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ARTICLE INFO ABSTRACT
Keywords: The current effective method for treatment of spinal cord injury (SCI) is to reconstruct the biological microen-
Conducting polymer vironment by filling the injured cavity area and increasing neuronal differentiation of neural stem cells (NSCs) to

Supramolecular hydrogels
Biomimetic scaffolds
Nerve regeneration
Spinal cord injury

repair SCI. However, the method is characterized by several challenges including irregular wounds, and me-
chanical and electrical mismatch of the material-tissue interface. In the current study, a unique and facile
agarose/gelatin/polypyrrole (Aga/Gel/PPy, AGP3) hydrogel with similar conductivity and modulus as the spinal
cord was developed by altering the concentration of Aga and PPy. The gelation occurred through non-covalent
interactions, and the physically crosslinked features made the AGP3 hydrogels injectable. In vitro cultures
showed that AGP3 hydrogel exhibited excellent biocompatibility, and promoted differentiation of NSCs toward
neurons whereas it inhibited over-proliferation of astrocytes. The in vivo implanted AGP3 hydrogel completely
covered the tissue defects and reduced injured cavity areas. In vivo studies further showed that the AGP3
hydrogel provided a biocompatible microenvironment for promoting endogenous neurogenesis rather than glial
fibrosis formation, resulting in significant functional recovery. RNA sequencing analysis further indicated that
AGP3 hydrogel significantly modulated expression of neurogenesis-related genes through intracellular Ca?*
signaling cascades. Overall, this supramolecular strategy produces AGP3 hydrogel that can be used as favorable
biomaterials for SCI repair by filling the cavity and imitating the physiological properties of the spinal cord.

1. Introduction result, it significantly lowers the quality of life of the affected person and
imposes a huge economic and emotional burden to the individuals and

Spinal cord injury (SCI) may disrupt sensorimotor circuits, thus families. Approximately half a million people suffer from SCI every year
impairing motor, sensory and autonomic nervous functions [1,2]. As a caused by accidents, sports, or falls [3]. SCI is followed by a series of
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progressive pathological changes, including edema, hypoxia, ischemia,
inflammation, apoptotic and necrotic nerve cell death, culminating in
formation of a cytotoxic microenvironment and irregular cystic cavita-
tion, ultimately resulting in further neurological dysfunctions [4,5]. In
addition, the harsh microenvironment around the lesion site mainly
promotes differentiation of activated endogenous neural stem cells
(NSCs) into astrocytes, thus producing glial fibrosis that seals the
fluid-filled cystic cavities [6]. As a result, the tissue impairs transmission
of electrical signal in living nerve cells in the lesion site [7]. Critically,
this damages electric connections across the injured spinal cord, even-
tually disrupting neural circuits [8]. Therefore, formation of cystic
cavities and glial fibrosis significantly limits SCI repair [9].

Injectable hydrogel for treatment of SCI is an effective strategy to
promote tissue repair by bridging irregular cystic cavities [9,10].
Furthermore, it mimics the physiological environment of living tissues,
thus promoting survival and differentiation of cells [11,12]. However,
the spinal cord conducts and transmits bioelectrical signals which
facilitate communication with other types of cells through the neural
networks and synapse [13]. The neural network participates in differ-
entiation of NSCs and nerve regeneration [14,15]. This prevents scarring
of tissues at the injury site and facilitates transmission of biological
signals to achieve specific biological functions [16,17]. Therefore,
development of injectable and biocompatible hydrogel with similar
conductivity and modulus as the spinal cord plays an important role in
clinical application for treatment of SCI.

Conductive polymers such as polypyrrole (PPy), polyaniline (PANI)
and polythiophene (PEDOT) have previously been developed for nerve
tissue engineering. PPy is the most common used polymer in nerve
regeneration owing to its high conductivity (up to 10® S/cm), and easy
synthesis [18]. PPy can be fabricated into different conductive com-
posites through blending with other soft materials [19]. Hydrogels
prepared from gelatin (Gel) have several excellent properties which
enhance cell adhesion of the whole hydrogel system, and promote pro-
liferation and differentiation of cells [20,21]. Therefore, PPy and Gel can
be assembled into biocompatible implant conductive materials. How-
ever, it is difficult to maintain its morphology and regulate regenerated
nerves due to the dissolution at body temperature, poor mechanical
properties, and rapid enzymatic degradation of Gel in vivo [22].
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thermal stabilities of hydrogels [23]. In addition, Aga can guide growth
of regenerated axons [24]. Physically crosslinked supramolecular
hydrogels have attracted considerable attention in tissue engineering
fields unlike chemically cross-linked hydrogels. Physicochemical prop-
erties of functional supramolecular hydrogels can be effectively modi-
fied through noncovalent molecular interactions to achieve the desirable
functions owing to their dynamically reversible structure and unique
functions [25]. Therefore, with appropriate combination of PPy, Gel and
Aga, the obtained hydrogels present similar modulus and conductivity
as the spinal cord. Moreover, the hybrid hydrogel can be injectable to fill
in arbitrary defects due to the physical crosslinking features [26].

