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ABSTRACT

Purpose To develop a biomaterial composite for promoting
proliferation and migration of neural stem cells (NSCs), as well
as angiogenesis on the materials, to rescue central nervous
system (CNS) injuries.

Methods A delivery system was constructed based on cross-
linked hyaluronic acid (HA) hydrogels, containing embedded
BDNF and VEGF-loaded poly(lactic-co-glycolic acid) (PLGA)
microspheres for controlled delivery and support for NSCs in
the CNS. The surface morphologies were evaluated by SEM
and AFM, mechanical property was investigated by rheological
tests, and release kinetics were performed by ELISA. Bioactivity
of released BDNF and VEGF was assessed by neuron and
endothelial cell culture, respectively. Compatibility with NSCs
was studied by immunofluorescent staining.

Results Release kinetics showed the delivery of BDNF and
VEGF from PLGA microspheres and HA hydrogel composite
were sustainable and stable, releasing ~20-30% within 150 h.
The bioactivities preserved well to promote survival and growth
of the cells. Evaluation of structure and mechanical properties
showed the hydrogel composite possessed an elastic scaffold
structure. Biocompatibility assay showed NSCs adhered and
proliferated well on the hydrogel.

Conclusions Our created HA hydrogel/PLGA microsphere
systems have a good potential for controlled delivery of varied
biofactors and supporting NSCs for brain repair and implantation.
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ABBREVIATIONS
BDNF  brain-derived neurotrophic factor

CNS  central nervous system

ECM  extracellular matrix

HA Hyaluronic acid

NSC  neural stem cell

PLGA  poly(lactic-co-glycolic acid)

VEGF  vascular endothelial growth factor
INTRODUCTION

Central nervous system (CNS) injuries cause many nerve cells
death and tissue defects, which result in permanent disability.
Unfortunately, there have been no effective therapies.

Many studies have shown neural stem cells (NSCs) have
an intrinsic ability to regenerate in the treatment of many
neurological diseases. But the effect of NSC grafting is often
limited by low viability and undesired differentiation (1,2).
In addition, the glial scar formation and deficiency of
neurotrophic factors and growth factors following the CNS
injuries often result in failure of neural regeneration (3,4).
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Therefore, it is critical to overcome these barriers and
create suitable microenvironments for neural repair.

Recently, biomaterials used for neural tissue engineer-
ing have emerged as a promising treatment for brain or
spinal cord injury. Biological scaffolds have been shown to
sustain the stem cells for transplantation and neural
regrowth in viwo (5,6). Furthermore, some results even
show some functional improvement (7,8). However, even
these advances are still far from successful repair, which
depends on good microenvironment to a large extent. A
lot of studies have shown that the micro-environment,
named “niche,” which is composed of cells, blood vessels,
growth factors and the extracellular matrix (ECM), plays
an important role in regulating neurogenesis, survival and
regeneration of NSCs (9,10).

In this research, a complex HA hydrogel/PLGA
microsphere system was developed to sustain NSCs and
simulate niche, which will create a permissive microen-
vironment for angiogenesis and neural regeneration. Our
prior research has demonstrated that modified HA
hydrogels have instinct advantages for neural repair by
preventing glial scar formation, inducing endogenous
neurons migration in the gel (11-13). Following these
promising results, we synthesized HA hydrogel scaffolds to
mimic the structure of ECM and mimic the environment
of the niche by adding PLGA microspheres in the scaffold
for releasing brain-derived neurotrophic factors (BDNF)
and vascular endothelial growth factor (VEGF). Thus,
multiple attempts are integrated through the hydrogel. It
maybe very useful for NSC support in transplantation and
rebuilding the micro-environment CNS repair.

MATERIALS AND METHODS
Materials

HA sodium salt (Mw 2.6-2.7 kDa) was purchased from
Shandong Fureda Biochem (Shandong, China). The
ethyl N,N-dimethylaminopropyl carbodiimide (EDC),
adipic dihydrazide (ADH), poly(lactic-co-glycolic acid)
(PLGA), dichloromethane, polyvinyl alcohol (PVA), sodi-
um periodate and mouse anti-nestin antibody were
obtained from Sigma (St Louis, MO). The recombinant
human brain-derived neurotrophic factor (BDNF), vas-
cular endothelial growth factor (VEGF), epidermal
growth factor (EGF) and basic fibroblast growth factor
(bFGF) were purchased from Invitrogen (Paisley, UK).
The human VEGF and BDNF ELISA kit were pur-
chased from R&D (Minneapolis, US); DMEM, DMEM/
F12, Neurobasal medium, horse serum and fetal bovine
serum (FBS) were from Gibco (Paisley, UK); Cell
Counting Kit-8 was from Dojindo (Japan).

