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a b s t r a c t

The poor regenerative capability of stem cell transplantation in the central nervous system limits their
therapeutic efficacy in brain injuries. The sustained inflammatory response, lack of structural support,
and trophic factors deficiency restrain the integration and long-term survival of stem cells. Instead of
exogenous stem cell therapy, here we described the synthesis of nanohybrid hydrogel containing sulfated
glycosaminoglycan-based polyelectrolyte complex nanoparticles (PCN) to mimic the brain extracellular
matrix and control the delivery of stromal-derived factor-1a (SDF-1a) and basic fibroblast factor (bFGF)
in response to matrix metalloproteinase (MMP) for recruiting endogenous neural stem cells (NSC) and
regulating their cellular fate. Bioactive factors are delivered by electrostatic sequestration on PCN to
amplify the signaling of SDF-1a and bFGF to regulate NSC in vitro. In in vivo ischemic stroke model, the
factors promoted neurological behavior recovery by enhancing neurogenesis and angiogenesis. These
combined strategies may be applied for other tissue regenerations by regulating endogenous progenitors
through the delivery of different kinds of glycosaminoglycan-binding molecules.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Brain injuries, either traumatic or vascular, typically result in
neural tissue damage directly from the initial impact, and trigger
subsequent processes that lead to permanent neurologic deficit.
The mainstay of treatments today mostly aimed to damage control,
which can only be regarded as supportive measures instead of
reconstructive interventions. Therefore, there is a huge unmet need
to rescue the dysfunctional neural tissues using novel therapeutic
strategies [1]. Although many researchers have investigated novel
cience and Engineering, Na-
oad, Hsinchu, 30013, Taiwan.
ang).
approaches based on stem cell transplantation, currently there is no
consensus on the most effective time period and the dosage of
delivery when utilizing stem cell-based therapies for human [2].
Additionally, the clinical efficacy of cell transplantation techniques
has been limited by scarce donor source, uncontrolled cell maturity,
poor cell survival and low engraftment rate. These limitations are
mainly attributed to severe inflammation [3], loss of stromal sup-
port and trophic factors in the injury site [4]. Therefore, the
objective of this research is to overcome the costly and complex
ex vivo process of cell-transplant and the short therapeutic window
of drug-based methodology. To achieve this goal, we aimed to
enhance the regenerative capacity of central nervous system (CNS)
during acute and chronic stages after brain injury.

The central nervous system can regenerate to certain degree
after injury. Evidences revealed that endogenous neural stem cells
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(NSC) may migrate tangentially through blood vessels from the
subventricular zone (SVZ) to the neocortex and in situ cortical
neurogenesis occur [5e8]. Thus, the activation of endogenous NSC,
such as migration, proliferation, and differentiation, to modulate
the injured area is potentially a promising strategy in CNS regen-
eration. Stromal cell-derived factor-1a (SDF-1a), a chemoattractant,
is important for endogenous NSC to migrate over long distance
from the SVZ to the injured site. To be specific, the C-X-C chemokine
receptor 4 (CXCR4) on the membrane of NSC can direct migration
toward the injured site where SDF-1a are highly expressed via
ligand-receptor interaction. The dynamic of this specific interaction
appears to be required for NSC moving toward injury [9]. On the
other hand, for endogenous NSC proliferation, basic fibroblast
growth factor (bFGF) is upregulated after brain injury and persists
for more than 2 weeks [10]. The upregulation of bFGF alters
tropomyosin receptor kinase B mRNA and brain-derived neuro-
trophic factor expression, which results in supporting the self-
renewing potential of endogenous NSC and promoting neuronal
cells survival, synaptic plasticity, and functional recovery in the
lesioned CNS system [11]. Therefore, bFGF in injured area appears
to be a critical regulator of neural tissue repair. However, these
responses are only activated in the restricted pattern spatially and
temporally. They provide poor regenerative capacity in the chronic
stage of injury [12,13].

The extracellular matrix (ECM) of brain is mainly composed of
hyaluronic acid (HA) and proteoglycans [14]. Sulfated glycosami-
noglycans (GAGs), such as heparan sulfate and chondroitin sulfate,
covalently bound on the side chain of proteoglycan are heteroge-
neous polysaccharides and serve as a reservoir for binding and
stabilization of growth factors, chemokines, and other ECM pro-
teins. Moreover, they also regulate processes associated with
growth factor-receptor signaling pathways [15,16]. On the other
hand, HA, a kind of non-sulfated GAG, is a unique candidate for
neural tissue regeneration. It is known to reduce glial scar forma-
tion and minimize local inflammation by attenuating lymphocyte
and macrophage motility.

In order to induce chemokines and growth factors, and to
modulate cellular responses after CNS injury, we have developed
the nanohybrid hydrogel from HA hydrogel matrices incorporated
with SDF-1a- and bFGF-loaded polyelectrolyte complex nano-
particles (PCNs) in this work (Fig. 1A). PCN is a proteoglycan-
mimetic and GAG-containing carrier, which can sequester
cationic proteins through GAGs-protein interaction [17e19]. For
endogenous NSC recruitment, SDF-1a was loaded on the heparan
sulfate-containing PCN for the optimization of SDF-1a presentation
[20]. Furthermore, continuous expression of FGF-2 complexed with
chondroitin sulfate-containing PCN within the hydrogel is enabled
to regulate injury-induced NSC proliferation [21]. The in situ gela-
tion of nanohybrid hydrogel is tunable by the cross-linker, adipic
dihydrazide acid (ADH), via Schiff base crosslinking (Fig. 1B) [22].
Since matrix metalloproteinase (MMP) is upregulated after brain
injuries and is capable of degrading ECM structural proteins during
tissue remodeling, the MMP-cleavable peptides
(GCDSGGRMSMPVSDGG) and MMP-inactive peptides
(GCRDFGAIGQDGDRGG) modified PCNs were complexed with
functionalized HA and offered the controlled release of both growth
factors by the selective cleavage of MMP-cleavable rather than
MMP-inactive peptides modified on both PCNs in the injured brain
with upregulated MMP [23e25] (Fig. 1C). We demonstrated that
the locally-injected nanohybrid hydrogel effectively promoted
endogenous NSC migration and neurogenesis in the infarcted re-
gion. Notably, the activation of NSC was further confirmed by
neuroregeneration with significant reduction of stroke cavity and
improvement of functional recovery in a rat animal model of
photothrombotic ischemic (PTI) stroke. Our study offered the proof
of concept for regulating endogenous stem cell by the bioactive
factor delivery from GAG-based nanohybrid hydrogel for ischemic
stroke.

2. Materials and methods

2.1. Maleimide group conjugation on chondroitin sulfate and
heparan sulfate

The CS-maleimide/HS-maleimide were successfully fabricated
by modifying from previous study [26]. In brief, chondroitin sulfate
(CS) sodium salt (Sigma) or heparan sulfate (HS) sodium salt
(Sigma) was dissolved in 6mL deionized water and the pH value
was adjusted to 4.7 by adding 0.1 N hydrochloric acid. 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and Nhydrox-
ysuccinimide (NHS) were added to the solution of CS or HS and
stirred for 15min at room temperature to activate carboxylic
groups on both CS and HS by EDC crosslinking and form an NHS
ester for efficient conjugation to primary amines. N-(2-aminoethyl)
maleimide trifluoroacetate salt (Santa Cruz Biotechnology) was
added and the reaction mixture was incubated for 6 h at room
temperature under stirring for direct conjugation of primary
amines to the activated carboxylic acids via amide bonds. The
resulting solution was dialyzed against deionized water for 24 h
(MWCO 6000e8000 Da) under gentle shaking to remove the excess
of coupling agents and byproducts of the reaction. The polymer
solutions were lyophilized and stored at �20 �C. The percentage of
maleimidemodification and amide bonding formation of CS and HS
were determined by 1H NMR (Bruker) and FT-IR (Thermo Fisher
Scientific), respectively.

2.2. Synthesis and characterization of bFGF-loaded mCSPCN and
SDF-1a-loaded mHSPCN

To prepare bFGF-loaded mCSPCN, 1.2mg/mL of CS-maleimide
(CS-mal) and 0.6mg/mL of chitosan (Chi) were dissolved in 0.1M
acetic acid solution and then filtered using 0.22 mm MCE syringe
filters. The chitosan solution was then added in one shot to the
stirring CS-mal solution in a volume ratio of 1:6 (Chi:CS-mal), and
the mixture was vigorously stirred for 3 h. CS-mal/Chi PCN was
dialyzed against deionized water for 24 h to remove the uncom-
plexed polymers. CS-mal/Chi PCN solution was then mixed with
customized MMP-inactive peptide (GenScript) solution with mal-
eimide:thiol molar ratio of 1:1 for 4 h at 4 �C to form MMP-inactive
peptide modified chondroitin sulfate PCN (mCSPCN) through
water-stable thiol-maleimide click reaction. The pH value was
adjusted in the range of 6.5e7.5 to prevent from side reactions.
bFGF loading was achieved by mixing bFGF and mCSPCN solutions
in deionized water with a mass ratio of 100 ng/mg bFGF/mCSPCN.
The bFGF-loaded mCSPCN solution was then mixed with sucrose
solution (20% w/v) as cryoprotectant, and finally freeze-dried and
stored at 4 �C for further use.