In the current study, an Aga/Gel/PPy (AGP3) hydrogel was devel-
oped by altering the concentration of Aga and pyrrole (Py) (Scheme 1A).
The hydrogel showed similar conductivity as the spinal cord through the
in situ formation of conjugated PPy. Furthermore, addition of Aga pro-
moted the thermal stability of the hydrogel at body temperature which
was quite different from the conventional biotoxic chemically cross-
linking strategy. The physically crosslinked features made the AGP3
hydrogels injectable, and the modulus was easily adjusted by changing
the amount of Aga. In vitro cultures showed that the AGP3 hydrogel
exhibited good biocompatibility, and accelerated formation and matu-
ration of neurons whereas it inhibited over-proliferation of astrocytes.
Injection of the AGP3 hydrogel in vivo completely covered the tissue
defects and reduced injured cavity areas. In vivo studies further showed
that the hydrogel provided a biocompatible microenvironment for NSCs
migration and differentiation. This characteristic decreased glial fibrosis
deposition and activated endogenous NSCs neurogenesis, resulting in
significant recovery of motor function (Scheme 1B).

2. Results and discussion
2.1. Fabrication and characterization of hydrogels

The multifunctional conductive hydrogel was prepared using a
mixture of FeCls, Aga, Gel, and Py. The sol-gel transition temperature of
final obtained hydrogel was determined based on the mass ratio of Aga
and Gel [27]. The Gel concentration was fixed at 5% (w/v) to maintain
the shape of hybrid hydrogels at body temperature for subsequent ex-

Notably, agarose (Aga) can enhance the mechanical properties and periments. Further rheological testing showed that the Aga
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Scheme 1. Schematic illustration of (A) preparation and (B) application of the AGP3 hydrogels to SCI repair.
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concentration significantly affected the mechanical properties
(Fig. S1A). A 1% (w/v) Aga concentration and the hydrogel showed an
average storage modulus (G’) of approximately 560 Pa at 37 °C
(Fig. S1B). Therefore, the hydrogel with 1% (w/v) Aga concentration
was selected for subsequent experiments. FeCls was used as an oxidant
for in situ initiation of Py to uniformly obtain conductive PPy and
improve conductivity of the hydrogel. For easy description, hydrogels
with different Py concentrations were denoted as AG (without Py), AGP1
(low Py content), AGP2 (medium Py content), AGP3 (high Py content).
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The specific Py concentrations are presented in the experimental sec-
tion. Furthermore, Fe>" increased the crosslinking densities of hydrogels
through ionic interactions with carboxylate and amino groups in Aga
and the Gel [28]. Analysis of Energy-dispersive X-ray (EDX) images
showed that FeCls dispersed in AGP3 hydrogel and was absent in the AG
hydrogel (Fig. 1B and Fig. S2). In addition, Fe*' can improve the ad-
hesive properties of the wet hydrogel [29]. The Fourier Transform
Infrared (FTIR) spectra (Fig. 1C) of AGP3 hydrogel showed the ab-
sorption peak at 1460 and 1550 cm ™! which were characteristic peaks of
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Fig. 1. Characterization of hydrogels. (A) SEM images of AG, AGP1, AGP2 and AGP3 hydrogels. (B) Element analysis of AGP3 hydrogels via EDX. (C) FTIR spectra of
PPy powder and AGP3 hydrogel. (D) Swelling ratio of the four types of hydrogels. (E) Photographs showing that the AGP3 hydrogel could adhere tightly to the spinal
cord and glass. (F) AGP3 hydrogels were injected by a 26G syringe. (G) Photographic presentation of the thermal reversibilities (sol-gel transition) of the
AGP3 hydrogel.
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PPy, thus confirming successful synthesis of conductive hydrogel [7,30].

Scanning electron microscopic (SEM) images showed that the
hydrogels had interconnected porous structures with various pore sizes
(Fig. 1A and Fig. S3). Meanwhile, PPy had no significant effect on the
porous structures. These interconnected macro-porous structures could
provide adequate space for promoting electron transmission and
exchanging of the nutrients and the wastes between the cells and their
external environment [31,32]. The swelling behavior of hydrogels is
critical to its application in tissue engineering. Swelling intensity of the
hydrogel was directly proportional to PPy content (Fig. 1D). Especially,
the swelling ratios of the hydrogel ranged from 91.8 for AG to 38.9 for
AGP3 with increase in PPy concentration. This difference indicates the
hydrophobic feature of the PPy. In addition, further crosslinking by Fe>*
would decrease the swelling ratios. Notably, the hydrogels were cross-
linked by ionic bonds and hydrogen bonding, implying that they can be
easily injected using syringe needles (Fig. 1F and Movie S1). Moreover,
the hydrogels adhered tightly to the spinal cord and glass owing to the
presence of the Gel (Fig. 1E and Movie S2-3), thereby enhancing the
interactions between implanted materials and the surrounding tissue.
Furthermore, the hydrogel showed good thermal-reversible properties
(Fig. 1G). The hydrogels underwent long-time swelling in PBS at 37 °C,

