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Abstract

Multidomain peptide (MDP) hydrogels are a class of self-assembling materials that have been
shown to elicit beneficial responses for soft tissue regeneration. However, their capacity to
promote nervous system regeneration remains unknown. The peripheral nervous system (PNS)
substantially recovers after injury, partly due to the abundance of extracellular matrix (ECM)
components in its basal lamina. However, severe peripheral nerve injuries that significantly
damage the ECM continue to be a major clinical challenge as they occur at a high rate and can be
extremely detrimental to patients’ quality of life. In this study, a panel of eight MDPs were
designed to contain various motifs mimicking extracellular matrix components and growth factors
and successfully self-assembled into injectable, nanofibrous hydrogels. Using an in vitro screening
system, various lysine based MDPs were found to enhance neurite outgrowth. To test their
capacity to promote nerve regeneration /n vivo, rat sciatic nerve crush injury was performed with
MDP hydrogels injected directly into the injury sites. MDP hydrogels were found to enhance
macrophage recruitment to the injury site and degrade efficiently over time. Rats that were injected
with the MDP hydrogel K, and laminin motif-containing MDPs K,-11IKDI and K»-IKVAV were
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found to have significantly accelerated functional recovery and remyelination compared to those
injected with HBSS or other MDPs. These results demonstrate that MDPs enhance neurite
outgrowth and promote a multicellular pro-regenerative response in peripheral nerve injury. This
study provides important insights into the potential of MDPs as biomaterials for nerve
regeneration and other clinical applications.

Keywords

Peptide hydrogel; Peripheral Nerve Regeneration; Sciatic nerve crush injury; bioactive materials;
peptide mimics

1. Introduction

Peptide-based materials have shown great promise for biomedical applications because of
their capacity to mimic the structure and complexity of the extracellular matrix (ECM),
which is usually damaged or lost in injury and disease [1]. These materials can be designed
to form hydrogels - crosslinked fibrous networks with high water content - that provide
physical similarity to tissues [2]. Furthermore, hydrogels can be designed to be fully
composed of natural amino acids, providing inherent biocompatibility, structural diversity,
tunable mechanical properties, degradation without adverse effects, and a platform for the
incorporation of bioactive cues [3-8]. In this category are the self-assembling multidomain
peptide (MDP) hydrogels, which rely on the molecular assembly of amphiphilic peptides
into nanofibers. MDPs are composed of a core of alternating hydrophilic and hydrophobic
residues which drive assembly and flanking domains which mediate or control assembly. In
aqueous solutions, the amphiphilic core drives aggregation by hydrophobic packing and
hydrogen bonding along the peptide backbone, while the N- and C-terminal domains
controls self-assembly with ion-ion repulsion or steric constraints [9]. The most common
MDP design utilizes ionic residues such as lysine, arginine or glutamate to modulate
molecular assembly and hydrogel formation in response to pH changes or addition of
multivalent ions [5,9,10]. However, non-ionic neutral MDP hydrogels are also formed when
steric interactions are used to regulate self-assembly and hydrogelation of these peptides
[11]. The MDP family provides a diversity of scaffolds that can be designed or used for
different bioactivity or specific applications, such as small-molecule and protein delivery,
cell support, or tissue engineering [12-16].

Previous work with the lysine-based MDP, K5(SL)gK> (herein referred as K,), demonstrated
that this injectable material evokes favorable host responses, which are beneficial for wound
healing and tissue regeneration [16-18]. When implanted subcutaneously in an animal
model, the hydrogel is rapidly infiltrated by immune cells and elicits acute inflammation that
resolves over time. This inflammatory response is characterized by the presence of
macrophages, which remodel the material and secrete growth factors, such as vascular
endothelial growth factor (VEGF) and nerve growth factor (3-NGF). As a result, the K,
MDP hydrogel induces blood vessel formation within the implant and surrounding tissue
[17]. These observations demonstrate the potential of K, hydrogel as a biomaterial for
promoting soft tissue regeneration. In particular, we are interested in evaluating the
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capability of Ko MDP to enhance nerve regeneration in the peripheral nervous system
(PNS). Injuries in the PNS occur at a high frequency, and despite its robust regenerative
capacity, severe peripheral nerve injuries still lead to sensory or motor deficits affecting
overall quality of life [19]. The ECM components that comprise the basal lamina are known
to be crucial for the regenerative response [20]; thus, materials that mimic healthy ECM
have emerged as potentially powerful strategies to improve clinical outcomes after injury

[1].

The regenerative response after injury to the PNS occurs in discrete stages and requires the
orchestrated activity of multiple cell types. After a major injury event, such as nerve crush or
neurotmesis (complete severing of the nerve), the distal portion of the peripheral nerve
undergoes a process called Wallerian degeneration. Initially, detached axon segments
undergo catastrophic disintegration of the cytoskeleton into cellular debris [21,22]. Soon
after, Schwann cells start their dedifferentiation, degrading their own myelin and
phagocytosing extracellular debris [23-25]. These Schwann cells secrete cytokines and
chemokines, recruiting immune cells like macrophages and monocytes into the injury site,
which assume a primary role in debris removal and growth factor production [26,27]. During
this phase, Schwann cells proliferate and secrete ECM molecules and trophic factors which
promote axon regeneration [27,28]. This process, along with the presence of an ECM basal
lamina, creates a permissive environment for axonal outgrowth from the proximal side of the
injury, reinnervation, and remyelination [29]. Owing to the complexity of this process,
strategies for promoting peripheral nerve regeneration must promote favorable responses
from multiple cell types, which can then result in overall recovery.