Synthesis of Bioactive Factors-Loaded PLGA
Microspheres

Microspheres of PLGA were prepared using water-in-oil-
in-water (w/o/w) emulsion technique to encapsulate BDNF
and VEGF. Briefly, 250 mg of PLGA was dissolved in 5 ml
dichloromethane; 5 pug BDNF or 10 pg VEGFE was
dissolved in 1 ml BSA (0.1% wt) and then added into the
PLGA solution. The mixture was emulsified and added
slowly to PVA (1% w/v) solution, followed by ultrasonic
mixing (60 W, 90 s) to form a cloudy white emulsion. Then
the emulsion was added into PVA (0.3% w/v) and stirred in
an uncovered beaker for several hours to remove dichloro-
methane. The final emulsion was centrifuged at 4000 rpm
for 15 min. Finally, the deposits were resuspended in a
minimal amount of deionized water and freeze-dried
overnight to obtain PLGA micropsheres.

Preparation of HA Hydrogel/PLGA Microspheres
Composites

The PLGA microspheres were embedded in the HA hydro-
gel, forming a delivery system. HA was dissolved into
deionized water to form a 10 mg/ml solution, then BDNF-
and VEGF-loaded microspheres of the same weight were
added with weight ratio of 5:1 of HA: microsphere. Then
ADH (6 X HA weight) was added with thorough stirring. After
adjusting the pH of the mixed solution to 3.5—4.75 by adding
0.INHCI, EDC was added with thorough stirring. The
reaction solution was allowed to gel at room temperature
overnight. The hydrogel was washed with deionized water five
times and then immersed in deionized water overnight to
remove any residue.

Characterization of Microspheres and Hydrogel/
Microspheres Composites

The microstructure of the lyophilized PLGA microspheres and
hydrogel composites was examined by scanning electron
microscopy (SEM). The samples were mounted on stubs using
colloidal graphite and sputter-coated with a thin layer
(approximately 20 nm) of gold. The surface and bulk
morphologies were examined with a JSM-6460LV SEM
(JEOL, Tokyo, Japan) operating at 10 kV accelerating voltage.

The size and additional higher resolution surface profile
of the microspheres were acquired by atomic force
microscopy (AFM). The contact mode AFM imaging was
carried out in air at room temperature with a large range
(100x 100 um) scanner, and the force constant of cantilevers
was 0.01-0.1 N/m.

Rheological properties of two disk-shaped hydrogel
composites (15 mm diameter, 1.3 mm thick) at swelling
equilibrium was measured using a Physica MCR 300
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rheometer (Anton Paar, Graz, Austria), operated in a
constant stress mode. The hydrogels without microspheres
served as control. A detailed description of the method was
given previously (11). A parallel-plate geometry type with a
variable gap was selected for the test. The samples were
kept in 37°C water during the measurements to mimic the
body temperature. The tests were carried out by dynamic
method at small amplitudes of deformation (1%). The
storage (G') and loss moduli (G") were examined by small-
amplitude oscillatory shear measurements at intervals
varying from 0.9 to 1.3 mm and frequencies ranging from
1 to 100 rad/s.

In Vitro Release Kinetics by ELISA

To determine loading, 10 mg microshperes were disrupted
with trichloromethane, followed by repeated extraction
with 1 ml water. The amount of released BDNF or VEGF
content was quantified by ELISA assay, and then the
loading and encapsulation efficiencies of microspheres were
obtained by comparing with iitial protein loading and
weight of the PLGA microsphere. The theoretical loading
of the hydrogel was obtained by measuring the ratio of
microspheres in the gel (1/6,w/w). Then the release kinetics
of VEGF and BDNF from the PLGA microspheres and HA
hydrogel composite were detected, respectively. Ten mg of
VEGF- or BDNF-loaded microspheres were incubated in
I ml 0.0l M PBS (pH=7.4) at 25°C, and 100 mg of
hydrogels were in 3 ml PBS. The supernatants of 100 pl
were harvested at time points from 4 h to 150 h, and the
samples were replenished with PBS of the same volume.
The amounts of released VEGF and BDNF were quantified
using ELISA kits. All the studies were conducted in
triplicate with three different independent samples.