A,
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and PPy did not leak from the hydrogel (Fig. S4).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2021.11.032

The storage modulus (G') was higher compared with the loss
modulus (G”) for all hydrogels throughout the testing frequency range,
indicating stable crosslinking networks of the hydrogels (Fig. 2A). The
average G’ ranged from 560 Pa for AG hydrogel to 1800 Pa for AGP1
hydrogel. Further increase in Py level slightly reduced the G, which may
be attributed to the decrease in ionic crosslinking points. Regarding
electrochemical impedance spectroscopy (EIS), compared with AG,
AGP1, and AGP2 hydrogels, AGP3 hydrogels had lower impedance
(Fig. 2C). Furthermore, the phase angle of AGP3 hydrogel was lower
compared with that of AG hydrogel (Fig. 2D). The conductivity of the AG
hydrogel was 0.1 x 1073 S em ™%, and increased to 0.2 x 1072 S cm™?
after introducing PPy (AGP3) (Fig. 2E). AGP3 hydrogel showed the best
electrical conductivity and electron transfer behaviors, attributed to the
high PPy contents.

Supramolecular polymer hydrogels are held together by dynamic
noncovalent intermolecular forces [33], and can be developed to ach-
ieve desirable functions through an elegant combination of different
materials [34]. Stiffness of the hydrogel significantly affects the function
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Fig. 2. Electrical and mechanical properties of the hydrogel. (A) The rheological properties of different hydrogels and the related storage modulus. (B) The photo of
the custom-made testing mould. (C) The impedances of the four types of hydrogels. (D) Phase curves of the AG and AGP3 hydrogel. (E) The conductivities of

hydrogels with different PPy content.
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and differentiation of NSCs [32]. NSCs differentiate into neurons in soft
hydrogel (~0.1-1 kPa) whereas they differentiate into astrocytes in hard
hydrogel (~7-10 kPa) [35,36]. On the other hand, a hydrogel with
smaller modulus ( <1 kPa) do not hold cell spheroids in place, resulting
in the loss of many NSCs from the hydrogel [35]. Further, the modulus of
spinal cord tissue is between 100 and 3000 Pa [7,37], which means that
hydrogel with ~1.5 kPa modulus may be an optimal candidate for in
vivo applications [35]. In addition, the electrical cue has been corrob-
orated as another significant factor, being able to distinctively aid in
inducing the differentiation of NSCs into neurons [38]. Studies report
that the conductivity of the normal spinal cord is between 1072 and
10°'S em™? [7,39]. As aforementioned, AGP3 hydrogels with ideal
mechanical strength (1470 Pa) and conductivity (0.2 x 102Sem™H
were developed in the present study by adjusting the amount of Aga and
Py. Due to hydrogen bonding, gelation occurred and made the AGP3
hydrogel injectable, which is more suitable for filling irregular geome-
tries created by injury.

2.2. Invitro and in vivo biocompatibility of hydrogels

Fluorescent images of Live/Dead staining showed that approxi-
mately 90% of the cells were alive in the four hydrogels (Fig. S7A and B).
Findings from CCK-8 assays of the NSCs showed excellent viability in the
hydrogels which was consistent with result from Live/Dead staining
(Fig. S7E). To verify this finding, EAU assays were used to explore pro-
liferation ability of NSCs. The findings showed colocalization of EdU
with Hoechst which indicated newly proliferated cells. Analysis showed
no significant difference in proliferation rate of NSCs in the four
hydrogels, which was consistent with the staining results (Fig. S7C and
D). These findings indicate that the hydrogels were not cytotoxic against
NSCs and showed high biocompatibility to NSCs.

Intraneural implants leads to inflammatory response and fibrotic
encapsulation. Iba-1 and CD68 are markers for microglia and macro-
phages, respectively, and are related to acute or chronic neuro-
inflammation resulting from SCI or exogenous implantation [40,41].
Iba-1" and CD68™ cells were detected in all groups at week 2 and week 6
after SCI, indicating presence macrophages/microglia inside and around
the injury site. However, we observed that Iba-1 and CD68 expression
were qualitatively decreased in AG and AGP3 groups when compared to
SCI group (Fig. 3A-D and Fig. S8-9). To explore the rate of deposition of
fibroblast scars around the injury site, the level of extracellular matrices
such as laminin and fibronectin was determined. The findings showed
significant deposition of laminin and fibronectin proteins at the inter-
face between SCI sites and normal areas in the SCI groups (Fig. 3E-H).
However, rats in the AG and AGP3 group exhibited significantly less
fibrous scar. In general, the AG and AGP3 hydrogel exhibited good
biocompatibility in vivo, consistent with in vitro findings. This can be
attributed to the mechanical matching of the material-tissue interface,
and the cytocompatibility of the hydrogel [42].