We have previously determined that K5 elicits many of the factors required for peripheral
nerve regeneration, including macrophage infiltration, cell proliferation, and production of
neurotrophic factors, highlighting its potential bioactivity in this context. Furthermore, the
high-water content, nanofibrous structure, and biocompatibility of MDP hydrogels make
them promising materials to mimic healthy ECM, promoting recovery. Using this rationale,
we utilized Ky as a base peptide scaffold, which by itself would elicit favorable responses,
and incorporated bioactive peptide motifs which we hypothesized would elicit additional
favorable responses with PNS cells. In this work we evaluated the regenerative properties of
K, and Ky-based peptide hydrogels with additional motifs incorporated into the peptide
sequence (Figure 1 and Table 1). The peptide motifs are derived from ECM proteins and
growth factors and were found to mimic their bioactivity by enhancing neurite outgrowth,
facilitating cell adhesion and material degradation [30-37]. For instance, the peptide motifs
RNIAEIIKDI, IKVAV, IIKDI, and KDI are derived from Laminin, a major component of the
surrounding nerves which has an active role in glial cell support [30]. The short peptide
sequence VFDNFVLK mimics the activity of Tenascin C, a protein that has a key role in
nerve development and regeneration [35,36,38,39]. We hypothesize that these functionalized
peptides will improve nerve regeneration and provide an additional beneficial effect over the
favorable inflammatory response provoked by the K, base sequence (Figure 1). As for
comparisons, we utilized Matrigel, a commonly used animal-derived ECM matrix [40-42],
and a non-ionic MDP (Hyps(SL)gHyps, herein called Os), which is not known to elicit pro-
inflammatory responses [11]. The goal of this project is to find the peptide hydrogel that
most effectively accelerates the regeneration of sciatic nerve after a crush injury. To
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accomplish this, first we performed an /7 vitro screening method to test the neurite-
promoting activity of each peptide, followed by MDP administration in a rat sciatic nerve
crush injury model to test the most promising materials from the initial screen. This study
will provide important insight into the potential of MDPs as biomaterials for nerve
regeneration and lead to the development of better biomaterials for clinical applications.

2. Materials and Methods

2.1. Material preparation and characterization

2.1.1. Peptide synthesis—All peptides (Table 1 and Table S1) were synthesized using
a standard FMOC based solid-phase peptide synthesis. Detailed experimental method is
available in the supporting information. Peptides were dialyzed against deionized Milli-Q
water for 4-5 days in 100-500 Da MWCO dialysis tubing (Spectra/Por, Spectrum
Laboratories Inc. Rancho Dominguez, CA), and pH-adjusted to 7—7.4. Peptide solutions
were sterile filtered with a 0.2 pm polystyrene filter, frozen, lyophilized, and stored at
—-20°C. Peptide mass was confirmed by mass spectroscopy using an Autoflex MALDI-TOF
MS (Figure S1) (Bruker Instruments, Billerica, MA).

2.1.2. Secondary structure characterization

2.1.2.1. Circular Dichroism (CD) Spectroscopy: Peptide solutions of 0.1% for K,-KDI
and Ky-TenC, and 1% for K»-IKVAV were prepared in 149 mM sucrose: 0.5X Hank’s
Balanced Salt Solution. For Ko-1IKDI a 2% by weight solution was prepared in 298 mM
sucrose solution. CD spectra acquisition was performed in a CD Jasco J-810
spectropolarimeter (Jasco, Inc. Easton, MD) using a 0.1 and 0.01 cm quartz cuvette. Data
were collected at room temperature from 180 to 250 nm at a speed of 50 nm/min and a 0.1
nm data pitch. The final CD spectra is an average of five scans.

2.1.2.2. Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR)
Spectroscopy: Peptide samples used for CD spectroscopy were dried under nitrogen flow
on a golden gate diamond window of an ATR stage. IR spectra were collected using a Jasco
FT/IR-660 plus spectrometer (Jasco Inc., Easton, MD) at a 1 cm™! resolution with an
accumulation of 32 scans. The background was subtracted from the resulting spectra.

2.1.3. Peptide hydrogelation—Peptides were dissolved in 298 mM sucrose solution in
Milli-Q water to obtain a 2% by weight (20 mg/mL) concentration. Peptide solutions were
then diluted to 1% by weight with 1X Hank’s Balanced Salt Solution (HBSS) to induce
hydrogelation. The final concentration for most of the peptides was 10 mg/mL peptide in
149 mM sucrose and 0.5X HBSS, except for K,-11KDI, which only forms a hydrogel at 2%
by weight in 298 mM sucrose solution. In the case of Os, the 1% by weight peptide solution
in 149mM sucrose:0.5X HBSS was ultrasonicated with a 2 mm microprobe with 10 pulses
and 1 min relaxation time as described in previous work. [11] Matrigel (Corning, Bedford
MA) was allowed to thaw on ice prior to injection and gelation occurred in situ as
recommended by Corning protocols.
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2.1.4. Scanning Electron Microscopy (SEM)—Peptide hydrogels were dehydrated
with a series of ethanol treatments (30% to 100%). Ethanol was removed by critical point
drying using an EMS 850 critical point dryer (Electron Microscopy Sciences, Hatfield, PA).
Samples were mounted onto SEM pucks using a conductive carbon tape, coated with 4-5
nm of gold using a Denton desk V Sputter system (Denton Vacuum, Moorestown, NJ).
Samples were analyzed using a JEOL 6500 Scanning Electron Microscope (JEOL Inc.,
Peabody, MA).

