Original Article

Journal of Tissue Engineering
Volume 13: 1-14

© The Author(s) 2022

Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/20417314221086491
journals.sagepub.com/home/tej

®SAGE

Self-assembling peptide gels promote
angiogenesis and functional recovery
after spinal cord injury in rats

Jin Young Hong'?*, Su Hee Kim** Yoojin Seo?,
Jooik Jeon'2(2), Ganchimeg Davaa'?, Jung Keun Hyun'>’
and Soo Hyun Kim35¢

Abstract

Spinal cord injury (SCI) leads to disruption of the blood—spinal cord barrier, hemorrhage, and tissue edema, which impair
blood circulation and induce ischemia. Angiogenesis after SCl is an important step in the repair of damaged tissues, and
the extent of angiogenesis strongly correlates with the neural regeneration. Various biomaterials have been developed
to promote angiogenesis signaling pathways, and angiogenic self-assembling peptides are useful for producing diverse
supramolecular structures with tunable functionality. RADAI6 (Ac-RARADADARARADADA-NH2), which forms
nanofiber networks under physiological conditions, is a self-assembling peptide that can provide mechanical support for
tissue regeneration and reportedly has diverse roles in wound healing. In this study, we applied an injectable form of
RADA 6 with or without the neuropeptide substance P to the contused spinal cords of rats and examined angiogenesis
within the damaged spinal cord and subsequent functional improvement. Histological and immunohistochemical analyses
revealed that the inflammatory cell population in the lesion cavity was decreased, the vessel number and density around
the damaged spinal cord were increased, and the levels of neurofilaments within the lesion cavity were increased in SCI
rats that received RADA|6 and RADAI6 with substance P (rats in the RADAI16/SP group). Moreover, real-time PCR
analysis of damaged spinal cord tissues showed that IL-10 expression was increased and that locomotor function (as
assessed by the Basso, Beattie, and Bresnahan (BBB) scale and the horizontal ladder test) was significantly improved in
the RADAI6/SP group compared to the control group. Our findings indicate that RADA16 modified with substance
P effectively stimulates angiogenesis within the damaged spinal cord and is a candidate agent for promoting functional
recovery post-SCI.
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Introduction

Spinal cord injury (SCI), which causes trauma in most cases,
leads to complex pathophysiological changes, including
inflammation, axonal injury and demyelination, cystic cavita-
tion, glial scar formation, neuronal cell death, oxidative stress,
and vascular disruption or ischemia.'? Angiogenesis is an
important factor that facilitates neuronal regeneration after
SCI? In previous studies, biomaterials,*® stem cells,’
exosomes from neural stem cells,*® or extracorporeal shock
waves'? were used to enhance vessel formation and were
found to result in functional recovery in in vivo SCI models.

RADA16 (Ac-RARADADARARADADA-NH2) is a
common self-assembling peptide that forms nanofiber net-
works under physiological conditions.!! It is used as an
extracellular matrix that provides mechanical support for
wound healing and tissue regeneration and can also be
used as a hemostatic agent in the clinical setting.'? In
recent studies on spinal cord regeneration, microvascular
cells or neural stem/progenitor cells were transplanted
with RADA16 into the contused spinal cords of rats, and
RADA16 was found to attenuate inflammation and glial
scar formation by inducing the neural differentiation of
transplanted stem cells.'>'* Modification of RADA 16 with
proangiogenic peptides, such as SVVYGLR derived from
osteopontin, might enhance angiogenesis after central
nervous system (CNS) lesions."” Notably, in our previous
works, RADA16 modified with substance P showed a
good therapeutic effect on hindlimb ischemia and pro-
moted skin regeneration by acting as a good delivery sys-
tem and recruiting intrinsic mesenchymal stem cells in
various tissue defect models.!®!” Substance P, a small
11-amino-acid endogenous neuropeptide, is known to
have an important role in cell proliferation, bone marrow
fibrosis, and the regulation of wound healing, and it is an
injury-inducible factor that acts to induce mobilization of
CD29+ stromal-like cells in wound-healing processes.'$
The release of substance P induces the recruitment of cir-
culating cells with angiogenic activity from the blood to
the injury site, resulting in enhanced angiogenesis,'” and
substance P is also useful for the treatment of cardiovascu-
lar disease and limb ischemia.'® Therefore, long-term
delivery of substance P leads to efficient induction of key
cells for tissue regeneration, maximizing the regeneration
effect. Herein, we applied RADA16 modified with sub-
stance P to a rat spinal cord contusion injury model,
hypothesizing that it might exert proangiogenic effects in
addition to the other effects of RADA16 and might conse-
quently aid functional recovery after SCI.