Bioactivity Assay of the Released Factors

To test whether the bioactivity was maintained throughout
the encapsulation time, the supernatants of released VEGF
or BDNF at the last time point, 150 h, were obtained as
described above. They were added respectively into the
culture medium for neuron and endothelial cell at the
concentration of 10 ng/ml according to the ELISA analysis.
The culture media were sterilized by filtration through a
0.22 pm membrane filter before use. The bioactivities were
examined by cell survival and proliferation.

Released BDNF Bioactivity Assay
The bioactivity of released BDNF was examined by
protection against glutamate-induced cytotoxicity on pri-

mary cultured rat hippocampal neurons. Briefly, single cells
were dissociated and cultured in Neurobasal medium at a
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density of 10° cells/ml on two poly-L-lysine-coated 24-well
plates. A 24-h pre-incubation with culture medium con-
taining 10 ng/ml BDNF supernatant for cells of 12 wells
was performed; meanwhile, for another two 12 wells, the
culture medium not containing the supernatant served as
negative control, and controlled BDNF of the same concen-
tration as positive control. Then all cells were subjected to
125 mM glutamate in culture medium for 12 h at 37°C. After
stimulation with glutamate, the cell viability was then
measured at 24 h and 48 h later by staining with the
fluorescent dyes Hoechst 33342 (0.5 mg/ml) and propidium
1odide (PL,2.9 mg/ml) in PBS for 15 min at 37°C. The cells
were gently washed 3 times with PBS, fixed in 4%
paraformaldehyde for 15 min at room temperature and then
examined under a Leica fluorescence microscope. For each
sample, all the cells of 10 microscopic fields, living or dead,
were photographed and counted for the survival rate assay by
Leica QWin image analysis system.

Released VEGF Bioactivity Assay

The bioactivity of released VEGF was measured by cell
proliferation assay. The human umbilical artery endothelial
cells were seeded in 96-well plates with a concentration of
6,000 cells per well in DMEM/F12, 10% serum-medium.
After cell adherence, the medium of 48 wells was replaced with
medium containing the supernatant of VEGF loaded micro-
spheres (10 ng/ml), and 48 wells were used as negative
controls, and another 48 wells adding 10 ng/ml VEGF directly
as positive control. The cells were cultured for 72 h, and the
proliferation was assessed at 24, 48 and 72 h by GCK-8 assay.

NSC Culture in Hydrogel/Microspheres Composites

The NSCs were cultured as described previously (14). The
cells were isolated from E13.5 Sprague—Dawley rat embry-
os forebrain and cultured as neurospheres in serum-free
DMEM/F12 growth medium containing 20 ng/ml EGF,
bFGF and 2 mM B27 Supplement. Following 7 days of
primary culture, neurospheres were dissociated into a single
cell suspension and seeded in 24 hydrogel composites (1 x
1X0.3 cm®), and the other 24 HA hydrogels of the same
size without PLGA microspheres were used as control. All
the gels were sterilized by ethylene oxide before use. One
hundred pl cell suspension was injected into each hydrogel
at density of 1x10° cells/ml using a syringe, then cultured
in 24-well plates for 5 days at 37°C with the same media as
above. The adherence and distribution of cells in 6 gels
were visualized randomly by SEM and immunofluorescent
staining of nestin (1:200), and the images were obtained
using SEM and laser scanning confocal microscope (Leica
Microsystems LAS AF-TCS SP5). The proliferation of cells
on the rest gels were analyzed by CCK-8 array.
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Statistics

All data were presented as mean T standard deviation.
The bioactivity of the released factors was analyzed by
one-way ANOVA and Student’s ftest for statistical
comparisons between pairs of samples, where the “*”
and “#” indicate significant difference between the sample
and control ($<0.05).

RESULTS
Morphology of Microspheres

The SEM image showed the PLGA microspheres were
about 1~5 pm in diameter (Fig. la), with shell structure
providing enough space for encapsulated factors (Fig. 1b)
and irregular small pores on the surface (Fig. 1c).