2.1.5. Oscillatory Rheology—Viscoelastic properties of peptide hydrogels were
analyzed by an AR-G2 rheometer (TA Instruments, New Castle, DE). Peptide was prepared
24 hours before the test. 150 uL of each peptide hydrogel was analyzed using a 12 mm
stainless-steel parallel plate set to a 1000 pm gap height. Strain sweep test was performed
from 0.01 to 200% strain at a 1 rad/s frequency. Shear recovery was analyzed by monitoring
the storage (G”) and loss (G™) moduli at 1% strain for 10 min after treatment with 200%
strain for 1 min (Figure S2).

2.2. Screening of bioactive peptides by 2D primary neuron culture

2.2.1. Peptide coating of cover glasses—Peptide solutions or Poly-D-Lysine
(Millipore Sigma) of 100 ug/mL were prepared in sterile ultrapure water. The surface of 12
mm circular cover glasses was coated with the peptide solution and left overnight at 4°C.
Excess peptide solution was aspirated, and coverslips were air-dried before cell culture.
Peptide coating was performed following a blinding procedure as described in supporting
information.

2.2.2. Primary neuronal culture—Primary neuronal cultures were performed as
previously described [44]. Briefly, primary cortical neurons were obtained from a pregnant
ICR mouse at E18 (Charles River Laboratories, Wilmington MA). Briefly, mice were
euthanized, and embryos were retrieved. Cortical tissue was dissected from the mouse
embryos, removed meninges around the brain. Cortical rinds were placed in PBS and cut
into small pieces, 0.5-1 mm in length. After collection, cortical tissue was resuspended in 20
U/mL papain (Worthington Biochemical Corp., Lakewood NJ) and 1 mg/mL DNAse |
(Worthington Biochemical Corp., Lakewood NJ) in DMEM/F12 (Thermo Fisher Scientific,
Waltham MA). Tissue was digested at 37°C for 3-5 minutes, with occasional gentle
trituration. Enzyme was neutralized in DMEM/F12 containing 0.5% v/v FBS (Thermo
Fisher Scientific, Waltham MA) and cells were collected by centrifugation at 1000 rpm for 3
minutes. Cells were then seeded (density) and maintained for 3 days in DMEM/F12
containing N-2 and B-27 supplement (Thermo Fisher Scientific, Waltham MA) and 0.5%
v/iv FBS. All experimental procedures were approved by the Baylor College of Medicine
Institutional Animal Care and use committee (IACUC) and performed according to the
Animal Welfare Act and NIH guidelines for the care and use of animals.

2.2.3. Immunostaining and imaging—Cells were fixed with 4% paraformaldehyde
for 10 min and rinsed with PBS. Permeabilization was performed with 0.3% Triton X in
PBS and blocking with 10% Goat Serum in PBS for 1 hr. at room temperature. Cells were
stained for neuronal marker, Tuj-1, Mouse anti-TUJ1 primary antibody (Biolegend, San
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Diego CA), Goat anti-mouse 1gG Alexa Fluor 488 (Invitrogen, Waltham MA) and DAPI as
the counterstain (Table S2 and S3). Cells were imaged in a Zeiss Axio Imager M2m
microscope using a 20x objective.

2.2.4. Sholl analysis for neuronal outgrowth—~Four different experiments were
performed, which included six images per group. In total, 24 images per group were
analyzed with semi-automatic autopath neuron tracing using IMARIS (Oxford Instruments).
Sholl analysis is a widely used method to quantify branch complexity in neurons [45,46].
Neurites and branches for each neuron in a field of view were traced and IMARIS was used
to perform Sholl analysis, cell count, and dendrite count. Data analysis was performed
following a blinding procedure as described in supporting information.

2.3. Invivo studies in a peripheral nerve crush injury

2.3.1. Sciatic Nerve crush Injury model—Primary sciatic nerve crush injury was
performed as previously described [47,48]. In brief, 8-10-week old Female Sprague-Dawley
rats (average weight 225 g) were purchased from Charles River Laboratories (Wilmington
MA). Rats were anesthetized by isoflurane, hair from the left and right femur was clipped,
and the area was cleaned and sterilized with betadine and 70% isopropyl alcohol swabs. The
sciatic nerve was exposed by making a subcutaneous incision at the thigh and gently
separating the intermuscular space. The nerve was crushed with fine forceps for 10s twice
intercross. 1 pL of peptide hydrogel or control was injected into the injury site with a glass
needle and an auto-nanoliter injector Nanoject Il (Drummond Scientific, Broomall PA). For
analysis of sciatic nerve cross-sections, the injury site was marked with a suture 5 mm distal
from the crush injury. The muscle and skin were sutured separately, and animals were
allowed to recover and monitored regularly during the course of the study. Animals were
euthanized by asphyxiation while anesthetized at specific time points. The nerves were
harvested and processed for histology. All experimental procedures were approved by the
Baylor College of Medicine Institutional Animal Care and use committee (IACUC) and
performed according to the Animal Welfare Act and NIH guidelines for the care and use of
animals. The surgeon and experimental personnel followed a blinded procedure during the
duration of the study, as is described in the supporting information.

2.3.2. Walking track analysis and Sciatic Function Index—The recovery of nerve
function after injury was evaluated using a walking track and footprint analysis. At specific
time points, the hind paws of the animals (n=4 per treatment) were stained with a dark dye
and allowed to walk in a 5 x 32-inch walking track covered with white paper. The rat
footprints were analyzed as shown in Figure 5a and the sciatic function index (SFI) was
calculated with the following equation [49,50]:

Sciatic Function Index = — 38.3(PLExp — PLCtr1)/(PLCyr1) + 109.5(TSExp — TSCyr)/(TSCtr)

+13.3(ITSExp — ITSCyr1)/(ITSCyr) — 8.8

Where PL indicates the print length, TS represents the distance from the first to fifth toe, and
ITS indicates the distance from the second to the fourth toe for an experimental (exp) or
control (¢r) foot. Four animals per group and three footprints per rat were measured from
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the normal and experimental feet. Data analysis was performed following a blinding
procedure as described in supporting information.

