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An effective paradigm for transplanting large numbers of neural stem cells after central nervous system
(CNS) injury has yet to be established. Biomaterial scaffolds have shown promise in cell transplantation
and in regenerative medicine, but improved scaffolds are needed. In this study we designed and opti-
mized multifunctional and biocompatible chitosan-based films and microspheres for the delivery of neu-
ral stem cells and growth factors for CNS injuries. The chitosan microspheres were fabricated by coaxial
airflow techniques, with the sphere size controlled by varying the syringe needle gauge and the airflow
rate. When applying a coaxial airflow at 30 standard cubic feet per hour, �300 lm diameter spheres were
reproducibly generated that were physically stable yet susceptible to enzymatic degradation. Heparin
was covalently crosslinked to the chitosan scaffolds using genipin, which bound fibroblast growth fac-
tor-2 (FGF-2) with high affinity while retaining its biological activity. At 1 lg ml�1 approximately 80%
of the FGF-2 bound to the scaffold. A neural stem cell line, GFP + RG3.6 derived from embryonic rat cor-
tex, was used to evaluate cytocompatibility, attachment and survival on the crosslinked chitosan–heparin
complex surfaces. The MTT assay and microscopic analysis revealed that the scaffold containing tethered
FGF-2 was superior in sustaining survival and growth of neural stem cells compared to standard culture
conditions. Altogether, our results demonstrate that this multifunctional scaffold possesses good cyto-
compatibility and can be used as a growth factor delivery vehicle while supporting neural stem cell
attachment and survival.

� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

The brain is arguably the most difficult organ to repair after an
injury due to the complexity of the central nervous system (CNS)
and its limited capacity to regenerate on its own. Neurons do not
undergo mitosis and endogenous neural stem cells are unable to
replace the quantity of neurons lost after a typical injury. One week
post-injury a glial scar forms, which creates an inhibitory environ-
ment eliminating the possibility of axonal regeneration [1–3].
Exogenous neural stem cell transplants for brain injury have gar-
nered interest, but effective paradigms for transplanting these cells
have yet to be established. Injecting neural precursors directly into
the penumbra of an injury has yielded limited success. For example
Harting et al. [4] showed that less than 2% of the donor cells engraft
and survive in the host brain for 1 year. Transplantation of cells
alone may not be enough to overcome the harsh environment, loss
of supportive matrix and other problems resulting from brain in-
jury. It follows logically that these cells will benefit from transplan-
tation upon a scaffold [5–8]. One possible reason that the survival
rate of transplanted cells is low is that the cystic cavity formed by
the injury creates a harsh, non-permissive environment that lacks
nutrients, survival factors and, most importantly, a habitable sub-
strate. A scaffold would serve as a structural and functional sup-
port for the cells.

Brain injuries are not uniform in shape or size; therefore a
scaffold that is injectable and will mold to the injured tissue will
be necessary. Hydrogels would fit this criteria; however, cells,
particularly neurons, do not extend their processes or neurites
efficiently through three-dimensional (3-D) matrices [9–14]. The
neurite outgrowth is best observed on 2-D rigid structures.
Microspheres contain such a 2-D rigid structure on their surface,
as opposed to the 3-D soft structure of hydrogels. Growth cones
of neurons pull on their neurites, requiring tension to maintain or
initiate neurite extension, which is greater on microspheres than
on hydrogels. Another disadvantage using hydrogels is that their
biodegradation is hard to control [15,16]. In addition, micro-
spheres can also be fabricated to deliver specific growth and tro-
phic factors to aid cellular engraftment and survival of the
transplanted stem cells [17].
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Many biomaterials have been explored in neural tissue engi-
neering applications, including natural materials such as alginate,
collagen and Matrigel, or synthetic polymers such as poly(lactic
acid) and poly(glycolic acid). Synthetic polymers, while versatile
and amenable to adjusting their mechanical or degradation proper-
ties, may be inappropriate for brain tissue engineering applica-
tions. Firstly, they can leach cytotoxic substances, and, when
degraded, their by-products are often acidic, adversely affecting
the local brain tissue and increasing inflammation [18]. Further-
more, these polymers are not similar to natural proteins within
the body. In particular, they lack the functional groups that natural
polysaccharides contain. This results in a lack of cell recognition
signals, decreasing the potential for cell adhesion (if desired) and
increasing the likelihood that a fibrous scar will form around the
scaffold. Natural polymers mimic the native ECM proteins, thus
favoring cell interaction or immobilization. However, because
these materials are naturally derived, they can be expensive, not
readily available and impractical for large scale processing. An-
other problem may be their immunogenicity, as they are extracted
from other animals or plants. Collagen is a common polymer ex-
plored in tissue engineering applications that requires some pro-
cessing to acquire. Although collagen type IV is typically found in
the brain, collagen type I is more widely used because it is less
expensive. A disadvantage with collagen use in the brain is its po-
tential for foreign body reaction [19]. Matrigel is non-homoge-
neous protein matrix derived from tumor cells. While cells may
interact favorably with this material, it is not a clinically applicable
material due to its undefined nature. Other potentially suitable
materials, such as hyaluronic acid and fibronectin, are very costly
and are difficult to chemically modify.