For SDF-1a mHSPCN preparation, the 1.2mg/mL of HS-
maleimide (HS-mal) solution was mixed with 0.3mg/mL of Chi
because heparan sulfate contains approximately half as many sul-
fate groups as chondroitin sulfate. The HS-mal/Chi PCN was con-
jugated with customized MMP-cleavable peptide (GenScript) with
maleimide:thiol molar ratio of 1:1 and form MMP-cleavable pep-
tide modified heparan sulfate PCN (mHSPCN). The pH value was
also adjusted in the range of 6.5e7.5 to prevent from side reactions.
SDF-1a loading was achieved by mixing SDF-1a and mHSPCN so-
lutions with a mass ratio of 100 ng/mg SDF-1a/mHSPCN. The SDF-
1a-loaded mHSPCN was also freeze-dried, followed bymixing with
sucrose and storing at 4 �C.

The morphological analysis of PCNs was performed by



Fig. 1. The synthetic process of MMP-sensitive nanohybrid hydrogel for controlled therapeutic delivery. (A) Polyelectrolyte complex nanoparticle (PCN) was synthesized
through the electrostatic interaction of the negative-charged GAGs with positive-charged chitosan. MMP sensitivity of PCN was modified through conjugation of the MMP-sensitive
peptide or MMP-inactive peptide by thiol-maleimide coupling reaction. Following specific GAG-protein attraction, bFGF and SDF-1a were sequestered on mCSPCN and mHSPCN,
respectively. (B) mCSPCN and mHSPCN were then covalently conjugated on HA-ALD (HA-aldehyde) through the terminated primary amine on peptide of PCN and aldehyde groups
on HA-ALD. Solid nanohybrid hydrogel crosslinking was designed through hydrazone bond formation under physiological condition. (C) The stimulus-controlled delivery and NSC
regulation were achieved in response to the upregulation of MMP in the injured brain through the cleavage of MMP-cleavable peptide on mHSCPN rather than the MMP-inactive
peptide on mCSPCN. Therefore, the released SDF-1a-loaded mHSPCN would initially recruit the endogenous NSC through SDF-1a/CXCR4 signaling and the bFGF-loaded mCSPCN in
hydrogel would later promote the proliferation of cells in the peri-infarction region of injury. (D) Hydrodynamic size, surface charge, and growth factor loading efficiency were
analyzed by using dynamic light scattering and ELISA kits, respectively. (E and F) TEM microphotograph represented the spherical shape of mCSPCN, and mHSPCN. (G) The particle
size (brown symbols) and PdI (blue symbols) of mCSPCN and mHSPCN dispersed in PBS at 37 �C were stable for at least four weeks. (H) TEM images of mCSPCN-HA and mHSPCN-
HA (inset) nanocomposites showed the distribution of mCSPCN and mHSPCN in HA matrix. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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transmission electronmicroscopy (Hitachi). The hydrodynamic size
and zeta potential of nanoparticles were measured on a Malvern
zeta-sizer (Malvern Instruments). The SDF-1a and bFGF loading
contents were determined by ELISA kits (R&D Systems). In brief, the
solutions of bFGF loaded mCSPCN and SDF-1a loaded mHSPCN
were centrifuged at 9000 g for 30min and the supernatants were
collected for loading content analysis by ELISA kits.

2.3. Synthesis and characterization of aldehyde-functionalized HA

Aldehyde-functionalized HA (HA-ALD) was synthesized by
mixing hyaluronic acid and sodium periodate (NaIO4) in deionized
water at a molar ratio of 1:1 HA/IO4 for 24 h in dark at room tem-
perature. The reaction was stopped by adding 1mL ethylene glycol
to the reaction, dialyzing against deionized water for 3 days,
freezing and lyophilizing. TNBS assays were used to quantify the
percentage of aldehyde modification as previously described [27].
An FT-IR spectrometer was used to identify the functional group of
oxidized hyaluronic acid.

2.4. Preparation and characterization of nanohybrid hydrogel

SDF-1a mHSPCN and bFGF mCSPCN dissolved in PBS were
mixed with dry HA-ALD powder (6wt% HA-ALD) for 1 h at room
temperature to form PCN-HA nanocomposites prior the gelation
process. Adipic acid dihydrazide (ADH) (8wt%) was dissolved in
PBS. The two homogeneous solutions were then mixed in equal
volumes by pipetting and the hydrogel formation occurred within
few seconds.

The morphology of nanohybrid hydrogel matrices was observed
by TEM. For this purpose, the mCSPCN-HA nanocomposites pre-
pared as previous description prior to gelation were mounted on
the copper grids coated with a carbon film, and stained with 2%
phosphotungstic acid solution. Rheological characterization was
performed using rheometer (Anton Paar). Dynamic oscillatory
strain amplitude sweep measurements were conducted at a fre-
quency of 6.8 rad s�1 at 25 �C. Dynamic oscillatory frequency sweep
measurements were conducted at a 50% strain amplitude. All
measurements were performed using a 25mm cone plate and
analyzed using Anton Paar Rheometer software.

2.5. Degradation kinetics, PCN and growth factor release behavior
from hydrogel

Forty mL of mCSPCN/mHSPCN encapsulated HA-ALD/ADH solu-
tion was introduced into the cylinder mold and allowed to set for
30min to form a hydrogel. After transferring the cylinder of
nanohybrid hydrogel into a 96-well culture plate, 100 mL of PBS was
added to each well. At predetermined time points (1, 3, 6, 9, 24, 48,
72, 168, 336, 600, and 840 h), the supernatant was completely
removed by syringe and replaced with fresh PBS. The collected
solution was stored at �20 �C. The total GAG content in the su-
pernatant degraded from nanohybrid hydrogel was determined by
cetyltrimethylammonium bromide turbidimetric method (CTM
assay) which was reported by N. Oueslati et al. [28].

To determine PCN release from the hydrogel, chitosan was first
labeled by fluorescein-5-isothiocyanate (FITC; Fluka) prior to the
PCN formation [29]. The nanohybrid hydrogels were incubated
with PBS at 37 �C. At predetermined time points, the supernatant
was completely removed by syringe and replaced with fresh PBS.
The fluorescent signals (lEx: 490 nm/lEm: 525 nm) of FITC-labeled
mCSPCN and FITC-labeled mHSPCN were applied to determine
particle release from nanohybrid hydrogel using VICTOR X3
microplate reader (PerkinElmer). For the determination of MMP-
mediated release of FITC-labeled mHSPCN, PBS with 20 and 200
U/mL of type IV collagenase (Worthington) were prepared as
release buffer.

Release profiles of bFGF and SDF-1a were examined for two
weeks. The 40 mL of nanohybrid hydrogels were incubated with
50 mL of release buffer (PBS w/0.05% Tween 20, 1% BSA) at 37 �C. At
days 1, 2, 3, 5, 7, and 14, the supernatant was aspirated and stored
at �80 �C, and 50 mL of fresh release buffer was compensated. After
14 days of incubation, the HA, HS, and CS in hydrogel were digested
with release buffer containing 10 U of hyaluronidase (Sigma), 100
mU of heparinase II (Sigma), and 20 mU of chondroitin sulfate ABC
(Sigma) at 37 �C for 24 h. The amount of bFGF and SDF-1a in the
collected release buffer was quantified using bFGF ELISA kit and
SDF-1a ELISA kit following the manufacturer's instructions.
2.6. Cell culture and encapsulation of NSCs in nanohybrid hydrogels

The rat neuronal stem cell applied in this study was semi ad-
hesive HCN-A94-2, which was kindly provided by F.H. Gage (La
Jolla, CA). The culture medium for NSCs was using Neurobasal®

Medium (NB medium) supplemented with 2% B-27 Supplement,
GlutaMAX™ Supplement (2mM), bFGF (20 ng/mL), and 1% PS. Cell
cultures were maintained in a 37 �C, 5% CO2 environment.

