
International Journal of Biological Macromolecules 81 (2015) 504–513

Contents lists available at ScienceDirect

International  Journal  of  Biological  Macromolecules

j ourna l ho me pa g e: www.elsev ier .com/ locate / i jb iomac

Fish  collagen/alginate/chitooligosaccharides  integrated  scaffold  for
skin  tissue  regeneration  application

Pathum  Chandikaa,b,1,  Seok-Chun  Koa,b,1,  Gun-Woo  Oha,b, Seong-Yeong  Heoa,b,
Van-Tinh  Nguyena,b,  You-Jin  Jeonc,  Bonggi  Leed,  Chul  Ho  Jange, GeunHyung  Kimf,
Won  Sun  Parkg, Wonseok  Changh,  Il-Whan  Choib,i,∗∗,  Won-Kyo  Junga,b,∗

a Department of Biomedical Engineering, and Centre for Marine-Integrated Biomedical Technology (BK21 Plus), Pukyong National University,
Busan 608-737, Republic of Korea
b Marine-Integrated Bionics Research Center, Pukyong National University, Busan 608-737, Republic of Korea
c Department of Marine Life Sciences, Jeju National University, Jeju 690-756, Republic of Korea
d College of Pharmacy, Pusan National University, Busan 609-735, Republic of Korea
e Department of Otolaryngology, Chonnam National University Medical School, Gwangju 500-757, Republic of Korea
f Department of Biomechatronic Engineering, College of Biotechnology and Bioengineering, Sungkyunkwan University, Suwon 440-746, Republic of Korea
g Department of Physiology, School of Medicine, Kangwon National University, Chuncheon 200-701, Republic of Korea
h Departments of Anesthesiology and Neurobiology, Duke University Medical Center, Durham, NC 27710, USA
i Department of Microbiology, College of Medicine, Inje University, Busan 614-735, Republic of Korea

a  r  t  i  c  l e  i  n  f  o

Article history:
Received 29 June 2015
Received in revised form 11 August 2015
Accepted 20 August 2015
Available online 22 August 2015

Keywords:
Fish collagen
Alginate
Chitooligosaccharides
Skin tissue engineering

a  b  s  t  r  a  c  t

An  emerging  paradigm  in  wound  healing  techniques  is  that a  tissue-engineered  skin  substitute  offers  an
alternative  approach  to create  functional  skin  tissue.  Here  we developed  a fish  collagen/alginate  (FCA)
sponge  scaffold  that  was  functionalized  by different  molecular  weights  of  chitooligosaccharides  (COSs)
with the  use  of  1-ethyl-3-(3-dimethylaminopropyl)  carbodiimide  hydrochloride  as a  cross-linking  agent.
The effects  of  cross-linking  were  analyzed  by Fourier  transform  infrared  spectroscopy.  The  results  indicate
that the  homogeneous  materials  blending  and  cross-linking  intensity  were  dependent  on  the molecu-
lar  weights  of  COSs.  The  highly  interconnected  porous  architecture  with  160–260  �m  pore  size  and
over  90%  porosity  and  COS’s  MW  driven  swelling  and  retention  capacity,  tensile  property  and  in vitro
biodegradation  behavior  guaranteed  the  FCA/COS  scaffolds  for  skin  tissue  engineering  application.  Fur-
ther improvement  of  these  properties  enhanced  the cytocompatibility  of  all the scaffolds,  especially  the
scaffolds  containing  COSs  with  MW  in the  range  of 1–3 kDa  (FCA/COS1)  showed  the  best  cytocompati-
bility. These  physicochemical,  mechanical,  and  biological  properties  suggest  that  the  FCA/COS1  scaffold
is a  superior  candidate  that  can  be used  for  skin  tissue  regeneration.