Materials and methods

Peptide synthesis and preparation

The peptides RADA16 (Ac-cRARADADARARADADA-
NH2) and RADA16-SP (Ac-RARADADARARADAD

AGGRPKPQQFFGLM-NH?2) were synthesized (Peptron,
Dacjeon, Korea). In RADA16-SP, RADA16 and substance
P are linearly bound via two glycine linkers. That is, one
molecule of substance P is bound to each molecule of
RADAL16, and 1 uL of RADA16-SP contains 5 pg of sub-
stance P. The peptides were dissolved in a 295 nM sucrose
solution to prepare a 1% (w/v) peptide hydrogel. RADA16
and RADA16-SP were mixed at different concentrations
and administered to different experimental groups. The
experimental groups were as follows: (1) the phosphate-
buffered saline (PBS) group; (2) RADA16 group; and (3)
RADA16 + RADA16-SP (RADA16/SP) group. RADA16
and RADA16-SP were mixed at a ratio of 7:3 (v/v). The
total amount of substance P in the samples was 15 pug.
Then, the peptide hydrogel was sonicated with an ultra-
sonic cleanser for 30 min as previously described.?’ For in
vitro gelation, RADA16 and RADA16-SP were mixed
with DPBS containing calcium and magnesium and gelled
immediately after mixing.

Structural characterization

The structures of the peptide gels were examined by trans-
mission electron microscopy (TEM). The samples were
diluted in distilled water to a working concentration of
0.01% and stained with 2% uranyl acetate. To determine
the structures of the peptide gels, circular dichroism (CD)
spectra of the peptide gels were obtained using a spec-
tropolarimeter (JASCO, Inc.). RADA16, RADA16-SP,
and RADA16/SP were prepared by diluting the peptide
solutions in distilled water to working concentrations of
0.02% (wt/vol) and then incubating them at room tempera-
ture overnight. For CD spectra measurements, samples
were added to a quartz cuvette with a [-mm path length
(Hellma Standard Cuvette 110QS (Quartz Suprasil);
Hellma Analytics).?!

Rheological studies

The viscoelastic properties of the self-assembling peptides
were measured by a rotational rheometer (MCR302, Anton
Paar, Austria). Samples were analyzed after gelation of
RADAI16 and RADA16 + RADA16-SP (RADA16/SP).
The angular frequency was in the range of 0.5-20, and the
experiment was conducted at room temperature.

Cell culture and live/dead assay

Primary cortical neurons were prepared from Sprague—
Dawley rat embryos (embryonic day 16) as described pre-
viously. Briefly, each embryo was placed in Hank’s
balanced salt solution (HBSS; Gibco BRL, Grand Island,
NY, USA). The embryos were decapitated at the head/neck
junction using small surgical scissors, and the meninges
covering each brain hemisphere were manually peeled off
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using #5 fine forceps. The cortex was washed twice with
HBSS and then transferred to a 15-mL conical tube con-
taining 2mL of 2.5mg/mL papain solution (Sigma-—
Aldrich, St. Louis, MO, USA) in HBSS. After 15min of
incubation at 37°C, the supernatant was discarded, and the
cells were washed twice in 2mL of HBSS and then centri-
fuged for 3 min. The cell pellet was resuspended in 1 mL of
neurobasal medium (Gibco, Waltham, MA, USA) supple-
mented with B27 (Invitrogen Life Technologies, Carlsbad,
CA, USA), GlutaMAX (Invitrogen Life Technologies),
and 1% penicillin/streptomycin (Gibco) by gentle tritura-
tion with a 1-mL pipet tip. Single cells were mixed with
the peptide gels without bubbling. Then, the cells were
plated on 18-mm circular coverslips (Paul Marienfeld
GmbH & Co., Lauda-Konigshofen, Germany) and incu-
bated in 5% CO, at 37°C for 3 days.

Cell viability was determined by the live/dead cell assay
(Molecular Probes, Eugene, OR, USA) according to the
manufacturer’s instructions. In brief, staining solution con-
taining 2mM calcein AM and 4mM ethidium homodimer-1
(EthD-1) in Dulbecco’s phosphate-buffered saline (DPBS)
was prepared. Calcein AM was used to label live cells green,
while EthD-1 stained dead cells red. The culture medium
was discarded, and each sample was incubated in 100 puL of
staining solution for 45min at room temperature. For the
quantification of cell viability, six randomized images from
each group were captured at 40X magnification via confocal
microscopy (LSM 700; Carl Zeiss, Oberkochen, Germany).
Live cells were quantified by counting the number of green
cells using the cell counter plug-in of Imagel software
(1.37V, National Institutes of Health, Bethesda, MD). Cell
viability is expressed as a percentage of live cells relative to
the total number of cells as previously described.??