For in vitro study, encapsulation of NSCs within the nanohybrid
hydrogel was evaluated. As the process of nanohybrid hydrogel
formation described previously, dry HA-ALD powder was dissolved
in PBS solution containing SDF-1a mHSPCN and bFGF mCSPCN for
1 h at room temperature to form PCN-HA nanocomposite prior to
gelation. On the other hand, ADH was first dissolved in NB medium
to generate high ADH concentration solution, and then it was
mixed and diluted with NSCs containing NB medium to 8wt% of
final ADH concentration. The two homogeneous solutions were
then mixed in equal volumes by pipetting in 48-well tissue culture
plates and incubated at 37 �C, 5% CO2 for 30min. 200 mL of prolif-
eration mediumwas then carefully added above the gel, which was
changed every other days. The cell density was 106 cells per mL
hydrogel in the following experiments.
2.7. Assessment of growth factor protection by PCN

To evaluate the ability of growth factor protection by PCN, bFGF-
loaded mCSPCN and free bFGF were separately supplemented in
0.2mL of culture media and cultivated with NSC in a 24-well tissue
culture plate. In the same time, culture media supplemented with
bFGF-loaded mCSPCN or free bFGF were filled in blank wells
without NSC. After 3 days of cultivation, bFGF-loaded mCSPCN and
free bFGF supplemented media of NSC were respectively changed
from those incubated in blank wells and then cultivated for another
4 days. The bioactivity of bFGF was assessed by the proliferation of
NSC.
2.8. NSC proliferation assessment

The proliferation of NSCs was revealed by quantifying DNA
content using Qubit Fluorometric Quantitation. Briefly, at pre-
determined time (1, 3, and 7 days of incubation), the culture plate
with NSCs or NSC encapsulated hydrogel was frozen in liquid ni-
trogen, and then put in freeze dryer and lyophilized for 24 h. Then,
the lyophilized gel/cell sponge was rehydrated and lysed with
0.2mL Proteinase K (Amresco) at 56 �C overnight. The resulting
mixture was subjected to centrifugation (2000 rpm for 5min) to
separate the extracted DNA and lysates. DNA content in the su-
pernatant was detected following the manual instruction.
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2.9. Cylindrical hydrogel construct for NSC recruitment

To create the cylindrical nanohybrid hydrogel (core), 20 mL of
HA-ALD (6wt%) with SDF-1a-loaded mHSPCN in PBS was cross-
linked with 20 mL of sterilized ADH solution (8wt%) in the
customized cylindrical mold and incubated for 1 h at 37 �C to allow
the formation of solid hydrogel. The cylindrical nanohybrid
hydrogel was transferred to 24-well tissue culture plate. To form
the annulus, NSCs were first stained with CellTracker™ Green
CMFDA for fluorescence observation, and encapsulated within
Matrigel (2.5� 105 cells/mL). The Matrigel solution with NSC was
filled around the cylindrical hydrogel and incubated for 10min at
37 �C. The proliferation medium with 20 U/mL of type IV collage-
nase was finally added on the top of the gel and incubated at 37 �C
with 5% CO2. For each group, at least 6 regions (30 cells/each region)
in the interface of core and annulus were randomly selected from
the micrographs after 1, 3, and 7 days of incubation. CellTracker
fluorescence in the selected regions was labeled and the distance
from the interface of each cell was measured using AxioVision
Microscopy Software.

2.10. Photothrombotic ischemia (PTI) model and hydrogel injection

The experimental protocol of in vivo study was approved by the
Institutional Animal Care and Use Committee (IACUC) at Laboratory
Animals Center in National Tsing Hua University. Male Sprague-
Dawley Rats (200e300 g) purchased from BioLasco Taiwan Co.,
Ltd were used in this study and randomly treated with various
conditions (N¼ 4).

The following surgical procedure for ischemic stroke was per-
formed. Briefly, male Sprague-Dawley rats were anesthetized with
isoflurane (3.5e4% for induction, 2e2.5% for maintenance) in oxy-
gen/air mixture with flow rate at 2 L/min, and positioned in a ste-
reotaxic instrument. The skull was exposed through a midline
incision on the scalp, and a 3-mm by 5-mm craniotomy window
was performed with the center at 2mm lateral from the midline
and 1.5mm anterior to the Bregma. To avoid thermal injury on the
cerebral cortex, cold saline was continuously dropped on skull to
cool down the heat generated by the drilling process. Rose Bengal, a
photosensitive dye, was injected intraperitoneally (10mL/kg from
15mg/mL solution). Sixty minutes were spared to let the dye
diffuse and to enter the blood stream, and the cranial window was
then illuminated with a 50mWof 532 nm green laser for 20min to
activate the photosensitive dye. After 20min of illumination, the
cranial window was closed by covering the bone flap, and the skin
was closed with 3-0 non-absorbable sutures. Seven days after
stroke induction, the necrotic infarcted tissue at the stroke core
became partially liquefied and absorbed, which resulted a potential
space suitable for hydrogel injection without increasing the intra-
cranial tissue volume and damaging the peri-infarction tissue
[30,31]. Treatments with (i) growth factor (GF)-loaded nanohybrid
hydrogel, (ii) pristine HA hydrogel, (iii) GF-loaded PCN, and (iv) PBS
were injected into the stroke cavity after removing the necrotic
brain tissue. As a consequence, these cavities were filled with gel
precursors through a dual-barrel syringe and the gelation process
finished within few seconds. For the control groups, PBS was
injected with the same procedure. The final injection volume for all
groups was 10 mL. After various predetermined time span (1 week, 3
weeks, and 5 weeks), the rats were euthanized to harvest the tissue
for histological analysis.

2.11. In vivo therapeutic assessments

Methods of all in vivo assessments, including parameters in MR
scanning, behavioral measurement by cylinder tests, and
immunohistochemistry, are provided in the Supplementary
Material.

2.12. Statistical analysis

Data are expressed with mean± standard deviation (S.D.). The
statistical significance was determined by one-way analysis of
variance (ANOVA). Group comparisons were made by Tukey's test.
Statistical significance was accepted at a level of p< 0.05.

3. Results

3.1. Nanohybrid hydrogel as platform for SDF-1a and bFGF delivery

The objective of this study was to develop a biomaterial system
and to promote the innate regenerative capability by endogenous
NSC recruitment and regulation. Optimization of multiple growth
factor delivery and signaling were crucial for NSC regulation [4]. In
this study, two different formulations of proteoglycan-mimetic
PCNs were synthesized by two kinds of sulfated GAGs (CS and
HS) and chitosan (Chi) through electrostatic attraction for specific
growth factor delivery. For achieving MMP sensitivity, MMP-
cleavable and MMP-inactive peptides were conjugated on GAGs,
respectively, after maleimide functionalization (HS-mal and CS-
mal). The maleimide functionalization and peptide coupling were
verified by 1H NMR spectra (Supplementary Fig. S1).

The synthesized MMP-cleavable peptide conjugated HSPCN
(mHSPCN) andMMP-inactive peptide conjugated CSPCN (mCSPCN)
both displayed negative charges, remained spherical in shape and
maintained colloidal stability in one month (Fig. 1DeG), the latter
of which was essential for long-term protection and delivery of
loaded proteins [16,32]. When loaded with SDF-1a (40.0± 2.3 ng/
mg) and bFGF (53.7± 5.9 ng/mg) on mHSPCN and mCSPCN,
respectively, the particle sizes did not change significantly in both
formulation; however, the magnitude of zeta potential of PCNs
dropped after growth factor complexation process. This result was
mainly caused by the partial neutralization of sulfate groups and
carboxyl groups on GAGs with the abundant positively charged
basic amino acid residues in SDF-1a and bFGF [17]. From the
aforementioned findings, PCNs offered a 40e55% loading efficiency
that could minimize the loss and preserve the biological functions
of costly proteins.