2.3.3. Histological Analysis

2.3.3.1. Tissue Processing and staining: Sciatic nerves (n=3 nerves per group) were fixed
with 4% paraformaldehyde overnight at 4°C and processed for cryopreservation with 20%
sucrose solution. Nerves were embedded in Optimal Cutting Temperature (OCT) compound
(Sakura Finetek USA, Torrence CA) and frozen. Nerves were cut in 25 um sections and
processed for Hematoxylin & Eosin or fluorescent immunostaining using standard protocols.
For immunostaining, sections were washed with PBS and permeabilized with 1% Triton-X
overnight at room temperature. Tissue sections were rinsed and blocked for 1 hr. in 10%
goat serum, then incubated overnight at 4°C with antibodies as indicated in Tables S2. After
rinsing the primary antibody, sections were stained with the respective secondary antibodies
(Table S3), DAPI and mounted using Vectashield antifade mounting medium (Vector
laboratories, Burlingame CA). The tissue sections were imaged in a Zeiss Axio Imager M2m
microscope. Data analysis was performed following a blinding procedure as described in
supporting information.

2.3.4. Analysis of myelinated axons—Nerve cross-sections (n = 3 per group) were
immunostained with mouse anti-TUJ1 (Biolegend, San Diego CA) and rabbit anti-MBP
antibodies (Abcam) to visualize axons and myelin, respectively. Tile scans of sciatic nerve
cross-sections were obtained using a Leica TCS SP8X laser confocal microscope (63X oil).
The number of myelinated and unmyelinated axons were then counted using CellProfiler
(www.cellprofiler.org) and ImageJ (imagej.nih.gov/ij/). Three nerves per group were
analyzed and for each nerve, axons were counted in three different 100 x 100 pm
representative areas. Data analysis was performed following a blinding procedure as
described in supporting information.

2.3.5. Macrophage Quantification—Macrophages were quantified in the area
immediately surrounding the hydrogel. Hydrogel areas were excluded from quantification
and analysis due to autofluorescence and excessive clustering of cells. CD68* macrophages
and DAPI* nuclei were counted semi-automatically using ImageJ particle analysis
(imagej.nih.gov/ij/). Three nerves per group were analyzed, with images of at least 1,000 x
1,000 pm quantified per nerve. Data analysis was performed following a blinding procedure
as described in supporting information.

2.4, Statistical analyses

Error bars represent standard error of the mean (SEM) unless otherwise stated. Differences
between groups were determined using one-way ANOVA with Tukey’s multiple
comparisons test in GraphPad Prism v. 8.3.1. P-values <0.05 were considered significant.
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3. Results and discussion

3.1. Biomimetic MDPs self-assemble into nanofibrous scaffolds

A panel of MDPs for nerve regeneration were designed by incorporating short neurite
outgrowth-promoting peptide mimics to K, (Table 1). As described in previous work, MDPs
such as K, generally self-assemble into antiparallel -sheet structures that form injectable
hydrogels upon the addition of multivalent ions or ultrasonication [5,9,11,37,43]. After the
addition of the mimetic peptide motifs, we examined the secondary structure, assembly, and
rheological properties of the resulting materials. Circular dichroism (CD) and ATR-FTIR
(Figure 2) confirmed that the addition of 4 to 11 residues do not substantially perturb the
antiparallel -sheet structure. In CD, all peptides presented a minimum near 216 nm and a
maximum near 198 nm, and IR peaks at 1695 cm~1 and near 1620 cm~1 which collectively
are characteristic of this conformation [9,10].

Hydrogelation for most of the mimetic peptides, except Ko-1IKDI and Os, was achieved by
the addition of buffer containing phosphate ions (HBSS) into a 2% by weight peptide in 298
mM sucrose solution. For Os_hydrogelation is induced by an ultrasonication treatment of a
1% by weight solution in 149 mM sucrose 0.5X HBSS. In the case of K,-11KDI, addition of
ions to the peptide solution resulted in peptide aggregation and phase separation, likely due
to the additional ion-complementary amino acids incorporated into the attached mimic
sequence. Therefore, for K,-11KDI, hydrogelation was achieved by making a 2% by weight
solution in 298 mM sucrose without buffer. In this condition, Ko-11KDI forms a self-
supporting hydrogel (Figure 2c—d and Figure S2) with a storage modulus (G’) of 780 £ 115
Pa and a loss modulus (G”) of 105 + 22 Pa. These results confirm the hydrogel formation of
K,-11KDI with the modified conditions, as evidenced by a highly dense nanofiber network
observed in SEM (Figure 2d). K,-IKVAV, K,-KDI, and K,-Ten-C form more compliant
hydrogels at 1% by weight in 149 mM sucrose 0.5X HBSS with a G’ of 229 + 36, 215 + 43,
and 275+ 74 Paand G” of 26 £ 5, 17 + 4, and 37 £ 16 Pa, respectively (Figure 2c). Despite
the lower G’ and G”, these peptide materials retain a high-density network of nanofibers and
form clear self-supporting hydrogels as well (Figure 2d and Figure S3). Additionally, all the
functionalized K5 peptides are thixotropic and can be easily syringe aspirated and injected,
recovering at least 60% of their initial viscoelastic properties within 5 min after shear stress
(Figure S2). This suggests that the modification of the simplest K, peptide sequence to
include short mimetic peptide sequences only marginally altered the physical, viscoelastic
properties, and hydrogelation conditions as compared to the K, MDP sequence alone. These
properties are within the normal range for previously reported MDP hydrogels [5,10,18],
and are not expected to significantly affect the biological activity of these materials.