Spinal cord contusion injury model and
treatments

Female Sprague—Dawley rats (12weeks old, 230-250g)
were used for the experiments. All animal experiments
were approved by the Institutional Animal Care and Use
Committee of Dankook University (approval no. 19-010).
The animals were housed individually in an environment
at a constant temperature (23°C-25°C) and humidity
(45%—-50%) with free access to food and water under spe-
cific pathogen-free (SPF) conditions. The surgical proce-
dures have been previously described in detail.* Briefly,
rats were anesthetized by inhalation of 3% isoflurane
(Forane; Choongwae Pharma, Seoul, Korea), and a lami-
nectomy was performed at the T9 level. The exposed spi-
nal cord was moderately contused with an Infinite Horizon
impactor (IH-400, Precision Systems and Instrumentation).
Thirty minutes after the injury, 10 uL of RADA16 (n=10)
or RADA16/SP (n=9) was injected into the epicenter of
the lesion site at a rate of 1 pL/min. The same amount of
PBS was injected into the control group (n=10). After

injection, the injured spinal cord was covered with homeo-
static material (Surgicel fabric, Johnson and Johnson,
Arlington, TX), and the skin was sutured in layers. All rats
that underwent surgery were injected with 40 mg/kg cefo-
tiam hydrochloride (Fontiam™, Hanmi Pharma, Seoul,
Korea) intramuscularly for 3 days and were injected with
normal saline (3mL) intraperitoneally after the surgery.
The animals also received oral administration of 10 mg/kg
acetaminophen syrup (Tylenol™, Janssen Pharmaceutica,
Titusville, NJ) for 3 days, and bladder expression was per-
formed twice a day until the amount of expressed urine
was less than 0.5 mL/day.

Histology

All rats were sacrificed and perfused with 0.9% normal
saline and 4% paraformaldehyde (PFA) by cardiac perfusion
at 8weeks for histological or molecular biology analysis.
The extracted spinal cords were postfixed in 4% PFA for 24h
and cryoprotected in 30% sucrose for 3 days. Spinal cords
were embedded in M1 compound (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) and cryosectioned sagittally
to a thickness of 16 um. The sectioned tissues were stained
with hematoxylin and eosin (H&E) to confirm the cavity
size. Briefly, the sections were rinsed in PBS and then put
into H&E solutions. After washing with tap water for 2min,
the sections were dehydrated through a graded ethanol series,
cleared with xylene and imaged using a Nikon microscope.
The area of the lesion cavity was determined by sagittal
H&E images taken from the lesion epicenter (n=4 per
group). The lesion cavity was outlined manually in each
image, and its arca was analyzed using ImageJ software
(National Institutes of Health) as previously described.??

Immunohistochemistry

Tissue sections were stained for inflammation and angiogen-
esis markers using antibodies against ED1 (1:1000; Abcam
plc, Cambridge, MA, USA), GFAP (1:1000; DAKO,
Carpinteria, CA, USA), CD31 (1:200; Santa Cruz, CA,
USA), and VEGF (1:200; Santa Cruz). The sections were
treated for Smin in 0.2% Triton X-100, washed three times in
PBS for Smin, and then blocked in 2% normal goat serum
for 1h at room temperature. Then, they were incubated with
primary antibodies overnight at 4°C in 2% goat serum. After
washing with PBS, the sections were incubated with goat
anti-rabbit (1:200; Jackson Immunoresearch) and goat anti-
mouse (1:200; Jackson Immunoresearch) secondary anti-
bodies diluted in 2% normal goat serum for 2h. Following
incubation, the sections were washed three times for 5min
with PBS and mounted with fluorescence mounting medium
(DAKO Cytomation). Images were acquired using a confo-
cal microscope (LSM 700; Carl Zeiss). The inflammatory
response was analyzed by manually counting the total num-
ber of ED1+ cells within the lesion cavity. In addition, the
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Table I. Primer sequences used for gene expression analysis by real-time PCR.

Gene Forward (5'-3") Reverse

IL-1B CACCTTCTTTTCCTTCATCTTTG GTCGTTGCTTGTCTCTCCTTGT
IL-6 ACCACCCACAACAGACCAGT CAGAATTGCCATTGCACAAC
TNF-a CCCTGGTACTAACTCCCAGAAA TGTATGAGAGGGACGGAACC
IL-10 CAGCTGCGACGCTGTCATCG CAGCTGCGACGCTGTCATCG
Caspase 3 GCATTTCCCATAAGCCTCCT TTGTCACATGGGAACACATTTT
VWEF CAATTCTCGGGAACTTCCAA GGCAAACAAATGGATGTCAA
18S rRNA CATTCGAACGTCTGCCCTAT GTTTCTCAGGCTCCCTCTCC

CD31- and VEGF-stained areas were quantified with the
vessel analysis plug-in of ImageJ software using the follow-
ing three parameters (five independent areas, n=4 per
group): (1) average vessel diameter (um); (2) vessel density/
field (%); and (3) number of vessels/field.

