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A simplified approach to increase neuronal attachment on an
agarose hydrogel was proposed by blending agarose with
another biocompatible polysaccharide, chitosan. The stiffness
of the agarose gel was maintained despite the inclusion of
chitosan, as determined by rheological tests. The structure of
the blended hydrogels was characterized using light microscopy
and scanning electron microscopy. An in vitro cell study
revealed that the blends promoted neuron adhesion. The
concentration of chitosan in the hydrogel had great influence
on the morphology of neurons. An optimum range of chitosan
concentration in agarose gel, to enhance neural cell attachment
and differentiation, was identified based on the results (0.66-1.5
wt %). A “steric hindrance” effect of chitosan was proposed,
which explains the origin of the morphological differences of
neurons in the blended gels as well as the influence of the
physical environment on neuron adhesion and outgrowth.

1. Introduction

Each year, about 1.4 million people in the United States
experience a traumatic brain injury (TBI).1 As a leading cause
of death and disability, TBI poses a staggering financial burden
to society, with an estimated expense of over $56 billion per
year for medical care. Patients suffer not only from the
immediate postinjury complications, but also from the long-
term problems associated with TBI, including Parkinson’s
disease, Alzheimer’s disease, and post-traumatic dementia.1

When post-injury infections within the intracranial cavity occur,
it might be necessary to remove the infected tissue to prevent
potentially life threatening disease (e.g., meningitis). However,
these surgeries create cavities within the brain, which can present
a physical gap over which neural cells cannot reconnect after
injury. The growing field of regenerative medicine could provide
a viable means to aid in brain repair. One of the key components
in this regenerative approach is a scaffold that can be implanted
into the brain cavity to act as a synthetic extracellular matrix

(ECM). Such scaffolds should be biocompatible and support
cell infiltration and neurite outgrowth. As the function of neurons
is closely determined by their structure and morphology,2 it is
important for the scaffold to encourage the proper morphological
development in regenerating neurons.

Hydrogels have been favored as a scaffolding material for
neural tissue engineering.3-6 The highly hydrated network of
interacting polymer chains allows the materials to be mechani-
cally as soft as the human brain, therefore providing a
biomimetic environment for cellular outgrowth. Many hydrogels
are nontoxic and do not induce chronic immune responses. The
porous structure allows for the infiltration of cells as well as
diffusion of gases, nutrients, and waste products. Most hydrogels
are degradable by enzymes present in the human body, a
desirable feature as no foreign substance will remain in the brain
once new tissues have formed in place. Other properties like
the promotion of cell adhesion can also be achieved by proper
molecular design.

Agarose, a biocompatible polysaccharide, is widely used as
a three-dimensional (3D) scaffold for neural engineering. In the
form of a hydrogel, agarose has porous structure7 and provides
a friendly environment for cellular spreading and proliferation.4,8

Cell migration is essential for tissue repair and regeneration.9

The ability of supporting cells to migrate through a hydrogel
material guarantees the construction and normal function of the
regenerated tissue. A previous study has shown that an agarose
hydrogel matrix enabled cell migration.10 However, agarose by
itself lacks the ability to enhance cell attachment,11 which to
some extent restricts its application. Chemical functionalization
of agarose could improve cell adhesion,8,10,12 but the complex
preparation process is costly and time-consuming. A further
problem with chemical functionalization is the introduction of
toxic organic solvents that could be potentially harmful for
subsequent cellular growth. To maximize the application of
agarose without a complex chemical process, the facile approach
of a polymer blend is adopted in this work to prepare simple
yet effective scaffolds for supporting neuron adhesion and
differentiation. The material of choice for the blend is another
natural polymer, chitosan.

Chitosan is a linear polysaccharide derived from chitin by
deacetylation of the N-acetyl-glucosamine residues and is widely
investigated for tissue engineering due to its biocompatibility,
nontoxicity, and biodegradability. In vitro studies have shown
its ability to facilitate attachment of many types of cells,13-16

which indicates a nonspecific interaction between cells and
chitosan. Such characteristic has been attributed to the electro-
static attractive force between the positive charges of the amine
groups along chitosan chains and the negative charges of the
phospholipid structure of the cell membranes.14,17

The present study was designed to combine the advantages
of these two materials and synthesize a 3D chitosan-embedded
agarose hydrogel as a matrix for neuron adhesion and outgrowth.
By changing the concentration of chitosan in the agarose
hydrogel, we investigated the ability of chitosan to enhance
neuron attachment as well as its influence on neuron morphol-
ogy. An optimum range of chitosan concentration in the agarose
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gel, to enhance neuron attachment and differentiation, was
identified based on the results. We also proposed a brand-new
hypothesis based on our observations: the “steric hindrance”
effect of chitosan on differentiation of neurons. The hypothesis
allowed us to explain the origin of differences gathered from
the quantitative and morphology studies and also helps us better
understand the influence of the physical environment on neuron
growth.