3.2. Biomimetic MDPs promote neurite outgrowth in vitro

We first wanted to evaluate the potential of these MDPs to facilitate axonal regeneration
through a rapid, facile screening method. One of the major goals for therapeutic strategies
for peripheral nerve injury is to increase the rate of neurite outgrowth [51], and many
screening assays use neurite outgrowth /in vitro as a surrogate measure for neuronal process
extension /n vivo [52]. In vitro neurite outgrowth assays have been successfully used to
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screen for genetic regulators of axon regeneration [53-55] as well as small molecules that
enhance neuronal regeneration /n vivo [56].

For this study, a primary neuron culture model was used to evaluate the bioactivity of MDPs
to promote neurite outgrowth. Primary neurons were seeded onto glass coverslips coated
with MDPs for various time course. The extent of neurite outgrowth was quantified and
evaluated against outgrowth on poly-D-lysine (PDL) coated surfaces after 3 days in vitro.
PDL-coated surfaces are commonly used in neurite growth assays using primary neuron
cultures [57], thus serving as a suitable control. Cell morphology was visualized through
staining neuronal cell bodies and processes, and branch complexity and number were
compared through neurite tracing. These parameters are commonly used measures for
quantifying neuronal outgrowth in vitro and have been used to identify regulators of axon
regeneration [54,55].

After 3 days /n vitro, increased neurite outgrowth was observed after seeding on most MDP-
coated surfaces, as evidenced by highly branched morphologies compared to neurons
cultured on the control substrate PDL (Figure 3a and Figure S4). Ky, Ko-11KDI, Kx-1KVAYV,
and K,-TenC all showed greater branch complexity, with an increase of at least 30% in mean
branch number 15 um from the soma (Figure 3a—b and Figure S4). Neurons seeded on Ky,
Ko-11KDI, Ko-1IKVAYV, and Ko-TenC-coated surfaces all had increases of more than 25% in
the mean total number of dendrites per cell compared to PDL, with K,-1IKDI having an
increase of more than 45% (Figure 3c). On the other hand, the non-ionic MDP, Os, led to
significantly less branch complexity (Figure 3), while SLac, SLanc, and K,-KDI did not
show significant differences compared to control (Figure S4). Notably, all MDPs had equal
or higher cellular attachment rates compared to PDL, except for the non-ionic MDP Os,
which had dramatically lower number of attached cells (Figure S5).

These results show that K, and most functionalized MDPs with ECM and growth factor
motifs promote cell attachment and neurite outgrowth. Ky, Ko-11KDI, Ko-IKVAYV, and K-
TenC led to the greatest increases in neurite outgrowth, based on both Sholl analysis and
total dendrite counts. Interestingly, Ko-KDI did not promote neurite outgrowth to the same
extent as Ko, suggesting that the addition of the bioactive mimic may have counteracted Ks’s
intrinsic bioactivity. Two other MDPs, SLac and SLanc, did not enhanced neurite outgrowth
as well relative to PDL. These peptides have an enzymatic cleavage domain that accelerates
their degradation compared to K, (Table 1), which may account for these differences in
performance.

From in vitro screening, we identified four peptides (K, Ko-1IKDI, K»-IKVAV, and K-
TenC) that promoted significantly more neurite outgrowth in comparison to PDL. These
cellular responses could facilitate axonal regeneration in an injured nerve. The other
peptides, SLac, SLanc, and K,-KDI, had a similar performance to the control. Therefore, we
reduced the peptide library and only studied the efficacy of K5, K»-11KDI, K,-1IKVAYV, and
K,-TenC in vivo.
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3.3. MDP hydrogels are biocompatible and degradable in the sciatic nerve environment

To test the bioactivity of the MDPs in vivo, we performed sciatic nerve crush injury, which
is a widely used model to understand the regenerative response in the PNS and its relevance
to human disease [58]. Crushing of the sciatic nerve damages all axons and myelin sheaths
but preserves the epineurium and basal lamina, which facilitate regeneration. After nerve
crush, 1 pl of hydrogel was directly administered into the epineurium through direct
injection without the need of conduits or autografts (Figure 4a—b). This system allows for
the examination of MDP hydrogels’ bioactivity alone, as no other materials were required
for treatment of the injury. Variations in hydrogel presentation such as implant location and
apparent implant size are due to limitations in histological methods; factors such as nerve
rotation, relative position, and tissue quality during tissue processing can account for these
differences. However, measures were taken such as the use of high precision nanoinjectors
and glass needles to ensure a consistent amount of hydrogel was injected into each nerve.

After nerve crush, MDP hydrogels were found to be compatible with the peripheral nerve
environment as evidenced by their degradation over time and the lack of abnormal nerve
swelling over 21 days (Figure 4c, Figures S6-S7). High levels of growth cone-associated
protein 43 (GAP-43), an indicator of axonal regrowth, shortly after crush injury
demonstrates that the presence of the gels was not inhibitory to the acute regenerative
response (Figure 4d, Figure S9). All K,-based MDP hydrogels exhibited high levels of
cellular infiltration, in contrast to Os, where low infiltration was observed (Figure S8).
Notably, Matrigel had neither cellular infiltration inside the hydrogel nor significant
degradation over the same 21-day period (Figure S7-S8). The K5 hydrogel has previously
been demonstrated to elicit high macrophage infiltration in subcutaneous tissue [16,18],
suggesting that this activity is also present in the peripheral nerve environment. Macrophage
infiltration is known to be necessary for Wallerian degeneration, suggesting that Ko-based
hydrogels may be beneficial to the early injury response. Together, these observations
demonstrate that MDP hydrogels degrade in the peripheral nerve environment, do not
adversely impact the early regenerative response, and may enhance immune cell recruitment
after injury.