3-3’-Diaminobenzidine tetrahydrochloride (DAB)
staining was performed using a neurofilament 200kDa
(NF200) antibody (Millipore, Billerica, MA, USA) to
confirm axon regeneration. Sections were incubated in
0.3% H,0O, for 30 min at room temperature to inactivate
endogenous peroxidase activity, incubated with 0.2%
Triton X-100 for 5min, and blocked with 10% normal
goat serum for 1 h. The NF200 antibody was diluted 1:200
in 2% BSA/PBS and incubated overnight at 4°C. After
overnight incubation, the sections were washed three
times for S5min each in 0.1 M PBS. The sections were
incubated with biotinylated secondary antibodies (1:200,
Jackson Immunoresearch Laboratories, West Grove, PA)
for 2h at room temperature and then washed three times.
The signals were enhanced with the Vectastain ABC kit
(Vector Laboratories, Burlingame, CA, USA) for 30 min.
The antigen-antibody complexes were then visualized
with 0.05% DAB (Sigma) solution/0.06% NiCl, (Sigma)
solution containing 0.003% H,O,, and the reaction was
stopped with distilled water. The sections were dehy-
drated in a graded ethanol series, cleared with xylene, and
mounted with p-xylene-bis-pyridinium bromide (DPX)
(Sigma). Images were captured by a Nikon microscope.
Axons labeled with NF200 in the lesion cavity were quan-
tified using ImageJ software (National Institutes of
Health) as described in a previous study.?? Briefly, the
number of pixels occupied by NF200-labeled axons in
each image (n=4 per group) taken with a Nikon micro-
scope with a 20X objective lens was quantified and
divided by the total number of pixels in the field to obtain
the mean axon density per field. This value is expressed as
a percentage.

Real-time PCR

To confirm the changes in the expression levels of proin-
flammatory and anti-inflammatory genes (tumor necrosis
factor alpha (TNF-a), interleukin (IL)-6, IL-1 beta

(IL-1PB), caspase 3, and IL-10) and angiogenesis-related
genes (von Willebrand factor (vWF)) in each group, RNA
levels in spinal cord tissues were analyzed using real-time
PCR. In brief, spinal cord samples were homogenized
with a Taco™ prep bead beater system (Taco, Taichung,
Taiwan), and total RNA was isolated using an RNeasy
mini kit (Qiagen, Hilden, Germany). cDNA was synthe-
sized using random hexamer primers and SuperScript [V
reverse transcriptase (Invitrogen Life Technologies). All
primer pairs were designed using UCSC Genome
Bioinformatics and the NCBI database, and their
sequences are listed in Table 1. Real-time PCR was per-
formed using Fast SYBR Green Master Mix (Applied
Biosystems, Forster City, CA, USA) on a StepOne Real-
Time PCR system (Applied Biosystems). Each reaction
was performed at least in triplicate. The expression of
each target gene was normalized to the expression of 18S
rRNA and is expressed as the fold change relative to that
in the control group.

Functional analysis

We evaluated the degree of functional recovery after SCI
using two methods: the Basso, Beattie, and Bresnahan
(BBB) scale and the horizontal ladder test. The BBB scale,
which includes scores ranging from 0 to 21 (0=no
hindlimb movement, 21=normal hindlimb movement),
was used to assess hindlimb locomotor function.?* The
score was determined by two observers who were blinded
to the treatment groups. The rats were positioned across
from each observer, and both sides of the rats were
observed during 4min of walking in an open field arena
(cylindrical-shaped acrylic box; 90cm diameter, 15cm
high) with a smooth floor. The horizontal ladder test was
performed using a runway with acrylic walls (10cm tall,
127cm long, 8cm wide between walls, 1cm between
rungs).?? All rats were trained to walk on a horizontal lad-
der before the test. Testing was started 1week after SCI
and continued weekly. Rats that exhibited hindlimb weight
support (BBB score greater than 10) were made to walk
across the horizontal ladder three times, and the number of
footfalls for each hindpaw was analyzed and calculated as
described below.?
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Ladder score = erroneous steps involving the hindpaw /

total steps involving the hindpaw x 100 (%)

The functional analysis was performed by a blinded inves-
tigator until the end of the study.

Statistical analysis

All numeric data are reported as the means = standard
deviations (SDs), and IBM SPSS Statistics 26 (International
Business Machines Corp., Armonk, NY, USA) was used
for the analysis. The Shapiro—Wilk test was performed to
confirm the normal distribution of all quantitative histo-
logical and functional data from each group, and according
to the results, parametric or nonparametric tests were cho-
sen. The Mann—Whitney U test was performed to analyze
the differences between rheological data for RADA16 and
RADA16/SP. For histological, immunohistochemical and
quantitative PCR data, one-way analysis of variance
(ANOVA), and the Games-Howell post hoc test were used
to analyze differences among the control, RADA16 and
RADA16/SP groups. Repeated measures two-way
ANOVA (time and group) was used to compare locomotor
function parameters, including BBB scores and perfor-
mance on the ladder test, among the control and experi-
mental groups, and then the Bonferroni post hoc test was
used to analyze data from each time point. p <0.05 was
considered significant.