For nanohybrid hydrogel formation, high molecular weight
(2000 kDa) HA was chosen as the main composition because it
could be easily modified by simple chemical reaction in mild con-
dition. In this study, we synthesized hyaluronic acid-aldehyde (HA-
ALD) by the oxidation of diol group on each HA monomer, and the
oxidation degree could be specifically tuned by varying the expo-
sure duration of HA to the oxidants (Supplementary Fig. S2). To
allow imine bond formation between the terminal amine groups of
peptide modified on mCSPCN/mHSPCN and aldehyde groups on
HA, nanocomposites were formed by mixing mCSPCN/mHSPCN
with HA-ALD, demonstrating mesh-like network with a homoge-
neous distribution of PCNs within the entangled HA nanofibrous
structure (Fig. 1H). As expected, by crosslinking HA-ALD with
various oxidation degrees (viz., 50%, 15%, and 5%), the resulting
nanohybrid hydrogels displayed different magnitudes of storage
modulus and prompt in situ gelation time (loss factor <1) within
10 s (Fig. 2AeC). This result suggested that rheological properties of
this nanohybrid hydrogel were profoundly governed by the cross-
linking densities and the nature of aldehyde-hydrazide condensa-
tion; that is to say, the higher oxidation degree of HA-ALD there is,
the more crosslinking points could be created [33]. To mimic the
mechanical properties of brain tissues for proper hydrogel inte-
gration and prevention of mechanical mismatch [34,35], HA-ALD



Fig. 2. Rheological properties of nanohybrid hydrogel. (A) A schematic showing the nanohybrid hydrogel crosslinking was designed through hydrazone bond formation between
dihydrazide groups on ADH and aldehyde groups on HA-ALD under physiologic conditions (left). Gross photography showed the syringe mold-fabricated nanohybrid hydrogel
(right). (B) The mechanical property of nanohybrid hydrogel was affected by HA-ALD oxidation degree (strain¼ 50%, 25 �C). (C) Time-dependent (u¼ 6.8 rad s�1, strain¼ 50%, 25 �C)
oscillatory shear rheology of nanohybrid hydrogel was applied to determine gelation time and the loss factors were calculated by G’’/G0 at all time points during the pre-gelation and
early gelation phases. (D) Frequency-dependent (strain¼ 50%, 25 �C) oscillatory shear rheology to determine the mechanical properties of nanohybrid hydrogel and crosslinked
pristine HA hydrogel.
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with 50% oxidation degree was chosen for the following experi-
ments. Moreover, the nanohybrid hydrogel showed slight change in
the magnitude of storage modulus (~100 Pa) compared with the
pristine crosslinked HA hydrogel (~400 Pa) (Fig. 2D). The phe-
nomenon was caused by the addition of mCSPCN and mHSPCN in
nanohybrid hydrogel. The mCSPCN and mHSPCN had peptides
modified on their surfaces and exposed primary amines at the N0

terminal of these peptides, leading to the consumption of the
aldehyde groups on HA-ALD and slightly lowering the crosslinking
density of the hydrogel matrices.

3.2. In vitro degradation and PCN release kinetics of nanohybrid
hydrogel

To determine the degradation kinetic of hydrogel, the degra-
dation products of the hydrogels in phosphate-buffered saline (PBS)
was monitored by the leakage of GAGs in the buffer as a function of
time (Fig. 3A). All hydrogels showed an observable initial degra-
dation kinetic during the first day of incubation, whichmight be the
rapid diffusion of uncrosslinked hydrogel precursors, such as HA-
ALD, CSPCN and mCSPCNs, from the hydrogel. Then, all hydrogels
presented a continuous degradation behavior due to the gradual
hydrolysis of imine bonds and hydrazone bonds in the hydrogels,
and all of them were totally degraded after 5 weeks of incubation
[22].

To further demonstrate that mCSPCN/mHSPCN interacted with
HA-ALD could provide retention of PCNs in the hydrogel, we
allowed the mCSPCN to intermingle with HA-ALD prior to the
crosslinking process, which enabled imine bonds formation be-
tween primary amine of peptides on nanoparticles and aldehydes
of HA-ALD matrices. In that way, peptide-conjugated PCNs
exhibited slow release from the nanohybrid hydrogel with minimal
burst release in the first day of incubation due to labile adsorption
of PCNs on gel surface (Fig. 3B). During the 5 weeks of incubation,
mCSPCN released from the hydrogel reached a plateau (~80%),
while the remaining 20% of undetectedmCSPCNwere related to the
fluorescence quenching effect of fluorescein isothiocyanate (FITC)-
labeled on the PCNs (Supplementary Fig. S3A). Alternatively, if in
absence of chemical interactions, PCNs without peptide conjuga-
tion (CSPCN) released rapidly with significant burst release (~40%)
in the first day of incubation and sustained for only 14 days.
Moreover, the mechanism that determined the release of both
mCSPCN and CSPCN from the hydrogel was also analyzed by
graphically combining plots of cumulative PCN release and per-
centage of hydrogel degradation while fitting them with linear
trend lines (Fig. 3C) [36]. The slopes of fitted trend lines were about
2.32 and 0.82 for CSPCN and mCSPCN, respectively, which implied
that with covalent interactions, mCSPCN release was coincident
(slope �1) with the hydrogel degradation rather than rapid diffu-
sion (slope >1) from the hydrogel (Fig. 3D). To precisely control
delivery correlating with MMP activity, nanohybrid hydrogels
incorporated with MMP-cleavable peptide conjugated mHSPCNs
were incubated in PBS buffer with varying concentration of active
MMPs (type IV collagenases). The fluorescence intensity of FITC-



Fig. 3. In vitro degradation and PCN release kinetics of nanohybrid hydrogel. (A, B) Degradation and PCN release of nanohybrid hydrogel encapsulated with FITC-labeled CSPCN
or FITC-labeled mCSPCN were revealed in PBS at 37 �C for 5 weeks. (C) Profiles of PCN release versus hydrogel degradation were graphically plotted and fitted with linear trend lines
to determine the differences of PCN release mechanisms affected by covalent linkage formation between PCN and gel matrices. (D) Schematic showing that CSPCN and mCSPCN
released in different mechanisms: diffusion and erosion-based release. (E) In vitro release of embedded FITC-labeled mHSPCN was in response to type IV collagenase (20 and 200 U/
mL type IV collagenase). Type IV collagenase was refreshed every two days to maintain enzyme activity. Error bars show± S.D. for total n¼ 4.
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labeled mHSPCN was measured in supernatant over time to
determine the release kinetics of mHSPCN from the hydrogel
(Fig. 3E). Without active MMPs, mHSPCN release could be
measured over 14 days of incubation with about 15%. However,
with 20 U/mL MMP activity, rate of PCN release was significantly
increased to about 60% before 14 days. With 200 U/mL MMP ac-
tivity in the release buffer, PCN releasewas detected in a near-linear
manner and achieved the maximum PCN release in one week.
Additionally, particle size distribution before and after MMP-
mediated release was quite similar with very few PCN aggrega-
tion or collapse, indicating that intact particles released from the
hydrogel (Supplementary Fig. S3B). In addition to PCN release,
passive release of bFGF and SDF-1a from the nanohybrid hydrogel
was also analyzed (Supplementary Fig. S4). Release profiles showed
that approximately 25% of the encapsulated bFGF and SDF-1a
released in a diffusion manner by 14 days [37] and had at least
40± 4% and 50± 3% of the encapsulated bFGF and SDF-1a retaining
in hydrogel.

3.3. In vitro controlled signaling regulation of NSCs

To confirm the possibility of using nanohybrid hydrogel as a
structural support for endogenous NSC survival, the cytocompati-
bility of NSCs encapsulated in the hydrogel was evaluated by Live/
Dead staining and lactate dehydrogenase (LDH) assay, respectively
(Supplementary Fig. S5). Results showed that live NSCs (green
fluorescence) were dominant within the gel with few observed
dead cells (red fluorescence), and the percentage of cell death in the
nanohybrid hydrogel had no significant difference when compared
with that cultured on tissue-culture polystyrene (negative control)
after cultivation for 1 and 3 days.
Since NSC proliferation is an important factor in endogenous

neural regeneration, we first evaluated the ability of growth factor
protection by PCN (Fig. 4A). bFGF bounded on mCSPCN in culture
medium continuously promoted NSC proliferation and showed
significantly increased amount of DNA content (a surrogate marker
for the cell number of NSCs) in tissue culture plate at day 7
compared to the bFGF only group. However, without bond to PCN,
the bioactivity of free bFGF supplemented in culture medium
gradually degraded and the proliferative potential of NSC was not
increased just after 3 days of incubation in the bFGF only group.

We next examined whether continued bFGF expression that
bound on mCSPCN for long-term period could enhance cultivated
NSC proliferation within the hydrogel. NSCs were encapsulated in
mCSPCN-HA hydrogel with or without bFGF loading, and culture
medium containing no bFGF was added outside of the hydrogel.
After 3 days of incubation, neurosphere-like NSC aggregates (about
50e100 mm in diameters) were observed in bFGF-loaded mCSPCN-
HA hydrogel while morphology of NSC in mCSPCN-HA hydrogel
remained uniformly dispersed (Fig. 4B). Interestingly, NSC aggre-
gates in bFGF-loaded mCSPCN-HA hydrogel became greater in size
and formed larger neurospheres over 7 days. NSC proliferation in
the hydrogel was represented by the amount of DNA content in
hydrogel (Fig. 4C). DNA content was increased in 7 days in bFGF-
loaded mCSPCN-HA gel. Compared to mCSPCN-HA gel, at day 3
and 7, DNA content in bFGF-loaded mCSPCN-HA hydrogel was
significantly higher.