2.3. Assessment of glial scar formation in vivo

Reactive astrocytes play a major roles in formation of astroglial scars,
which is recognized as an essential factor in hindering SCI repair [43].
The findings showed a high level of GFAP™ cells at the interface between
the lesion and normal tissues, at week 2 and 6, which formed glial scar
like structures (Fig. 4A-B and Fig. S10). However, the AGP3 group
exhibited a significant decrease in the number of GFAP-labeled reactive
astrocytes compared with other groups. Additionally, reactive astrocytes
secrete inhibitory ECM molecules that induce gliosis, which inhibits
migration of NSCs and axon growth [44]. Evaluation of inhibitory
chondroitin sulfate proteoglycans (CSPGs) using CS-56 staining showed
that CSPGs expression in the AGP3 group was lower than that in AG and
SCI groups (Fig. 4C and D).

Astrocytes are activated and mainly transformed to the Al state by
the unfavorable microenvironment after SCI [43]. Active astrocytes
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secrete nerve regeneration inhibitors such as CSPGs widely distributed
in the dense glial scars [45]. The block of glial fibrosis at the injured site
disrupts axonal regeneration and growth and normal functioning of the
spinal cord after injury [46]. In the present study, high reactive astro-
gliosis was found at the site of injury in the SCI group, whereas AGP3
hydrogel modulated such phenomenon. In general, AGP3 hydrogels are
soft and have almost the same mechanical properties of the spinal cord.
AGP3 hydrogels do not promote further damage to the spinal cord tissue,
resulting in decreased active astrocytes numbers compared to stiff ma-
terials [47]. Moreover, AGP3 hydrogels provide an interface to enable
moderate astrocytes attachment, thereby limiting dense activated as-
trocytes or glial scars into the lesion epicenter [48]. At the same time,
AGP3 hydrogels also limit the infiltration of monocytes and macro-
phages near the lesion edge, thus favorably augmenting the injured
microenvironment to reduce astrocytes activation [49,50]. Electroactive
biomaterials can also inhibit the astrocytic differentiation of endoge-
nous NSCs, and improve adaptability for the neuronal tissue [51]. As
such, the AGP3 hydrogel with soft mechanical and highly conductive
properties in the present study can inhibit astrocytes activation in vivo,
thereby effectively reducing the CSPGs expression, and resulting in
decreased glial scars deposition.

2.4. Assessment of neurogenesis in vitro and in vivo

2.4.1. Immunofluorescence analysis of NSCs and differentiation rate in
vitro and in vivo

We employed antibody against f-Tubulin III (Tuj-1) and
microtubule-associated protein 2 (MAP-2) to label the newly generated
and mature neurons, respectively. As shown in Fig. 5A-C, F, G and
Fig. S11, a significantly higher expression level of Tuj-1 and MAP-2 was
observed in AGP3 hydrogel group compared with the other three
groups. In addition, AGP3 hydrogel induced tight clustering of neurons,
which exhibited extensive neurite outgrowth. Further RT-qPCR assay on
Tuj-1, MAP-2 and GFAP gene expression levels 7 days after culturing
NSCs showed that AGP3 hydrogel increased differentiation of NSCs into
neurons, whereas it inhibited astroglial differentiation (Fig. 5D, E and
H). The results revealed that AGP3 hydrogel accelerated differentiation
of neurons while inhibiting that of astrocytes when compared to other
hydrogels.

Distribution of nestin (a marker antibody of NSCs) positive cells in
the lesion stie was explored in each group at week 2 and week 6 after
injury. The finding showed that abundant endogenous nestin* cells in
the AGP3 group were concentrated at the interface between the lesion
and normal tissues (Fig. 6A, D and Fig. S12). In addition, nestin™ cells at
the center of the injury site were detected at week 2 and 6 after SCI,
indicating that AGP3 hydrogel provided a biocompatible microenvi-
ronment for survival and migration of NSCs. Immunofluorescence
staining at week 2 and 6 after SCI showed that AGP3 hydrogel increased
differentiation of NSCs into neurons (Fig. 6B, E and Fig. S13). Moreover,
neural regeneration extended over the entire injured area, creating a
continuous neuronal bridge following SCI. Analysis of immunofluores-
cence staining showed that AGP3 hydrogel upregulated expression of
Microtubule-associated protein 2 (MAP-2) and increased maturation of
neurons at week 6 after injury (Fig. 6C and F). Further, the number of
MAP-27/NeuN" cells at the lesion site of the rats in the AGP3 group was
higher than those in the AG and SCI groups (Fig. S14). In addition, AGP3
group displayed a marked increase in Tuj-1"/EdU" and NeuN'/EdU"
co-labeled cell density compared with the SCI and AG groups
(Fig. 6G-K). Overall, these findings indicate that the endogenous
growth-permissive environment reconstituted by the grafted AGP3
hydrogel in the lesion site may promote survival and functional differ-
entiation of endogenous NSCs.