Results
Characteristics of RADA 6 and RADA | 6/SP

The nanostructures of the peptide hydrogels were observed
by TEM. The results confirmed that RADA16 was com-
posed of ~5—10-nm nanofibers, but RADA16-SP had more
of a random structure and did not form nanofibers (Figure
I(c) and (d)). Figure I(e) shows that the structure of
RADA16 + RADA16-SP (RADA16/SP) is mostly similar
to that of RADA16. To determine the secondary structures
of the peptide hydrogels, the CD spectra of RADA16,
RADA16-SP, and RADA16/SP were analyzed. If a peptide
formed a B-sheet structure, it showed a positive peak in the
range of 195-216 nm. According to the results (Figure 1),
RADA16 and RADA16/SP showed a peak in this range,
whereas RADA16-SP did not. RADA16-SP flowed when
the plate was tilted 45° after gelation, while RADA16 and
RADA16/SP retained their shape.

The rheological characteristics of the peptides before
and after gelation were analyzed. The storage modulus
values of RADA16 and RADAI16/SP after gelation
increased approximately 3.77 times and 2.88 times, respec-
tively, compared to the values before gelation. On the
other hand, RADA16-SP had similar storage modulus val-
ues before and after gelation. Although RADA16-SP did

not gel alone, it was confirmed that the material mixed
with RADA16 improved the physical properties of the
hydrogel through the gelation of RADA16 (Figure 1(g)).
Additionally, the complex viscosity values of RADA16
and RADAI16/SP were 58.42+3.99-26.86 = 1.03 Pa/s,
respectively, at 0.5rad/s (Figure 1(h)). These results con-
firmed that the complex viscosity of RADA16/SP was
approximately 46% of that of RADA16.

We examined the effects of encapsulation by the pep-
tide hydrogels on cell viability. Our results showed that the
percentages of cells encapsulated cells positive for calcein-
AM (green) in RADA16 or RADA16/SP were similar to
that in the control group (Figure 2(a)—(c)). The relative
percentage of viable cells was not significantly different
between the RADA16 and RADA16/SP groups and the
control group and was nearly maintained at 100% (Figure

2(d)).

RADA 1 6/SP reduced the inflammatory cell
population in the lesion cavity but did not
reduce the cavity area in the spinal cord

To examine the effects of RADA16 and RADA16/SP on
the inflammatory response after SCI, 8 weeks after treat-
ment, we evaluated the size of the lesion cavity in H&E-
stained tissue sections (Figure 3(a)). In all groups, cavities
with areas ranging from 3 to 5mm? were formed in the
injured spinal cord. The cavity size was the largest in the
RADAI16 group, with a maximum of approximately
5mm?, due to the injected hydrogel remaining in the lesion
site. There was no significant difference between the con-
trol and experimental groups with respect to the cavity
area (Figure 3(b)). However, the number of ED1+ active
microglia/macrophages infiltrating the injury site was sig-
nificantly decreased in the RADA16/SP group compared
to the control group (Figure 3(c) and (d)).

We further analyzed the angiogenic effect of RADA16
and RADA16/SP after SCI. Immunohistochemical analy-
sis of CD31 was performed 8weeks postimplantation
(Figure 4(a), (c) and (e)). The mean vessel diameter in the
lesion site was not significantly different between the
groups (Figure 4(g)), but the density and number of ves-
sels were significantly increased in the RADA16/SP group
compared to the control group (Figure 4(h) and (i)). To
analyze the proangiogenic signal, we examined VEGF
expression in the implanted spinal cord by immunohisto-
chemistry (Figure 4(b), (d) and (f)). There were no signifi-
cant differences in the mean VEGF+ vessel diameter in
the lesion epicenter between the groups (Figure 4(j)), but
the VEGF+ vessel density and number in the lesion epi-
center were significantly higher in the RADA16/SP group
than in the control group (Figure 4(k) and (1)).

Furthermore, we evaluated the effects of RADA16 and
RADA16/SP on axonal regrowth after SCI. Tissue was
stained with an antibody against the protein neurofilament
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200kDa (NF200) using DAB (Figure 5(a)—(c)). The
implanted hydrogel was slightly biodegraded after 8 weeks,
but most of it remained in the injection site. We examined
the NF200+ axons that had regenerated into the hydrogel
(Figure 5(b) and (c)). Quantitative analyses showed that

the NF200+ axon density was significantly increased in
the RADA16/SP group compared with the control group
(Figure 5(d)). The number of NF200+ axons was also sig-
nificantly increased in the RADA16/SP group compared
with the control group (Figure 5(e)). The number of
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groups on day 3 and the ratio of live cells to total stained cells (n=4 per group) (d). Yellow scale bar=50 um. *p < 0.05, one-way

ANOVA followed by the Games-Howell post hoc test.

