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a  b  s  t  r  a  c  t

Zero-length  crosslinked  hydrogels  have  been  synthesized  by covalent  linking  of  three  natural  poly-
mers  (collagen,  hyaluronic  acid  and  sericin),  in  the presence  of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide  and  N-hydroxysuccinimide.  The  hydrogels  have  been  investigated  by FT-IR  spectroscopy,
microcalorimetry,  in  vitro  swelling,  enzymatic  degradation,  and  in  vitro  cell  viability  studies.  The  obtained
crosslinked  hydrogels  showed  a macroporous  structure,  high  swelling  degree  and  in  vitro  enzymatic  resis-
tance compared  to uncrosslinked  collagen.  The  in  vitro  cell  viability  studies  performed  on  normal  human
dermal  fibroblasts  assessed  the  sericin  proliferation  properties  indicating  a  potential  use  of  the  hydrogels
based  on  collagen,  hyaluronic  acid and  sericin  in skin  tissue  engineering.

©  2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Due to their ability to tailor or tune the mechanical surface and
their regeneration features, protein based biomaterials, and espe-
cially hydrogels, became an important direction in the biomaterial
area [1,2]. Among proteins, collagen (COL) provides a combination
of strength and toughness required for specific tissue functions
[1], meanwhile sericin (S), glue like protein from the silkworm
cocoons of Bombyx mori, proved to be an important presence in
the composition of collagen scaffolds, with stimulatory potential
on cellular collagen production [3]. Sericin is a glycoprotein [4]
that contains 18 amino acids, including essential amino acids [5]
and a high content of hydrophilic amino acids, mainly represented
by serine, glycine, histidine, glutamic acid, aspartic acid, threonine,
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and tyrosine [4,6]. It is important to mention that both amino acid
composition and molecular weight distribution could be dependent
on the extraction method used [7]. Due to its biological proper-
ties, sericin has been proposed as a versatile material especially for
tissue engineering applications, as pointed out in several represen-
tative reviews [8–10].

Hyaluronic acid (HA) is a glycosaminoglycan with an impor-
tant impact in the embryonic development, tissue organization
and wound healing [11]. Thus, a combination of these three nat-
ural polymers can potentially lead to a hydrogel with excellent
properties for tissue regeneration.

The formulation of the hydrogels could be a key factor for their
biological performance, in terms of cell viability, proliferation or
spreading. In this regard, several attempts to obtain tridimensional
structures based on collagen and sericin have been proposed using
crosslinkers like glutaraldehyde [12–14] or genipin [15,16]. How-
ever, the hydrogels obtained by these methods displayed a certain
amount of cytotoxicity. Encouraging results have been reported by
Dinescu et al. [17], who developed a 3D porous scaffold based on
sericin and collagen, improved with prochondrogenic factors such
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Fig. 1. Schematic representation of skin tissue regeneration steps.

Fig. 2. Schematic representation of hydrogel preparation by carbodiimide crosslinking.

as chondroitin sulfate or hyaluronic acid intended for cartilage tis-
sue engineering.

Collagen was first crosslinked with EDAC in 1995, by Damink
et. al [18], which developed a new method for carboxylic groups
activation. Likewise, collagen and hyaluronic acid were crosslinked
via EDAC/NHS and the obtained biomaterials had different tissue
engineering applications like: dermal reconstruction or adipose tis-
sue engineering [19–21]. Due to its extraordinary physico-chemical
and biological properties, such as gelling ability, moisture reten-
tion capacity and wound healing properties when used in creams
[22,23], recently, sericin drew attention of the researchers.

In this context, this paper proposes the development of
new hydrogels based on collagen, sericin and hyaluronic acid
through the crosslinking of the natural polymers via carbodiimide
chemistry, in the presence of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDAC) and N-hydroxysuccinimide (NHS). This
crosslinking method was preferred due to the biostability and
mechanical properties of scaffolds provided by carbodiimides [23],
EDAC crosslinking representing a way to manufacture stable hydro-
gels able to overcome the high degradability rate of native collagen
[24]. EDAC is a carbodiimide, one of the zero-length crosslinkers,
the smallest compounds that mediate the bonding of two molecules
by forming a bond containing no additional atoms. The addition of
NHS increases the stability of the intermediates formed and recent
studies recommend the use of a co-solvent (e.g., ethanol) to increase
the solubility of NHS which is relatively water-insoluble [25].

The use of naturally derived materials has been considered vital
in tissue engineering, especially in the development of artificial
scaffolds for cell proliferation and differentiation, natural polymers
providing an optimum micro medium for a better cell adhesion
and tissue development. Due to their architectural context in
which the extracellular matrix plays an important role in tissue

regeneration, biomaterials represent the central components of
many tissue engineering strategies [26].

Wound healing is a complex series of events that are inter-
connected and dependent on one another. Depending on the
wound type, acute or chronic, different models of healing can
be applied, with different methods of wound bed preparation.
In Fig. 1 a schematic representation of skin tissue regeneration
steps is depicted, when a hydrogel based on collagen, sericin and
hyaluronic acid are used.

Briefly, the injured site of a burn wound must be first sub-
jected to debridement, an important step for tissue regeneration.
Debridement is defined as the removal of necrotic tissue and
foreign material that prevents the wound from healing [27].
Afterwards, the hydrogel coverage of the skin wound will pre-
vent water loss and through its biodegradation process, the
released content of the hydrogel will stimulate the cell prolif-
eration. CD44 is a broadly distributed cell surface protein that
mediates the cell attachment to extracellular matrix and it is
the principal cell surface receptor for hyaluronate [28]. Therefore
hyaluronic acid plays an important role in tissue regeneration.
On the other side, collagen is present in the natural extracel-
lular matrix [26] and together with sericin and hyaluronic acid
it can mimic  some features of extracellular matrix and stimu-
late direct migration, growth and organization of cells during
wound healing and tissue regeneration.

The aim of this study was to present the synthesis, characteri-
zation and preliminary biocompatibility evaluation of new porous
hydrogel based on collagen, sericin and hyaluronic acid which com-
bines the special abilities of collagen and hyaluronic acid with
the remarkable properties of sericin in order to fully exploit their
potential for further skin tissue engineering.
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