2.4.2. Assessment of axonal regeneration, axonal remyelination, and
synapse formation in vivo
Neuronal or axonal regeneration only cannot significantly improve
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motor function after SCI [52]. It is challenging to fully restore the
functioning of the neural circuit of the spinal cord after SCI without
re-myelination, synapse formation and expression of neurotransmitters
of regenerated axons [53]. We examined the regenerated axonal fibers
in the lesion site by staining neurofilament (NF, a marker for nerve fi-
bers) at week 6 post-injury (Fig. S15). Immunofluorescence assay
revealed NF-positive fibers were highest in group AGP3, moderate in
group AG and lowest in the group SCI. Nerve fibers penetrated the glial
cells barrier reaching the core of the injury in the AGP3 group. Growth
associated protein-43 (GAP-43) regulates axon elongation, release of
neurotransmitters and strengthening of neural plasticity during neural
development and regeneration [54]. In the current study, the AGP3
group exhibited the highest GAP-43 expression level compared with the
AG and SCI groups (Fig. 7A-C).

Since SCI typically causes destruction of myelin sheath, a micro-
structure that facilitates rapid signal conduction in axons, remyelination
of new axons is a critical process conducive to the recovery of function
[40,55]. In addition to nerve regeneration at the implant site, the pre-
sent study explored remyelination of new axons and synapse formation
during neural circuit formation and functional recovery of repaired
spinal cord tissue. The findings showed that nerve fibers in the AGP3
group were surrounded by both NF and MBP at higher levels compared
with those of AG and SCI groups (Fig. 7D and G). Fig. 7E, H and I showed
the ultrathin tissue sections containing the lesion site of spinal cord
examined by transmission electron microscopy (TEM). The numbers of
small circular structures and the levels of myelin thickness in the AGP3
group were distinctively higher than those in the AG and SCI groups,
indicating the formation of newly regenerated axons wrapped in myelin
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sheaths. Further luxol fast blue (LFB) staining (Fig. 7F and J) showed
consistent findings with immunofluorescence staining and TEM results.

In improving neurological function, synaptic connections of the
sprouting axons throughout the lesion site may be a vital targeting step
[56]. The analysis showed that Syn was overexpressed in the AGP3
group, but was barely detectable in the SCI and AG groups (Fig. 7K and
L). Moreover, expression level of NF around nerve fibers was positively
correlated with that of Syn. Overall, the present data reveals that syn-
aptic connections and remyelination were present between the newly
regenerated axons.

2.4.3. RNA-seq investigations on neurogenesis in vitro

The findings showed that AGP3 hydrogels increased neural differ-
entiation of NSCs, therefore RNA-seq was performed to explore differ-
entially expressed genes (DEGs). A total of 1868 DEGs were identified
between cells in AGP3 and control group at day 7 after culture
(Fig. S16). A volcano plot showed that out of the 1868 DEGs, 601 genes
were upregulated whereas 1267 genes were downregulated. Gene
ontology (GO) and heat map analysis showed that some of the overex-
pressed DEGs such as Bdnf, Neurog2, Wnt7b, Ntrk2, Cobl, Cd200, Htr2a,
Nmnat3, Scnlb, Dclkl, Cplx2 and Egr3 in the AGP3 group were impli-
cated in promoting neurogenesis (Fig. 8A and Fig. S17). Kyoto Ency-
clopedia of Genes and Genomes (KEGG) analysis further showed that the
DEGs were implicated in regulation of neuroactive ligand-receptor
interaction, Wnt signaling, PI3K-Akt signaling, cAMP signaling, MAPK
signaling and calcium signaling pathways (Fig. 8B).
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2.4.4. Assessment of intracellular calcium in vitro