NF200+ axons was significantly increased in the RADA16
group, and the ratio of NF200+ axons to total axons was
even higher in the RADAI16/SP group. These findings
demonstrate that RADA16/SP improves angiogenesis and
axonal regeneration after SCI.

RADA 1 6/SP altered inflammation- and
angiogenesis-related gene expression

Furthermore, we assessed changes in the expression levels
of genes involved in inflammation and angiogenesis in the
spinal cord through real-time PCR (Figure 6). The mRNA
levels of TNF-a, which is a representative proinflamma-
tory cytokine, were significantly increased in the RADA16/
SP group compared with the control group (Figure 6(a)).
However, the levels of other inflammatory cytokines,
namely, [L-6, IL-1P, and caspase 3, showed no significant
difference between the RADA16/SP and control groups,
and the IL-1 expression level was significantly increased
in the RADA16 group compared to the control group
(Figure 6(b)—(d)). The levels of representative anti-inflam-
matory cytokines, particularly IL-10, were higher in the
RADAL16/SP group compared with the control group
(Figure 6(e)). We further analyzed the expression levels of
genes associated with angiogenesis after injection of
RADA16 or RADA16/SP hydrogel into SCI rats. Our data
showed that the expression level of vWF, a major gene

involved in the angiogenesis process, was significantly
increased in the RADA16/SP group compared to the con-
trol (Figure 6(f)).

RADA 1 6/SP improved the locomotor
performance of SCI rats

We used the BBB scale, and the horizontal ladder test to
assess functional recovery 8§ weeks after injury. According
to BBB scores, functional recovery was significantly
higher in the RADA16/SP group than in the control group
Sweeks after SCI (Figure 7(a)). The number of missed
steps in the horizontal ladder test was significantly lower
in the RADA16/SP group than in the control group from
Sweeks after SCI until sacrifice (Figure 7(b)). These
results confirm that RADA16/SP improves locomotor
function after SCI.

Discussion

One of the promising strategies in the field of tissue regen-
eration is the utilization of endogenous wound-healing
mechanisms. Self-assembling peptides have several
advantages for tissue regeneration and wound healing,
such as biomimetic tunability, a low immune response, and
the ability to easily be combined various cytokines or
cells.'>? The RADA16 peptide, which has the sequence
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Figure 3. Representative images of H&E staining (a) and immunohistochemistry (b) for EDI (green) and GFAP (red) in the injured
spinal cord 8 weeks after injection of control, RADAI6 or RADAI6/SP. For low magnification images, a 10X objective was used;
white scale bar, | mm. The yellow boxes are magnified on the right side; yellow scale bar, 50 pm. The cavity of the lesion was
measured from sagittal H&E staining images (n=4 per group) (c), and the total number of ED| + inflammatory cells was counted
within the lesion epicenter (I mm2) (n=4 per group) (d). The data are expressed as the mean = SD. *p < 0.05, one-way ANOVA

followed by the Games-Howell post hoc test.

Ac-RARADADARARADADA-NH2, consists of alter-
nating hydrophilic residues and hydrophobic residues.
This oligopeptide forms stable -sheets in the presence of
salt ions and is short and simple; thus, it can be self-assem-
bled through weak interactions such as hydrogen bonds,
ionic bonds, hydrophobic interactions, and van der Waals
interactions. Through such structural changes, RADA16
peptides become nanofibers.?® RADA16-SP consists of 29
amino acids, and since substance P is not an alternating
sequence and is relatively long, it may interfere with inter-
molecular interactions. This leads to random structuring of
the peptide,?® whose spectrum is quite different from that
of RADA16 (Figure 1(f)). Therefore, in this study, we
mixed RADA16-SP with RADA16 at a vol% ratio of 3:7
and obtained very stable B-sheet structures with similar
CD spectra (Figure 1(f)). It is important to achieve suffi-
cient blood flow to the injury site by forming stable, mature
vessel networks for tissue regeneration; therefore,

long-term delivery of angiogenic factors is necessary.
Substance P conjugated to RADA16 is retained in the body
longer than soluble substance P, which plays a critical role
in forming mature vessels. In our previous work,
RADA16-SP was more effective than soluble substance P
in delivering substance P to the injury region. The sub-
stance P moiety in RADA16 = RADA16-SP was observed
to be present in the body for up to 28 days and was able to
help form mature vessels, confirming that it improved tis-
sue regeneration.?’?!In addition, since the mechanical
properties of RADA16 and RADA16+ RADAI16-SP
might be different, it cannot be excluded that these differ-
ences substantially affected the histological and functional
results.