In order to examine the local directed homing capability of SDF-
1a released from nanohybrid hydrogel in vitro, we analyzed and
measured the distances of NSC migration in a specific-designed



Fig. 4. NSCs proliferation when cultured in the bFGF-loaded mCSPCN-HA hydrogel. (A) mCSPCNs protected bFGF against denaturation and promoted NSC proliferation in two-
dimensional culture for 7 days. (B) Proliferative NSC morphology in the hydrogel was observed by phase contrast microscope over 7 days of cultivation. (C) NSCs proliferation in
hydrogels was revealed by quantifying DNA content using Qubit assay. With bFGF expression in hydrogel, NSCs continuously proliferated for at least 7 days in the hydrogel. Error
bars show ± S.D. for total n ¼ 4 (*p < 0.05).

W.-H. Jian et al. / Biomaterials 174 (2018) 17e3024
core-annulus cylinder hydrogel constructs [38]. The method was to
separate the blank hydrogel control, the hydrogel containing free
SDF-1a or the SDF-1a-loaded nanohybrid hydrogel (SDF-1a
mHSPCN) in the center core, and a Matrigel containing NSCs in the
outer annulus; the latter of which is to preliminarily mimicked the
spatial relations after hydrogel injection near the endogenous NSC
niches (Fig. 5A). The NSCs migration from the interfaces of the
constructs was monitored for 7 days by fluorescence-labeled NSCs
(Fig. 5B and C). After 3 days of incubation, we detected the influx of
NSCs across the interfaces in the two conditions with SDF-1a
expression in the hydrogel. Furthermore, the migrated NSCs were
distributed further into SDF-1a-loaded nanohybrid hydrogel (about
200 mm in average for the migration distance) than hydrogel
incorporated with free SDF-1a (about 100 mm in average for the
migration distance). Specifically, after 7 days of incubation, the
distance of NSC migration increased significantly with SDF-1a-
loaded mHSPCN in the core area of nanohybrid hydrogel and was
more promising than that with free SDF-1a. In addition to
chemotactic migration induced by SDF-1a expression, the ability of
on-demand NSC homing in response to MMP activity was also
confirmed by synthesizing SDF-1a-loaded HSPCNs with MMP-
cleavable or MMP-inactive peptide conjugation, and then linking
in the nanohybrid hydrogel, denoted by SDF-1a mHSPCN and SDF-
1a non-mHSPCN, respectively (Supplementary Fig. S6). As pre-
dicted, NSCs densely accumulated along the interface between the
nanohybrid hydrogel and Matrigel in the SDF-1a mHSPCN group
and had influx of NSC across the interface after 3 days. On the other
hand, in the SDF-1a non-mHSPCN group, NSCs still uniformly
distributed in Matrigel and had very low tendency to accumulate
toward the core hydrogel.

3.4. Therapeutic efficacy after treatment

We then investigated the therapeutic efficacy of nanohybrid
hydrogel in a rat model created with photothrombotic ischemia
(PTI) [39] (Fig. 6A and B). After PTI induction, dark red thrombi
formed in most branches of the cortical blood vessels, with
occluded vessel segments observed in the exposed craniotomy



Fig. 5. NSC chemotactic migration induced by nanohybrid hydrogel. (A) For determining NSC chemotactic migration into the nanohybrid hydrogel, core-annulus cylindrical
hydrogel was developed with nanohybrid hydrogel in the core and NSC-containing Matrigel in the annulus. The right panel represented the setup of cylindrical hydrogel and had
clear interface in between. (B) NSCs migration into the core area of hydrogel was observed by fluorescence of CellTracker Green labeled on NSCs. The white dashed lines indicated
the interface between the annulus and the inner core of the platform and were referenced from the images in bright field; white arrows indicated the directionality of the cells
movement from the outer annulus into the inner core area. Scale bars: 100 mm. (C) Migration distances of NSCs from the interface into the inner core region of each group were
randomly selected and measured from the micrographs at day 3 and day 7. Boxes extended from the 25the75th percentiles and the dots in the boxes were the mean. The whiskers
show the minimum and maximum values. (*p< 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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window. While prolonging the period of laser illumination over the
target area, the extent of thrombi formation increased specifically
in the target region. This might cut off the supply of downstream
blood flow and increase the infarct volume of brain after PTI.

Twenty-four hours after PTI, the acute stroke lesion was
observed by MR slices. In T2-weighted images (T2WIs) (Fig. 6C and
D), cerebral cortex of right hemisphere showed relatively homo-
geneous hyperintense signals from the cortical surface to corpus
callosum at the site of laser illumination, and the mean volume of
this hyperintense area was 51.9± 4.2mm3. The signals in diffusion
weighted image (DWI) increased and that in apparent diffusion
coefficient (ADC) decreased by colocalizing with the area of T2
hyperintensity (Fig. 6E and F). There were two different regions
revealed in DWIs and ADCmap according to the intensity of signals.
The first regionwas the isointense signals on DWI in the core of the
lesion where the laser focused on, the second region was the
hyperintense signals on DWI in the periphery of the lesion. Those
two regions were caused by the vasogenic and cytotoxic edema
after ischemic stroke [40]. Following various treatments after PTI,
an intensity increase in T2WIwas found in the cortex after 7 days in
both pristine HA hydrogel and growth factor (GF)-loaded nano-
hybrid hydrogel treatment groups owing to the ability of water
restriction of hydrogel in the infarct region (Supplementary Fig. S7).
On the other hand, there was an intensity decrease in T2 signals
treated by PBS, and a clear cavity formed by colocalizing with the
region of ischemic stroke after PTI. By analyzing T2WIs (Fig. 6G),
there was no difference in cavity volume among different treat-
ments on day 7 (42.6± 1.3mm3 for PBS treatment, 46.7± 3.5mm3

for pristine HA hydrogel treatment, and 41.8± 4.2mm3 for GF-
loaded nanohybrid hydrogel treatment). After treatment with
hydrogels (pristine HA hydrogel and GF-loaded nanohybrid
hydrogel) for 21 days, cavity volumes were significantly reduced
comparing with those treated by GF-PCN and PBS. The cavity vol-
umes in all groups remained stable from day 21 to day 35.

Besides the evident changes in infarct volume after treatment in
cerebral ischemia, we also evaluated the degree of actual functional
recovery. To assess if the local delivery of both SDF-1a and bFGF
from the nanohybrid hydrogel in the core of stroke subsequently
promoted motor recovery, an ischemic stroke was induced in the
right motor cortex of the rats; analysis of motor behaviors by using
cylinder test after PTI in predetermined time points was carried out
after treatments. After 24 h of PTI, percentage of using contralateral
forelimb significantly decreased from the theoretical baseline due
to the forelimb motor impairments (Fig. 6H). There was no statis-
tical difference in the forelimb motor outcomes in all groups until
day 21 after treatment (Fig. 6I). Rats treated with GF-loaded
nanohybrid hydrogel, pristine HA hydrogel, or GF-loaded PCN
showed signs of motor recovery by increasing the frequency of the
use of impaired forelimb. Beginning on day 28 after treatment, GF-
loaded nanohybrid hydrogel and pristine HA hydrogel induced a



Fig. 6. Monitoring of infarct cavity and motor recovery after PTI and treatments. (A) The schematic diagram showed the time line and experimental design of animal study. (B)
Ischemic stroke was induced by photothrombosis in the target cortical blood vessels. Before PTI induction, blood vessels in the target region of surface layer of cortex (green dotted
circle) was well-supplied with smooth blood flow. After 5min of laser illumination, thrombi formed within blood vessels and resulted in segments of occluded blood flow,
indicating a clotting process of superficial blood vessels was undergoing during the laser illumination period. Under continuous laser illumination, dark red clots accumulated
within cortical blood vessels and extended throughout the entire target area. Scale bars: 1mm. (C, D) Serial coronal T2WIs showed hyperintense signals and the same area over (E)
DWI demonstrated isointense (green arrow) and hyperintense (yellow arrow) signals following photothrombotic insult. (F) ADC map was calculated pixel-by-pixel from DWIs and
showed hypointensity when colocalizing with DW hyperintensity (yellow arrow). (G) Volume of infarcted brain calculated from T2WI on day 7, day 21 and day 35 after treatment.
Error bars show ± S.D. for total n ¼ 4. (*p < 0.05, compared with GF-loaded nanohybrid hydrogel group; #p< 0.05, compared with pristine HA hydrogel group). (H) A cylinder test
was applied to analyze the impairment of the forelimb contralateral to the affected hemisphere (gray area). (I) Effects of PTI and various treatments on the percentage of the use of
impaired forelimb were quantified using the cylinder test. Error bars show ± S.D. for total n ¼ 4 (*p< 0.05, compared with GF-loaded nanohybrid hydrogel group; #p< 0.05,
compared with pristine HA hydrogel group). (J) Photographs represented the cylinder test of rats treated by PBS and GF-loaded nanohybrid hydrogel after 28 days, respectively. Rats
treated with PBS used forelimbs asymmetrically with its contralateral forelimb hanging in the air for weight shifting during vertical exploration position (yellow dotted circle). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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statistically significant improvement in motor recovery when
compared with those treated with PBS (46.9± 3.8% and 45.7± 0.5%
versus 34.4± 5.2%, respectively) (Fig. 6J and Supplementary Videos
S1 and S2). Furthermore, on day 35 after treatment, motor out-
comes in the groups with GF-loaded PCN nanohybrid hydrogel and
pristine HA hydrogel treatment reached the baseline (50%) and also
showed significant difference when compared with those treated
with PBS. On the other hand, the outcome of motor behavior of the
group treated with GF-loaded PCN solution had reached plateau
since day 21 after treatment and had no significant difference with
the group treated with PBS.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.biomaterials.2018.05.009.