To confirm the activation of intracellular Ca?t signaling cascades,
gene and protein expression was measured by immunofluorescence
staining, RT-qPCR, and WB assay. Analysis showed that AGP3 hydrogel
upregulated expression of L-type voltage-gated calcium channel (L-
VGCC) implicated in increasing calcium influx in differentiating NSCs
(Fig. 8C-H, Fig. S18, and Movie S4-6). Upon exposure to glutamate
stimulation, Fluo-4 exhibited the highest fluorescence intensity in group
AGP3 compared with the other groups. cAMP-response element-binding
protein (CREB) is a transcription factor that regulates several signal
transduction and gene expression pathways related to neurogenesis
[57]. The findings of the current study showed that AGP3 hydrogel
increased expression of p-CREB, mediated by the high cellular Ca%*
concentration. Moreover, RNA-seq analyses showed that AGP3 hydrogel
promoted expression of BDNF and its receptor (Ntrk2) gene. Immuno-
fluorescence staining, WB and qPCR analysis showed that AGP3
hydrogel promoted differentiation of NSCs, which was correlated with
high BDNF expression. BDNF protects survival of existing neurons, in-
creases synaptic plasticity, reduces inhibitory properties of pro-
teoglycans in scars, improves growth capability of axons and induces
differentiation of new neurons [58,59].

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2021.11.032

To further verify the activation of intracellular Ca®" signaling cas-
cades, NSCs were cultured with a selective L-type calcium channel
antagonist (nifedipine). As anticipated, the L-VGCC ion channel was
inhibited by Nifedipine, resulting in the decrease of intracellular Ca%*
ion influx (Fig. 9A-F and Movie S7-9). In addition, compared with un-
treated NSCs, the L-VGCC, p-CREB and BDNF expression levels of
inhibited NSCs decreased. However, the fluorescence intensity of Fluo-4
and the expression levels of L-VGCC, p-CREB and BDNF were highest in
group AGP3 compared with the other groups, indicating that AGP3
hydrogel could partially reverse the inhibitory effects of Nifedipine. As
such, intracellular Ca?* signaling pathway could be assumed to be a
significant factor in the effect of AGP3 hydrogel on neurogenesis.
(Fig. 9G).

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2021.11.032

After SCI, the formation of scar tissue impedes the migration of
endogenous NSCs, which usually differentiate into astrocytes under
inhibitory environmental conditions, thereby disrupting neurogenesis
[60]. Accordingly, injury-activated endogenous NSCs are considered as
a promising candidate for treating SCI by regulating the survival
microenvironment and differentiation profiles [61,62]. Biomaterials
provide a supportive matrix and biological microenvironment that
promote survival and neuronal differentiation of endogenous NSCs, thus
establishing nerve connections with the host tissue [63]. The stiffness
and electro-activity of the environment are essential determinants of the
growth and differentiation of neurons [17,64]. Previous studies report
NSCs differentiate into neurons on softer substrates with high conduc-
tivity [38]. Consistent findings were observed in the current study in
vitro, whereby neurons were more abundant in the AGP3 hydrogel
compared with other hydrogels. Therefore, remodeling the endogenous
electrical microenvironment of the lesion site can provide new strategies
to promote endogenous neurogenesis to construct a neural bridging
network [65,66]. Large populations of neurons were generated from
endogenous NSCs after transplanting the AGP3 hydrogel into a rat
hemisection SCI model, which further rebuild neuronal connectivity.
Subsequently, RNA-seq analysis indicated that AGP3 hydrogel signifi-
cantly strengthened the expression of neurogenesis-related genes, with
the potential mechanism being that mechanotransduction mismatches
between the material and NSCs significantly alter the cell behavior [67].
Besides stiffness, weak local electric fields produced by cell membranes
are enhanced by electroactive material, thereby effectuating trans-
membrane voltage gradients to influence the ion influx across the cell
membrane [65]. Intracellular signaling has a significant influence on the
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proliferation and differentiation of NSCs [68], which could explain the
present findings that neurogenesis was promoted via intracellular Ca%*
signaling cascades.

2.5. In vivo functional and histological assessment

Change in structural organizational and pathophysiology affects the
functional recovery of the spinal cord. All rats were sacrificed at week 2
and 6 post-surgery. H&E staining (Fig. 10A, C and Fig. S19) and tissue
morphology (Fig. 10B) in group SCI displayed severely damaged tissue
and significant cystic cavitation compared with rats in groups AG and
AGP3. On the contrary, AGP3 hydrogel administration significantly
accelerated spinal cord healing, as shown by smaller lesion cavities and
better tissue reconnection.

Regenerative effect of AGP3 hydrogel for SCI repair was further
explored through functional assessment based on Basso-Beattie-
Bresnahan (BBB) scores, footprint test and inclined plane test (IPT)
scores. Analysis of BBB scores showed that the right hind limbs of rats in
all groups were completely paralyzed after surgery (Fig. 10E) but
recovered in varying degrees over time. BBB scores were highest for
AGP3 group at all-time points, from week 2 through to week 6 after
surgery, indicating that AGP3 hydrogel promoted recovery of motor
function. Inclined plane assay was performed to explore locomotor ac-
tivities of the injured rats. Rats in the AGP3 group could hold longer on
steeper planes, compared with rats in SCI and AG groups at week 6 post-
surgery (Fig. 10F). Footprint test indicated that AGP3 hydrogel
improved recovery and coordination between the forepaw and hind paw
(Fig. 10D). Moreover, rats in the AGP3 group coordinated the right hind
limb footprint relatively well with less stumbling at week 6 after injury.
These findings indicate that AGP3 hydrogel promotes nerve repair,
resulting in significant recovery of motor function.

