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A B S T R A C T

Traumatic brain injury (TBI) impacts over 3.17 million Americans. Management of hemorrhage and coagulation
caused by vascular disruption after TBI is critical for the recovery of patients. Cerebrovascular pathologies play
an important role in the underlying mechanisms of TBI. The objective of this study is to evaluate a novel
regenerative medicine for the injured tissue after brain injury. We utilized a recently described synthetic growth
factor with angiogenic potential to facilitate vascular growth in situ at the injury site. Previous work has shown
how this injectable self-assembling peptide-based hydrogel (SAPH) creates a regenerative microenvironment for
neovascularization at the injury site. Supramolecular assembly allows for thixotropy; the injectable drug delivery
system provides sustained in vivo efficacy. In this study, a moderate blunt injury model was used to cause
physical vascular damage and hemorrhage. The angiogenic SAPH was then applied directly on the injured rat
brain. At day 7 post-TBI, significantly more blood vessels were observed than the sham and injury control group,
as well as activation of VEGF-receptor 2, demonstrating the robust angiogenic response elicited by the angio-
genic SAPH. Vascular markers von-Willebrand factor (vWF) and α-smooth muscle actin (α-SMA) showed a
concomitant increase with blood vessel density in response to the angiogenic SAPH. Moreover, blood brain
barrier integrity and blood coagulation were also examined as the parameters to indicate wound recovery post
TBI. Neuronal rescue examination by NeuN and myelin basic protein staining showed that the angiogenic SAPH
may provide and neuroprotective benefit in the long-term recovery.

1. Introduction

Traumatic brain injury (TBI) is typically caused by a mechanical
force or sudden acceleration-deceleration [1]. In 2013 alone, there
were about 2.8 million ER visits for TBI in the US, where 3.2–5.3 mil-
lion people live with permanent long-term disability [2]. TBI has gained
increased public awareness in recent years with a number of sports-
related concussive injuries and military-related blunt/diffuse blast in-
juries – altogether these are known to increase the risk of chronic
traumatic encephalopathy and other cognitive disorders [3].

TBI is composed of primary and secondary mechanisms, primary
injury is the physical damage to the tissue, including contusion, vas-
cular penetration, or axon stretch [4,5]. Secondary injury happens
within minutes and lasts years with consequences of neuroinflamma-
tion and neurodegeneration [6]. A major concern of TBI is the direct

damage to the cerebral vasculature in the early stages following the
insult, observed in TBI patients and recapitulated in animal models of
TBI [7–9]. At a cellular level, the cerebral vasculature contributes
several key components to the expanded neurovascular unit (eNVU),
consisting of endothelial cells, smooth muscle cells, neurons, astrocytes,
and pericytes [10]. Disruption of the vascular trees precedes ischemia,
immune cell infiltration, altered delivery of metabolites, hypoxia and
tissue death [11]. Previously, we have found that hemorrhage related
coagulation leads to the acute necrotic cell death in a blunt TBI model
[5], suggesting that agents which promote neoangiogenesis may allow
enhanced recovery from TBI.

Clinical trials in TBI to date have not specifically targeted at an-
giogenesis and neurogenesis in situ [12]. Preclinical studies in cerebral
ischemia are replete with strategies that deliver vascular endothelial
growth factor, sildenafil, atorvastatin, carbamylated erythropoietin

https://doi.org/10.1016/j.bioactmat.2020.01.005
Received 26 October 2019; Received in revised form 6 January 2020; Accepted 9 January 2020

Peer review under responsibility of KeAi Communications Co., Ltd.
∗ Corresponding author.
∗∗ Corresponding author. Department of Biomedical Engineering, Center for Injury Bio-Mechanics, Materials and Medicine, New Jersey Institute of Technology,

Newark, NJ, 07102, USA.
E-mail addresses: vak@njit.edu (V. Kumar), jhaorah@njit.edu (J. Haorah).

