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Biofunctionalized peptide-based hydrogel as an injectable scaffold for
BDNF delivery can improve regeneration after spinal cord injury
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A B S T R A C T

Background: The complex pathophysiological events occurring after traumatic spinal cord injuries (TSCI)
make this devastating trauma still incurable. Peptide amphiphile (PA) hydrogels are nanobiomaterials
displaying desirable properties for application in regenerative medicine because they are absorbable,
injectable, allowing biofunctionalization, controlling release of trophic factors and mimic extracellular
matrix (ECM). In this study, we explored the potentiality of the IKVAV-functionalized PA hydrogel to
provide a permissive environment for cell migration and growth as well as sustained release of BDNF at
the lesion after severe compression injury model.
Methods: The IKVAV-functionalized PA was synthesized by automated solid-phase approach and its
secondary structure was evaluated by Circular dichroism (CD) spectroscopy. The potential of IKVAV-
functionalized PA to self-assemble into nanofibers and hydrogel formation were assessed using
transmission electron microscopy (TEM). Release profiles of BDNF from hydrogel and the bioactivity of
the released BDNF from hydrogel were determined using ELISA and DRG bioassay, respectively. Severe
spinal cord injury was induced using clip compression at T7-T8 vertebral segment. Twenty four hours
post-injury the animals were treated by either IKVAV PA hydrogel, BDNF-loaded IKVAV PA hydrogel,
BDNF solution or saline. Two and six weeks later, animals were sacrificed and the lesion site was
evaluated based on GFAP, CD68 and ß III tubulin immunoreactivity. Also, locomotor recovery was
assessed during 6 weeks using Basso, Beattie, Bresnahan (BBB) scoring test.
Results: The IKVAV PA arranged into nanofibrous structure and provided a sustained release of BDNF over
21 days while preserved the bioactivity of BDNF. Also, BDNF loading influenced the hydrogel
nanostructure resulting in aligned orientation of nanofibers. Injection of BDNF-loaded IKVAV PA hydrogel
resulted in a considerable axon preservation and astrogliosis reduction at 6 weeks post-injury without
showing any inflammatory reaction. However, the BBB score was not statistically different between
different treatment groups.
Conclusion: Although the locomotor functional recovery was not observed in this study, the axon
preservation and minimal inflammation in animals treated with BDNF-incorporated hydrogel indicate
the potentiality of the designed intervention for further evaluations in the path of developing efficient
therapies for severe spinal cord injury.
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Introduction

Traumatic spinal cord injury (TSCI) has a devastating effect on
the patient’s life, as well as their family and society [1,2]. Current
clinical interventions, including early cord decompression and
administration of high dose methylprednisolone [3], have not
yielded good prognosis. The secondary pathophysiological events
which immediately initiate after primary insult, including
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necrotic/apoptotic cell death, excitotoxicity, ionic dysregulation,
inflammation, astrogliosis and fluid-filled cyst formation, are the
major obstacles to nerve tissue regeneration after TSCI. As some
portion of neurons can survive even one year post-injury [4], new
strategies have been proposed to preserve spared neural tissue,
and to bridge the injury site by using biomaterials with sustained
release of neurotrophic factors for conversion of the inhibitory
environment of the lesion to a permissive one.

The main problem associated with implantation of preformed
polymeric scaffolds is the dissection and removal of some tissue
from the lesion site to accommodate the implantation. Recently,
injectable hydrogels such as agarose [5], blend of hyaluronan and
methylcellulose [6], fibrin [7,8] and self-assembling peptide
nanofibers [9–13] have been evaluated to improve the regenerative
potential of TSCI through minimizing the aforementioned disad-
vantage of preformed scaffolds. However, there are only limited
amount of studies using injectable hydrogels in the compression/
contusion TSCI models, which are the most similar animal TSCI
models to human traumatic spinal cord injuries [9,10,13].
Tysseling-Mattiace et al., showed that injection of PA functional-
ized with laminin motif IKVAV (IKVAV PA) within the lesion
inhibited glial scar formation and promoted axon elongation after
moderate cord compression in mice [9]. They also demonstrated
the efficacy of IKVAV PA on enhancing the plasticity of serotonergic
fibers after cord compression in rats [13]. Furthermore, Cigognini
et al., showed that injection of self-assembling peptides function-
alized with bone marrow homing motif immediately after
injury can stimulate upregulation of growth associated protein
43 (GAP-43), trophic factors and extracellular matrix (ECM)
remodeling proteins at one week post-injury and promote
functional recovery [10].