©  2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Skin is frequently subjected to various injuries by physical and
chemical means and is wounded, and initiated well-designed series
of complicated events to reestablish its integrity and functions.
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Particularly in many acute and chronic conditions such as partial,
full or deep-thickness wound conditions, the naturally initiated
sequence of event fails to regenerate the skin tissue and reestab-
lish the functions [1,2]. Skin grafting remains as a conventional
gold standard method to treat those of severe wound conditions.
Extensive limitations accompanied by grafting include donor site
shortage, scarring at donor site, pain and risk of infection make the
grafting complicated. Therefore, tissue engineering is a promising
approach that received greater attention to restore wounded skin
tissue [3]. However, synthesizing a biomimetic three-dimensional
(3D) scaffold is still a challenging task in tissue engineering since
it necessitates biomaterials that promise biological and mechani-
cal properties which facilitate successful restoration of skin and its
functions. Until today, numerous natural and synthetic biomate-
rials have been tested for the desired biological and mechanical
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properties for skin tissue regeneration. Consequently, marine-
derived biomaterials have received a great attention due to their
promising and exceptional characteristics in biomedical applica-
tions [4].

Collagen is a major extracellular matrix (ECM) structural pro-
tein in mammalian tissue, and due to its exceptional biological
and functional properties, it has been used extensively in various
tissue engineering applications [5–8]. However, the use of conven-
tional collagens such as bovine and porcine collagen in biomedical
application is problematic due to the risk of disease transmission.
Therefore, fish collagen (FC) has become an excellent alternative for
tissue engineering application as it exhibited more similar char-
acteristics to those conventional collagens and no risk in disease
transmission to human. Paralichthys olivaceus skin is also an excel-
lent alternative source to extract collagen due to its high availability
as a byproduct in the Korean seafood industry. However, char-
acteristic low mechanical integrity and fast degradation of pure
collagens in scaffolds had led them to be modified with chem-
ical cross-links and combined with different bioactive polymers
or compounds [9–12]. Therefore, we designed to fabricate tissue
engineered skin substitutes via cross-linking FC, sodium alginate
(SA) and chitooligosaccharides (COSs) with the use of 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) as a
cross-linking agent.

SA is a marine brown algae derived biopolymer that demon-
strates a success in coupling with different biopolymers in order
to obtain modified tissue engineered substitutes [13–15]. The
addition of SA is a straightforward and effective means of fabri-
cating mechanically upgraded porous scaffolds that emphasized
it to be used as a matrix for the cellular growth in skin tis-
sue regeneration [16–18]. The improvement in the mechanical
properties of engineered substitutes modified by SA, such as
toughness and stiffness of scaffolds, is made possible by the
unique structure of the alginate molecules [19]. Moreover due
to its ensuring biological induction in wound healing process,
particularly in certain alginate containing wound dressing (eg-
Kaltostat®) is able to promote the healing process in cellular level
via stimulating the macrophages resulting the level of inflamma-
tory cytokines including tumor necrosis factor and �-interleukin-6
elevation [18,20]. As a result of the promising aspects of col-
lagen and SA in the application of tissue engineering, different
combinations of collagen and alginate with different cross-linking
treatments have been performed to fabricate biomimetic scaffolds
[21–23].

EDC is a widely used zero-length, non-toxic cross-linker that
conjugates carboxylates (COOH) to primary amines (NH2) without
remaining extra linking molecules. It is extensively applied to cross-
link collagen, alginate or other free NH2- and COOH-containing
molecules [22,24–26]. COSs are also NH2-containing promising
biomaterials obtained from chitosan, that can be cross-linked
with collagen and alginate by the use of carbodiimide reaction
[27,28]. In addition, due to excellent characteristic biodegrad-
ability, biocompatibility, non-toxic, and non-allergenic properties,
chitosan and COSs have been regarded as promising biomaterials
for tissue engineering applications [29,30]. In skin tissue engineer-
ing, the application of chitosan has obtained a much prominent
place [31] while the application of COSs is still under investiga-
tion. However, the anti-bacterial, anti-oxidant, anti-inflammatory,
anti-tumor, anti-asthma properties of COSs [32] imply that COSs
are a promising substitute for fabricating tissue engineered skin
substitutes. Therefore, the intention of the present study is to
elucidate the cooperative aspects of marine-derived FC, SA, and dif-
ferent molecular weight (MW)  ranges of COSs (1–3 kDa, 3–5 kDa,
5–10 kDa, >10 kDa) in scaffolds, synthesized by freeze drying and
EDC involved two step cross-linking treatment (Fig. 1) for skin
tissue engineering application. The eligibility of the scaffolds for