Bioactive Materials 5 (2020) 124–132

Available online 27 January 2020
2452-199X/ © 2020 Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/biomat
https://doi.org/10.1016/j.bioactmat.2020.01.005
https://doi.org/10.1016/j.bioactmat.2020.01.005
mailto:vak@njit.edu
mailto:jhaorah@njit.edu
https://doi.org/10.1016/j.bioactmat.2020.01.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2020.01.005&domain=pdf


(EPO) and EPO monotherapy, to name a few [13–18]. Treatments with
growth factors also contribute to eNVU remodeling, improving out-
comes after ischemic brain injury [18]. However, these systemic or
local treatments are cleared by the body in a matter of minutes to hours
and do not have durable localized effect. Further, few strategies report
the generation of a supportive in situ microenvironment for wound
healing [19].

Self-assembling peptide hydrogels (SAPH) present a facile method
to present potent biological signals in a localized tissue microenviron-
ment. SAPH are composed of chemically synthesized oligo peptides
(typically 5-50 amino acids long), with multiple domains [20–23]. The
principle self-assembling domain (that give SAPH their namesake)
consists of polar amino acid residues flanking a midblock of alternating
hydrophilic and hydrophobic amino acid residues [24]. SAPH can be
engineered to contain degradation sequences, such as MMP-2 suscep-
tible -LRG- domains in the midblock to hasten in vivo biodegradation
[25]. Additionally, SAPH can promote cell specific signaling when the
termini are functionalized with short peptide mimics of growth factors
[26]. Noteworthy is a SAPH that has an appended mimic of vascular
endothelial growth factor (VEGF-165), QK [25,27]. This angiogenic
SAPH, termed SLanc, assembles into fibers displaying the QK epitope in
very high density (Fig. 1A–C) [21,25,27–32]. Owing to non-covalent
interactions, these peptides rapidly assemble and dissemble upon
needle shear.

From our previous studies, the current injectable SAPH has been
examined in vitro assays for cytocompatibility, angiogenesis, recovery
from hind limb ischemia, and management of a number of ischemic
tissue diseases [21,27,28]. In the current study, we assess the angio-
genic SAPH termed SLanc in the injured rat brain, for its angiogenic and
neuroprotective effect in the central nervous system. A lateral fluid
percussion injury model (FPI) was used to induce a moderate traumatic
brain injury, with physical vascular disruption and tissue deformation
[33]. SLanc peptide hydrogels were injected into the injury site im-
mediately after FPI, and bio-distribution along with histological re-
covery (angiogenesis and neuronal survivability) were evaluated at day
7 and day 14 post injury.

2. Materials and methods

2.1. Synthesis and characterization of peptides

SLanc was prepared as previously described [25,27]. Briefly, SLanc
was synthesized by standard Fmoc solid-phase peptide synthesis pro-
tocol and purified through dialysis against DI water for 2 days (see
Table 1 for peptide sequences). The dialyzed peptide was frozen, lyo-
philized and stored in the powder form at −80 °C until formulation.
The peptide hydrogel was prepared initially at a concentration of
20 mg/ml (2 w. %) in sterile 298 mM sucrose and pH adjusted to 7. To
obtain the final concentration of 10 mg/ml, the same volume of sterile
1X HBSS as sucrose was added. This formulation was easily injectable
with a 25G needle.

2.2. Cytocompatibility of SLanc on primary neurons in vitro

1% (w/v) SLanc was placed into the wells of a 96-well plate (100
μL/well) and incubated at 37 °C for 2 h to gel. Complete neurobasal
medium containing 2% Gibco B27 supplement with antioxidants (50X),
1% penicillin-streptomycin, and 0.2% glutamate was added to the well
and incubated at 37 °C for 2 h to condition the SLanc. Primary neuronal
cells were obtained by neuronal isolation. Briefly, cortices were ex-
tracted from the embryos of a Sprague Dawley timed pregnant rat
(Charles River) at day 16 gestation. Cortices were then digested in
trypsin-EDTA (0.25%) at 37 °C for 30 min and agitated with a pipette to
release cells. Primary cortical neurons were separated by straining with
70 μm and 40 μm pore filters. Neurons were seeded at a density of
50,000 cells/cm2 on top of the SLanc and supplemented with complete

neurobasal medium. Cell morphology and neurite growth was observed
over time by microscopy.