The 3-D reconstruction of PLGA microspheres by AFM
images showed that the microspheres-encapsulated biofac-
tors were about 2 um in diameter and 0.5 pm in visual
height (Fig. 2a, b).

Characterization of Hydrogel/Microspheres
Composites

The morphology study by SEM indicated the structure of HA
hydrogel with or without PLGA microspheres was similar to
that we described before (11) and showed no significant
difference except for the surface (Fig. 3a, d). The surface of
hydrogel/microspheres composite was relatively rough, while
that of the HA hydrogel alone was smooth (Fig. 3b, c, ¢, ).

Rheological test was used to measure mechanical
properties of the swollen gel when subjected to compression
and decompression cycles. The HA hydrogel synthesized in
our former studies has shown suitable rheological properties
for CNS tissue engineering (11). Similarly, in this study, the
HA hydrogel composites still showed a typical and well-
crosslinked gel behavior, as shown in Fig. 4, the storage
modulus (G') >> the loss modulus (G”), and G"/G'<0.1, as
a type of soft gel. The elastic properties (G') are constant

Fig. 2 AFM image of biofactors-loaded PLGA microspheres. (@) The
three-dimensional surface of PLGA microspheres, about 2 um in
diameter. (b) The profiles of microspheres through the line. (Bar=2 um).

over the range of frequencies from 1 to 100 Hz. The G’
and G" of the composite increased a little compared to the
HA hydrogel alone, so the elastic property of hydrogel was
enhanced by microspheres.

In Vitro Release Kinetics of PLGA Microspheres
and HA Hydrogel/Microsphere Composites

The contents of BDNF and VEGF proteins were 10.4 and
34 ng/ml by ELISA, so the loading of BDNF and VEGF in
microspheres was 0.10 and 0.34 pg/mg microspheres,
respectively, corresponding to 52% and 84% loading efficien-
cy. When embedded with microspheres, the loading efficien-
cies of HA gel composites were 17.4 and 56.6 ng/mg,
respectively.

Within the period of 6 days, the BDNF and VEGF were
released from the microspheres constantly and cumulative-
ly, without initial burst, probably due to the thorough
washing process since the initial burst was believed to come
from the proteins on the surface. It provided a slow and

linear release profile during the test period. The concen-
tration of BDNF and VEGT respectively reached a high
value of 24 ng/ml and 95 ng/ml on the 6th day, releasing
about 20-30% of the loading proteins (Fig. 5a,b). Given
that the degradation of PLGA was insignificant during this
period, the factors were released mostly by diffusion from
areas near the surface.

Fig. 1 SEM images of biofactors-loaded PLGA microspheres. (@) The profile of PLGA microspheres, about | ~5 um in diameter. (b) The core-shell
structure of the microsphere for the delivery of biofactors. (€) The pores on the surface of microsphere. (Bar=2 um).

@ Springer




1410

Wang et al.

Fig. 3 SEM images of HA
hydrogels with/without PLGA
microspheres. (a—c) The profile
of HA hydrogel without PLGA
microspheres as control. The
surface of the scaffold is smooth.
(d—f) HA hydrogel/PLGA
microspheres composites. There
are many small particles on the
surface of the scaffold.
(Bar=200 um)

The release of VEGF and BDNF from the hydrogel
embedded with microspheres revealed an initial “burst”
followed by a stable release phase, as shown in Fig. 5c,d.
This release profile may be attributed to the diffusion
through the hydrogel matrix, since the released factors
remained in the hydrogel during the cross-link processing.
The releasing of the two factors was about 12% and 13% of
total loading. Apparently, the presence of the surrounding
HA hydrogel has a delayed or deposited effect on the
release profile of the biofactors, or a portion of factors
might be lost during the crosslink.