3.5. Endogenous neurogenesis in infarct tissue after treatment

To assess the capability of endogenous neurogenesis after
treatment in the infarcted brain tissue, doublecortin (DCX) was
applied as the marker to identify migrating neural precursor cells
surrounding the infarct cavity after 21 days of treatment (Fig. 7A
and C). DCX is a microtubule-associated protein that is essential for
normal brain development. DCX is expressed in migrating neurons
throughout the central nervous system during embryonic and
postnatal development. Anti-DCX antibodies are widely used for
detection of neurogenesis. The proportion of DCX-positive cells
around the boundary of infarct cavity significantly increased after
treatment with GF-loaded nanohybrid hydrogel. Those migrating
DCX-positive cells were mainly from the SVZ, indicating that local
delivery of SDF-1a in the infarct cavity of the brain could enhance
the capability of the recruitment of endogenous neural precursors
from their niches for promoting neurogenesis. In addition, the
proliferation of neural precursors near infarcted tissue was also
evaluated by targeting Ki67 and Nestin (Fig. 7B and D). The pro-
portion of Ki67/Nestin-positive cells was enhanced in both groups
with GF-loaded PCN and GF-loaded nanohybrid hydrogel treat-
ments. These results may be due to the sustained bFGF release in
the infarcted area. For analyzing neuronal phenotype during
regeneration, immature neurons formation and astrogliosis were
assessed through beta-III tubulin and glial fibrillary acidic protein
(GFAP) staining by measuring the area ratio of both signals in peri-
infarction region (Fig. 8A and B). The ratios in pristine HA hydrogel
and GF-loaded nanohybrid hydrogel conditions were significantly
higher than the other groups. These results indicated that intro-
ducing HA-based hydrogel decreased astrogliosis and promote
immature neuron formation while delivering proper molecular
cues for neurogenesis.

Furthermore, we also found that the delivery of SDF-1a and
bFGF promoted angiogenesis (Fig. 8C). After 21 days of treatment,
vonWillebrand factor (vWF)-positive signals expressed in the peri-
infarction region and formed vascular-like structures. Furthermore,
dense vascular formation apparently occurred in the peri-infarction
region with GF-loaded nanohybrid hydrogel.

4. Discussion

Nanohybrid hydrogels had been proved as a multi-functional
reservoir and delivery vehicle. Specifically, loading growth factors
and chemokines on the sulfated GAG-based PCN through the non-
covalent electrostatic attraction is a promising strategy to deliver
bioactive factors. The strategy, byminimizing the impact on protein
folding structure during formation process, and efficiently
expressing bioactive proteins to their receptor, has potentials to
overcome difficulties associated with traditional polymeric
encapsulation [18,41]. In evaluating the ability of effective bio-
pharmaceuticals delivery of bFGF and SDF-1a, the GAG-based
nanohybrid hydrogel delivery system could preserve large
amount of loaded proteins inside the matrices by attracting them
on the covalently decorated mCSPCN and mHSPCN in nanohybrid
hydrogel. Furthermore, the results showed few growth factors
released through passive diffusion in the first two weeks. These
results demonstrated the potential of nanohybrid hydrogel for bFGF
and SDF-1a delivery over an extended period in tissue engineering.

In addition to the preservation of bFGF and SDF-1a in nano-
hybrid hydrogel, mCSPCN and mHSPCN modified with MMP-
inactive and MMP-cleavable peptides and covalently linking on
hydrogel matrices displayed responsive release manners to MMP
activity. MMP is an enzyme upregulated after brain injuries and
capable of degrading ECM structural proteins during tissue
remodeling [42]. While the MMP activity increased in the nano-
hybrid hydrogel-immersed buffer, mHSPCN releasewas accelerated
due to the enhancement of specific cleavages on MMP-cleavable
peptides linked between mHSPCN and hydrogel matrix by MMPs.
As a result, upregulation of MMP activity could advance the de-
livery of SDF-1a bonded on mHSPCN toward the surrounding re-
gion of the hydrogel. Moreover, the enzymatic cleavage did not
interfere the spherical structure of PCNs, indicating that the
formulation of PCN was not only a proteoglycan-mimetic growth
factor carrier but also a robust vehicle to prevent from the enzy-
matic disruption. These results demonstrated a novel strategy for
locally delivering growth factors in response to enzyme activity by
designing nanohybrid hydrogel containing sulfated GAG-based
nanoparticles and enzyme-sensitive peptide linkages.

Compared with exogenous stem cell transplantation, the ulti-
mate goal in developing the nanohybrid hydrogel for the delivery of
the chemokine SDF-1a and growth factor bFGF was to enhance
endogenous NSC homing to remodeling injured brain neural tissue.
Despite the cytotoxicity concern in utilizing aldehyde functional
groups as the crosslinking points, the addition of excess dihy-
drazide molecules as crosslinkers during gelation would use up
aldehyde groups on HA-ALD and form the cytocompatible nano-
hybrid hydrogel for the support of NSC integration. Furthermore,
we showed that our nanohybrid hydrogel with the incorporation of
SDF-1a-loaded mHSPCN could stimulate chemotaxis of NSCs. The
SDF-1a gradient for NSC chemotaxis resulted from the stabilization
and chemokine sequestration of heparan sulfate and increased
local concentration [43,44]. Additionally, the SDF-1a loaded nano-
hybrid hydrogel not only recruited NSCs surrounding the hydrogel
but also facilitated NSC invasion toward the core of the hydrogel.
Another strategy for regulating NSCs was the delivery of mitogenic
growth factor bFGF by mCSPCN in the nanohybrid hydrogel. bFGF
had been reported to be highly labile at physiological condition and
the half-life of bFGF was less than 4 h [45]. Sulfated GAGs, such as
heparan sulfate and chondroitin sulfate, reportedly sequester
bioactive factors and protect them from degradation and inactiva-
tion [32]. mCSPCN in this study showed the ability to protect bFGF
against inactivation and stabilize the bFGF level at physiological
condition. Moreover, the amount of NSCs cultured in the bFGF-
containing nanohybrid hydrogel gradually increased in 7 days
without re-feeding any fresh bFGF. Compared to the negative
control, the proliferation of NSC in the nanohybrid hydrogel sug-
gested the sustained mitogenic activity of bFGF, which was stabi-
lized by binding on mCSPCN. Shortly, the enhancement of NSC
chemotactic migration, cell accumulation and proliferation in the
SDF-1a and bFGF dual growth factor-loaded nanohybrid hydrogel
would be of benefit to endogenous NSC homing and regeneration
after hydrogel injection in the infarcted brain tissues.

Finally, to underline the translational potential of the concept,
rat model of ischemia stroke was applied in this study to evaluate
therapeutic efficacy. The in situ gelation of nanohybrid hydrogel
inside the stroke cavity within the period of subacute stroke stage