2.3. Animal handling

Adult male and pregnant female Sprague-Dawley or Wistar rats
were purchased from Charles River Laboratory (Wilmington, MA). The
animals were housed with free access to food and water in a 12 h dark-
light cycle at room temperature. The protocols were approved by the
NJIT-Rutgers-Newark Institutional Animal Care and Use Committee,
and followed the guidelines in the Guide for the Care and Use of
Laboratory Animals.

2.4. Subcutaneous implantation

1% (w/v) SLanc was injected within the dorsal subcutaneous space
of 200–225 g Wistar rats to evaluate normo-physiological response in
vivo. 200 μL of SLanc was injected (n = 3), tissue was retrieved at day
7, and prepared for immunofluorescence staining.

2.5. Fluid percussion injury (FPI)

Sprague Dawley male rats (250-300 g; 8–11 weeks old) were ran-
domly selected and subjected to lateral FPI for a moderate TBI [34].
Sham-injured cases served as control. 5 rats were used for each group
(Sham, FPI+PBS, FPI+SLanc). All rats were anesthetized with mixture
of ketamine (100 mg/kg), and xylazine (10 mg/kg) was administered
via intraperitoneal injection and placed in a stereotaxic frame. Cra-
niotomy (3.0 mm) was performed over the left parietal skull, 2.5 mm
lateral from the midline and 3.0 mm caudal from bregma, with the dura
intact. A Luer-lock hub was fitted to the craniotomy window and se-
cured with cyanoacrylate gel on the skull. The hub was sealed by ap-
plication of methyl-methacrylate (Henry Schein, Melville, NY, USA).
Once the methyl methacrylate was hardened, the Luer-lock was filled
with sterile saline. One day after surgery, animals were randomly as-
signed to receive either sham or FPI. Sham animals were subjected to all
surgical procedures except the induction of the injury. For induction of
the FPI, the pendulum hammer was released onto the piston of the fluid
filled cylinder to induce the injury. The recorded apnea and righting
reflex time after a moderate FPI (1.6–1.8 atm.) were 10–12 s and 6-
8 min, respectively.

2.6. Therapeutic intervention and bio-distribution of F-SLanc

After FPI and anesthesia, the rats were placed in a stereotaxic frame
to be treated with 5 μl SLanc peptide hydrogel, Fluorescent-tagged
SLanc peptide, or PBS as injury control. The location of injection ac-
cording to the stereotaxic coordinates was: AP = −3, L = −2.5 from
Bregma, dorsoventral (DV) = 0.5 mm. Then the injury hub was re-
moved, and the head was sutured. The rats recovered on a heating pad
and then they were returned to their home cage.

2.7. Intracisterna CSF tracer infusion

Fluorescent FITC tracer (Dextran, Fluorescein, 2,000,000 MW,
(Thermo Fisher) reconstituted in artificial CSF (5 mg/ml) was infused
into anesthetized rats via intracisterna magna [35], 2 h before sacrifice.
This established protocol was used to track the vascular damage as this
large molecule tracer is distributed along the perivascular space [5].
Ten microliters of the FITC tracer was infused into anesthetized rats by
a 30-gauge needle at a rate of 1 μl/min for 10 min with a syringe pump
(Harvard Apparatus).

2.8. Tissue processing

3, 7, 14 days after FPI/FPI + treatment, the rats were euthanized
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via slow transcardial perfusion with ice cold phosphate buffered saline
(PBS), followed by ice cold 4% paraformaldehyde in PBS. Brain were
immersed in 4% paraformaldehyde overnight, followed by cryopro-
tection in 30% sucrose in PBS. 20 μm thick coronal sections were

processed from each sample and stored at −80 °C for further analysis.