Serotonin (5-HT) axons are motor nerve fibers that descends to the
ventral gray matter of the spinal cord. They regulate spinal network
activity after SCI, thus accelerating recovery of motor function [8,56].
Further analysis was conducted to explore whether 5-HT axons had
extended into the injured site along with GFAP. The results reveal that
AG and SCI group exhibited a marked decrease in 5-HT nerve fibers
density. In contrast, 5-HT axons could regenerate into the lesion site in
the AGP3 group (Fig. 10G and H), thereby partially potentiating re-
covery of locomotor function after SCI in rats. This could be attributed to
the amicable microenvironment produced by AGP3 hydrogel in
reducing the reactive astrogliosis and glial scar formation. Moreover, the
large pores in the AGP3 hydrogels provide suitable channels for cell
migration, which are vital for axonal growth [65,69]. Notably, the
present hydrogel did not fully degrade and collapse even after 4 weeks in
vivo, which can be considered essential for retaining physical support
across the injured site and for supporting and guiding host serotonergic
axons through a lesion site [62].

The deficit of motor function after SCI could be attributed to the
limited regrowth of the axons in the corticospinal tract (CST) and
raphespinal tract (RST) at the region of insult [70,71]. Thus, increasing
the sprouting and regrowth of injured or spared CST and RST axons
within and beyond the lesion site would likely rebuild functional con-
nections. However, the inhibitory environment constituted by active
glial cells producing astroglial scars, myelin debris, and CSPGs prohibits
the growth of RST and CST nerve fibers [72]. Therefore, remodeling an
endogenous growth-permissive environment of the lesion site can pro-
mote sprouting and regrowth of RST and CST axons to restore cortical
dependent function. The present AGP3 hydrogels inhibited astrocytes
activation in vivo, thereby downregulating repulsive CSPGs, and
resulting in decreased glial scars deposition. Such effects could be
partially beneficial in reorganizing neural networks lost in the injury,
thereby improving the neurological recovery of rats.


https://doi.org/10.1016/j.bioactmat.2021.11.032
https://doi.org/10.1016/j.bioactmat.2021.11.032
https://doi.org/10.1016/j.bioactmat.2021.11.032
https://doi.org/10.1016/j.bioactmat.2021.11.032

B. Yang et al. Bioactive Materials 15 (2022) 103-119

A Control AG

L-VGCC/P-CREB/DAPI

vy

100 pm

7 k¢ ok * %k
6 —
5—
4

*
3 >
1
0-

BDNF/DAPI
| . .

O

IN
|

L-VGCC Relative Intensity
o N
l ]
%
| %
p-CREB Relative Intensity

BDNF Relative Intensity
*

Control AG AGP3 Control AG AGP3 Control AG AGP3

0.8

E Before stimulation At peak intensity

0.6 —  AGP3
— AG
— Control

0.4+

Control

AG
@
3

Relative fluorescence, AF/F “

Activation of L-VGCC
fon channel

Ca?

CREB

- R : A
B CReR Q ; Calcium influx

Qe | 00 == g

L
ow "

! —
' z Phosohorylation
|

Y : Nudeus a
7;3)0% /Dliﬁerenhan‘on 7% JROUHY

AW e BDNF mRNA
% ‘-’%\ S A ot mambrane

AGP3

Fig. 9. Assessments of intracellular calcium of NSCs treated with antagonist. (A, B) Immunofluorescence images of L-VGCC, p-CREB and BDNF in each group on day
7. (C) WB analysis of L-VGCC, p-CREB and BDNF. (D) Quantitative analysis of L-VGCC, p-CREB and BDNF. (E) Representative pseudo-color images in nifedipine-
treated cells before and after glutamate stimulation. (F) Image-derived fluo-4 intensity measurements over time in nifedipine-treated NSCs. (G) Schematic dia-
gram showing the possible signal transduction pathways of the promoted neurogenesis.