3.4. MDP Hydrogels accelerate functional recovery after sciatic nerve injury

After validating the hydrogel delivery method into the injury site, we then tested the MDPs
for their capacity to promote functional recovery after crush injury. To measure functional
recovery, we designed an experimental system based on the sciatic functional index (SFI).
SFl is a reliable, sensitive, widely-used method of quantifying animal recovery after sciatic
nerve injury that compares footprints from an injured side and an uninjured control side
(Figure 5a) [49,59]. After severe sciatic nerve injury, footprints demonstrate an increase in
print length and a decrease in toe spread and intermediate toe spread, owing to the loss of
nerve and muscle function in the foot. As muscle reinnervation and myelin regeneration
occur over time, proper muscle function is regained, leading to increasingly normal
footprints (Figure 5b) [49,50,59].

Rats underwent sciatic nerve crush injury to one sciatic nerve, and MDP hydrogels were
injected into the injury site immediately after crushing. The rats were placed on a walking
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track 24 hours after surgery to collect footprints for SFI scoring. Walking track tests were
performed periodically through 21 days post-injury. In our sciatic nerve crush injury system,
we found that injured rats regained much of their sciatic nerve function by 21 days, leading
to highly similar footprints from both injured and uninjured sides (Figure 5b and Figure
S12). At 15 and 17 days post-injury rats treated with Ky, Ko-11KDI, and Ko-1IKVAV
hydrogels had significantly higher SFI scores than rats whose nerves were injected with
HBSS, Matrigel, Os, SLac, and Ko-TenC (Figure 5¢—e and Figure S10-S12). This shows
that Matrigel, Osg, and SLac do not promote regeneration after sciatic nerve crush, and that
addition of a Tenascin C motif to K, decreases its bioactivity. Overall, HBSS-treated rats
regained approximately 80% of their original function in 21 days, as expressed by SFI score,
while rats treated with Ky, Ko-11KDI, and Ko-1IKVAV reach the same degree of recovery four
days earlier, an acceleration of healing of approximately 20%. This demonstrates that the
MDP hydrogels Ky, Ko-1IKDI, and K,-1IKVAV promote accelerated functional recovery after
sciatic nerve crush injury, suggesting that K, has intrinsic bioactivity in promoting the
regenerative response, and the addition of laminin motifs 1IKDI and IKVAV do not decrease
its bioactivity.

3.5. MDP hydrogels facilitate accelerated myelination

After demonstrating that several MDPs promote functional recovery, we performed
histological studies to understand the cellular responses that might account for this response.
Previous studies have shown that the degree of axonal remyelination corresponds directly to
the degree of functional recovery achieved after peripheral nerve injury [59,60]. In order to
achieve efficient remyelination and functional recovery, injured nerves must first undergo
Wallerian degeneration. We observed demyelination and the loss of axonal integrity as early
as 3 days after crush injury, indicating that the MDP hydrogels allowed effective Wallerian
degeneration (Figure S13-S14). To examine the extent of remyelination after hydrogel
treatment, we obtained cross-sections of sciatic nerves treated with HBSS, Matrigel or MDP
hydrogels at 15 days post-injury (Figure 6 and Figure S15), the time point at which
differences in SFI were first observed (Figure 5c—e and Figure S13).

We observed an approximately 2-fold increase in the fraction of myelinated axons in nerves
treated with the MDPs Ky, Ko-1IKDI, and Ko-1IKVAV compared to the HBSS and Matrigel
controls (Figure 6 and Figure S15). On the other hand, the fraction of myelinated axons in
Matrigel, K,-SLac, Ko-TenC, and Os were not significantly different from HBSS-treated
control (Figure 6 and Figure S15). These results correlate with the extent of functional
recovery as measured by SFI at the same time point (Figure 5 and Figures S10-S12),
suggesting that Ky, Ko-11KDI, and Ky-1IKVAV facilitate accelerated myelination, leading to
functional recovery.

3.6. MDP hydrogels recruit CD68* macrophages that may contribute to accelerated
remyelination

The higher levels of remyelination observed after MDP hydrogel treatment may be attributed
to an acceleration of the early degeneration response initiated by the nanofibrous hydrogels.
Macrophages play a key role in Wallerian degeneration by clearing axon debris, assisting
demyelination, secreting neurotrophic factors, and regulating Schwann cell maturation and
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remyelination [27,61,62]. Indeed, depletion of macrophages in sciatic nerve crush injury has
been shown to result in ineffective Wallerian degeneration and decreased functional recovery
[63]. Given the previously demonstrated ability of K5 to elicit an acute inflammatory
response that resolves over time [18], we investigated whether an increase in macrophage
infiltration could be observed which would suggest their mechanistic role.