Fig. 1. Angiogenic peptides display in vitro compatibility and have been used to stimulate angiogenesis in the brain after injury. (A-C) Injectable hydrogels
consist of self-assembled peptides – sequence and assembly schematic (adapted from Kumar et al. [25], copyright 2015 ACS ®). Of critical importance is cyto-
compatibility with primary rat cortex neurons cultures (D), arrows indicate neuronal growth; cytocompatibility with 1 w% SLanc is demonstrated over a 14 day
period with primary neurons in culture that show minimal neuronal loss, with concomitant neurite growth, scale bar 30 μm. (E) Fluid percussion injury on the
exposed dura (Right image of Nissl stained whole brain section). Hydrogels assemble into an ECM-mimetic niche for cellular infiltration and neo-angiogenesis (Left
image).
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2.9. Immunofluorescence and microscopy

Brain tissue sections were washed with PBS and fixed in acetone-
methanol (1:1 volumetric ratio) for 10 min at −20 °C for immuno-
fluorescence staining. Fixed slides were then blocked with 3% bovine
serum albumin at 25 °C for 1 h in the presence of 0.1% Triton X- 100.
Slides were incubated with the primary antibodies shown in Table 2
overnight at 4 °C for probing the respective antigens. Sample slides
were washed with PBS and then incubated with Alexa Fluor 488/594
conjugated with anti-mouse/goat/rabbit/sheep immunoglobulin-G
(IgG) for 1 h. After washing with PBS, sample slides were mounted on
immunomount containing DAPI (Thermo Fisher). Whole brain tissue
sections images were scanned (20x magnification) by Leica Aperio
Versa 200 digital pathology grade slide scanner, and detailed regional
fluorescence images were captured by a fluorescence microscope (IX81
DSO; Olympus, Somerset, NJ).

2.10. Western blot

Fresh brain tissue was homogenized with CellLytic-M (Sigma) lysis
buffer (500 μL buffer for every 10 mg of tissue) on ice using sonication.
After 30 min incubation on ice, this homogenization was centrifuged at
13,000 rpm for 20 min at 4 °C and supernatant was collected and as-
sessed for protein concentration by the bicinchoninic acid (BCA)
method (Thermo Fisher). Protein was loaded 20 μg/lane in 4–15% SDS-
PAGE gradient gels (Thermo Fisher), transferred on the PVDF mem-
branes, blocked with 5% milk, incubated overnight with primary an-
tibodies at 4 °C, washed, and incubated with respective horse-radish
peroxidase conjugated secondary antibodies (1:10000 dilution) for
1 h at room temperature. Immunoreactive bands were detected by West
Pico chemiluminescence substrate (Thermo Fisher). Data was quanti-
fied as densitometry intensity using ImageJ software.

2.11. Statistical analysis

All results are expressed as the mean ± SEM. Statistical analysis of
the data was performed using GraphPad Prism 7 (Sorrento Valley, CA,
USA). Comparisons between samples were performed by one-way
ANOVA with Tukey's multiple comparison tests. Differences were con-
sidered significant at p < 0.05.

3. Results

3.1. Angiogenic peptide hydrogel properties

As previously established, SLanc was synthesized via conventional

Fmoc solid phase peptide synthesis and purified by dialysis and HPLC.
Peptides, in aqueous buffer, undergo self-assembly into a nanofibrous
hydrogel through simultaneous hydrogen bond formation and hydro-
phobic packing (Fig. 1A–C). We have assessed the self-assembly, cyto-
compatibility, and angiogenic potential of SLanc in vitro and in vivo
(subcutaneous and rodent hind limb ischemia model) [25,27,29]. From
our previous cytocompatibility assays in-vitro, SLanc increased cell ad-
hesion of human mesenchymal stem cells and promoted wound healing
in endothelial scratch assays [25]. In this study, we critically analyzed
the efficacy of this facile strategy in wound recovery subsequent to
traumatic brain injury (TBI). Germane to this work, cytocompatibility
of SLanc with primary rat neurons showed neurite outgrowth was found
in SLanc hydrogel, Fig. 1D. Subcutaneous implantation of SLanc was
performed to investigate angiogenesis (Fig. S1), prior to evaluation in
the rat TBI model, Fig. 1E. Immunostaining images for endothelial cells
and smooth muscle cells showed a robust angiogenic effect in sub-
cutaneous at day 7 and day 14 post treatment (Fig. S1. Importantly,
cytotoxicity of the hydrogels was not noted in any of the cultures over
the range of concentrations tested: 0.1w% solutions - 1w% hydrogels
for a range of cells types in these and previous studies [25,27].

