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Abstract
Three-dimensional biodegradable porous scaﬀolds play vital roles in tissue engineering. In this study, a hyaluronic acid–collagen
(HA–Coll) sponge with an open porous structure and mechanical behavior comparable to brain tissue was developed. HA–Coll scaﬀolds
with diﬀerent mixing ratios were prepared by a freeze–drying technique and crosslinked with water-soluble carbodiimide to improve
mechanical stability. The pore structure of the samples was evaluated by light and scanning electron microscopy, and the mechanical
behavior was analyzed by mechanical compression and tension testing. The degree of crosslinking was determined by the water absorption and trinitrobenzene sulfonic assay, and the HA content was determined by a carbazole assay. The results showed that HA–Coll
scaﬀolds containing an open porous structure with a homogeneous pore size distribution could be fabricated. Certain features of the
mechanical properties of HA–Coll scaﬀolds prepared with a Coll:HA mixing ratio of 1:2, and pure HA sponges, were comparable with
brain tissue. Neural stem cells (NSCs) were expanded in number in monolayer culture and then seeded onto the three-dimensional scaffolds in order to investigate the eﬀects of the diﬀerent types of scaﬀolds on neurogenic induction of the cells. This study contributes to the
understanding of the eﬀects of HA content and crosslink treatment on pore characteristics, and mechanical behavior essential for the
design of HA–Coll scaﬀolds suitable for NSC growth and diﬀerentiation for brain tissue engineering.
Ó 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
One strategy in the formulation of tissue engineering
scaﬀolds is to fabricate analogs of extracellular matrix
using collagen (Coll), gelatin, and sulfated and non-sulfated glycosaminoglycans (GAGs) [1,2]. These biocompatible and biodegradable materials are especially favored as
scaﬀolds for the delivery of cultured cells or for threedimensional (3-D) tissue reconstruction [3,4]. The cells,
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stimulated by appropriate scaﬀolds, can remodel the scaffolds and replace them with newly synthesized extracellular
matrix [4,5]. It has been well established that the speciﬁc
interaction of cells with their surrounding extracellular
matrix is responsible for promoting and regulating these
regeneration processes not only to support tissue ingrowth
but also to attract and guide the activity of cells [6].
Coll and hyaluronic acid (HA) are widely used natural
polymers for the development of implantable matrices.
Type I collagen, a major structural protein of extracellular
matrix, supports the growth of a wide variety of tissues,
while its structure imparts favorable properties such as
mechanical strength [7]. HA (also referred to as hyaluronan), a high molecular weight GAG polymer composed
of repeating units of D-glucuronic acid and n-acetyl-D-glucosamine, is a ubiquitous biopolymer in the mammalian
body and one of the principal components of brain extra-
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cellular matrix [8,9]. The favorable attributes of HA have
led to the preparation of HA hydrogel biomaterials [10–
12], and the combination of HA and Coll as a tissue engineering scaﬀold [13–15].
A variety of functions have been ascribed to HA, including maintenance of the overall conformation of matrix surrounding cells and the creation of cell-free spaces upon
hydration [16]. HA can also activate cell surface receptors
that inﬂuence intracellular signaling cascades aﬀecting cell
behaviors such as growth, migration and diﬀerentiation
[17]. In the nervous system, HA functions in conjunction
with a number of HA-binding proteoglycans as well as with
collagen [8]. HA and these hyalectans have been implicated
in regulating glial cell and neuron migration, neurite outgrowth and axon pathﬁnding [18,19].
The objective of this study was to prepare crosslinked
HA-type I Coll and HA-type II Coll sponge-like scaﬀolds
using the following mixing ratios and to investigate their
physical, chemical, mechanical and morphological characteristics: pure HA, Coll:HA = 2:1 (33% HA), Coll:HA = 1:1 (50% HA), Coll:HA = 1:2 (67% HA) and
pure Coll. The ultimate goal of this study is to develop a
suitable scaﬀold as a potential neural stem cell-seeded construct for implantation into a defect in the brain resulting
from trauma (e.g. penetrating projectile) or tumor resection. Therefore an additional objective was to study the
neurogenic diﬀerentiation of neural stem cells (NSCs)
seeded into the scaﬀolds. The reason for the comparative
investigation of types I and II collagens for this application
is that diﬀerences in the properties of the Coll types may
aﬀect their association with HA in the composite, thus
resulting in scaﬀolds with diﬀerent characteristics.
