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Inorganic/organic hybrid scaffolds have great potential for tissue engineering applications due to controllable
mechanical properties and tailorable biodegradation. Here, silica/chitosan hybrid scaffolds were fabricated
through the sol-gel method with a freeze drying process. 3-Glycidoxypropyl trimethoxysilane (GPTMS) and
tetraethylorthosilicate (TEOS)were used as the covalent inorganic/organic coupling agent and the separate inor-
ganic source, respectively. Hybrid scaffolds with various inorganic/organic weight ratios (I/Os) and molar ratios
of chitosan and GPTMS (GCs) were examined and compared in this study. FTIR showed that higher GPTMS con-
tent resulted in the increased covalent cross-linking of the chitosan and the silica network in hybrids. Compres-
sion testing indicated that increasing the GPTMS content greatly improved the compressive strength of scaffold.
LIVE/DEAD assay showed that enhanced cytocompatibility was obtained as the silica content increased. There-
fore, the results confirmed that the two parameters I/O and GC can largely influence the scaffold performance,
which can be used to tailor the hybrid properties.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The development of tissue engineering provides a strategy to create
a scaffold to stimulate tissue regeneration [1]. There are two main-
streams of tissue engineering strategies associated with tissue-
regenerating scaffolds: scaffolds themselves that directly enable the
stimulation of in situ tissue regeneration; and scaffolds pre-processed
with seeded cells and the subsequent pre-grown tissue in vitro before
implantation [2,3]. The scaffolds have the ability to restore, maintain,
or improve the tissue function [4]. An ideal tissue-engineered scaffold
should mimic both the structure and mechanical properties of the
targeted tissue [5]. Generally, the scaffold should be:

a. Biodegradable and its degradation products must be non-toxic and
biocompatible, which is one of themost important principles of ma-
terial selection for tissue implants. The degradation rate should be
controlled to match new tissue ingrowth.

b. The scaffold should have the ability to bond to the targeted tissue
and induce the tissue regeneration. It requires the surface chemistry

of the scaffold to enable the stimulation of cell attachment, migra-
tion, proliferation and differentiation. Ideally, the scaffold surface
should also contain some active functional group for biomolecule at-
tachment.

c. The scaffold should act as a template to direct cell ingrowth in three
dimensions for the formation of effective construction. An intercon-
nected pore network with appropriate porosity is required to en-
courage the transport of nutrients, oxygen and metabolic wastes.

d. Mechanical properties similar to the host tissue are required, espe-
cially for resisting load bearing in specific tissue such as articular car-
tilage.

e. The scaffold should meet international regulations for clinical use
and should be easy to produce commercially and to be sterilized.

Bioactive glasses fulfil almost all of the strict requirements simulta-
neously; however, they are brittle in nature and thus are not suitable
for the defect sites that are under cyclic loading [6]. As a consequence,
a tougher material is needed but one that maintains all the beneficial
properties of bioactive glass scaffolds. Introducing a biodegradable poly-
mer into the glass to fabricate hybrid scaffolds will be a promising strat-
egy [6]. In class II hybrids, the inorganic and the organic components are
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covalently cross-linked at the molecular level, and thus they cannot be
distinguished atmicro-scale [6]. Thesenovel hybridmaterials can inher-
it bioactivity frombioactive glasses due to the exposure of both inorgan-
ic and organic components to host tissue/cells as if it is onematerial [7].
In addition, both inorganic and organic components have a congruent
degradation behaviour and hybrids have the potential for tailoring the
material properties such as mechanical properties, degradation rate,
scaffold morphology and et al. [6–10].

Chitosan, a commonnatural polysaccharide, has beenwidely used in
biomedical applications [11,12]. So far several studies have been report-
ed on the synthesis of inorganic/organic hybrids using chitosan as the
organic source. In these hybridmaterials GPTMSwas used to covalently
cross-link to chitosan [13–20]. Connell et al. [17], Wang et al. [16] con-
firmed that the hybrid reaction occurred between the epoxide ring of
the GPTMS by the primary amine group (\\NH2) of the chitosan
(Fig. 1). Also, inorganic/organic weight ratios (I/Os) and molar ratios
of chitosan and GPTMS (GCs) showed great influence on the inorgan-
ic/organic coupling, the mechanical properties, the degradation
behaviour and the scaffold morphology [16,17]. However, biological
properties of these hybrids were not examined. Shirosaki et al.
[13–15] focused on the in vitro study of silica/chitosan hybrids using
MG63 osteoblastic cells. However, in these work GPTMS was the only
inorganic component, which means the inorganic/organic coupling de-
gree cannot be adjusted independently of the inorganic/organic ratios.
How I/Os would affect the cytocompatibility of silica/chitosan hybrids
still remains unknown.