Meanwhile, therapeutic potential of neurotrophic factors has
been well recognized for over two decades [14–16], however,
attempts to translate that potentiality to the clinic have been
disappointing, largely due to obstacles in delivery, including
inadequate protein dose and kinetics released as well as protein
preservation at the lesion site. In order to solve these problems
considerable efforts have been made to incorporate neurotrophic
factors within hydrogels through different covalent and non-
covalent binding approaches. It is worth noting that the method of
loading proteins into hydrogels may potentially be harmful for
proteins; for example incorporation of proteins in the hydrogel
matrix during gelation and subsequent cross-linking of the matrix
using bifunctionalized cross-linker or ultraviolet irradiation can
potentially harm the conformation of the encapsulated proteins
[17]. Physical incorporation of proteins within hydrogels may
diminish these drawbacks. Self-assembling peptides are useful
injectable hydrogels for such applications due to their stimulus-
sensitive assembly and their chemical characteristics [18].

This study aimed to provide sustained release of brain-derived
neurotrophic factor (BDNF), a neuroprotective protein that belongs
to the neurotrophin, using self-assembling peptide hydrogel which
was functionalized with laminin epitope, IKVAV. Therapeutic
efficacy of the proposed intervention was evaluated using a severe
compression injury model.

Materials and methods

Synthesis and characterization of hydrogel-forming peptides

CH3(CH2)14CO-AAAAGGGEIKVAV PA, the peptide amphiphile
incorporating the neuroactive pentapeptide epitope from laminin,
isoleucine-lysine-valine-alanine-valine (IKVAV), was synthesized
via automated solid-phase peptide synthesis. The analytical
characterization was conducted using high-performance liquid
chromatography (HPLC) and mass spectrometry, which showed
more than 85% of purity. Lyophilized hydrogel peptides were
stored at �20 �C. The secondary structure of the synthesized IKVAV
PA in aqueous medium was evaluated by Circular dichroism (CD)
spectroscopy. The CD spectra were obtained on Aviv 62SD
spectrometer using a 1 mm quarz cuvette at room temperature
(RT). PA solutions were diluted at a final concentration of 0.2 mg/
ml and the spectra were collected between 190 and 260 nm by
using 1 nm step and 0.5 s dwell time. Background was determined
from ammonium bicarbonate buffer, and automatically subtracted
from the sample data.

Preparation of IKVAV PA hydrogels

In order to prepare 1% IKVAV PA hydrogel, 2 mg of lyophilized
IKVAV PA was dissolved in 200 ml ammonium bicarbonate buffer
(0.1 M, pH 7.6) and was homogenized by sonication for 15 min. In
order to prepare BDNF-loaded IKVAV PA hydrogel, first 80 ml of 1%
IKVAV PA hydrogel was prepared and 20 ml of 0.05 mg/ml BDNF
solution was immediately added to the prepared hydrogel and
maintained at the room temperature for 30 min until the gelation
was completed.

TEM imaging of IKVAV PA hydrogel

Transmission electron microscopy (TEM) was performed, using
a CM 200 FEG STEM Philips-M.E.R.C operating at the voltage of
200 kV, in order to analyze peptide capacity to self-assemble into
nanofibers as well as degradation of the hydrogel over time. The
IKVAV PA hydrogel was diluted with distilled water and dripped on
a copper grid, the excessive sample was removed and air-dried for
1 min at RT. Subsequently, uranyl acetate solution (10 ml of 1%) was
dripped onto the grid and after 1 min the excess staining solution
was removed with filter paper and was allowed to dry in the air
before introduction into the microscope.