In this study, we found that the numbers of ED1+ mac-
rophages and microglia in the lesioned spinal cord were
decreased after the application of the mixture of RADA16
and RADA16-SP but that the numbers of macrophages
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Figure 4. Spinal cord tissues immunostained with CD31 and VEGF antibodies and with DAPI from the control (a and b), RADAI16
(c and d), and RADA6/SP (e and f) groups 8 weeks after injection. A 20X objective was used to obtain these images; yellow scale
bar, 500 pm. The yellow boxes are magnified on the right side; white scale bar, 50 pm. The mean diameter (g and j), density (h and
k), and number per field (i and |) of CD3 |+ or VEGF+ vessels within the lesion epicenter were quantified in 3 20X fields (n=4 per
group). *p < 0.05, one-way ANOVA followed by the Games-Howell post hoc test.
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Figure 5. Representative NF200- and DAB-stained images of sagittal spinal cord sections from the control (a), RADAI6 (b) and
RADAI6/SP (c) groups 8 weeks after injection within the lesion cavities of contused spinal cords (outlined by black dashed lines).
Injected hydrogels are remained within the lesion cavity in RADAI6 and RADA16/SP groups (outlined by red dashed lines). A 10X
objective was used to obtain these images; black scale bar, 500 um. The black boxes are magnified on the right side; red scale bar,
50 pm. The mean density (d) and percentage of NF200+ axons within the lesion epicenter (e) were quantified in 3 20X fields (n=4
per group). *p < 0.05, one-way ANOVA followed by the Games-Howell post hoc test.

and microglia were not changed when only RADA16 was
applied (Figure 3).

The cavity size was not changed in the RADA16 or
RADAI16 +RADA16-SP group compared to the control
group (Figure 3). The lesion cavity is surrounded by glial scar
tissue, which is activated by inflammatory cytokines (e.g.
IL-6 and IL-1p) secreted by resident and infiltrating inflam-
matory cells.!? In this study, we found the levels of that pro-
inflammatory genes, including IL-6, IL-103, and caspase 3,
were not changed in the RADA16/SP group compared to the
control group. Therefore, the lack of difference in the size of
the lesion cavity between the RADA16/SP group and the
control group might have been related to the lack of change in
the expression of pro-inflammatory cytokines.

In a previous study in which the combination of
RADA16 and neural stem/progenitor cells was applied to
the contused spinal cords of rats, the application of
RADA16 without cells was found to also induce decreases

in the lesion volume and functional recovery.'* However,
the amount of RADA16 hydrogel applied in their study
was 10 times higher than that applied in our study (100 vs
10 uL, respectively), and no molecular analysis was per-
formed. In another study, a mixture of RADA16 and
SVVYGLR derived from osteopontin was applied to brain
injury model zebrafish, but no functional recovery was
observed after RADA16 application.!> Therefore, the role
of RADA16 in neuronal regeneration in the CNS might be
supportive, and the main effects of RADA16-based hydro-
gels might be determined by the added biomaterials or
cells.

The mixture of RADA16 and RADA16-SP promoted
an increase in CD31+ and VEGF+ vessel formation and
NF200+ axon regeneration within the lesion cavity
(Figures 4 and 5). Moreover, all of these changes facili-
tated functional recovery in SCI rat models (Figure 7).
Substance P is released from sensory neurons after
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Figure 6. The relative mRNA expression levels of genes associated with inflammation and angiogenesis in the control, RADA16
and RADA 6/SP groups 8weeks after injection (n=3 per group). (a) TNF-q, (b) IL-6, (c) IL-1B, (d) caspase 3, (e) IL-10, and (f) vVWF
levels. *p < 0.05, one-way ANOVA followed by the Games-Howell post hoc test.
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Figure 7. The hindlimb movement of the control, RADAI6 and RADA6/SP groups was assessed with the BBB scale (a) and
horizontal ladder test (b) over an 8-week period postinjury (n=10 in the control and RADAI6 groups, n=9 in the RADAI6/
SP group). The data are expressed as the mean = SD. *p < 0.05 between the control and RADA6/SP groups, two-way ANOVA

followed by the Bonferroni post hoc test.

damage, binds and activates the neurokinin 1 receptor and
induces inflammation, angiogenesis, tissue homeostasis,
and wound healing.!®?® Various hydrogels containing ani-
onic gelatin,'® chitosan hydrochloride,* or laponite nano-
discs® have been used to induce sustained and controlled
release of substance P, and these hydrogels have been
found to successfully support the main functions of sub-
stance P in the skin and subcutaneous layer. In this study,
RADA16 gradually secreting substance P in the injured
spinal cord, as in a previous study on limb ischemia.?’