2. Experimental Section

2.1. Preparation of Chitosan-Agarose (C-A) Hydrogels. A series
of C-A hydrogels with chitosan content varying between 0 and 3.0 wt
% were prepared following a simple procedure. Hydrogels with higher
chitosan concentration beyond 3 wt % are not feasible and reliable for
cell culture work due to the large increase of viscosity of the solution
and the limited solubility of chitosan.18 Briefly, chitosan (degree of
deacetylation, DDA: 75-85%, MW: 50000-190000 g/mol, Sigma)
was first dissolved in 2.5 wt % acetic acid solution. SeaPrep agarose
(Lonza) was then added to the chitosan solution and dissolved by
heating the mixture in a 60 °C water bath. A consistent agarose
concentration (1 wt %) was maintained for all the samples as a previous
study has shown this concentration of SeaPrep agarose gel supported
the best neurite outgrowth from chick dorsal root ganglion (DRG).8

To prepare hydrogels for cell culture, 100 µL of the final solution was
plated in a glass bottom Petri dish (well: 1.4 cm in diameter, MatTek),
and stored in a 4 °C refrigerator overnight to ensure complete gelation.
Generally, all of the hydrogel compositions can gel within 20 min at
4 °C. Neutralization was achieved by extensive rinsing of the hydrogel
with basic phosphate buffered saline (PBS) solution (pH ) 8.5). Plain
agarose hydrogels (1 wt %) were prepared as a control following a
similar procedure, without the addition of acetic acid and neutralization.
All hydrogels were sterilized in sterile PBS solution (pH ) 7.4) by
UV light exposure for 20 min before the cell culture.

2.2. Characterization of Hydrogels. Rheology. The mechanical
stiffness of the hydrogel was determined by dynamic mechanical
spectrometer (TA Instruments AR2000 rheometer, U.S.A.) at 37 °C
with parallel plates. The complex modulus, G*, was determined at
constant strain (0.1%) for a frequency range of 0.1-100 rad/s. The
stable plateau modulus, at frequencies between 0.1 and 10 rad/s, was
used to approximate the equilibrium modulus, G, according to a
previous study.19

Structure Analysis with Microscopy. The structure of the hydrogels
before and after basic buffer rinsing was directly imaged using a light
microscope (Nikon Eclipse Ti, Japan) at a magnification of 100X. Then
the samples were freeze-dried, sputter-coated with gold and imaged
using a scanning electron microscope (SEM, LEO 1525, Germany) at
4000X.

2.3. Primary Cortical Neuron Culture. Cortical neurons were
obtained from 9-day-old chicken embryo. Forebrains of the embryo were
dissected, minced into small pieces, and enzymatically dissociated with
0.25% trypsin in PBS for 20 min at 37 °C, followed by inactivation with
medium containing 10% fetal bovine serum (FBS, Invitrogen). A cell pellet
was obtained after a brief centrifugation, and mechanical trituration using
a fire-polished Pasteur pipet was applied to further dissociate the cells.
Cells were then preplated on a collagen-coated Petri dish and incubated
for 1 h at 37 °C in a 5% CO2 atmosphere. This process has been reported
to provide culture with 97% of neuron composition.20 Purified neuronal
cells were collected and resuspended for cell culture. After counting, cells
were seeded on sterile hydrogels with a density of 2 × 104 cells/cm2 and
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10%
FBS, 1% penicillin/streptomycin, and 1% L-glutamine at 37 °C in a 5%
CO2 atmosphere for a predetermined time as specified in the following
section. Nerve growth factor (NGF) is not required to induce chick cortical
neuron differentiation and neurite outgrowth.21 Therefore, NGF was not
used in the cortical cell culture. Each of the hydrogels was tested three
times, meaning that each hydrogel was subjected to cultures on three
separate days.

2.4. Neuronal Responses to the Hydrogels. QuantitatiVe Analy-
sis of Neuron Adhesion and Neurite Extension. At the end of a 3-day
culture, cells were live stained with 0.05 v/v Calcein AM (Invitrogen)
solution in PBS and incubated at 37 °C in a 5% CO2 atm for 30 min.
Samples were rinsed twice with PBS before and after fluorescence
staining. Fluorescent images were taken using a 10× objective lens on
a confocal microscope (Leica SP2, Germany). Neuron adhesion on the
hydrogels was assessed by counting cell density (cells/cm2). For neurite
extension quantification, a cellular process being equal to or greater
than 25 µm is defined as a neurite. The length of the longest neurite
per neuron was used to analyze the percentage of neurons with different
neurite outgrowth (25-50 µm, 50-150 µm, and >150 µm) on three
representative areas for each 3-day cell culture sample.