Therefore, the aim of thisworkwas to determine the influence of I/Os
and GCs on the chemical, physical and cytocompatibility of silica/chito-
san hybrid. Scaffolds with various compositions were fabricated through
the sol-gel method and the freeze drying process. The results may be ap-
plied tomany other types of inorganic/organic hybrid andwill be of help
to the researchers in relevant filed for the optimization of the hybrid
synthesis and the design of a satisfactory tissue-regenerating hybrid
material.

2. Materials and methods

2.1. Fabrication of silica/chitosan hybrid scaffold

All reagents were purchased from SigmaAldrich China unless other-
wise indicated. Silica/chitosan hybrid scaffolds fabricated with the
following compositions were investigated in this work: hybrids con-
taining 60 wt% organic with different molar ratios of chitosan and
GPTMS (4060 GC1 and 4060 GC4) and hybrid with 40 wt% organic

component (6040GC4), as shown in Table 1. Thiswas achieved by alter-
ing theGPTMS andhydrolyzed TEOS contentwhile keeping the chitosan
concentration unchanged.

The fabrication of porous silica/chitosan hybrid scaffold involved
two main steps: the preparation of class II silica/chitosan hybrid sol
and the subsequent freeze drying process to form a solid scaffold.
Here, the silica/chitosan hybrid sol was prepared as described previous-
ly [16]. Briefly, chitosan powder (Mw: 50 – 150 kDa, degree of
deacetylation of 75%) was dissolved in hydrochloric acid (HCl) of
pH 4. The final chitosan solution concentration reached ~17 mg/mL.
An appropriate amount of GPTMS was added subsequently for the
functionalization of chitosan and GPTMS. The reaction continued for
3 days at 40 °C. TEOS was used as the separate silica source in this
study. For obtaining the silica sol TEOS was hydrolysed with a vigorous
agitation for 1 h, using an R ratio of 4 (themolar ratio of water to TEOS)
and a water/HCl (2 N) volume ratio of 3. The fully hydrolyzed TEOSwas
then added to the functionalized chitosan sol, which wasmixed for fur-
ther 1 h to produce a class II silica/chitosan hybrid sol.

The aforementioned sol was cast into 6-well cell culture plates,
sealed, aged at 40 °C for 3 days, frozen at −20 °C for 24 h and finally
transferred to a LGJ-10D freeze-drier (Four-ring Science Instrument
Plant Beijing Co., LTD) for a three-day drying process. After the sublima-
tion of the ice crystals inside the sample, porous silica/chitosan hybrid
scaffolds were obtained.

2.2. Hybrid cross-linking and chemical structure

A Nexus470 FT-IR spectrometer (Thermo Nicolet) was used to ob-
tain Fourier transform infrared spectroscopy (FTIR) spectra of silica/chi-
tosan hybrid scaffolds. Scaffolds were ground into fine powder and
mixed with potassium bromide (KBr) in the same proportion to form
the pellets. Spectra of the pellets were obtained in the range of
500 – 4000 cm−1 at a resolution of 8 cm−1 and averaged over 10 scans.

2.3. Dissolution study

A Thermo Scientific iCAP 6300 inductive coupled plasma-optical
emission spectroscopy (ICP-OES) was used to obtain the soluble silica
release profiles in TRIS buffer solution, for examining the dissolution be-
haviour of silica/chitosan hybrid scaffolds. 80 mg of hybrid scaffold was
immersed into 120 mL 0.05 M TRIS buffer solution (pH 7.3) at 37 °C,
with the subsequent orbital shaking at 120 rpm. 1 mL sample solution
was extracted at 1, 2, 4, 8, 24, 72, 168 h and replaced by 1 mL fresh

Fig. 1. Schematic for the chemical structure of silica/chitosan hybrid scaffolds.
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