BDNF release study

Release profiles of BDNF from IKVAV PA hydrogels were
measured through incubation of 100 ml of BDNF-loaded hydrogels
within 900 ml of artificial cerebrospinal fluid (aCSF) composed of
149 mM NaCl, 3 mM KCl, 0.8 mM MgCl2, 1.4 mM CaCl2, 1.5 mM
Na2HPO4, and 0.2 mM NaH2PO4 (pH 7.4) [19]. The BDNF-loaded
hydrogel was then placed in an orbital shaker at 37 �C. The
supernatant containing the released BDNF and degradation
products was removed and replaced completely with fresh pre-
warmed aCSF at the following time points: 1, 3 h, 1, 3, 7, 10, 14, and
21 d and stored at -20 �C. The protein content of the supernatant
was determined by ELISA assay (Human BDNF Immunoassay, R&D
Systems1, USA) and reported as a cumulative amount of BDNF
released over time.

Bioactivity assessment of released BDNF through neurite outgrowth
from DRG explants

The bioactivity of BDNF released from the hydrogel at 21 d was
determined using a DRG bioassay as described previously [20],
with some modifications described below. DRGs were removed
from one-day-old neonatal Wistar rats and pooled in ice-cold
media (DMEM with 1% fetal bovine serum (FBS), 2% B-27 serum-
free supplement, 1% penicillin–streptomycin and 1% L-glutamine).
The DRGs were then placed on 10 mm diameter glass cover slips
coated with poly-L-lysine (50 mg/mL in sterile water) and laminin
(5 mg/mL in PBS) in a 4-well plate (3 DRGs per each cover slip) and
were kept overnight in an incubator at 37 �C and 5% CO2. The slips
were then treated with DMEM/10% FBS and 0.5 ml of the BDNF
release study supernatant the following day. For the controls,
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0.5 ml of aCSF with and without the same concentrations of BDNF
(5 ng/ml) in release study supernatant was added to the wells
instead, as negative and positive controls, respectively. The DRGs
were incubated for an additional 48 h at 37 �C in 5% CO2.
Subsequently, the cultures were fixed in 4% paraformaldehyde
in PBS (0.1 M, pH 7.4) for 15 min. and immunostained with anti-ß III
tubulin antibody (1:400, Sigma).

Animals and surgery procedure

A total of 28 adult male Wistar rats weighing 160–200 g and
bred in an in-house animal facility were obtained from Tehran
University of Medical Sciences (Tehran, Iran). Experiments and
animal care were carried out in compliance with Tehran University
of Medical Sciences (TUMS) guideline and all animal protocols
were reviewed and approved by the state animal ethical
committee. Animals had free access to food and water and were
randomly selected and divided into different treatment groups
including: 1. animals injected by saline (n = 7), 2. animals injected
by IKVAV PA hydrogel (n = 7), 3. animals injected by BDNF solution
in saline (n = 7), 4. animals injected by BDNF-loaded IKVAV PA
hydrogel (n = 7). Rats were anesthetized using a mixture of
ketamine (90 mg/kg) and xylazine (10 mg/kg). All animals under-
went laminectomy at the T7-T8 vertebral segment, the spinal cord
was compressed dorsoventrally by the extradural application of a
134 g aneurysm clip (AESCULAP1 MINI-CLIP) for 1 min (severe
compression injury). Subsequently, the skin was sutured, a 5 ml
injection of saline was given subcutaneously and animals were
kept under a heat lamp to maintain body temperature. Gentamycin
and cefazolin was administered once daily (1 mg/ kg and 75 mg/kg,
respectively) subcutaneously for one week. Rats that exhibited any
hindlimb movement 24 h after the injury were excluded from the
study; totally 5 animals were excluded from the study due to
hindlimb movement after injury.

Injection was conducted 24 h after TSCI using a Hamilton
syringe (29-gauge needle) fixed at a micromanipulator. The
penetration depth of the syringe within the cord was 1 mm which
was controlled using the stereotactic apparatus. At the end of
injection, the syringe was left in the cord for an additional one
minute. Animals were monitored for autophagia and their bladder
was manually expressed until recovery of the voiding reflex.
Induction of injury and injection process are shown in Fig. 1.