3.2. Angiogenic hydrogels increase blood vessel density in the injured brain

To examine the bio-distribution of the peptide hydrogel in situ at
the impact site, fluorescently tagged SLanc was injected intracranially
directly after FPI in the injury site. The peptide hydrogel exhibited
thixotropic shear thinning and near instantaneous recovery into a hy-
drogel in situ after injection [25]. The bulk of the gel remained loca-
lized up to 1 week post injection (Fig. 2A). At day 14 post treatment, the
implanted hydrogel showed modest biodegradation as expected, and
with some distribution in the cortex, hippocampus, partially in the
ventricles. The significance of using the peptide hydrogel is to create a
depot for persistent drug-epitope presentation in the injury site for
therapeutic angiogenesis, with subsequent degradation. SLanc persis-
tence in CNS to 14 days is comparable to subcutaneous and in-
tramuscular persistence previously reported [27].

Post-TBI, Hematoxylin & Eosin (H&E) stained sections clearly
showed cellular infiltration and angiogenesis (Fig. 2B–E), in SLanc
treated injuries (Fig. 2D) vs. the injury-control brain (Fig. 2C) and sham
(Fig. 2B). Vasospasm was observed in injury control with enlarged
perivascular space in Fig. 2C. At 7 days post FPI, the enlarged figure
captured in proximity of the hydrogel implant (Fig. 2E) showed clear
angiogenesis and increased cell infiltration, indicating vascular re-
generation by angiogenic SAPH.

3.3. Angiogenesis is promoted by SAPH treatment post TBI

VEGF-receptor 2 is expected to be activated for self-recovery in the
injured brain, and it plays an important role in angiogenesis and neu-
roprotection in brain injuries [36–39]. Thus the mechanistic under-
standing of the angiogenic process, as well as the identification of new
blood vessels were evaluated by VEGF-Receptor 2 expression (Fig. 3). It
was found here that SLanc treatment resulted in significantly higher
VEGFR2 expression at day 7 post injury (Fig. 3C), compared with injury

Table 1
Primary sequences of peptides used in this study.

Name Sequence

SLanc K(SL)3RG(SL)3K–G–KLTWQELYQLKYKGI
F-SLanc Carboxyfluorescein-K(SL)3RG(SL)3K–G–KLTWQELYQLKYKGI

Table 2
Sources, catalogue numbers, and dilutions factors for antibodies used for immunofluorescence staining and western blotting analyses.

Antibody Marker for Company Catalogue # Dilution for IF Dilution for WB

Rabbit anti-MBP Myelin basic protein Abcam Ab40390 1:150 –
Mouse anti-NeuN Neurons Abcam Ab104224 1:200 –
Rabbit anti-Von Willebrand Factor Endothelial cells Abcam Ab6994 1:200 1:1000
Mouse anti-alpha smooth muscle actin Smooth muscle cells Abcam Ab7817 1:200 –
Goat VEGF-Receptor 2 VEGF-R2 Abcam Ab10972 1:200 1:1000
Rabbit CD42d Blood platelets Abcam Ab65017 – 1:1000
Rabbit ZO-1 Tight junction protein Abcam Ab96587 1:200 1:1000
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control and sham brain (Fig. 3A–B). Corresponding to the increased
number of blood vessels in histology staining (Fig. 2E), positive im-
munoactivity was specifically observed in the vascular structures
(Fig. 3D). By western blot quantification, we also noted that VEGFR2
was upregulated in the FPI injured brain as a native response to repair
the damaged vasculature, however our angiogenic peptide upregulated
VEGFR2 significantly to promote the angiogenesis than the native
wound healing process (Fig. 3E).