https://doi.org/10.1016/j.biomaterials.2018.05.009


Fig. 7. Neurogenesis activated by nanohybrid hydrogel after three weeks of treatment. (A) Coronal sections were stained with DCX immunoreactivity (green), Nissl neuronal cell
staining (red), and merged with DAPI nuclei staining (blue) for infarcted brain treated with PBS, GF-loaded PCN, pristine HA hydrogel, or GF-loaded nanohybrid hydrogel. Dotted
lines indicated the interface between the healthy brain tissue and the infarct cavity. (B) Coronal sections were stained with Ki67 (red) and Nestin (green) double staining for
infarcted brain treated with PBS, GF-loaded PCN, pristine HA hydrogel, or GF-loaded nanohybrid hydrogel. The right panel indicated the field of image observed on the brain section
(red box). (C) The proportion of DCX-positive cell expression was quantified by the ratio of the area of DCX-positive signals divided by the area of DAPI signals. (D) The proportion of
the proliferative neural precursors was quantified by the ratio of the area of Ki67/Nestin-positive signals divided by the area of DAPI signals. Dotted lines indicated the interface
between the healthy brain tissue and the infarct cavity. Error bars show ± S.D. for total n ¼ 4 (*p< 0.05, compared with PBS group; #p< 0.05, compared with pristine HA hydrogel
group). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. Analysis of neuron formation, astrogliosis, and angiogenesis. (A) Coronal sections with beta III tubulin (green) and GFAP (red) double staining for infarcted brain treated
with PBS, GF-loaded PCN, pristine HA hydrogel, or GF-loaded nanohybrid hydrogel after 21 days. Dotted lines indicated the interface between the healthy brain tissue and the infarct
cavity. Scale bar: 100 mm. (B) The proportion of the immature neurons among neuronal phenotypes was quantified by the ratio of the area of beta III tubulin-positive signals divided
by the area of GFAP-positive signals. The right panel indicated the field of image observed on the brain section (red box). Error bars show ± S.D. for total n ¼ 4 (*p < 0.05, compared
with PBS group; &p < 0.05, compared with GF-loaded PCN group). (C) Coronal sections were stained with vWF and merged with DAPI nuclei staining (blue) for infarcted brain
treated with PBS, GF-loaded PCN, pristine HA hydrogel, or GF-loaded nanohybrid hydrogel after 21 days. The panel below indicated the field of image observed on the brain section
(red box). Scale bar: 100 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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significantly reduced volume of infarct cavity, which were due to
the reduction of mechanical distortion and inflammation on pe-
riphery tissues by hydrogel implantation as structural support
[46e48]. We demonstrated that the delivery of SDF-1a and bFGF by
binding on PCNs and releasing from nanohybrid hydrogel elevated
the presence of neural precursor cells homing from the SVZ, neural
precursor cells proliferation, and immature neuron invasion in both
the peri-infarction tissue and core area of stroke. However, those
treated by the bolus injection of GF-loaded PCN presented lower
level of cellular responses than those treated with GF-loaded
nanohybrid hydrogel. These results indicated that the sustained
release of growth factor from our hydrogel system could prolong its
therapeutic efficacy for long period. Notably, the local delivery of
SDF-1a and bFGF not only improved endogenous neurogenesis but
also promoted angiogenesis in the peri-infarction tissue, which was
a defining step for tissue regeneration in the early stage and could
help for the migratory traveling of endogenous NSCs to the injury
site [4,49].

Although nanohybrid hydrogel demonstrated therapeutic effi-
cacy in rat model with ischemic stroke, the recovery processes in
human shall be longer, which may occur in three months [50].
Therefore, it is appreciable to extend the degradation time of
nanohybrid hydrogel. For long-term application, other biocom-
patible crosslinks could be tested by modification of functional
groups on the versatile-processed HA macromolecules [51]. Be-
sides, additional studies including large animal stroke models shall
be tested before clinical translation.
5. Conclusions

Collectively, we presented the implantation of structural sup-
port through in situ gelation of the nanohybrid hydrogel with GAG-
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based PCN and controlled delivery of SDF-1a and bFGF for on-
demand regulation of endogenous NSC to significantly reduce the
cavity volume of infarction and subsequently enhance functional
recovery. Therefore, this original design not only confirmed our
previous hypotheses but also demonstrated the crucial role of the
modulation of injured CNS microenvironment and NSCs responses
by biological matrices and bioactive factors in improving thera-
peutic efficacy of brain tissue engineering. Additionally, these
strategies can be applied to other diseases as well, such as cardio-
vascular diseases or chronic non-healing ulcers, by the recruitment
of circulating progenitor cells to the injured site or to deliver other
GAG-binding growth factors such as bone morphogenetic proteins,
vascular endothelial growth factors and platelet-derived growth
factors for bone regeneration, chronic wound healing, etc.

Competing interests

The authors declare no competing financial interests.

Acknowledgments

We thank for the technical assistance fromMagnetic Resonance
Imaging Core Lab of Molecular Imaging Center in National Taiwan
University (NTU) and IBEN Service in National Health Research
Institutes for MR scanning. We are also grateful to the Technology
Commons, College of Life Science, NTU for technical assistance with
transmission electron microscopy (TEM), and the help of Instru-
ment Center in National Tsing Hua University (NTHU) with NMR
analysis. We also acknowledge Zheng-Wei Lu (Department of
Chemical Engineering, NTHU) for assistance with the rheology
analysis, and Kun-I Chao (Department of Biomedical Engineering
and Environmental Sciences, NTHU) for helpful suggestions in MRI
analysis. Funding was provided by the Taiwan Ministry of Science
and Technology (MOST-104-2628-E-007 -002 -MY3, MOST-104-
2221-E-007 -140 -MY2, MOST-106-2622-E-007-003 -CC2).

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.biomaterials.2018.05.009.

References

[1] D.J. Loane, A.I. Faden, Trends Pharmacol. Sci. 31 (2010) 596e604.
[2] P. Dibajnia, C.M. Morshead, Acta Pharmacol. Sin. 34 (2013) 78e90.
[3] R. Jin, L. Liu, S. Zhang, A. Nanda, G. Li, J. Cardiovasc. Transl. Res. 6 (2013)

834e851.
[4] R.Y. Tam, T. Fuehrmann, N. Mitrousis, M.S. Shoichet, Neuropsychopharmacol.

Off. Publ. Am. College Neuropsychopharmacol. 39 (2014) 169e188.
[5] C.P. Addington, A. Roussas, D. Dutta, S.E. Stabenfeldt, Biomark. Insights 10

(2015).
[6] C.-A. Gr�egoire, B.L. Goldenstein, E.M. Floriddia, F. Barnab�e-Heider,

K.J.L. Fernandes, Glia 63 (2015) 1469e1482.
[7] T. Kojima, Y. Hirota, M. Ema, S. Takahashi, I. Miyoshi, H. Okano, K. Sawamoto,

Stem Cells 28 (2010) 545e554.
[8] G.J. Sun, Y. Zhou, R.P. Stadel, J. Moss, J.H.A. Yong, S. Ito, N.K. Kawasaki,

A.T. Phan, J.H. Oh, N. Modak, R.R. Reed, N. Toni, H. Song, G.-l. Ming, Proc. Natl.
Acad. Sci. U..S..A. 112 (2015) 9484e9489.

[9] J. Imitola, K. Raddassi, K.I. Park, F.J. Mueller, M. Nieto, Y.D. Teng, D. Frenkel,
J. Li, R.L. Sidman, C.A. Walsh, E.Y. Snyder, S.J. Khoury, Proc. Natl. Acad. Sci.
U..S..A. 101 (2004) 18117e18122.
[10] S. Yoshimura, Y. Takagi, J. Harada, T. Teramoto, S.S. Thomas, C. Waeber,
J.C. Bakowska, X.O. Breakefield, M.A. Moskowitz, Proc. Natl. Acad. Sci. U..S..A.
98 (2001) 5874e5879.

[11] I. Kiprianova, K. Schindowski, O. von Bohlen und Halbach, S. Krause, R. Dono,
M. Schwaninger, K. Unsicker, Exp. Neurol. 189 (2004) 252e260.

[12] S. Gyoneva, R.M. Ransohoff, Trends Pharmacol. Sci. 36 (2015) 471e480.
[13] Y. Wang, M.J. Cooke, N. Sachewsky, C.M. Morshead, M.S. Shoichet, J. Contr.

Release 172 (2013) 1e11.
[14] E. Ruoslahti, Glycobiology 6 (1996) 489e492.
[15] R. Sasisekharan, G. Venkataraman, Curr. Opin. Chem. Biol. 4 (2000) 626e631.
[16] S.S. Lee, T. Fyrner, F. Chen, Z. Alvarez, E. Sleep, D.S. Chun, J.A. Weiner,

R.W. Cook, R.D. Freshman, M.S. Schallmo, K.M. Katchko, A.D. Schneider,
J.T. Smith, C. Yun, G. Singh, S.Z. Hashmi, M.T. McClendon, Z. Yu, S.R. Stock,
W.K. Hsu, E.L. Hsu, S.I. Stupp, Nat. Nanotechnol. 12 (2017) 821e829.