Histology and immunolabeling

Two and six weeks post-injury, animals were transcardially
perfused with 4% paraformaldehyde in 0.1 M PBS (pH 7.4). The
spinal cords were dissected and post-fixed for 3 days at 4 �C. About
2 cm length of spinal cord was dissected longitudinally through its
Fig. 1. The steps of animal surgery for injury induction using clip compression: (a) lam
extradural application of a 134 g aneurysm clip for 1 min (severe compression injury) and 

micromanipulator with the penetration depth of 1 mm which was controlled using the
dorsal-to-ventral axis and embedded within paraffin blocks. For
immunohistochemistry, the spinal cords were sectioned at 6 mm
thickness. The sections were deparaffinized and were incubated in
PBS containing 5% normal donkey serum, 2% BSA and 0.1% Triton X-
100 for one hour at RT. The samples were then incubated with
primary antibodies: anti-GFAP (1:400, Sigma), anti-ß III tubulin
(1:200, Sigma) and anti-ED1 (1:400, Sigma) overnight at 4 �C in
humidified chamber, and then incubated in either Rhodamine
(TRITC)-conjugated donkey anti-rabbit IgG (1:400, Jackson) or
rhodamine (TRITC)-conjugated donkey anti-mouse IgG (1:400,
Jackson) for 2 h at RT.

The density of GFAP-positive astrocytes was quantified as a
pixel density using the thresholding feature of NIH-ImageJ
software and calibrated to total stained area [21].

Locomotor functional testing

Two trained evaluators scored each animal per session for 6
weeks post-injury. Hindlimb locomotor function was assessed with
the 21-point Basso, Beattie, and Bresnahan Locomotor Rating Scale
(BBB) [22]. The scale measures a wide range of hindlimb function,
from complete paralysis to normal walking behavior, by assessing
hind limb joint movements, stepping, trunk position and stability,
coordination of forelimb and hindlimb, paw placement, toe
clearance, and tail position. Rats were assessed in an open field
(diameter of 50 cm) for 4 min at a similar time of day for each testing.

Statistical analysis

The Data are presented as mean � standard deviation (SD).
Multiple group comparisons were made using one-way analysis of
variance (ANOVA). The P value less than 0.05 was considered as
significant.

Results

Synthesis and characterization of IKVAV PA hydrogel

IKVAV PA molecules were well dissolved in ammonium
bicarbonate buffer through sonication for 15 min and the solution
formed a hydrogel after 30 min maintenance at RT. The hydrogel
formation was reversible, so that applying mechanical forces
(vortex or sonication) cause disassembly of the structure and
dissolution of the IKVAV PA molecules, however the hydrogel could
reform on standing at RT. The circular dichroism (CD) spectra of the
hydrogel showed two prominent peaks: a positive peak centered
around 198 nm and a negative peak around 219 nm, which
confirms the formation of ß-helices secondary conformation
during self-assembling [23] (Fig. 2).
inectomy at T7-T8 vertebral segment, (b) dorsoventral compression of cord using
(c) injection at 24 h post-injury using a Hamilton syringe (29-gauge needle) fixed at a

 stereotactic apparatus.



Fig. 2. The circular dichroism (CD) spectra of the hydrogel showing two prominent
peaks: a positive peak centered around 198 nm and a negative peak around 219 nm,
which confirms the formation of ß-helices secondary conformation during self-
assembling.

Fig. 4. The general release profile consisted of a burst of BDNF release over the first
24 h, followed by a near-linear release by 3 days and afterward reached to plateau.
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TEM imaging of IKVAV PA hydrogels

Nanofibrous structure of the IKVAV PA hydrogel before and after
incorporation of BDNF within the hydrogel network was visualized
by TEM, and as shown in Fig. 3a and b BDNF incorporation within
the hydrogel network organized the nanofibers as aligned
structures. Furthermore, pore size and porosity of the BDNF-
loaded IKVAV PA hydrogel network were increased after 21 days of
incubation within the aCSF at 37 �C (Fig. 3c).

BDNF release study

The BDNF release from IKVAV PA hydrogel under physiological
conditions were quantified with an ELISA assay. The results for this
study are shown in Fig. 4. The general release profile consists of a
burst release of the BDNF over first 24 h, followed by a near-linear
release by 3 days and afterward reached to plateau.