Chitin is the second most abundant natural polysaccharide in
the world next to cellulose. Chitosan is derived by alkaline deacet-
ylation of chitin, which yields repeating units of glucosamine and
N-acetylglucosamine in its polymer chains. The percent deacetyla-
tion of chitosan governs its properties. The number of acetyl or
amine groups at the C2 position determines its mechanical proper-
ties, degradation and biocompatibility. Degradation can be easily
reduced by crosslinking the polymer. Slowing the degradation time
of the scaffold for in vivo applications would enable the biodegra-
dation rate to parallel the rate of new tissue formation [20,21]. Un-
like many other polymers, chitosan requires mild processing
conditions, dissolving in water with a low acidity (pH < 6.3). Chito-
san elicits a minimum foreign body reaction, having been used as
an anti-microbial agent [22] and for drug delivery [23], wound
healing [20,24] and tissue engineering [25–28]. The US Food and
Drug Administration has approved its use in multiple applications.
Chitosan has also shown potential in neural tissue engineering
applications [7,8,29–33]. Several groups have explored the poten-
tial of chitosan as a microcarrier for immunosuppressants
[34,35], cancer drugs [36–38] and growth factors [8,29,39]. Guo
et al. [40] showed an increase in stem cell survival when trans-
planted within a chitosan matrix containing Nogo-66 receptor pro-
tein in spinal cord injuries.

The cationic nature of chitosan allows interaction with anionic
glycosaminoglycans (GAGs) such as hyaluronan or heparin. Hepa-
rin is a well-known anticoagulant and plays a role in angiogenesis
[41,42], which could aid in revascularizing the damaged cortex.
Heparin also has been demonstrated to reduce inflammation
[43,44]; thus it may be able to decrease inflammation in the brain
and promote engraftment. Another important property of heparin
is its high affinity for growth factors such as fibroblast growth fac-
tors, hepatocyte growth factor (HGF), platelet-derived growth fac-
tor, vascular endothelial growth factor (VEGF) and bone
morphogenic protein-6 (BMP-6) [45]. Heparin binds these growth
factors and maintains their stability by preventing their thermal
degradation [46]. Fibroblast growth factor-2 (FGF-2) is a known
survival factor for many types of stem cells, including neural stem
cells. During development, FGF-2 promotes neural stem cell self-
renewal and maintains the stem cells in a primitive state. It has
also been shown to increase the proliferation of the endogenous
neural precursors in the subventricular zone following traumatic
brain injury, as well as providing neurogenic effects [47,48]. FGF-
2 also increases neural stem cell migration and neuronal differen-
tiation [49,50]. Importantly, it binds with high affinity to heparin.
The stability and controlled release of FGF-2 over a designated
timeframe will help keep the neural stem cells primitive, surviving
and proliferating after transplantation.

One of the advantages of using chitosan as the bulk material for
a fabricated scaffold is its similarity to natural GAG, which allows
easy modification of its side chain groups. Heparin is a naturally
occurring highly sulfated GAG that can bind ionically to the amine
groups on chitosan via its sulfate and carboxylate side chains.
These growth factor–heparin–chitosan complexes can be exploited
to produce a biocompatible drug delivery mechanism. Tempera-
ture, pH, ions, fluid flow and cytokines may all play a role in the re-
moval of ionically bound heparin as well as degradation of these
complexes. Genipin, a plant-derived crosslinking agent, possesses
similar mechanical crosslinking properties to the chemical glutar-
aldehyde, but without its corrosive, cytotoxic and carcinogenic side
effects. Mi et al. [51] transplanted chitosan-only microspheres and
those crosslinked with glutaraldeyhyde or genipin into skeletal
muscles. The genipin crosslinked microspheres elicited less inflam-
mation than the glutaraldehyde crosslinked chitosan. Genipin has
been used to covalently bind heparin to chitosan to produce a sta-
ble scaffold complex that is ideal for clinical use [52,53]. Genipin
has also been suggested to be neurogenic and anti-inflammatory
[54–58].

Although chitosan-based microspheres have been widely used
in drug delivery and tissue engineering applications, there have
been no reports of genipin crosslinked chitosan–heparin complex
microspheres for the delivery of neural stem cells and growth fac-
tors for CNS repair. In this study, we designed and optimized chito-
san-based microspheres as a cellular and growth factor delivery
vehicle for nervous tissue regenerative applications. The studies
that we performed were designed to test the hypothesis that chito-
san–heparin complexes can be used as an effective scaffold for
FGF-2 binding and neural stem cell growth and survival.
2. Materials and methods

2.1. Reagents

Chitosan (low molecular weight, �50 kDa, 75–85% deacetyla-
tion), heparin sodium salt from bovine intestinal mucosa and
MTT (3-[4,5-dimetylthiazol-2-yl]-2,5-dipheniltetrazolium) were
purchased from Sigma (St Louis, MO). Genipin was purchased from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Lysozyme was
purchased from MP Biomedicals (Solon, OH). rh-FGF-2 and FGF-2
enzyme-linked immunosorbent assay (ELISA) kits were purchased
from Peprotech (Rocky Hill, NJ).
2.2. Preparation of chitosan microspheres

Chitosan powder (0.5, 1.0, 1.5, 2.0 or 2.5 g) was dispersed in
50 ml of water containing 2.0 vol.% acetic acid to create 1, 2, 3, 4
and 5% chitosan solutions. The chitosan solution was mechanically
stirred at 700 rpm until completely dissolved. The resulting solu-
tion was collected and centrifuged at 2000 rpm for 10 min. Subse-
quently, the supernatant was collected and the remaining
impurities that pelleted were discarded. Chitosan microspheres
were formed using a coaxial airflow technique [59]. Briefly, the



6836 N.B. Skop et al. / Acta Biomaterialia 9 (2013) 6834–6843
chitosan solution was fed and passed through a syringe with nee-
dle gauge of 22G or 30G and with or without different coaxial air
pressures using Air Flowmeter (Dwyer Instruments, Inc, Michigan
City, IN) (Fig. 1A). The coaxial air applied was: no air = 0, low
air = 7, medium air = 12.5, high air = 20 and ultrahigh air = 30 stan-
dard cubic feet per hour (SCFH). The spheres were added dropwise
to an ionic coagulation bath consisting of 1 M sodium hydrox-
ide:methanol:water (20:30:50 by vol.). The bath was mechanically
stirred to prevent spheres from clumping or flattening on the bot-
tom. Next, the spheres were removed from the ionic solution and
rinsed four times in distilled water to eliminate any residual so-
dium hydroxide and methanol.