QualitatiVe Analysis of Neuron Morphology. Neuron morphology
was analyzed for 5-day cell cultures following the same live staining
procedure as described above. The samples were imaged on the confocal
microscope. The network of neurons was imaged at 10×, and detailed
morphological images of representative cells were captured at a
magnification of 63×. To correlate the observed neuron morphology
with the structure of various C-A hydrogels, surface features of the
gels obtained from the light microscopy images were simulated by
distributing different percentages of random dots (1 unit, representing
the chitosan component) in a blank area (100 × 100 units, representing
the agarose matrix) using a Matlab program.

2.5. Statistics. Data were analyzed using analysis of variance
(ANOVA, SAS 2008), and least-squares means were compared by
Tukey’s test. Differences were accepted at significant difference value
p < 0.05. All data were reported as the mean ( standard deviation.

3. Results and Discussion

3.1. Characterization of Hydrogels. Rheology. Recent work
has demonstrated that the stiffness of substrates influenced the
adhesion and morphology of tissue cells,22,23 and softer
substrates were more favorable at facilitating neuronal dif-
ferentiation than harder ones.24 As one of the key features of
agarose gel for nerve repair lies in its close mechanical matching
with the neural tissue, it is important that this feature is not
compromised with the blend of chitosan. Although the introduc-
tion of chitosan slightly decreased the value of G (plain agarose
hydrogel: ∼75 Pa; C-A hydrogels: 20-70 Pa), the stiffness of
the C-A hydrogels was still on the order of 100 Pa (Figure 1),
which is very close to the stiffness of the brain tissue.25

Therefore, from the mechanical property perspective, all of the
C-A hydrogels are comparable to plain agarose and should have
similar influence on neuronal growth. The cause of the slight
reduction in stiffness of the 0.33% C-A hydrogel is unclear.
Clark et al.26 have reported similar observations in the agar/
gelatin cogels, where the shear modulus of the gel first falls as

Figure 1. Equilibrium modulus G plotted against chitosan concentra-
tion for the 1% agarose hydrogel series. The stiffness of brain, skeletal
muscle, and cartilage are presented for comparison.25
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gelatin is added and then increases again with further addition
of gelatin. The authors attributed the minima to the interference
effect, that is, the concentrating action of the gelatin aggregation
is insufficient to increase the gel strength of the initially formed
agar phase to match the value of a pure agar gel until the gelatin
concentration reaches beyond the phase inversion point. We
speculate that the chitosan molecule has a similar interference
effect on agarose in our hydrogel system, but the exact
mechanism is beyond the scope of this paper.

Structure. All nonrinsed C-A hydrogels were as clear as the
plain agarose gel (data not shown), but they displayed an opaque
appearance after neutralization (Figure 2a). The extent of the
opacity directly corresponds to increasing concentrations of
chitosan. This observation can be attributed to the phase
separation of chitosan in the neutralized hydrogels (Figure 2d):
Briefly, the chitosan used in this study is only soluble in acidic
solutions (pH < 6.5) due to the electrostatic effect among the
protonated amine groups along the polymer chains.18 Under this
condition, the C-A hydrogel forms a homogeneous phase with
extended chitosan chains within the agarose matrix and displays

a clear appearance. The electrostatic effect, however, is dimin-
ished in neutral environments because most of the amine groups
are deprotonated when pH values approach 7.4.27 Therefore,
the extended chitosan chains contract after neutralization, and
aggregates of chitosan precipitate within the agarose matrix,
resulting in the phase separation.28 Light microscopy and SEM
images provided clear evidence for the existence of chitosan
aggregates within the hydrogels after rinsing (Figure 2b,c). We
have observed with a light microscope a uniform distribution
of the chitosan aggregates throughout the entire depth of the
gel. It is also worth noting that the size of the chitosan aggregates
(average estimated diameter of 1 µm from SEM images) did
not change much as the concentration of chitosan increased.
The apparent increase in the number of aggregates could be
accounted for by the higher concentration of chitosan.