Bioactivity assessment of released BDNF through neurite outgrowth
from DRG explants

Although desirable release profile has been demonstrated using
the ELISA assay, it is important to investigate the bioactivity of the
Fig. 3. Transmission electron microscopy (TEM) of the IKVAV PA hydrogel negatively st
Incorporation BDNF caused the alignment of nanofibrous structure (b). Degradation ove
IKVAV PA hydrogel (c).
released BDNF, since the hydrophobic and electrostatic interac-
tions of the BDNF with PA may result in the conformational
changes of the BDNF and therefore protein denaturation. The
ability of the released BDNF to enhance neurite outgrowth from
DRG explants was assessed and compared with that in aCSF as a
control. DRG explants had no contact with the hydrogel, but were
exposed to the released BDNF and degradation products of the
hydrogel over 48 h of culture. Immunostaining against ß III tubulin
revealed the extent of neurite outgrowth from DRG explants which
were cultured in various conditions (Fig. 5). Although there was
seldom neurite outgrowth from cultured DRG explants in the
medium supplemented with aCSF, neurite outgrowth was
significantly higher in the other two groups where the media
were supplemented with either BDNF solution or released BDNF
from hydrogel.

Histology and immunolabeling

The spinal cord sections were stained with anti-ß III tubulin,
which stains neurons and axons. In Fig. 6, it can be seen that
injection of BDNF-loaded IKVAV PA hydrogel resulted in a
considerable axon preservation at 6 weeks post-injury. Although
axon preservation after BDNF injection was greater than control, it
was not as much as that in BDNF-loaded IKVAV PA hydrogel group.
There was no significant difference in the extent of axon
preservation between IKVAV PA hydrogel injected and saline
injected animals.

We also assessed the responses of glial cells in different
treatment groups. Astrocytes are the most abundant non-neuronal
ained with 2% uranyl acetate reveals the nanofibrous structure of the hydrogel (a).
r 21 days hydrogel incubation in physiologic condition increased the porosity of the



Fig. 5. Released BDNF from IKVAV PA hydrogel stimulated neurite outgrowth from DRG explants (a) which was comparable with the effect of BDNF solution with the same
concentration on neurite outgrowth (b). However, there was seldom neurite outgrowth from DRG explant when aCSF was added to cell culture medium (c).

Fig. 6. Anti-ß III tubulin immunoreactivity at the lesion site of the animals treated with saline, IKVAV PA hydrogel, BDNF solution and BDNF-loaded IKVAV PA hydrogel at 6
weeks post-injury. Images were taken from the injury epicenter. Injection of BDNF-loaded IKVAV PA hydrogel resulted in a considerable axonal preservation at 6 weeks post-
injury. Axonal preservation after BDNF injection was greater than control, but it was not as much as animals injected by BDNF-loaded IKVAV PA hydrogel. There was no
significant difference in the extent of axonal preservation between IKVAV PA hydrogel injected and saline injected animals; IKVAV-functionalized PA hydrogel (IKVAV PA),
BDNF-loaded IKVAV PA hydrogel (IKVAV PA + BDNF).
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cells in CNS tissue and changes regarding astrocytes after injury
range from reversible alterations in gene expression, cellular
hypertrophy, cell proliferation to long lasting scar formation which
certainly depend on the type and severity of injury. In this study,
the extent of glial fibrillary acidic protein (GFAP) gene expression
was evaluated as the marker of astrocyte reactivity after injury. As
seen in Fig. 7, a dense scar tissue, mainly composed of GFAP-
positive astrocytes, was observed in animals injected with saline
solution. The fluorescent intensity of GFAP stains were quantified
using the ImageJ Software. When the GFAP intensity was compared
between the IKVAV PA hydrogel, BDNF solution and BDNF-loaded
IKVAV PA hydrogel treated spinal cords and the saline-treated
spinal cords, the GFAP intensity was significantly higher in the
saline-treated spinal cords (Fig. 7a).

In order to monitor the immune response of host tissue to the
intervention, particularly the presence of microglia/macrophage,
ED1 immunoreactivity in lesion site was monitored 6 weeks after
injury in animal groups treated by saline or BDNF-incorporated
hydrogel. Infiltration of the microglia/macrophage due to injury
was observable in both treatment groups (Fig. 8).