[17] L.W. Place, M. Sekyi, M.J. Kipper, Biomacromolecules 15 (2014) 680e689.
[18] S. Boddohi, M.J. Kipper, Adv. Mater. 22 (2010) 2998e3016.
[19] T.C. Lim, S. Rokkappanavar, W.S. Toh, L.S. Wang, M. Kurisawa, M. Spector,

Faseb. J. 27 (2013) 1023e1033.
[20] T. Netelenbos, S. Zuijderduijn, J.V.D. Born, F.L. Kessler, S. Zweegman,

P.C. Huijgens, A.M. Dr€ager, J. Leukoc. Biol. 72 (2002) 353e362.
[21] S. Sirko, A. von Holst, A. Weber, A. Wizenmann, U. Theocharidis, M. G€otz,

A. Faissner, Stem Cells 28 (2010) 775e787.
[22] W.Y. Su, Y.C. Chen, F.H. Lin, Acta Biomater. 6 (2010) 3044e3055.
[23] M. Grossetete, J. Phelps, L. Arko, H. Yonas, G.A. Rosenberg, Neurosurgery 65

(2009) 702e708.
[24] S. Khetan, M. Guvendiren, W.R. Legant, D.M. Cohen, C.S. Chen, J.A. Burdick,

Nat. Mater. 12 (2013) 458e465.
[25] B.P. Purcell, D. Lobb, M.B. Charati, S.M. Dorsey, R.J. Wade, K.N. Zellars,

H. Doviak, S. Pettaway, C.B. Logdon, J.A. Shuman, P.D. Freels, J.H. Gorman 3rd,
R.C. Gorman, F.G. Spinale, J.A. Burdick, Nat. Mater. 13 (2014) 653e661.

[26] L. Karumbaiah, S.F. Enam, A.C. Brown, T. Saxena, M.I. Betancur, T.H. Barker,
R.V. Bellamkonda, Bioconjugate Chem. 26 (2015) 2336e2349.

[27] Y.C. Chen, W.Y. Su, S.H. Yang, A. Gefen, F.H. Lin, Acta Biomater. 9 (2013)
5181e5193.

[28] N. Oueslati, P. Leblanc, C. Harscoat-Schiavo, E. Rondags, S. Meunier, R. Kapel,
I. Marc, Carbohydr. Polym. 112 (2014) 102e108.

[29] Y. Ge, Y. Zhang, S. He, F. Nie, G. Teng, N. Gu, Nanoscale Res. Lett. 4 (2009)
287e295.

[30] J. Zhong, A. Chan, L. Morad, H.I. Kornblum, G. Fan, S.T. Carmichael, Neuro-
rehabil. Neural. Repair. 24 (2010) 636e644.

[31] T.-N. Lin, S.-W. Sun, W.-M. Cheung, F. Li, C. Chang, Stroke 33 (2002)
2985e2991.

[32] U. Freudenberg, Y. Liang, K.L. Kiick, C. Werner, Adv. Mater. 28 (2016)
8861e8891.

[33] J.G. Hardy, P. Lin, C.E. Schmidt, J. Biomater. Sci. Polym. Ed. 26 (2015) 143e161.
[34] G.T. Fallenstein, V.D. Hulce, J.W. Melvin, J. Biomech. 2 (1969) 217e226.
[35] L.R. Nih, S.T. Carmichael, T. Segura, Curr. Opin. Biotechnol. 40 (2016) 155e163.
[36] N. Segovia, M. Pont, N. Oliva, V. Ramos, S. Borros, N. Artzi, Adv. Healthc. Mater.

4 (2015) 271e280.
[37] K. Vulic, M.S. Shoichet, JACS 134 (2012) 882e885.
[38] F. Fiorini, E.A. Prasetyanto, F. Taraballi, L. Pandolfi, F. Monroy, I. Lopez-

Montero, E. Tasciotti, L. De Cola, Small 12 (2016) 4881e4893.
[39] E.J. Su, L. Fredriksson, M. Geyer, E. Folestad, J. Cale, J. Andrae, Y. Gao, K. Pietras,

K. Mann, M. Yepes, D.K. Strickland, C. Betsholtz, U. Eriksson, D.A. Lawrence,
Nat. Med. 14 (2008) 731.

[40] H. Li, N. Zhang, H.-Y. Lin, Y. Yu, Q.-Y. Cai, L. Ma, S. Ding, BMC Neurosci. 15
(2014) 58.

[41] S. Zhu, L. Nih, S.T. Carmichael, Y. Lu, T. Segura, Adv. Mater. 27 (2015)
3620e3625.

[42] M. Sifringer, V. Stefovska, I. Zentner, B. Hansen, A. Stepulak, C. Knaute,
J. Marzahn, C. Ikonomidou, Neurobiol. Dis. 25 (2007) 526e535.

[43] J.W. Murphy, Y. Cho, A. Sachpatzidis, C. Fan, M.E. Hodsdon, E. Lolis, J. Biol.
Chem. 282 (2007) 10018e10027.

[44] Y.-C. Huang, T.-J. Liu, Acta Biomater. 8 (2012) 1048e1056.
[45] S. Lotz, S. Goderie, N. Tokas, S.E. Hirsch, F. Ahmad, B. Corneo, S. Le, A. Banerjee,

R.S. Kane, J.H. Stern, S. Temple, C.A. Fasano, PLoS One 8 (2013), e56289.
[46] J.E. Burda, A.M. Bernstein, M.V. Sofroniew, Exp. Neurol. 275 (2016) 305e315.
[47] A. Tuladhar, C.M. Morshead, M.S. Shoichet, J. Contr. Release 215 (2015) 1e11.
[48] K.C. Spencer, J.C. Sy, K.B. Ramadi, A.M. Graybiel, R. Langer, M.J. Cima, Sci. Rep. 7

(2017) 1952.
[49] Y. Li, J. Huang, X. He, G. Tang, Y.H. Tang, Y. Liu, X. Lin, Y. Lu, G.Y. Yang, Y. Wang,

Stroke 45 (2014) 1822e1829.
[50] C.J. Sommer, Acta Neuropathol. 133 (2017) 245e261.
[51] J.A. Burdick, G.D. Prestwich, Adv. Mater. 23 (2011) H41eH56.

https://doi.org/10.1016/j.biomaterials.2018.05.009
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref1
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref1
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref2
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref2
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref3
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref3
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref3
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref4
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref4
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref4
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref5
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref5
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref6
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref6
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref6
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref6
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref6
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref7
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref7
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref7
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref8
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref8
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref8
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref8
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref9
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref9
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref9
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref9
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref10
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref10
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref10
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref10
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref11
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref11
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref11
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref12
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref12
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref13
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref13
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref13
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref14
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref14
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref15
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref15
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref16
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref16
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref16
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref16
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref16
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref17
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref17
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref18
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref18
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref19
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref19
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref19
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref20
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref20
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref20
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref20
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref21
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref21
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref21
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref21
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref22
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref22
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref23
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref23
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref23
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref24
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref24
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref24
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref25
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref25
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref25
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref25
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref26
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref26
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref26
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref27
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref27
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref27
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref28
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref28
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref28
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref29
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref29
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref29
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref30
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref30
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref30
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref31
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref31
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref31
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref32
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref32
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref32
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref33
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref33
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref34
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref34
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref35
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref35
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref36
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref36
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref36
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref37
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref37
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref38
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref38
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref38
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref39
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref39
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref39
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref40
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref40
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref41
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref41
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref41
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref42
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref42
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref42
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref43
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref43
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref43
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref44
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref44
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref45
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref45
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref46
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref46
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref47
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref47
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref48
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref48
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref49
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref49
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref49
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref50
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref50
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref51
http://refhub.elsevier.com/S0142-9612(18)30344-2/sref51

	Glycosaminoglycan-based hybrid hydrogel encapsulated with polyelectrolyte complex nanoparticles for endogenous stem cell re ...
	1. Introduction
	2. Materials and methods
	2.1. Maleimide group conjugation on chondroitin sulfate and heparan sulfate
	2.2. Synthesis and characterization of bFGF-loaded mCSPCN and SDF-1α-loaded mHSPCN
	2.3. Synthesis and characterization of aldehyde-functionalized HA
	2.4. Preparation and characterization of nanohybrid hydrogel
	2.5. Degradation kinetics, PCN and growth factor release behavior from hydrogel
	2.6. Cell culture and encapsulation of NSCs in nanohybrid hydrogels
	2.7. Assessment of growth factor protection by PCN
	2.8. NSC proliferation assessment
	2.9. Cylindrical hydrogel construct for NSC recruitment
	2.10. Photothrombotic ischemia (PTI) model and hydrogel injection
	2.11. In vivo therapeutic assessments
	2.12. Statistical analysis

	3. Results
	3.1. Nanohybrid hydrogel as platform for SDF-1α and bFGF delivery
	3.2. In vitro degradation and PCN release kinetics of nanohybrid hydrogel
	3.3. In vitro controlled signaling regulation of NSCs
	3.4. Therapeutic efficacy after treatment
	3.5. Endogenous neurogenesis in infarct tissue after treatment

	4. Discussion
	5. Conclusions
	Competing interests
	Acknowledgments
	Appendix A. Supplementary data
	References