In the sciatic nerve, all K,-based MDPs presented rapid cellular infiltration upon injection
(Figure 4 and Figures S6-S8) and were fully infiltrated by day 3. Through immunostaining,
K, and functionalized MDP hydrogels were found to be highly infiltrated by CD68*
macrophages at day 3 post-injury (Figure 7, outlines areas). On the other hand, HBSS-, Os-,
and Matrigel-treated nerves did not exhibit the same degree of macrophage recruitment
(Figure 7 and Figures S16). As expected, more infiltrating macrophages were present in
injured nerves compared with uninjured control (Figure S17). Early in the injury response at
3 days post-injury, K, and functionalized MDP hydrogels, K,-11KDI and K,-IKVAYV, were
found to have more macrophages in the nerve areas around the implant (Figure 7a—b) and
the hydrogels were highly infiltrated by macrophages. At 21 days post-injury, all injured
nerves had a lower number of macrophages compared to the 3-day time point, as well as a
higher number of DAPI* nuclei in the nerve area around the implant. No differences were
found in the CD68*/DAPI* ratios between any of the treated nerves and the HBSS-treated
controls, suggesting that the acute macrophage response elicited by the MDP hydrogels did
not lead to a long-lasting or chronic inflammatory response that could be inhibitory to nerve
regeneration. The rapid recruitment of macrophages to the sites of MDPs administration
may help account for the differences in myelination observed later in recovery, where Ky,
Ko-1IKDI, and K»-IKVAV have increased amounts of myelination compared with controls
and other hydrogels (Figure 6). This increase in macrophage recruitment could then
accelerate the degradation of axonal and myelin debris, creating a permissive environment
for faster remyelination. Together, these results show that K,-based MDP hydrogels promote
recruitment of macrophages to the injury site and subsequent remyelination, resulting in
accelerated functional recovery after peripheral nerve injury.

Other promising experimental strategies for peripheral nerve injury include growth factor
administration [64,65], human- and animal-derived materials [41,66,67], and peptide-based
hydrogels [68-71]. Differences in experimental variables such as rat strain and severity of
injury lead to considerable variability between study results; as such, recovery times for
crush injury studies can range from 21 days to 12 weeks to reach similar levels of functional
recovery based on the SFI scoring system [41,66,68]. However, compared to other studies
with similar injury severity, the administration of K,-based MDP hydrogels alone led to
functional recovery comparable to human keratin sponge conduits or direct NGF
administration with collagen [64,66]. In contrast with other similar strategies, our system
utilizes a simple single-component synthetic peptide hydrogel that accelerates nerve
regeneration without the need of exogenous proteins, cells, and complex multi-component
scaffolds. Together, our results demonstrate the potential for Ky-based MDPs as therapeutic
materials for peripheral nerve regeneration. The inherent bioactivity and biocompatibility of
K,-based MDP hydrogels combined with their capacity for controlled release of therapeutic
agents make them excellent platforms for developing improved strategies for nervous system
regeneration [12,13].
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4. Conclusion

Various self-assembling multidomain peptide (MDP) hydrogels were developed by adding
short bioactive peptide motifs to a base peptide called Ky. The motifs are based on peptide
mimics from ECM proteins known to have neurite outgrowth-promoting activity. The
addition of these peptide motifs did not significantly alter self-assembly and nanofiber
formation, and therefore the hydrogelation properties of these peptide materials. /n vitro
screening was performed through primary neuronal culture on MDP-coated glass coverslips
to test peptide bioactivity for promoting neurite outgrowth. All lysine-based MDPs increased
cell attachment and branching complexity of cultured neurons compared to PDL or the non-
ionic MDP, Os. From these /n vitro experiments, Ko. Ko-11KDI, Ko-IKVAV and Ko-TenC
were observed to promote significantly more neurite outgrowth than PDL.

Sciatic nerve crush injury was used as a model for testing peptide hydrogel bioactivity to
promote nerve regeneration and functional recovery. All peptide hydrogels are easily
injectable into the injury site and degrade over time. The presence of these materials do not
adversely affect nerve regeneration, as evidenced by uniform expression of GAP-43 across
all hydrogel-treated nerves. Hydrogels are biocompatible, elicit high levels of cellular
infiltration, and are integrated into the nerve tissue. Animals treated with K5, K»-1IKDI, and
Ko-IKVAV showed accelerated functional recovery in comparison with HBSS, Matrigel and
the non-ionic MDP Os. Animals treated with HBSS, Os, SLac, and K,-TenC required 21
days to regain approximately 80% of their original function, while animals treated with K5,
Ko-1IKDI, and K»-IKVAV reached the same level of recovery four days earlier.

These differences in functional recovery may be attributed to increased macrophage
infiltration post-injury and accelerated remyelination. Ko-based peptide hydrogels recruit
more macrophages into the material and injury site, which may lead to faster axonal
degeneration and clearance of myelin debris early in the injury response. Sciatic nerves
treated with Ky, Ko-11KDI, and K,-IKVAV had approximately double the fraction of
remyelinated axons, correlating with increased functional recovery. This work demonstrates
that K, and K,-based hydrogels are beneficial to peripheral nerve injury recovery and
promote pro-regenerative responses from multiple cell types in the PNS. While this proof-
of-concept study exhibits the potential use of these materials in peripheral nerve injury, the
use of more challenging injury models and improved delivery methods will shed more light
on its therapeutic applications. Given these limitations, the promising results from this study
provide important insight into biomaterial design and application of MDP hydrogels for
injuries both in the PNS and CNS.
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Figure 1.
Multidomain peptides for enhancing peripheral nerve regeneration. a) Ko-based MDPs

bearing bioactive motifs derived from ECM proteins. b) After sciatic nerve crush injury,
axons, myelin and ECM are damaged. Application of the K,-based peptide hydrogels
promote acute macrophage infiltration and accelerate axon growth and remyelination.
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Figure 2.
Ko-based MDP functionalized with bioactive peptide mimics form nanofibrous soft