2.3. BSA release from chitosan microspheres

Genipin-crosslinked and non-crosslinked microspheres were
prepared. Prior to sphere formation, 1 mg ml�1 of bovine serum
albumin (BSA) was dissolved in 3% chitosan solution. The solution
was passed through a 30G syringe needle with a coaxial air pres-
sure of 20 SCFH. The chitosan microspheres containing BSA were
dispersed in a buffer solution of 50 mM HEPES and 0.9% NaCl
(=HEPES buffer solution, HBS) containing 4.50, 0.45 or 0.045 mM
genipin and placed on a shaker for 4 h. After crosslinking, the
microspheres were rinsed three times with HBS, transferred to a
conical tube and resuspended in 2 ml of phosphate-buffered saline
(PBS; pH 7.4). The tubes were then placed in a 37 �C water bath.
Chitosan microspheres that were not crosslinked with genipin
were resuspended in PBS and placed in the water bath immedi-
ately after sphere formation. At specific time intervals the superna-
tant containing the released BSA was removed and stored at
�20 �C in Eppendorf tubes. The microspheres that settled at the
bottom of the tube were resuspended in fresh PBS after each col-
lection time point. After the last time point, samples were analyzed
for protein concentration using the BCA Assay (Thermo Fisher Sci-
entific, Asheville, NC). Absorbance was measured using a micro-
plate spectrophotometer (Molecular Devices, Sunnyvale, CA).

2.4. In vitro degradation studies using lysozyme

Non-crosslinked and crosslinked (0.45 mM genipin) chitosan
microspheres were dispersed in 35 mm Petri dishes containing
Fig. 1. Fabrication of chitosan microspheres. (A) Schematic of the formation of chitosan
phase contrast microscopy (top) and SEM (bottom). (C) Effect of airflow rate and syring
Statistical significance was determined by one-way ANOVA using Tukey’s post hoc test. ⁄

vs. 30G High Air. Scale bars: (B) 1000 lm, inset = 200 lm (top), 100 lm (bottom).
either 2 ml of PBS or 2 ml of 8 mg ml�1 lysozyme in PBS. Petri
dishes were placed in a 37 �C incubator, to simulate physiological
temperatures, for several days. One milliliter of the PBS or lyso-
zyme solution was replaced every 3 days. Spheres were rinsed with
PBS and serially dehydrated in ethanol. Next they were air dried
overnight and vacuum dried for 4 h prior to scanning electron
microscopy (SEM) analysis.

2.5. Swelling and stability test

The swelling and stability of microspheres were determined by
examining morphological and size changes after dehydration and
hydration in PBS. Non-crosslinked and crosslinked (0.45 mM geni-
pin) chitosan microspheres were formed using the technique de-
scribed above. They were either dehydrated overnight or seeded
directly in 300 ll of PBS in a 96-well plate. The plate was placed
in the 37 �C incubator for several days and 100 ll of PBS was re-
placed every 3 days. Optical images of microspheres were captured
over a given period of time and microsphere diameters were mea-
sured. Dehydrated sphere diameters were compared upon rehy-
dration in PBS and analyzed using Sigma Scan Pro 5 software.

2.6. Ionic and covalent heparin immobilization on chitosan films and
microspheres

Two-dimensional chitosan films and 3-D chitosan microspheres
were prepared for ionic and covalent heparin immobilization. To
prepare the chitosan films, 24-well plates were coated with a thin
layer of 3% chitosan solution. The wells were allowed to dry over-
night and subsequently the acidity was neutralized using 0.5 M so-
dium hydroxide. Afterwards, plates were rinsed three times with
distilled water and incubated overnight with 0.5 mg ml�1 heparin
in HBS for ionic binding and in 0.45 mM genipin in HBS for cova-
lent binding. The next day, solutions were aspirated from each well
and rinsed three times with HBS. To characterize and compare io-
nic and covalent immobilization of heparin on the chitosan sur-
faces, half of the coated wells from each condition were
incubated in 1.5 M NaCl for 30 min on an orbital shaker at room
temperature to remove ionic heparin binding. The remaining wells
were incubated in HBS for comparison. Immobilized heparin was
detected by the toluidine blue dye. Briefly, a solution of 3 mg ml�1
microspheres using a coaxial airflow generator. (B) Morphology of microspheres by
e needle gauge size on the microsphere size. Values represent mean ± SE (n = 25).
⁄⁄p < 0.001 vs. 22G No Air and 30G No Air, ###p < 0.001 vs. 22G High Air. ���p < 0.001
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toluidine blue was added to each well. After 10 min, toluidine blue
was removed by aspiration and wells were washed gently twice
with HBS. Images were acquired with a digital color camera (Nikon
DS-Ril) and an inverted fluorescence microscope (Nikon Ti-S). For
3-D chitosan heparin immobilization, microspheres were prepared
as described above and treated as described for 2-D films.

2.7. Fourier transform infrared spectroscopic analysis

The genipin crosslinked chitosan–heparin films were analyzed
with attenuated total reflectance Fourier transform infrared spec-
troscopy (ATR-FTIR; Perkin Elmer) to detect heparin binding. As
controls, the chitosan film and heparin powder were measured
by FTIR.