Critical to the formation of vasculature is their nascency/maturity,
permeability and ability to therapeutically revascularize ischemic
tissue. This was observed by staining for nascent capillary based en-
dothelial cells using von-Willebrand factor (vWF), and mature arter-
iole/venules marker smooth muscle cell marker (α-smooth muscle
actin), Fig. 4. An increased number of endothelial cells were observed
in and around SLanc hydrogel implants in the FPI injured brain at day 7

post TBI (Fig. 4A–B). Western blots of vWF showed significantly higher
recruitment of endothelial cells in FPI+SLanc brain, compared to in-
jury control and sham (Fig. 4C). Compared to sham, FPI+PBS and FPI
+SLanc in Fig. 4D, we observed significantly more disruption of the
vascular structure in injury control. SLanc treatment resulted in sig-
nificantly more endothelial cell infiltration with smooth muscle cell
linings, suggesting the development of mature stabilized vessels.

3.4. Angiogenic SAPH is potentially neuroprotective and reduces axonal
damage

It was hypothesized that therapeutic angiogenesis promoted by
SLanc treatment may translate to improved neuronal survivability in
the injured brain. From previous studies, it was found that coagulation
is significantly increased and accumulated along vasculature after FPI,

Fig. 2. Self-assembly of peptides and promotion of angiogenesis in the cranial tissue. (A) Fluorescently tagged SLanc (1:10 ratio with untagged SLanc) showed
localization and as an injected bolus. Representative whole brain sections from different rats at 4hrs–14 days shows persistence of SLanc hydrogels in the brain, scale
bar 3 mm. (B-E) Promotion of material driven angiogenesis in cranial tissue was first observed using H&E staining of whole rat brain sections at day 7 post TBI; sham
(B) or injured control (C) did not show significant angiogenesis. Black arrow in C showed vasospasm in injured brain without treatment. The SLanc treated brain (D)
showed a significant increase of new blood vessels (black arrows in D) in the proximity of hydrogel implants (dotted-yellow line indicates the implanted hydrogel
interface extending to the bottom left), enlarged figure (E) clearly displayed the new blood vessels structure in (D). Scale bar for B-D is 200 μm, for E is 50 μm.

Fig. 3. Upregulation of angiogenic receptors. A canonical marker of upregulated angiogenesis was studied by VEGF-receptor 2 expression at day 7 post FPI/
treatment. We noted a significantly higher expression of VEGFR2 in the SLanc treated FPI brain. Immunostaining of VEGFR2 showed a small increase in FPI without
treatment (B), significant expression after SLanc treatment (C), and expressed in vascular structures in the vicinity of the implant (D), compared with sham (A), scale
bar 50 μm. (E) Western blot quantified VEGFR2 expression in the FPI+SLanc brain was significantly higher compared to FPI injured control and sham control. One-
way ANOVA with Tukey's multiple analysis was used. Values are mean ± SEM (n = 5), **p < 0.01. T = 7 days post FPI/treatment.
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and leads to thrombotic necrosis [5]. Here, a large molecule FITC-
dextran tracer (2000 kDa) was injected into cerebrospinal fluid (CSF)
(distributed along vasculature) to track the vascular damage as a
parameter for injury recovery. Co-localization of the FITC tracer with
tight junction protein Zonula occludens (ZO-1) further indicated blood
brain barrier (BBB) recovery as a parameter of functional recovery. The
bio-distribution of the FITC tracer was blocked along the impaired BBB
in FPI injured brain at day 7 post injury (Fig. 5B), compared with the
intact BBB and well-distributed tracer in sham animals. Fig. 5C showed
that SLanc repaired the blood brain barrier (BBB) and recovered the
distribution of tracer in the CSF pathway. Moreover, coagulation in the
injured brain was found to be significantly reduced by the angiogenic
peptide SLanc after 7 days post FPI, in western blot quantification
(Fig. 5D).