10 5
] —u—G'of HA —e—G' of HA-PLGA
—o0—G"of HA —o—G" of HA-PLGA
]o—o— o=t N ’ * ——

Modula/10%Pa
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Fig. 4 The Rheological properties of the hydrogels by dynamic modulus. For
both gels, the constant storage modulus G'>> loss modulus G" over the
range of frequencies, presented a typical soft gel. The moduli of G" and G" of
hydrogel/microsphere composites (HA-PLGA, red) increased a little during
the frequency from | to 100 Hz compared to HA hydrogel (HA, black).
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Bioactivity of the Released Factors

Protective Effect of Released BDNF on Neurons

The protective effect of released BDNF from PLGA
microspheres on glutamate-induced neurotoxicity was
examined by rat hippocampus neurons. As shown in
control of Fig. 6a and b, the cell viability was significantly
reduced by exposure to glutamate for 24 h, which resulted
in large-scale apoptosis (red nuclei). In contrast, the
neurotoxicity was greatly prevented by the application of
released supernatant, in which apoptotic cells were signif-
icantly reduced at 48 h, similar to that of BDNF control. So
the bioactivity of the released BDNF was kept well enough
until the test time and was helpful in increasing the survival
rate of neurons subjected to the neurotoxicity.

Proliferation Effect of Released VEGF on Endothelial Cells

The supernatant of released VEGF form PLGA micro-
spheres was added into the culture medium of endothelial
cells for 3 days. The CCK-8 cell proliferation assay showed
that the released VEGF significantly promoted the growth
of cells compared to control group, especially 48 h later,
and was similar to the effect of positive VEGI control
(Fig. 7). The bioactivity of the released VEGF was
preserved well enough.

Supporting of Neural Stem Cells with HA Hydrogel/
Microspheres Composite

To investigate the biological potential of this hydrogel
scaffold as a NSC delivery system, the NSCs were seeded in
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Fig. 5 In vitro release of VEGF and BDNF from PLGA microspheres and HA hydrogel/PLGA microsphere composites by ELISA. (a) VEGF and (b)
BDNF from microspheres showed constant and cumulative releasing profile. The concentration of VEGF and BDNF reached 95 and 24 ng/ml,
respectively, releasing about 20~30% of loaded drugs on the sixth day. (c) VEGF and (d) BDNF from HA hydrogel/PLGA microsphere composites
showed an initial burst, followed by a stable release phase. The concentration of VEGF and BDNF reached to 2500 and 700 pg/ml at 100 h, releasing

about 12—13% of total loading, respectively.

scaffolds for a 5-day culture. The fluorescent staining of
nestin, the marker of NSC, showed the cells adhered onto
the scaffold, dispersed widely through the entire hydrogel
along the wall of the scaffold (Fig. 8a, an overall view),
extended long neurite and formed an extensive network
(Fig. 8b,c). Furthermore, the proliferation by CCK-8 array
showed the NSCs grew faster in the hydrogel with
encapsulated growth factors than in HA hydrogel control
(Fig. 8 d). The hydrogel-containing encapsulated factors
showed good biocompatibility with NSCs and provided
better environment and support for cell growth.

DISCUSSION

The reconstruction of damaged CNS has been a daunting
task because of the complicated changes of tissue defect, cell
loss, and micro-environment destruction following injuries
(3,4). Strategies of NSC transplantation and biofactor
delivery are the most promising approaches for brain

repair. But the transplanted cells encounter poor survival
without suitable microenvironment. Therefore, to construct
a good environment is crucial for successful neural repair
and neural tissue engineering. Although the biofactors can
improve this situation, their usages are limited greatly by
fast inactivation and poor ability to cross the blood—brain
barrier into the brain (15,16).

In this study, an HA hydrogel scaffold embedded with
biofactor-encapsulated PLGA microspheres was con-
structed as a multiple delivery system for CNS regenera-
tion. The properties of the composite were assayed by
morphology, mechanical property and bioactivity tests. The
results show the HA hydrogel composite has excellent
cytocompatibility with NSCs. Since HA is the main
component of extracellular matrix, it follows that scaffold
of HA is analogous to the tissue (17) to provide good
mechanical support for cell adherence, proliferation or
migration. As shown in our former data, the HA hydrogel
can support the seeded cells i vitro and the endogenous
migrated cells i viwo as well (11,18). In this study, the PLGA
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Fig. 6 Results of protective effects of released BDNF on glutamate-induced primary hippocampus neurons cytotoxicity. (a) The |2-h pre-incubation of
released BDNF reduced the apoptosis of neurons after exposing to glutamate for 48 h compared to the negative controls without BDNF and similar to
positive BDNF control. Hoechst/PI. staining showed the live cells (blue nucleus) of the two pre-incubation groups were more than control, which had
more necrotic or apoptotic cells (red). (Bar=20 um). (b) The survival rate of neurons was increased by adding the released BDNF (*) or controlled