2.8. Scanning electron microscopy

Samples were fixed with 2.5% glutaraldehyde in PBS for 24 h at
4 �C. After fixation, the samples were washed three times with PBS,
dehydrated through an ethanol series and then vacuum dried. The
dried samples were coated with carbon and imaged by SEM (LEO
1530 FE-SEM, Carl Zeiss Microscopy).

2.9. Growth factor binding to heparin

The levels of FGF-2 immobilized by chitosan–heparin com-
plexes were evaluated by ELISA. Two-dimensional chitosan films
were prepared as described above in 96-well plates using 50 ll
per well of 3% chitosan. Chitosan coated wells were incubated
overnight with HBS only or HBS containing 0.45 mM genipin or
0.5 mg ml�1 heparin, or both genipin and heparin. The following
day, the wells were aspirated, rinsed three times with fresh HBS
and incubated for 3 h at room temperature with 100 ll of increas-
ing concentrations of FGF-2 (100, 500, 1,000 ng ml�1) or no growth
factor. The FGF solutions contained 1 mg ml�1 BSA to maintain
growth factor stability. After allowing the FGF-2 to bind, the solu-
tions were collected in separate Eppendorf tubes to determine the
unbound FGF-2. Each well was washed gently twice with 50 ll of
HBS, which was also added to each respective collection tube. To
test long-term release, wells were refilled with 100 ll of PBS and
collected 7 days later. A sandwich ELISA was used to measure the
FGF-2 that was released over time. Subtracting the amount re-
leased on day 0 from the total amount of FGF-2 added to the scaf-
fold revealed the percentage of growth factor bound.

2.10. RG3.6 neural stem cell culture

GFP+ RG3.6 cells are a neural stem cell line derived from embry-
onic day 13.5 rat cortex (generous gift from Dr. Martin Grumet,
Rutgers University, New Brunswick, NJ). Cells were maintained in
DMEM/F12 medium supplemented with B27, gentamycin
(50 lg ml�1), apo-transferrin (50 lg ml�1) and daily addition of
FGF-2 (10 ng ml�1).

2.11. MTT reduction assay

The MTT assay is a colorimetric assay that measures the reduc-
tion of yellow MTT in the cell into insoluble purple formazan [60].
Briefly, 10 ll of a 5 mg ml�1 MTT solution in PBS was added to
100 ll of medium and incubated for 4 h in a cell incubator at
37 �C. The reaction was stopped by adding 100 ll of a solution con-
taining 50% (w/v) N,N-dimethylformamide and 20% SDS (pH 4.8).
The plates were maintained overnight in the incubator at 37 �C
and the absorption values at 560–690 nm were determined using
an automatic microtiter plate reader.
2.12. Biological activity of bound FGF-2

To evaluate the biological activity of bound FGF-2, the survival/
proliferation of RG3.6 cells grown on FGF-bound 2-D chitosan films
was measured using the MTT assay. FGF-2 (1 lg ml�1) was added
to chitosan–heparin–genipin films at 37 �C for 3 days. Subse-
quently, GFP + RG3.6 cells were seeded at a density of 6.25 � 104 -
cells cm�2 in 96-well plates in Neurobasal medium supplemented
with B27, gentamycin (50 lg ml�1) and apo-transferrin
(50 lg ml�1). RG3.6 cells were also seeded into wells with freshly
bound FGF-2 (Bound Day 0). A third set of control cells were seeded
onto chitosan-only films containing 10 ng ml�1 FGF-2 in the med-
ium. A fourth set of cells were seeded on genipin crosslinked chito-
san–heparin complex films that lacked bound FGF-2 or FGF-2 in
the medium. Each film was coated with 10 lg ml�1 fibronectin
solution to enhance cell attachment to substrates. Ten percent of
the growth medium was changed daily, using Neurobasal medium
without FGF-2 for most conditions and Neurobasal medium con-
taining 100 ng ml�1 FGF-2 for the control condition only. The
MTT assay was performed after 2 days in vitro.

2.13. Study of cell adherence to chitosan microspheres

To test the cytocompatibility of the chitosan microsphere, the
RG3.6 cells were cultured on microspheres generated by ionic
coagulation with a 30G needle and a 20 SCFH coaxial airflow rate.
In order to enhance cell attachment, microspheres were incubated
in 10 lg ml�1 fibronectin solution overnight prior to cell seeding.
RG3.6 cells were seeded at a density of 100,000 cells per well in
24-well plates onto microspheres immersed in medium consisting
of DMEM/F12 supplemented with B27, gentamycin (50 lg ml�1),
apo-transferrin (50 lg ml�1) and FGF-2 (10 ng ml�1). Cells were
fed by replacing 10% of the medium containing 10 times the initial
concentration of FGF-2 (100 ng ml�1) every day and 50% of the
medium was changed every third day with medium containing
20 ng ml�1 FGF-2. The cells were cultured on the microspheres
for 7 days. The cultured cells were imaged using optical, fluores-
cent and scanning electron microscopes.