Neuronal survivability was expected to be improved based on the
reduced coagulation and repaired BBB. Thus after 14 days post FPI/
treatment, anti-NeuN (a neuronal marker) was used for the neuronal
rescue examination. Representative immunofluorescence staining and
cell counting showed significant neuronal loss in the FPI injured brain

(Fig. 6B) compared with sham (Fig. 6A). SLanc treatments seemed to
ameliorate neuronal loss at the injury site (Fig. 6C). The positive NeuN
cell counting validated the neuronal rescue quantitatively (Fig. 6D).
Myelin basic protein (MBP) was also used to label myelinated axons at
day 14 post FPI/treatment. The reduced immunodensity of MBP in FPI
brain validated the axonal impairment correlating with neuronal loss,
but SLanc treatment ameliorated the axonal unmyelination (Fig. 6E–G).
These results revealed that the SLanc peptide hydrogel is neuropro-
tective for neurons in grey matter and axonal branches in the white
matter.

4. Discussion

SAPH have been utilized in a number of preclinical applications of
the past decade [21–23,27–31,40–42]. Angiogenic SAPH have pre-
viously demonstrated angiogenic potential on human endothelial cells,
promote rapid vascularization of subcutaneous bolus implants, and
rapid recovery in a hind limb ischemia model [21,25,27]. The injured
brain presents added complexity from eNVU disruption due to both

Fig. 4. Higher expression of vascular markers in the SLanc treated injury brain sections. We noted increased endothelial cells adhesion and blood vessels
regeneration in SLanc treated FPI brains. (A) Representative immunofluorescence staining of von-Willebrand factor in the whole brain section post FPI and SLanc
treatment. Endothelial cells adhesion was observed in the hydrogel implant (B), comparing with contralateral site. (C) Western blot shows significant increased vWF
in SLanc treated FPI brain at 7 days post FPI. One-way ANOVA with Tukey's multiple analysis was used, values are mean ± SEM (n = 5), *p < 0.05. (D) Co-
localization of vWF and α-smooth muscle actin further indicates angiogenesis in FPI+SLanc brain section, compared with sham and FPI brain. Scale bar 50 μm.
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vasculature damage and neuronal loss. Further driving the urgency of
therapeutic developments is the lack of clinical modalities that have
succeeded [43]. An often understudied aspect of TBI treatment is cer-
ebrovascular repair and angiogenesis; critical milestones have focused
on whole growth factor therapy, vasodilators, statins and promotors of
red blood cell production [38,44–46]. In current study, we used a self-
assembling peptide based injectable hydrogel (SLanc) containing a
VEGF-165 mimic that can promote angiogenesis. The hydrogel can be
injected into injury site post FPI and provide a consistent healing mi-
croenvironment for regeneration of the eNVU. Our results suggest that
persistent presentation of a VEGF mimic through the use of SAPH in a
hydrogel implant can guide axonal projections and angiogenesis after
injury of the native brain ECM. Histologic staining and immunostaining
of endothelium and smooth muscle indicate a robust angiogenic re-
sponse induced by the angiogenic SAPH. Further, the underlying

mechanism was found to be the activation and upregulation of VEGF-
receptor 2. This was observed concomitant to a significant increase of
endothelial cells, smooth muscle cells and VEGF-R2. Importantly, it has
been established that VEGF-R2 drives direct activation of neuronal in-
tracellular signaling pathway for neuroprotective actions, according to
PI3-K/Akt pathway, as well as MAPK ERK kinase/extracellular signal-
regulated kinase pathway [47]. Moreover, in an ischemia animal
model, overexpression of VEGF was shown to reduce infarct volume by
promoting neurogenesis and neuromigration [48]. These supporting
studies provides a potential explanation for angiogenic SAPH to have
neuroprotective efficacy.