115



B. Yang et al.

Bioactive Materials 15 (2022) 103-119

. ; 5
8 b e s, - ———. 7]
£ PR Pa e o i - D
g & . X3 204 = AG
5 — ‘ ° AGP3 i
g (N ""‘ "‘A_.‘ ) 1] : Aé\G g & 2
© g L 5 2 S o ! : -
5 ' 7 i i 4 %
3 NE it @
N R T
2
g . - " c’} % 0h o AGP3
2 *. ol % P . .
= 2 o /|. o Time(Day)
SCI AG AGP3 Sy LETF _t S
s
F 3.0
60

2 2.5 *
o < ]
= 404 < 20
g e *
2 >
g < k5 L
%:,) 20— ;-
= =
< T

e}

0 T T T
SCI AG AGP3
SCI AG AGP3

Fig. 10. In vivo functional and histological assessment. (A) Representative images of spinal sections from H&E staining in each group at 6 weeks postinjury. (B)
General anatomical analysis of whole spinal cords. (C) Quantification analysis of the lesion site of spinal sections from H&E staining. (D) Photos of forelimb (red) and
hindlimb (blue) footprints in each group at 6 weeks postinjury (yellow arrow pointed the posterior limb prints). (E) The BBB scores of the different groups at different
time points. (F) The behavior assay of IPT scores at 6 weeks postinjury. (G) Immunofluorescence images by double staining with GFAP/5-HT in each group. (H)
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3. Conclusion

In summary, a straightforward and efficient supramolecular strategy
was developed to fabricate AGP3 hydrogels satisfying biological and
physicochemical requirements by modification of the porosity, modulus,
and conductivity. As revealed by in vitro cultures, the AGP3 hydrogels
exhibited good biocompatibility, and induced the differentiation of
NSCs toward neurons while suppressing the formation of astrocytes.
Further, our in vivo results indicate that the injected AGP3 hydrogel
could activate the endogenous nerve regeneration of the spinal cord,
rather than glial fibrosis formation, to construct a neural bridging
network, resulting in significant recovery of motor function. Overall, the
supramolecular strategy described in the present study could be used to
design biological environment-adaptive functional materials with suit-
able porosity, modulus, and conductivity, which may be a promising
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bioactive material for filling the injured cavity area, inhibiting glial scar
formation, and promoting neurological function recovery after SCI.

4. Experimental section
4.1. Characterizations

The morphologies of obtained hydrogels were characterized by SEM
(SU-3500, HITACHI, Japan) after freezing drying. The chemical struc-
tures were identified in the range of 500-4000 cm™! through FTIR
(Nicolet 5700, Thermo, USA). Rheological tests were conducted using a
rheometer (MARS 60, HAAKE, Germany), at 0.1-10 Hz frequency and
1% strain under 37 °C. The impedance was tested by electrochemical
workstation (VMP3, Biologic, France) at the frequency of 10'-10° Hz.
During the testing, the counter electrode and reference electrode were
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connected together, so that there were two electrodes rather than three.
As shown in Fig. 2B, all of the hydrogels were characterized in a custom-
made mould (Aida Hengsheng Technology Development Co., Tianjin,
China). The corresponding conductivities were converted from re-
sistivities, which were calculated by the x-axis intercepts of the imped-
ance spectrums. Thermogravimetric analysis (Q500, TA, USA) was used
to assess the thermal properties of dried hydrogels at a heating rate of
10 °C min~! in air. The swelling of different hydrogels was measured
using the conventional gravimetric method. Lyophilized hydrogel of
uniform weight, size and shape was immersed into phosphate-buffered
saline (PBS) at 37 °C for 24 h to acquire maximum absorption. A filter
paper was used to remove excess water, and the new weight of the
lyophilized hydrogel was measured. The experiments were performed
three times under the same conditions. The swelling ratio of different
hydrogels was calculated as follows:

Ws — Wo

Swelli tio =
welling ratio Wo

Where Wg is the swelled weight and Wy is the dry weight of the
hydrogel.

4.2. RNA sequencing (RNA-seq) analyses

NSCs were first cultured for 7 days in differentiation media before
extraction of total RNA using Trizol for RNA-seq analysis (LC Bio,
Hangzhou, China). To unravel the function of genes regulated by the
hydrogel, GO analysis (http://www.geneontology.org) was performed.
Bioinformatics analyses were also performed using online OmicStudio
tools available at https://www.omicstudio.cn/tool.

4.3. Immunofluorescence staining

After performing antigen retrieval, the longitudinal sections were
incubated for 15 min in 0.3% TritonX-100, and blocked for 1 h at 37 °C
with 5% BSA in PBS to prevent nonspecific binding of antibodies, which
was followed by overnight incubation at 4 °C with specific primary
antibodies. After rinsing three times using PBS, the sections were incu-
bated 1 h in the dark at 37 °C with secondary antibody, and then sealed
with a Fluoroshield™ Sealant (containing DAPI). A fluorescence mi-
croscope (Leica, Wetzlar, Germany) was used to capture the images
under the same parameters, and ImageJ software was used to quantify
the immunofluorescence intensity. All antibodies used in the present
study are listed in Table S1.

4.4. Statistical analysis

The data were expressed as the mean + standard deviation. ANOVA
with Tukey’s post hoc test was used for statistical comparisons (Prism
8.0, GraphPad Software). P values less than 0.05 were considered sig-
nificant (in figures, *p <0.05 and **p < 0.01).
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