2.14. Statistical analysis

Data are expressed as the mean ± standard error of mean (SE).
Statistical analysis was performed by GraphPad Prism 4 and one-
way analysis of variance (ANOVA) using Tukey’s post-hoc. Proba-
bility values less than 0.05 were considered statistically significant.
3. Results

3.1. Fabrication and characterization of chitosan microspheres

Chitosan microspheres were prepared by ionic coagulation
whereby a chitosan solution (acidic) is dropped via a syringe into
a basic coagulation bath comprising sodium hydroxide, methanol
and deionized water. This is the preferred technique for sphere for-
mation for cell transplantation because others require the use of
more caustic chemicals. The percent chitosan used for sphere for-
mation ranged from 1 to 5% w/v. The 1% chitosan solution did
not form spheres, whereas the 2% chitosan solution produced de-
formed structures that were oblong in shape. Microspheres formed
using 3% chitosan were spherical in shape with a smooth surface,
as observed by phase contrast (Fig. 1B, top) and SEM (Fig. 1B, bot-
tom). The 4% chitosan solution formed structures that were oblong
and pinched off at one end due to increased viscosity of solution
and increased surface tension at the syringe opening. The 5% chito-
san solution was too viscous to pass through the syringe. Micro-
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sphere size was determine by the needle gauge used and the coax-
ial airflow applied (Fig. 1C). Small diameter needles resulted in
small microspheres. Further reductions in size could be achieved
by increasing the coaxial airflow. High airflow (20 SCFH) with a
30G needle produced microspheres that ranged from 500 to
700 lm in diameter. A subsequent test was performed to deter-
mine the maximum coaxial air pressure before failure occurred.
Microspheres were created that were approximately 300 lm using
a coaxial airflow of ultrahigh airflow (30 SCFH) with a 30G needle,
but these structures were not spherical. At pressures above 35
SCFH the chitosan solution splattered and the structures were
not spherical.
3.2. Protein release

Towards the goal of producing a scaffold that would release
growth and trophic factors, the cumulative release of encapsulated
BSA was plotted as a function of time. Fig. 2A depicts the cumula-
tive release of BSA from non-crosslinked microspheres and micro-
spheres crosslinked with 4.5, 0.45 and 0.045 mM genipin. An initial
burst release effect was observed during the first hour followed by
slow release, which was most prevalent for the non-crosslinked
spheres. As the genipin concentration increased, the release of
encapsulated BSA was reduced. Using 4.5 mM genipin crosslinked
microspheres, the release profile was highly attenuated, releasing
approximately 8.5% of the encapsulated BSA within the first 4 h,
with an additional release of only 2.7% more over the next 30 days.
Non-crosslinked and 0.045 mM genipin crosslinked microspheres
expelled most of their encapsulated BSA within the first 24 h,
releasing 30 and 25% respectively during that time. Genipin at
Fig. 2. Effect of crosslinking of chitosan microspheres. (A) Release of BSA that had bee
mean ± SE (n = 3). (B) Measurements of swelling (%, dry to wet) at different concentratio
state. Values represent mean ± SE (n = 30). ⁄⁄⁄p < 0.001. (C) Measurements of stability (%) o
were normalized to those at day 0. Values represent mean ± SE (n = 35). ⁄p < 0.05 (day 0
images of microspheres incubated in 8 mg ml�1 lysozyme solution for 7 days. Scale bars
0.45 mM showed the most favorable and steady release profile.
This concentration allowed for an initial burst effect of 17% and
steadily released approximately 1.5–2% BSA every week. Thus, this
study demonstrated that chitosan microspheres crosslinked with a
specific concentration of genipin could be used as an effective
method to slowly deliver a drug or protein. However, a limitation
of this technique is that it is inefficient. Most of the encapsulated
BSA was lost prior to the start of the study. BSA was not only lost
while the microspheres were forming in the coagulation bath but
also during the washes used to remove the remaining NaOH and
methanol. Over 50% of BSA was lost at this step of the protocol.
3.3. Swelling properties and stability test

As swelling of the scaffold in vivo could cause adverse effects to
the surrounding native tissue or increased intracranial pressure
resulting in possibly more bystander damage, it was important to
determine the stability of the microspheres. Cross-linked and
non-crosslinked microspheres both swelled dramatically from a
dry state to a wet state. As expected, compared to other conditions,
highly crosslinked spheres using 4.5 mM genipin exhibited less
swelling, with an increase in sphere diameter to 224.1 ± 4.3%
(Fig. 2B). Spheres crosslinked with 0.045 mM genipin swelled more
(261.3 ± 2.7% increase in sphere diameter) than others. Since the
spheres will already be hydrated prior to cell seeding and trans-
plantation, their swelling/stability properties over time is more
important. Microspheres demonstrated very little change in size
over time when incubated in PBS. Cross-linked microspheres
swelled minimally over time compared to the non-crosslinked
spheres (Fig. 2C). Spheres without genipin decreased in size by
n incorporated in the chitosan prior to microsphere fabrication. Values represent
ns of genipin. The sphere sizes in the wet state were normalized to those in the dry
f crosslinked and non-crosslinked microspheres. The sphere sizes at each time point
vs. day 28). #p < 0.05 (non-crosslinked vs. genipin-crosslinked on day 28). (D) SEM
, 100 lm.
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7% over a 1 month period in PBS. This can likely be attributed to a
small degree of degradation. Spheres crosslinked using 0.45 mM
genipin spheres swelled 0.5% over a period of 1 month in PBS. This
percentage change over the month is low enough to not cause sig-
nificant damage.