Fluid percussion injury (FPI) is a well-established TBI injury model,
with a mixed injury type including focal and diffuse injury from the
impact site. Axonal injury was commonly reported in clinical TBI re-
ports and experimental models [49]. It was demonstrated that targeting

Fig. 5. Angiogenic peptide hydrogel repairs blood
brain barrier and reduces coagulation. (A) Co-loca-
lization of FITC tracer along vasculature (green) with
tight junction protein (ZO-1, red) in sham, FPI and
FPI+SLanc brain sections. Scale bar is 40 μm,
T = 7days post FPI. (B) Western blot quantification
results show that coagulation persisted after 7 days
post-FPI, with angiogenic treatment SLanc; blood
platelets (CD42d) was significantly reduced com-
pared with FPI group. One-way ANOVA with Tukey's
multiple analysis was used, values are mean ± SEM
(n = 5), *p < 0.05.

Fig. 6. Angiogenic peptide is potentially neuroprotective. NeuN and Myelin basic protein (MBP) were used to investigate neuronal survival and axons at 14 days
post FPI. (A-C) Immunostaining and Neuron cell counting (D) show SLanc is neuroprotective. Scale bar 50 μm (E-G) MBP staining indicates the Angiogenic peptide
could also promote axonal branches in the injured brain. One-way ANOVA with Tukey's multiple analysis was used, values are mean ± SEM (n = 6), *p < 0.05.
Scale bar 60 μm.
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angiogenesis can also induce neurogenesis and thus improve cognitive
impairment [37,45,46]. Here, we found that angiogenesis was activated
by SLanc SAPH at 7 days post injury and treatment, followed with the
clearance of coagulation, repair of blood brain barrier and CSF pathway
recovery. These all lead to the amelioration of neuronal loss based on
the previously established injury mechanisms [5]. We further examined
the neuronal survivability and myelinated axonal recovery at day 14
post injury and treatment. We noted that along with repair of neuro-
vascular unit, more neurons survived compared to injury control. Fur-
ther, neurite outgrowth was observed surrounding the angiogenic
SAPH, indicating a neuroprotective effect by SLanc in long-term.

Here, we argue that persistent and prolonged localized presentation
of angiogenic moieties can help preserve neural function, and po-
tentiate healing. While a number of angiogenic drugs have been used
similarly (such as sildenafil, atorvastatin and EPO with a short half-life
in vivo), their transient effect does not lead to functional/durable ben-
efit. Conversely, too much, or persistent angiogenesis after the wound
has healed may lead to cerebral edema or potential hemorrhage. While
the vessels that SLanc promotes are lined by endothelial cells and
smooth muscle cells (suggesting their maturity and stability), controlled
and tailorable angiogenesis (on-demand) would be the preferred
modus. To this end, future studies will investigate varying concentra-
tions in CNS (and potentially the peptide sequence) to understand the
temporal and functional benefit in restoring cerebral vasculature, and
how this may relate to behavioral outcomes post TBI.

5. Conclusions and future directions

In this study, we investigated an angiogenic SAPH in the injured
brain tissue. The injectable self-assembling peptide hydrogel (SAPH)
with a vascular endothelial growth factor mimic provides persistent
angiogenic signal in the injury site, while providing a matrix for tissue
infiltration and regeneration. Angiogenesis was further validated by
immunohistochemistry and biomarkers for vasculature and VEGF-re-
ceptor 2. Angiogenic SAPH was shown to activate angiogenesis by in-
ducing endothelial cells adhesion and upregulation of VEGF-R2.
Neuroprotection and axonal outgrowth were observed in and sur-
rounding angiogenic SAPH, indicating repair of neurovascular unit is
associated with enhanced neuronal survivability. This study establishes
the preclinical potential of SAPH for use in the injured brain. Longer-
term studies that track functional recovery and behavioral outcomes in
larger animal models will definitely demonstrate efficacy prior to
human translation. Overall, angiogenic SAPH may create regenerative
environments for neuroprotection, potential neuronal regeneration and
a variety of other (neuro) ischemic tissue diseases.
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