BDNF (#) into the culture medium compare to the control (*,# p<0.05).

microspheres are successfully embedded in the hydrogel
during the gel cross-link procedure for biofactors delivery.
The hydrogel composite appears similar in structure to HA
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Fig. 7 The effect of released VEGF on human umbilical artery endothelial
cells by CCK-8 cell proliferation assay. The endothelial cells cultured with
released VEGF grew faster than the control group, especially on 48 and
72 h (*p<0.05). The effect was similar to that of the positive control
added VEGF directly. (* p<0.05, vs. control).
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hydrogel control with a relative rough surface due to the
presence of microspheres. Apparently, the embedding has
little effect on wn situ cross-linkability and whole structure of
the gel. This may be because the amount (1/6 of gel) and
size (1~2 pm) of PLGA microspheres are insufficient to
change the structure of gel. The hydrogel composite shows a
typical mechanical property of soft gel, which is thought to
be suitable for soft tissue. While the gel appears, there is a
little increase in storage modulus when embedded with
particles, that is to say, the particles enhance the mechanical
property of gel to a small extent. Actually, the rheologic
property of hydrogel composite can be controlled by adjust-
ing the dose of cross-linking agent or particles to get a softer
or harder hydrogel for better matching to the brain tissue.
In the delivery system, BDNF and VEGIF are encapsu-
lated in PLGA microspheres and then embedded in the HA
hydrogel for controlled release. Their in vitro release shows
that the loading efficiency of BDNF and VEGF are about
52% and 84%, respectively, with a 20-30% releasing rate
during the test. With respect to the overall delivery system,
it shows a stable and sustainable release profile, with an
initial rapid burst and a relatively low releasing rate of 12—
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Fig. 8 The growth of NSCs on the HA hydrogel composite for 5 days. (a, b) The fluorescent staining of nestin showed the NSCs (green) adhered on the
gel, grew well and spread widely along the wall of the scaffold (a, overall view), extending long neurites (b, high magnification). (€) The hydrogel showed
good biocompatibility and support for NSCs by SEM. (d) The proliferation array by CCK-8 showed the NSCs grew faster on the hydrogel composite than

on the HA hrdrogel control (*p <0.05).

13% compared to the microsphere. Therefore, the sur-
rounding cross-linking gel may delay the release by forming
a barrier of matrix through which the proteins have to
diffuse out. Additionally, some factors may be lost during
the cross-link proceeding. However, it is still an effective
delivery vector with a high releasing level.

In addition, the bioactivities of released factors are well-
preserved to work on endothelial cells proliferation and
neuron protection. It is crucial to the availability of delivery
proteins; hence, the hydrogel composite containing BDNF
and VEGF shows a significant effect on NSC proliferation
by comparison with particle-free gel. The stable release of
BDNF and VEGF may greatly improve the microenviron-
ment for NSC (19). It is well known that BDNF and
VEGT have notable effects on NSC proliferation  vitro
and m viwo (20); also, they play important protective roles
on nervous system repair by supporting neuron survival
and nerve fiber outgrowth (21,22). In addition, the VEGF
can strongly promote the endothelial cells proliferation
and angiogenesis to rebuild the blood supply (23-26). The
constant BDNF and VEGF delivery by the hydrogel can
mimic and rebuild the “niche,” which is essential to NSCs

and tissue formation (22). Therefore, as an effective
protein delivery device, the HA hydrogel composite may
be very useful not only for the transplanted NSCs but also
for the endogenous cells.

As our previous studies have shown, the HA hydrogel
can also serve as an NSC transporter (18) and promote
brain injury repair when implanted in vivo (11-13). In this
research, the hydrogel composite shows good support
and functions for NSCs, promoting the growth of cells.
In consideration of its good performance in NSC
support and factor delivery, as well as the soft property
suitable for central nervous tissue, the HA hydrogel/
PLGA microsphere composite shows a great potential to
be used wm vwo for NSCs transplantation and neural
repair.

CONCLUSION
The properties of this HA hydrogel/PLGA microsphere

composite show that it plays a useful role in supporting neural
stem cells and biofactors delivery. It may have a good
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potential for controlling the delivery of varied bioactive factors

and neural stem cells for brain implantation.
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