3.4. In vitro degradation studies using lysozyme

To model the biodegradability of the microspheres, in vitro
studies were performed to evaluate the stability of the micro-
spheres when incubated at 37 �C in either a balanced salt solution
or a solution containing 8 mg ml�1 lysozyme and evaluated at 7
and 28 days in vitro. Non-crosslinked and chitosan microspheres
crosslinked with 0.45 mM genipin were compared. Non-cross-
linked spheres showed signs of mild surface erosion after 1 week
in PBS (data not shown). By contrast, non-crosslinked micro-
spheres incubated in lysozyme solution mostly lost their spherical
structure after 1 week (Fig. 2D, left). At the same time point, cross-
linked spheres incubated in lysozyme displayed modest to no deg-
radation (Fig. 2D, right). Non-crosslinked chitosan spheres
continued to degrade at a faster rate than the crosslinked micro-
spheres. At 1 month the non-crosslinked samples lost their integ-
rity and were reduced to fragments (data not shown). The
crosslinked samples showed signs of degradation by 1 month,
but retained much of their original shape. This in vitro test demon-
strates that crosslinking the chitosan microspheres reduces the
rate at which they can be enzymatically dissolved, thus reducing
the amount of swelling in the spheres. Reducing swelling would
be beneficial, as swelling increases intracranial pressure, thus con-
tributing to inflammation and causing a greater amount of cell
death. However, the caveat is that, with increased crosslinking,
the degradation of chitosan microspheres decreases, increasing
their durability and half-life in vivo.

3.5. Heparin binding to chitosan

Heparin promotes angiogenesis, has been demonstrated to re-
duce inflammation and has high affinity for fibroblast growth fac-
tors, thus we reasoned that it would be highly advantageous to
covalently attach heparin to the microspheres. Fig. 3A shows the
chemical structures of chitosan, heparin and genipin. Heparin
binding to chitosan was tested in two ways, via colorimetric dye
staining and FTIR analyses. Positively charged toluidine blue stain,
which stains for negatively charged heparin, was strong on chito-
san–heparin 2-D films and 3-D microspheres (Fig. 3B). Toluidine
blue also strongly stained the chitosan–heparin–genipin films
and microspheres. As expected, the chitosan-only control did not
demonstrate any toluidine blue stain on films and microspheres.
The blue staining on the rim of the chitosan-only condition is
due to the toluidine blue getting trapped underneath the thin
edges of the chitosan coating. This was difficult to avoid, thus only
the centers of the films were considered for analyses. When the
films or microspheres were immersed and washed in 1.5 M NaCl
instead of HBS, the chitosan alone remained unstained, as ex-
pected. However, when the chitosan–heparin films and micro-
spheres (ionic binding) were washed with NaCl followed by
toluidine blue, a small amount of stain was detected. By contrast,
the chitosan–heparin–genipin samples (covalent binding) showed
the same positive toluidine blue staining after the NaCl wash as
with HBS (both 2-D and 3-D). This is because the NaCl wash re-
moved the ionic binding between chitosan and heparin, but did
not remove the covalent binding between chitosan and heparin
when genipin crosslinker was added. The FTIR results confirmed
successful immobilization of heparin on the chitosan by genipin
crosslinking (0.45 mM). FTIR spectra of genipin crosslinked chito-
san–heparin complex exhibited peaks at 1230 nm and 820 nm,
representing S@O and C–O–S stretches of sulfate groups from hep-
arin, respectively (Fig. 3C). The chitosan–heparin complex also dis-
played peaks of chitosan functional groups, including N–H bending
at 1560 nm and CH2 bending at 1380 nm. These results demon-
strate that 0.45 mM was an appropriate concentration of genipin
to effectively bind chitosan and heparin. A higher concentration
of genipin (4.5 mM) resulted in extensive crosslinking, which elim-
inated binding sites on the chitosan and heparin; therefore the
same sulfate and carboxylate peaks were not seen (data not
shown). At the lower concentration of genipin (0.045 mM), insuffi-
cient covalent bonds were formed between heparin and chitosan.

3.6. Growth factor immobilization and release

Heparin has binding sites for several growth factors, including
but not limited to FGFs, VEGF, HGF and BMP. Therefore we inves-
tigated the levels of FGF-2 that could be immobilized by chito-
san–heparin complexes. Three different concentrations (100, 500
and 1,000 ng ml�1) of FGF-2 were evaluated for binding to chito-
san–heparin–genipin film scaffolds. As predicted, as the concentra-
tion of FGF-2 increased, the amount of bound FGF-2 increased
(Fig. 4A). At each concentration approximately 70–80% of the
FGF-2 bound to the scaffold (Fig. 4B). To evaluate the bioactivity
of the immobilized FGF-2, a neural stem cell line, RG3.6, was
seeded onto a 2-D chitosan–heparin–genipin-crosslinked scaffold
and the MTT assay was performed to assess the cell viability and
growth after 2 days in vitro. Cells were tested under four condi-
tions: they were seeded onto (i) the complex film with FGF-2 in
the medium (Control); (ii) the complex film with freshly bound
FGF-2 (Bound, Day 0); (iii) the complex film where FGF-2 had been
bound earlier and incubated at 37 �C for 3 days (Bound Day 3); or
(iv) the complex film without added FGF-2 in the medium. Neural
stem cell growth and viability as reflected by the MTT assay was
highest on the FGF-2 bound to the scaffold immediately prior to
cell seeding. Cell growth on the bound FGF-2 condition was supe-
rior to cell growth on the scaffold with FGF-2 provided in the med-
ium. Interestingly, cell growth on the complex film that had
immobilized FGF-2 attached to the scaffold 3 days prior to seeding
was comparable to the control, which received FGF-2 added to the
medium daily (Fig. 4C). Cell growth on both of the FGF-2-contain-
ing scaffolds as well as the control was significantly greater than
the cell growth on the complex film lacking FGF-2 in the medium.
When analyzing growth factor release over 1 week (data not
shown), a small amount of FGF-2 was detectable through ELISA.
However, it is difficult to tell whether the slight decrease in MTT
values between the freshly tethered FGF-2 (Day 0) and the FGF-2
bound for 3 days (Day 3) can be attributed to this release or to loss
of activity. Phase contrast images of the neural stem cells main-
tained under these growth conditions paralleled the MTT results
(Fig. 4D–G).

