of collagen measured at 7 and 21 days. Scaffold A

and B showed a significantly increase in collagen at day 7 when com-

pared with the collagen and control groups. This subsided signifi-

cantly by 21 days. *p < 0.05, n ¼ 6.
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groups on day 21. Our results correlate well with previous
study which showed that laminin-332 a3 chain induced less
immune reaction22 to host tissue. During wound healing
phase inflammation plays an important role in response to
remove foreign bodies and as well as to prevent infection.23

From the results, it is clear that tailored laminin-332 a3
chain tethered to scaffold using mTGase and laminin pep-
tide containing transglutaminase substrate showed decrease
in inflammatory response indicating that this modified pep-
tides is low in antigenicity by decreasing the cell infiltration
and accelerating fibroblast proliferation and diminished tis-
sue damage.

Collagen fiber orientation
Normal architecture of collagen fibers were observed in
peptides tethered to the collagen scaffold at day 7 (Fig. 1)
and 21 (Fig. 2). The volume fraction of collagen was statisti-
cally higher in Scaffold A and B at day 7 when compared
with control groups (Fig. 5). mTGase treated group showed
an increase in the collagen when compared with control
and scaffold C. On the contrary wounds treated with Scaf-
fold C did not show a significant increase in the volume
fraction of collagen deposited when compared with collagen
and mTGase treated groups. This is attributed to the signifi-
cant increase in cross-linking observed in the scaffold C

FIGURE 6. A: Surface area of blood vessels at 7 and 21 days in all treatment group wounds. The scaffold A, B, and C showed an increase in

blood vessels at day 7 when compared with collagen and control groups. This drastically subsided by 21 days. WS: wound site; E: epidermis; D:

dermis; CB: collagen bundles. *p < 0.05, n ¼ 6. B: MT staining of granulation tissue at day 7 showing angiogenesis (A) Control, (B) Collagen, (C)

Collagen þ mTGase, (D) Scaffold A, (E) Scaffold B, and (F) Scaffold C. At 400� magnification. Wound treated with A, B, and C showed an

increase in blood vessels is visually evident. Arrow showing blood vessels. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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indicating the availability of peptide bound lysine groups for
cross-linking via mTGase in the collagen. At day 21 no sig-
nificant amount of collagen fractions was seen in Scaffold A,
B, and C, when compared with control group (Fig. 5). How-
ever, slight increase in secretion of collagen was seen in
scaffold A, B, and C when compared with the mTGase group.
Our results are consistent with earlier work showing that
fibroblast and keratinocyte migration are important in
wound healing cascade.22 Laminin peptides tethered to
mTGase crosslinked scaffold initiated a significant increase
in cellular response of fibroblast, a major cell type responsi-
ble for the production of collagen deposition that is needed
to repair tissue injury.23 Collagen plays a significant role in
repairing, stabilizing and restoring the anatomic structure
and function at the wound site. It is clear from our results
that laminin-332 a3chain and addition of transglutaminase
substrate significantly induced the cellular response, which
initiated the wound healing cascades.

Angiogenesis
The surface density of blood vessels in the repaired tissue
was statistically higher (p < 0.05) in Scaffold A and B at
day 7 (Fig. 6) relative to collagen, mTGase, and control
groups. On the contrary, wounds treated with Scaffold C
showed an increase in surface density when compared to
collagen treated groups (Fig. 6). After 21 days, no significant
difference was observed in the Scaffold A, B, and C when
compared with collagen group but increased surface density
were observed in the collagen and control groups when
compared with mTGase treated group. The reduction in sur-
face density of blood vessels seen in the Scaffold treated
groups were due to the repair of the wounded tissue with
wound closure. Angiogenesis played an important role in
wound healing by successful restoration of blood flow
accompanied by capillary sprouting and maturation of new
blood vessels, marked by the establishment of stable larger
vessels. Normal wound healing resulted in an increase in
the surface area of blood vessels and as these blood vessels
matured the surface area decreased. Our results clearly
showed a significant increase in surface density in Scaffold
A, B, and C at day 7 [Fig. 6(B)] and not much difference is
observed in the scaffold A, B, and C on day 21, the increase
surface density could have resulted from either direct inter-
action with endothelial cells or with smooth muscle by lami-
nin-332 or could be due to other tissue responses that
might be altered by the presence of laminin-332, such as
inflammatory response or due to fibrous encapsulation. Pre-
vious report has shown that laminin-332 may promote
blood vessel stabilization through the formation of tight ad-
hesion complexes.24 It was also shown that ePTFE surface
modified with laminin-332 showed an increase in new ves-
sel formation.25

CONCLUSIONS

In this study, the effect of laminin-332 a3 chain
(PPFLMLLKGSTR) and addition of transglutaminase sub-
strate to the laminin-332 a3 chain (PPFLMLLKGSTREAQ
QIVM) and lysine residues (PPFLMLLKGSTRKKKKG) was

examined for full-wounds in rat model. Scaffold A and B
showed a significant reduction in inflammatory response
and prominently enhanced the fibroblast proliferation which
significantly accelerated the wound healing process. This is
the first study that shows addition of transglutaminase sub-
strate to the laminin-332 a3 chain enhances wound healing
without affecting the property of laminin peptide. Thus
from the observations, we conclude that surface modifica-
tion by incorporating motifs of laminin-332 a3 chain (Scaf-
fold A) and addition of transglutaminase substrate to the
laminin-332 a3 chain (Scaffold B) using mTGase may be a
potential candidate for tissue engineering application and
skin regeneration.
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