2. Materials and methods
2.1. Materials
Medical-grade types I and II collagens from Geistlich
Pharma AG (Wolhusen, Switzerland), and non-sterile
sodium hyaluronate (mol. wt. 1.39  106 Da) from Genzyme Corp. (Cambridge, MA) were used in the scaﬀold preparation. The reason we use this molecular weight is that this
range is very close to that found in the ECM of brain tissue
[20]. We did not choose a low molecular weight due to the
associated poor mechanical properties and the diﬃculty in
forming an intact porous structure when culturing with cells
for a deﬁned period of time. These low molecular weight
scaﬀolds would become dissociated and most of the HA
would be rapidly eluted into the medium. We will try a higher
molecular weight HA (>3  106 Da) in the future since it is
proposed that high molecular weight HA can inhibit astrocyte proliferation in vitro and promotes astrocyte quiescence
in vivo [21], which would be beneﬁcial when implanting the
matrices into brain lesion site for nervous tissue regeneration. JB-4 A monomer solution (Cat. # 0226A-800), JB-4
A catalyst (Benzoyl Peroxide, plasticized, Cat. # 02618-12)
and JB-4 B embedding solution (Cat. # 0226B-30) were

obtained from Polysciences (Warrington, PA). Aniline blue
(Cat. # A-967), glacial acetic acid (Cat. # A A507-500), NaCl
(S642, lot # 028434), and ethanol (lot # 100098) were
obtained from Fisher Scientiﬁc (Pittsburgh, PA). Cytoseal
60 for coverslipping was obtained from Electron Microscopy
Sciences (Hatﬁeld, PA; Cat. # 18006). Hydrochloric acid
(HCl; 435570, batch # 00659BH), sodium tetraborohydrate
(59640, batch # 074K0211), sulfuric acid (320501, batch #
07666PH), growth factors for cell culture, and proteinaseK (P6556, batch # 036K8604) were obtained from Sigma–
Aldrich (St. Louis, MO). 1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDAC; E7750, batch #
03K0753), sodium bicarbonate (S5761, batch #
047K0072), carbazole (C5132, batch # 084K0125) and lysine
(L5501, batch # 106K2511) were obtained from Sigma. NHydroxyl succinimide (NHS; 130672, batch # 0672042)
was obtained from Aldrich (St. Louis, MO). 2,4,6-Trinitrobenzene sulfonic acid (TNBS) (28997, lot # JB121704) was
obtained from Thermo Scientiﬁc (Rockford, IL).
2.2. Fabrication of porous 3-D scaﬀolds
Slurries were prepared containing 1 wt.% type I collagen
(Coll I), type II collagen (Coll II) or HA. In brief, Coll I
and Coll II were dissolved in hydrochloric acid at pH 3;
HA was dissolved in distilled water. Slurries were blended
at 15,000 rpm for 2 h (in the cold) to form uniform slurries
and break apart larger collagen fragments. After blending,
the slurries were centrifuged at 1000 relative centrifugal force
(RCF) for 3 min at 4 °C to remove trapped air bubbles.
Types I and II Coll and HA slurries were mixed together in
order to prepare for fabrication of composite scaﬀolds.
The experiments were divided into the groups with diﬀerent
Coll:HA mixing ratios. For each slurry, approximately 20 ml
was poured into a 2.8  0.8 cm metal mold. The molds were
then placed into a freeze-dryer being ramped to 40 °C over
a 60 min period [22]. The slurry was held at 40 °C for
approximately 3 h in order to allow ice crystals to nucleate
and anneal. At this time a vacuum was created within the
chamber. When the vacuum pressure reached 700 mTorr,
the temperature was raised to 0 °C and the sample was left
18 h to allow the ice to sublimate.
A water-soluble carbodiimide was used to chemically
crosslink the fabricated porous scaﬀolds. Discs, 8 mm in
diameter, were punched from the 2-mm-thick scaﬀold
sheets using a dermal biopsy punch (Milex, Inc., York,
PA). The crosslinking reaction was carried out using
EDAC and NHS at a 5:2 molar ratio in 80% ethanol. These
reagents form amide bonds between carboxyl groups and
amino groups as well as ester bonds between hydroxyl
and carboxyl groups, resulting in Coll–Coll crosslinking,
and HA–Coll, or HA–HA crosslinking [23–25]. The crosslinking was carried out on a rotator for 4 h at room temperature to ensure inﬁltration of the crosslinking solution
into the scaﬀold discs. The crosslink protocol was based
on our prior work, which showed that the crosslink period
should be longer than 2 h [13], and other work, which
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