3.7. Cell attachment to microspheres

The biocompatibility of a 3-D construct was tested using the
neural stem cell line RG3.6. As shown in Fig. 5, the cells attached
to the microspheres within 12 h after plating. When attached to
the microspheres the RG3.6 cells exhibited a primitive morphol-
ogy, which was characterized by two or three processes that were
quite long. The morphology of these cells resembled typical neural
precursors derived from the embryonic ventricular zone, known as
radial glia. Radial glia have few, but long, processes that extend to
the pial surface of the brain during development. They proliferate
to produce neocortical neurons. Most of these cells expressed
green fluorescent protein (GFP), thus suggesting a high viability
(Fig. 5C). SEM images (Fig. 5D) revealed their spatial structure
and the 3-D morphologies of the neural stem cells seeded on the



Fig. 3. Ionic and covalent immobilization of heparin on the 2-D chitosan films and 3-D microspheres. (A) Chemical structures of chitosan, heparin and genipin. (B) Heparin
bound to 2-D and 3-D substrates was either crosslinked using 0.45 mM genipin or allowed to attach via ionic interactions only. The wells were washed with either HBS or
1.5 M NaCl, and heparin retention was measured by toluidine blue dye staining. (C) FTIR spectra of heparin, chitosan and genipin-crosslinked chitosan–heparin complex.
Arrows indicate functional groups for heparin (red) and chitosan (blue) from the genipin-crosslinked chitosan–heparin complex.

Fig. 4. FGF-2 bound to the genipin-crosslinked chitosan–heparin complex film retains its biological activity. (A) Results of an FGF-2 ELISA to determine the amount of FGF-2
bound to the complex film at different concentrations. (B) Efficiency of FGF-2 binding at different concentrations. (C) Results of an MTT assay to evaluate biological activity.
The GFP + RG3.6 neural stem cell line was seeded at a density of 6.25 � 104 cells cm�2 in 96-well plates in B27-supplemented Neurobasal medium onto chitosan coated with
fibronectin with FGF-2 in the medium (control), the complex film with freshly bound FGF-2 (Bound, Day 0), the complex film where the FGF-2 had been bound 3 days earlier
and incubated at 37 �C for 3 days (Bound, Day 3) or the complex film without added FGF-2 in the medium. The MTT assay was performed after 2 days in vitro as an index for
the numbers of viable cells. Absorbance at 570 nm was measured and the results are reported after subtracting the background absorbance measured at 690 nm. (D–F) Phase
contrast images of the neural stem cells on the various substrates. Scale bars: (D–G) 100 lm. Values represent mean ± SE (n = 3).
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Fig. 5. Morphology of neural stem cells (GFP + RG3.6) cultured for 7 days on the chitosan microspheres. (A) Phase contrast image of microspheres at low magnification. (B)
Phase contrast images of the RG3.6 neural stem cells attached to microspheres at higher magnification. (C) GFP + expression of the RG3.6 cells. (D) SEM images of two
microspheres with attached the RG3.6 cells. Scale bars: (A) 1000 lm, (B, C) 100 lm, (D) 20 lm.
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microspheres for 7 days, which is in accordance with the phase
contrast images shown in Fig. 5A and B. The results of this study
demonstrate that the neural stem cells attach and spread well on
the chitosan-based microsphere scaffolds, indicating good
cytocompatibility.

4. Discussion

A primary goal of these studies was to develop a multifunc-
tional scaffold that will serve as a delivery system and structural
support for transplanted cells to promote regeneration of the
CNS after injury. An effective microsphere scaffold will increase
the survival and proliferation of the engrafted cells through its de-
sign and release of essential growth and trophic factors. To evalu-
ate the time course of release of an encapsulated growth factor
from the microspheres we measured the release of encapsulated
BSA using the Bradford assay. These studies show that chitosan
microspheres are capable of releasing a desired peptide that can
be controlled through chemical crosslinking. This technique of
crosslinking naturally occurring biomaterials for protein release
has been used by many groups [53,59,61–64]. Yuan et al. (2007)
demonstrated similar effects on albumin release from genipin-
crosslinked chitosan microspheres. They showed that the amount
of protein elution could be controlled by the duration of time the
albumin-containing microspheres spent in a fixed concentration
of genipin. Similar to this study, the highest percentage of BSA re-
lease was seen in the chitosan-only condition, but as a burst effect.
Uncrosslinked chitosan is not ideal for transplantation as the rate
of degradation might be too fast to promote new tissue ingrowth.
The degree of deacetylation (DD) of chitosan plays a large role in
governing not only its physiochemical properties but also its deg-
radation. The process of deacetylation involves the removal of
acetyl groups from the molecular chain of chitin, resulting in the
formation of chitosan. This compound possesses a high degree of
chemically reactive amino groups (–NH2) [34]. The more it is
deacetylated, the greater the number of free amine groups, which
allows for side chain modification. Additionally, an increase in free
amine groups enables more crosslinking between chitosan poly-
mer chains. With a higher crosslinking density, the swelling and
degradation of the material can be reduced [65]. Degradation of
chitosan is inversely proportional to the DD because high DD mate-
rials also tend to have more hydrogen bonding and crystallinity,
which limits enzymatic attack and helps stabilize molecules as
compared with low DD materials [20,66,67].