We found that TNF-a gene expression was increased in
the RADA16/SP group compared with the control and
RADA16 groups (Figure 6(a)) and that the expression lev-
els of the inflammatory cytokines, 1L-6, IL-1f3, and

caspase 3 were not different between the RADA16/SP and
control groups (Figure 6(b)—(d)). Some previous studies
have revealed that the suppression of TNF-a. modulates
inflammation and enhances functional recovery after
SCI,*"32 whereas TNF-o. promotes axonal regeneration in
the spinal cord®® and angiogenesis in bone and dental
pulp.3*3 Other studies have reported the different roles of
TNF-a and IL-1f in CNS lesions. While TNF-a promotes
axonal regeneration or mediates neuroprotection in CNS
lesions, IL-1pB does not show these effects.’3-3¢ In addition,
TNF-a has been shown to exert a potent anti-inflamma-
tory effect in previous studies.’”*® Previous studies have
reported that endogenous substance P binds to neurokinin
type 1 receptor and increases TNF-o. gene expression.>*#
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In this study, upregulation of TNF-o gene expression due
to the sustained release of exogenous substance P up to
8 weeks after SCI might have affected functional improve-
ment, and direct or indirect anti-inflammatory reactions
might have reduced the numbers of macrophages and
microglia after SCI; however, further study is needed to
confirm these speculations.

In this study, IL-10 gene expression was significantly
increased in the RADA16/SP group (Figure 6(¢)). In previ-
ous studies, sustained delivery of exogenous IL-10 was
shown to be effective in improving functional recovery in
rodent SCI models.*'**? TL-10 is a major anti-inflammatory
cytokine that mediates macrophage polarization toward the
M2 phenotype.** Substance P also induces M2 macrophage
polarization and leads to functional improvement in rat mod-
els of spinal cord contusion injury.**> Although we did not
evaluate the distribution of M1 and M2 macrophages in the
present study, M2 macrophage polarization is closely related
to functional recovery in SCI models, as found in our previ-
ous study.?> Therefore, M2 polarization induced by sub-
stance P might affect functional recovery in SCI models.

The expression of VWF was upregulated in the
RADA16/SP group (Figure 6(f)). vWF regulates blood
vessel formation by modulating VEGF receptor signaling
and enhancing vessel maturation,* and clinically, vVWF
dysfunction causes vascular malformation and a bleeding
tendency.*’ The increase in the mRNA level of vWF is in
good agreement with the increase in the number of blood
vessels shown in Figure 4, and increased vWF mRNA
expression can explain the effect of RADA16 modified
with substance P after SCI.

Prominent functional improvements were observed in the
RADA16/SP group from Sweeks after injection until sacri-
fice (Figure 7(a) and (b)). In this study, the mixture of
RADA16 and RADA16-SP successfully promoted axonal
sprouting within the lesion cavity and increased angiogenesis,
and these changes might have contributed to the promotion of
functional recovery. Previous studies using poly(lactic-co-
glycolic acid) (PLGA) microspheres containing VEGF and
basic fibroblast growth factors* or direct application of
VEGF#* showed good functional improvement, whereas
other studies using graphene oxide scaffolds* or reduced gra-
phene oxide sheets,*® which also promote angiogenesis after
SCI, did not show any functional improvement. The use of
growth factors in the clinical field is strictly limited, and only
a small number of growth factors, such as platelet-derived
growth factor and bone morphogenic proteins, have been
approved by the US Food and Drug Administration
(FDA).>'52 RADA16 is already used in the clinical setting as
a hemostatic agent, and another self-assembling peptide,
EAK16, is also used for wound healing and tissue regenera-
tion.'>?® Therefore, RADA16 and modified versions of
RADA16 might be approved for clinical application faster
than VEGF or angiogenesis-related growth factors.

Peptide-based functional hydrogels are used to con-
struct in vitro 3D culture systems for cancer research.’*>*

In order for hydrogels to be useful for constructing in vitro
3D culture systems in various fields, their stiffness, adhe-
sion properties, and porosity need to be controllable to
allow the growth and interactions of various types of
cells.>>* The stiffness of RADA16 can be sufficiently
modified by the addition functional groups, which might
be useful for the development of ideal 3D culture systems
for the field of tissue regeneration.

In this study, we did not examine the molecular changes
in the damaged spinal cord at the acute and subacute
stages, which might be helpful for determining the effects
of RADA modified with substance P on the initial inflam-
matory process, and substance P-induced macrophage
polarization also needs to be evaluated in future studies to
confirm its contribution to functional improvement.

Conclusions

Herein, we concluded that the self-assembling peptide
RADA16 modified with substance P enhances functional
improvement in a rat model of spinal cord contusion injury
and that angiogenesis might be an important factor in pro-
moting neuronal regeneration following SCI.
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