Locomotor functional recovery

In order to assess the effect of treatment on locomotor recovery,
BBB open field motor testing was performed weekly (Fig. 9).
Immediately after injury, animals had no hindlimb function (score
of 0). One week after injury, animals had regained slight or
extensive movement of two or three hindlimb joints (BBB score of
2–3). At 6 weeks, most animals had regained sweeping motion or
plantar paw placement of their hindlimbs (BBB score of 8). In the
group of animals injected by the BDNF-loaded hydrogel, one
animal was the same as other groups with sweeping motion or



Fig. 7. The fluorescent intensity of the GFAP stains were quantified using the ImageJ Software. When the GFAP intensity was compared between animals treated with IKVAV
PA hydrogel, BDNF solution and BDNF-loaded IKVAV PA hydrogel and animals treated with saline, the GFAP intensity was significantly higher in the saline-treated animals, for
all treatment groups at both evaluation time (i.e., 2 and 6 weeks post-injury) P � 0.02 in comparison with saline-treated animals (a). Anti-GFAP immunoreactivity at the lesion
site of the animals treated with saline, IKVAV PA hydrogel, BDNF solution and BDNF-loaded IKVAV PA hydrogel at 6 weeks post-injury (b) ; IKVAV-functionalized PA hydrogel
(IKVAV PA), BDNF-loaded IKVAV PA hydrogel (IKVAV PA + BDNF).
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plantar paw placement of their hindlimbs (BBB score of 8), in
addition, the remained 3 animals had regained plantar placement
of their hindpaw with weight support or frequent to consistent
weight supported plantar steps (score of 9–11). However, the
difference between treatment groups was not statistically signifi-
cant.

Discussion

A unique feature of PAs is its ability to self-assemble into
nanofiber when it is injected into tissue and contacts cations [24].
IKVAV PA hydrogel with or without BDNF showed an injectable
property and in situ gel formation after injection and showed
nanofibrous structure particularly as a result of hydrophobic
interactions and entanglement of nanofibers was demonstrated in
TEM images. Addition of BDNF changes the arrangement of the
nanofibers which can be attributed to an increase in the weak
interaction between nanofibers after protein addition. Further-
more, degradation of the hydrogel increased the porosity and
shortened the nanofibers length.

In addition, the hydrogel enabled the encapsulation and
sustained release of BDNF during 21 days. The obtained release
profile was consistent with previous study showing that the
release of neurotrophins can be controlled using degradable
hydrogels [25]. The relationship between protein release kinetic
and protein dimension and electrical charge has also been
evaluated [26]. Gelain et al. showed that self-assembling peptide
scaffolds based on RADA16-I provide slow and sustained release of
cytokines and are able to preserve the bioactivity of cytokines up to
3 weeks [26]. They demonstrated that the electrostatic inter-
actions between protein and nanofibers can further increase the
retention time of proteins within the hydrogel. In this study the



Fig. 8. Representation of immune response of host tissue to the intervention through immunohistochemistry against ED1 to visualized reactive microglia/macrophage at the
lesion site at 6 weeks after injury. Infiltration of the microglia/macrophage due to injury was observable in both treatment groups; saline and IKVAV PA injection.

Fig. 9. Functional assessment of injured animals with open field BBB scoring test:
One week after injury, animals had regained slight or extensive movement of two or
three hindlimb joints (BBB score of 2–3). At 6 weeks, most animals had regained
sweeping motion or plantar paw placement of their hindlimbs (BBB score of 8). In
the group of animals injected by the BDNF-loaded hydrogel, one animal was the
same as other groups with sweeping motion or plantar paw placement of their
hindlimbs (BBB score of 8), in addition, the remained 3 animals had regained
plantar placement of their hindpaw with weight support or frequent to consistent
weight supported plantar steps (score of 9–11). However, the difference between
treatment groups was not statistically significant.
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release rate of BDNF from self-assembling peptides was monitored
up to 48 h and a sharp release profile similar to our result was
observed during the first 5 h and at later times the BDNF released
slower [26].

Long lasting retention and release of BDNF from IKVAV PA in our
study may be a result of electrostatic interactions between BDNF
and nanofibers; since BDNF is highly charged at electrophysiologi-
cal condition (pI [isoelectric point] = �9–10) [3] and BDNF release
from hydrogel is affected by the protein-nanofiber interactions
which have positive and negative charges, respectively. However,
at later time points it was likely that the release of the BDNF was
controlled by the hydrogel degradation which resulted in an
increase in pore size of the hydrogel network, as shown in the TEM
images (Fig. 3c).