materials. a) Circular dichroism spectroscopy of three K,-based peptides containing laminin
and Tenascin C peptide mimics. All peptides showed the characteristic spectrum of -sheet
structure. b) ATR-FTIR spectra confirm all peptides are antiparallel -sheets. ¢) Storage and
loss moduli of peptide hydrogels at 1% oscillatory strain (n = 3). Error bars represent
standard deviation. d) SEM images of all MDPs hydrogels showing the nanofibrous
network. Inserts show the self-supportive hydrogel material.
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Primary neuronal culture on peptide-coated coverslips shows differences in neuronal
outgrowth. a) Representative images of cortical neurons three days of culture in peptide-
coated glass. Scale bar 100 um. b) Number of Sholl intersections at specific length. Sholl
intersections from 5 to 20 um of neurons cultured in MDPs are significantly different from
PDL. a: Ko-1IKDI p-value < 0.05, a.: K, and K,-IKVAV p-value < 0.01, y: K,-TenC and Og
(p-value 0.0001). c) Total number of dendrites per neuron. ** p-value < 0.01, *** p-value
0.0001. Error bars represent SEM n= 24 images from 4 separate experiments.
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Figure 4.
Sciatic nerve crush injury model and hydrogel administration. a) The sciatic nerve was

exposed and crushed, 1 uL of peptide hydrogel or control was injected directly into the
injury site, using the epineurium to hold the material. b) H&E staining of an injured nerve
showing the crush injury and axon disruption. Hydrogel is localized and held in place in the
injury, as shown in the one-day post-injury tissue section. ¢) H&E staining of injured nerves
treated with different materials three days and 21 days post-injury. Visible hydrogels are
circled with a dotted line. A vertical dotted line indicates approximate center of crush injury.
Scale bar is 1mm. d) Immunostaining for TUJ1 (axons), GAP43 (regenerating axons), and
DAPI (cell nuclei) of sciatic nerves treated with HBSS, Ky, K»-11KDI, and K,-1KVAV three
days post injury. Visible hydrogels are circled with a dotted line, and high cellular
infiltration can be observed in gels, as indicated by DAPI staining. Scale bar 1mm for
merged and individual channel images.
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Figure 5.

MDPs accelerate functional recovery of sciatic nerve crush as observed in walking track

analysis. a) Equation for calculating the Sciatic Function Index (SFI) using an

uninjured

control foot and the experimental foot. b) Footprints of rats pre-injury, one day post-injury,
and 21 days post injury. c) Representative footprints of rats treated with HBSS control and
MDP hydrogels. d) SFI scores from pre-injury to 21 days post-injury. Statistically significant
differences compared with HBSS control are observed at 15 days post-injury (a: Ky p-value
<0.05, B: K»-1IKDI and Ky-11KDI p-value <0.01) and 17 days post-injury (y: Ky, Ko-11KDI
and Ky IKVAV p-value <0.01). e) Scatter plot with individual values representation of the
SFI 15 days post-injury. Error bars represent standard deviation. n= 4 rats per group. * p-

value < 0.05, ** p-value < 0.01.
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Figure 6.
Sciatic nerves show differential myelination after MDP hydrogel administration.

Representative images of sciatic nerve cross-sections stained for TUJ1 (axons) and MBP
(myelin) 15 days after crush injury. Cross sections are approximately 800 um distal from the
injury site. Scale bar 100 um. The fraction of axons that are myelinated are significantly
greater in nerves treated with K, Ko-1IKDI, and K,-IKVAV compared to HBSS- or Os-
treated nerves. Error bars represent SEM. n = 3 animals per group,. **** p-value <0.0001,
*** p-value < 0.0005.

Biomaterials. Author manuscript; available in PMC 2022 January 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lopez-Silva et al. Page 25

a)l HBss | K, | KeKDI | KrIKVAV | 05

Day 3

Day 21

~ DAPI: nuclei CD68: macrophages TUJ1: axons

b) Day 3 c) Day 21
06 - 06
% = 2] %
e y i o
> 04 x| e @ S 04
< n.s %
v] ", o
‘0 i ‘o n.s n.s n.s n.s
8 02 1 8 021 : Xy B8 s
o O A =W
ﬁ il F—l
00 T T T T T 0.0 T T T T T
HBSS K  Ko-lIKDI K-IKVAV ~— Os HBSS Ko  K-lIKDI Kp-IKVAV ~ Og
Figure 7.

High macrophage infiltration is observed in MDP treated nerves. CD68 and TUJ1 staining
of sciatic nerves 3- and 21-days post-injury. a) Representative immunofluorescence images
of injured sciatic nerves. Top panel: 3 days post-injury; bottom panel: 21 days post-injury.
Dotted line: hydrogel. Scale bar 200 um. b-¢) Quantification of CD68+ macrophages relative
to DAPI+ nuclei in areas surrounding hydrogel. Hydrogels were excluded in quantification
due to autofluorescence and excessive clustering of cells. b) Nerves treated with K;, Ko-
IIKDI, and Ko-IKVAV had significantly greater CD68*/DAPI™ ratios compared to HBSS-
injected control nerves. c) No significant differences were found in CD68*/DAPI ratios
between hydrogel-treated and HBSS-injected nerves. Error bars represent SEM. n= 3—4
animals per group. ** p-value < 0.01, *** p-value < 0.001
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Table 1.

MDP sequences and their bioactive peptide mimics for promoting nerve regeneration

Name Peptide sequence Mimicking Bioactivity
K, ™ Ka(SL)eK>
05" (Hyp)s(SL)e(Hyp)s
SLac” K(SL)3RG(SL);KGRGDS enzyme cleavage  Cell attachment, degradable
SLanc ™ K(SL)3RG(SL);KGKLTWQELYQLKYKGI VEGF Degradable and angiogenic
K,-11IKDI K,(SL)sK,GRNIAEIIKDI Laminin y1 Neurite outgrowth
Ko-IKVAV K,(SL)sK,GIKVAV Laminin al Neurite outgrowth
K,-TenC K,(SL)sK,GVFDNFVLK Tenascin C Neurite outgrowth
Ky-KDI K,(SL)sK,GKDI Laminin y1 Neurite outgrowth
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