3.2. Neuronal Response to the Hydrogels. Neuron Adhe-
sion and Neurite Extension. There was a significant difference
in the number of live cells between hydrogels with and without
chitosan. All of the C-A hydrogels showed better support of
neuron adhesion than the plain agarose hydrogel (Figure 3). As

Figure 2. (a) Photographs of C-A hydrogels and (b) corresponding light microscope images (scale bar ) 10 µm). (c) SEM images of plain
agarose as well as 2.0% C-A hydrogel before and after neutralization (scale bar ) 1 µm), and (d) schematic illustration of neutralization-induced
phase separation.
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we mentioned at the beginning, this difference is most likely
due to the ability of chitosan chains to interact with the cell
membrane by electrostatic effect. Similar results have also been
reported for dorsal root ganglion (DRG),13,14 keratinocytes,15

fibroblasts,15 and Schwann cells,16 indicating a nonspecific
interaction. It is quite difficult to measure the surface potential
of the hydrogels due to their low stiffness. However, previous
studies have already shown that even though most of the amine
groups are deprotonated in a neutral environment, there are still
positive charges on the surface of neutralized chitosan films29

and microspheres.30

Because chitosan can enhance the adhesion of neurons, one
would expect a simple linear relationship between the cell
density and the chitosan concentration in the hydrogel. However,
this is far from the case. There was no significant difference in
the cell density on the C-A hydrogels within the concentration
range of chitosan in this study, except the 3.0% C-A composition
(Figure 3). When the size of the cell body (∼15 µm) and
chitosan aggregates (∼1 µm) are considered, it is reasonable to
conclude that a single cell can interact with several chitosan
aggregates at the same time, and as long as sufficient chitosan
is added, the change of chitosan concentration would not
influence the total number of cells attached on the substrates.
This observation is similar to studies demonstrating a surface
cell-adhesive RGD (Arg-Gly-Asp) ligand density threshold,
where increases in the RGD density did not significantly affect
the number of cells attached, suggesting a saturation of
receptor-ligand bonds at higher ligand density.31 The number
of neurons attached on the 3.0% C-A gel is statistically lower
than the rest of C-A compositions. It could be due to the fact
that the gel supported relatively poorer neurite development (as
discussed next), and therefore, a portion of the loosely adhered
neurons were lost during the staining process.

For a substrate to be effective as a scaffold for neural tissue
engineering, it should not only support neuron adhesion, but
also support neurite extension. Neurites are very important
projections of a neuron, as they will lead to the eventual
formation of a functional neural network and enable synaptic
transmission. It is therefore essential to examine how the C-A
hydrogels affect neurite outgrowth. Significant differences were
observed for the ability of neurons to develop neurites on
different C-A hydrogels (Figure 4). The percentages of cells
that could develop neurites longer than 50 µm (50-150 µm
and >150 µm) after a 3-day culture on 3.0% C-A gels were
much lower than the others, and the 2.0% formulation also
lacked the ability to support very long neurites (>150 µm). Such
inhibition effect from substrates fabricated to facilitate neurite
extension has been observed in an earlier study on polylysine-

functionalized chitosan hydrogels.32 Crompton et al. found that
immobilized poly-D-lysine (PDL) improved cell survival up to
an optimum concentration of 0.1%, and further increases of PDL
resulted in a decrease in cell number and neurite outgrowth.
The authors attributed this result to the strong interaction of
cells with PDL in their 3D gel. We are proposing an alternative
hypothesis to explain the phenomenon observed in the present
study. Our hypothesis is based on our observations from neuron
differentiation and morphology study, which will be further
discussed in the following section.

Neuron Morphology. Neurons on all C-A hydrogels exhibited
a 3D profile, as shown from the confocal images where the cell
body of the neuron situated at the surface of the gel and the
neurites were seen extending into the gel toward the bottom
(Figure 5a,b). The greatest depth neurites could reach was 160
µm below the surface according to our observations. It indicated
that the neurite-permissive property of the agarose scaffold was
preserved despite the addition of chitosan (Figure 5a,b).
However, cells on C-A hydrogels with lower chitosan concen-
tration (0.33%) tended to extend axons, typically the longest
neurites, as a straight line without obvious branching. Their
counterparts on denser gels (1.0-3.0%) favored tortuous axon
morphology with extensive branches (Figure 5b). This trend
can also be seen on the confocal images showing the overall
feature of the network, although the fine structure of the neurites
was not visible under such low magnification (Figure 5a). Data
for 0.66% and 1.5% C-A hydrogels were not shown, as the
neurons on these two compositions exhibited similar properties
as the 1.0% formulation.

Why do neurons behave so differently on the simple blends
of chitosan and agarose? To answer this question, neuron
differentiation was “simulated”, by hand, in two-dimensional
(2D) mimic structures of different C-A hydrogels (Figure 5c).
The basis for this simulation is the observation that chitosan
aggregates in these C-A hydrogels are relatively uniform in size
(∼1 µm) and randomly distributed (Figure 2b). Briefly, different
percentages of random dots (1 unit) in a blank area (100 × 100
units), corresponding to different chitosan concentrations, were
generated using Matlab. Neurites can only pass through the

Figure 3. Cell density versus chitosan concentration in the C-A
hydrogel after a 3-day culture (n ) 3, *p < 0.05).

Figure 4. Percentages of neurons with different lengths of neurite
versus chitosan concentration after a 3-day culture.
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