BDNF supports the survival and differentiation of distinct
populations of neurons [27] and retrograde transport of BDNF from
the lesion site to the cell body has been used to preserve
supraspinal neurons after injury [28,29]. Protein inactivation due
to protein aggregation and protein–peptide interactions could
occur during self-assembly and nanofiber formation, or during the
release process. In our study, the released BDNF stimulated the
axon outgrowth from DRG explants confirms the preservation of
protein conformation and function.

Dense astrogliosis, which often form following TSCI contain
inhibitory molecules that can hamper the axon regeneration
[30,31]. It has been shown that the inhibitory nature of the
astrogliosis can be overcome through addition of growth promot-
ing cues that serve to balance inhibitory environment of the glial
scar [32,33]. In our study injection of IKVAV PA with and without
BDNF reduced the accumulation of GFAP positive astrocytes at the
lesion margin even 6 weeks after injury. As astrocytes are the main
cells which contribute in the release of inhibitory molecules,
predominantly chondroitin sulfate proteoglycans (CSPG), as well as
glial scar formation, density reduction of astrocytes at the lesion
reduce the strength of the inhibitory signals thus enhance
regeneration. The delayed accumulation of astrocytes was also
observed in a study evaluating the effect of fibrin-based scaffolds
on regeneration [34]. This study showed that although fibrin
injection reduces GFAP density at 2 weeks post-injury, the
reduction of GFAP density was not statistically significant at 4
weeks post-injury.

Despite numerous reports discussing physical and molecular
inhibitory role of astrocytes, the beneficial contribution of
astrocytes in regeneration has been proposed, as well [35].
Alongside other glial cells astrocytes aid central nervous system
regeneration through expression of axon growth supporting
molecules and it has been shown that complete removing of
astrocytes and preventing astrocyte scar formation fail to result in
regrowth of transected axons after severe SCI. In our study,
decrease in astrocyte density at the lesion margin can eliminate the
physical barrier, meanwhile astrocyte infiltration within the lesion
area in animals injected with IKVAV PA provide axon growth cues.
This was also confirmed by assessment of axon density at the lesion
area and it was found that injection of IKVAV PA preserved axons by
6 weeks post-injury and this effect was strengthen by sustained
release of BDFN at the lesion site.

Animal treatment with IKVAV PA promoted cell migration into
the lesion area without eliciting an increased inflammatory
response. This fact was concluded based on the results of
immunohistochemistry to detect glial cells; astrocytes and
oligodendrocyte. This is consistent with previous studies which
show that replacement of inhibitory environment of injured tissue
with hydrogels functionalized with biologically active molecules
promotes cell migration within the lesion site. Plant et al. showed
that modification of N-(2-hydroxypropyl) methacrylamide
(HPMA) hydrogels with RGD peptide increased infiltration of
non-neuronal cells (mostly GFAP and ED1 positive cells), while no
cellular infiltration was observed in unmodified HPMA hydrogel
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[36]. Migration of supporting cells within the fibrin-based hydro-
gels which were injected in the lesion after SCI has also been
reported [34].

In our study, a pentapeptide sequence of laminin was selected
for functionalization of PA hydrogel. Laminin is the major
component of the basement membrane and plays a crucial role
in cell adhesion and axon growth and functions through its
bioactive binding sites and can interact with cell surface receptors
to activate signaling pathways, which affects the cell functions and
nerve tissue regeneration [37]. The beneficial effect of surface
modification of scaffolds by laminin, either as a whole protein [38]
or its bioactive epitope [39], on cell function has been previously
reported.

In our study, the difference in BBB score among various
treatment groups was not statistically significant, however, it
should be noted that the BBB score is not sensitive enough to report
subtle changes in regeneration, particularly if regeneration of key
neuronal tracts has not achieved functional connection with their
targets.

Conclusion

We demonstrate that PA hydrogels can effectively control the
release of BDNF over 21 days and the bioactivity of the BDNF is
preserved within the hydrogel. Also, injection of the BDNF-loaded
IKVAV PA hydrogel elicits a minimal inflammatory response 6
weeks after implantation. We also demonstrate that this hydrogel
can mitigate the astrogliosis and enhance axon preservation after
severe SCI. While tissue engineered scaffolds can be tailored to
provide a permissive environment for regeneration, incorporation
of neurotrophic factors may be necessary to elicit significant
regeneration after SCI.
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