The higher the deacetlyation, the less inflammatory response
and the slower it is degraded [20,68–70]. Lysozyme binds to the
n-acetylglucosamine residues and breaks down chitosan. The addi-
tion of a crosslinking agent, such as genipin, strengthens the chem-
ical structure of chitosan through covalent bonds and it also may
reduce the amount of degradation by lysozyme. The bulky hetero-
cyclical structure of genipin may create a steric hindrance against
lysozyme, thus preventing its penetrating and binding to n-acetyl-
glucosamine residues [51]. The lysozyme assay is a basic in vitro
test to observe scaffold degradation. There are many other param-
eters needed to closely mimic the environment of the brain in vitro
(pH, temperature, cytokines and chemokines, erosion and inflam-
matory cells). Ultimately, in vivo tests will be necessary to effec-
tively quantify chitosan microsphere degradation. It is important
that the degradation should parallel the ingrowth of new tissue
formation. Although genipin did increase the retention of protein
within the microsphere, this process was very inefficient. More
than half of the protein was lost during the washing steps. Given
that the isoelectric point (pI) of BSA is 4.7 and its molecular weight
is 69.3 kDa, at a pH higher than 4.7 (PBS has a pH of 7.2) BSA will
carry a net negative charge, whereas chitosan will carry a net po-
sitive charge. This means that there will be ionic interaction be-
tween chitosan and BSA, thus slowing down the rate of protein
release. FGF-2 is a 17.2 kDa protein with a pI of 9.6 and thus carries
a net positive charge. This would result in an increased rate of re-
lease compared to BSA. Subsequently, the washing steps in an FGF-
2 release study would have caused more protein loss than in a BSA
release study. Although practical, this method is not economically
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efficient, especially when using expensive biologically active pep-
tides like FGF-2; thus we investigated an alternative method to de-
liver FGF-2.

Heparin has selective binding pockets for growth factors like
FGF-2. Heparin binds ionically to chitosan, and genipin can be used
for stronger covalent binding. This was verified by FTIR spectrom-
etry and toluidine blue staining. This technique for immobilizing
FGF-2 has not been demonstrated using chitosan as the bulk bio-
material. Wissink et al. [71] and Wu et al. [72] both successfully
immobilized FGF-2 to heparinized collagen matrices for endothe-
lial cell growth with much success. These scaffolds were cross-
linked with the chemical crosslinkers N,N-(3-
dimethylaminopropyl)-N0-ethylcarbodiimide and N-hydroxy-
succinimide. Shen et al. [73] saw greater 3T3-fibroblast affinity
on heparin-modified poly(lactic-co-glycolic acid) scaffolds con-
taining immobilized FGF-2.

The benefit of using genipin-crosslinked chitosan–heparin-
FGF-2 complex is that this process does not require stringent
washing after attaching the growth factor, unlike the previous
technique of encapsulation. Another advantage with this system
is that heparin protects the FGF-2 from thermal degradation, thus
maintaining its biological activity. Heparin on the substrate also
facilitates the binding of FGF-2 to its receptors (FGFR-1, FGFR-3
and FGFR-4) [74]. Furthermore, when FGF-2 is attached to the
scaffold it is more readily available to the cells than in standard
culture conditions, when it is in solution in the medium. All in
all, this functionalized substrate maintains the stem cells in a
proliferative state. The preservation of the biological activity of
FGF-2 was demonstrated using the neural stem cells in the
MTT assay. Zomer Volpato et al. [75] saw similar effects using
mesenchymal stem cells on electrospun chitosan nanofiber scaf-
folds with bound heparin and FGF-2. Genipin crosslinking also al-
lows for a slower degradation of the chitosan microspheres.
However, there are still many other factors that may affect their
degradation, including, but not limited to, pH, other enzymes and
chemicals, macrophages and constant fluid flow. Therefore the
degradation rates of both crosslinked and non-crosslinked chito-
san microspheres are expected to be faster when transplanted
into a cystic lesion.

In this study, we have performed a feasibility test of using
immobilized FGF-2 on chitosan–heparin complex membranes for
the attachment and survival of neural stem cells. As a control, we
have included a standard culture system with soluble FGF-2
(10 ng ml�1) since this culture system supports the survival and
growth of neural stem cells, as described previously [76]. Although
the immobilized FGF-2 culture system provided similar bioactivity
for neural stem cells compared to the control condition (a soluble
FGF-2 culture system), the immobilized FGF-2 culture system is
not directly comparable to the control because the FGF-2 concen-
trations used for the two culture conditions are different. Further
studies are needed to determine the effect of FGF-2 (immobilized
vs. soluble) at the same concentration for direct comparison of
neural stem cell growth and survival.

Another feature of this design is that cells can be adhered to the
surface of the scaffold, which contrasts with the numerous studies
that have encapsulated the cells inside spheres or other delivery
vehicles [39,77–79]. Encapsulation does not allow for the migra-
tion of stem cells from the scaffold into the adjacent tissue, which
will be crucial in reconstructing a damaged brain. During embry-
onic neural development, ventricular zone radial glia extend their
processes to the pial surface and their progeny migrate along these
radial processes to form the multilaminar neocortex. Future stud-
ies will determine whether neural stem cells delivered on this mul-
tifunctional scaffold can re-establish a germinal matrix, thus
enabling proliferation and migration of neural precursors to pro-
mote CNS regeneration after injury.
5. Conclusion

In this study, we have designed and optimized 3-D multifunc-
tional microspheres using natural biopolymers for the delivery of
neural stem cells and growth factors into the injured CNS. Heparin
was stably crosslinked onto chitosan scaffolds using genipin. The
crosslinked chitosan–heparin complex was shown to have a high
binding affinity for FGF-2 and good cytocompatibility.
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Appendix A. Figures with essential color discrimination
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