application of skin tissue regeneration was demonstrated through
physicochemical, microstructural, mechanical and biological prop-
erties. The biological properties are described in means of normal
human dermal fibroblasts-neonatal (NHDF-neo) cells behavior on
the scaffolds. This study also aims to identify the effects of COSs
in tissue engineered substitute and to identify the ideal COS frac-
tion containing FCA scaffolds for the application of skin tissue
regeneration.

2. Materials and methods

2.1. Materials

Collagen was extracted by the flatfish (P. olivaceus) collected
from South Korean seas. Type I collagen from porcine skin
was purchase from MatrixenTM, Republic of Korea. High MW
marker was obtained from Fermentas, (St. Leon-Rot, Germany).
SA obtained from Sigma-Aldrich, USA was dissolved to obtain 3%
(w/v) solution to be used in scaffolds fabrication. Four molec-
ular range of COSs were purchased from Kittolife, Republic of
Korea. EDC, N-hydroxysuccinimide (NHS), 2-morpholinoethane
sulfonic acid (MES), fluorescein diacetate (FDA), and collagenase
type I (125 CDU/mg), glutaraldehyde and 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) (MTT) were purchased
from Sigma-Aldrich, USA. Dulbecco’s minimum Eagle’s medium
(DMEM), Fetal bovine serum (FBS), trypsin (250 U/mg), peni-
cillin/streptomycin and other materials used in cell culture
experiment were purchased from GIBCOTM, Invitrogen Corpora-
tion, USA. All other chemicals and solvents were of analytical grade,
and water used in experiment was deionized.

2.2. Preparation of fish skin and isolation of collagen

P. olivaceus fish were collected from South Korean sea and the
skins were mechanically detached form the fish. The skins were
descaled by sharp knife and desalted by washing with cold water
at 4 ◦C for one day and cut into small pieces. Acid-soluble col-
lagen (ASC) was extracted from the prepared skin following the
method described by Singh [33] with slight modifications. All steps
of the procedure were carried out at 4 ◦C with gentle stirring.
Non-collagenous proteins were removed with 0.1 M NaOH at a
solid to solution ratio of 1:10 (w/v) for 3 days. The skins were
then washed with dH2O until the washed water become neu-
tral or faintly basic pH. The skins were defatted with 10% butyl
alcohol with a solid to solution ratio of 1:10 (w/v) for two days
with every 12 h of changing new solution and thoroughly washed
with dH2O. Then skins were suspended in 0.5 M acetic acid with a
solid to solution ratio of 1:10 (w/v) for 3 days and the suspension
was centrifuged at 16,000 × g for 30 min  at 4 ◦C. The supernatant
was salted out by adding NaCl to obtain final concentration of
0.9 M.  The resultant precipitate was collected by centrifugation
at 16,000 × g for 1 h and then dissolved in 0.5 M acetic acid. The
solution was then dialyzed against 0.1 M acetic acid for 3 days
and dH2O for 3 days. Dialysate was  lyophilized and was referred
as ASC.

2.3. Amino acid analysis

Amino acid compositions were analyzed using an automatic
analyzer (Hitach Model 835-50, Tokyo, Japan) with a C18 column
(5 �M,  4.6 × 250 nm,  Watchers, MA,  USA). The reaction was  carried
out at 38 ◦C, with the detection wave length at 254 nm and flow rate
of 1.0 ml/min. All chemical analyses (from each tank) were carried
out in triplicate.
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