View Article Online

View Journal

M) Checs tor updates

Journal of

Materials Chemistry B

Materials for biology and medicine

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: R. Pokharel, V.
Dhakate, J. Onyak, E. Ertugral, C. R. Kothapalli and N. Leipzig, J. Mater. Chem. B, 2026, DOI:
10.1039/D6TB00247A.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
Journal of accepted for publication.

!:’Iatgr@gt Chemistry B

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors
or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

o
-

ROYAL SOCIETY
OF CHEMISTRY

ROYAL SOCIETY rsc.li/materials-b
OF CHEMISTRY

(3


http://rsc.li/materials-b
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6tb00247a
https://pubs.rsc.org/en/journals/journal/TB
http://crossmark.crossref.org/dialog/?doi=10.1039/D6TB00247A&domain=pdf&date_stamp=2026-04-30

Page 1 of 43 Journal of Materials Chemistry B

View Article Online
DOI: 10.1039/D6TB00247A

Matrix-bound Tenascin-C directs neuronal differentiation through stiffness-tuned MeHA

hydrogels mimicking the spinal cord microenvironment

Rounak Pokharel,? Vasanti Dhakate,? Jessica Onyak,? Elif Ertrugal,> Chandra Kothapalli,® Nic

Leipzig*?

Department of Chemical, Biomolecular, and Corrosion Engineering, The University of Akron,
Akron, OH, USA,? Department of Biomedical Engineering, Cleveland State University,
Cleveland, OH, USA.b

*Corresponding Author:

Dr. Nic D. Leipzig

Department of Chemical, Biomolecular, and Corrosion Engineering
The University of Akron

Akron, OH 44325, USA

Email: nl21@uakron.edu

Journal of Submission: Journal of Materials Chemistry B

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 30 April 2026. Downloaded on 5/1/2026 10:25:01 AM.

(cc)

Keywords: Tenascin-C, spinal cord injury, methacrylated hyaluronic acid, hydrogel stiffness,
Neuronal differentiation, extracellular matrix


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6tb00247a

Open Access Article. Published on 30 April 2026. Downloaded on 5/1/2026 10:25:01 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

View Article Online
DOI: 10.1039/D6TB00247A

Abstract

Spinal cord injury (SCI) leads to a complex remodeling of the extracellular matrix (ECM), where
Tenascin-C (TNC) is strongly upregulated during the early phases of the injury cascade. While
TNC is known to influence neural cell behavior, its functional role and mode of presentation in
guiding neuronal differentiation remains unclear. In this study, we developed a stiffness-controlled
methacrylated hyaluronic acid (MeHA) hydrogel platform that mimics the mechanical properties
of the spinal cord and enables defined matrix immobilization of TNC. In vivo analyses showed
elevated TNC expression from day 1, with the strongest perilesional signal during the subacute
period (1 wk - 1 mo). Using this temporal insight, we investigated the role of matrix-bound versus
soluble TNC in directing neuronal differentiation of induced spinal cord progenitor cells in vitro.
Immobilized TNC presented with naive spinal cord stiffness matched MeHA substrates
significantly enhanced neuronal and motor neuron differentiation, as evidenced by increased BIII-
tubulin and ISL1 expression, compared to soluble TNC or unmodified controls. These effects were
strongly dependent on both ligand concentration and matrix stiffness, highlighting a narrow
bioactive window for TNC-mediated signaling (effective window: 100-200 nM; reduced responses
at 2300 nM). Furthermore, bulk 3D MeHA hydrogels functionalized with TNC supported cell
viability and sustained neuronal differentiation, demonstrating translational relevance for future
scaffold-based neural repair. These findings identify TNC as a matrix-bound bioactive cue that
interacts with the mechanical environment to regulate neuronal lineage commitment, providing a

framework for designing next-generation biomaterials for neural repair.
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1. Introduction

Spinal cord injury (SCI) initiates a complex series of molecular and cellular events that disrupt the
native architecture of the nervous tissue and limit its capacity to regenerate. The primary
mechanical trauma is quickly followed by a cascade of secondary processes such as inflammation,
oxidative stress, and reactive gliosis, which together amplify the initial damage and promote
further neuronal and axonal loss.! As the tissue stabilizes, the extracellular matrix (ECM)
undergoes extensive remodeling to restore mechanical integrity. Although this process is essential
for structural containment, it results in the deposition of glycoproteins and proteoglycans that
create a dense fibrotic scar.*> The resulting microenvironment becomes biochemically inhibitory
and mechanically rigid, forming a barrier that restricts cellular migration and axonal regrowth.
Accumulating evidence indicates that both ECM composition and stiffness play a key role in
regulating neural cell behavior, differentiation, and lineage specification.®” Understanding how

these mechanical and biochemical cues interact is important for the design of biomaterials that can

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

mimic the evolving microenvironment of the injured spinal cord.?
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TNC represents one of the ECM components that change markedly following injury. It is a large,
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six armed, multifunctional glycoprotein composed of fibronectin type III and EGF-like domains
that allow interactions with integrins, growth factors, and other matrix proteins.’~!3 TNC monomer
size is isoform and glycosylation-dependent, with commonly reported molecular weights in the
180-250 kDa range, and these monomers assemble into a hexameric (hexabrachion) complex. %13
During development, TNC is abundant in regions of active morphogenesis where it supports cell
migration, axon guidance, and tissue organization.'#!7 In the adult central nervous system (CNS),

its expression is normally low but rises sharply after trauma or inflammation, including in
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neuroinflammatory and demyelinating lesions of the human brain and cord,'®, suggesting that it

participates in tissue remodeling and repair.'%-?!

Following SCI, TNC expression has been shown to increase near the lesion core during the
subacute phase and decreases as the scar matures into the chronic phase.!®17-22-24 The protein is
predominantly expressed by reactive astrocytes and glial cells that line the lesion boundary.323
TNC upregulation is thought to stabilize the wound and modulate inflammatory signaling in the
early phase, but prolonged expression is associated with the formation of a non-permissive matrix
that hinders axonal extension and regeneration permanently.'?!6 These contrasting effects imply
that the biological activity of TNC depends on the biological context and on how it is organized

within the surrounding ECM.

Although TNC has been studied in the context of injury and repair, little is known about its mode
of presentation, specifically immobilized vs soluble forms, and how the mechanical properties of
the matrix might influence its activity. /n vivo, TNC is present in both soluble and matrix-
associated forms, yet the way these modes of presentation affect neural lineage commitment has
not been thoroughly investigated.®” Furthermore, the mechanical signature of the spinal cord
changes dramatically after injury, shifting from the compliant tissue of the healthy cord to the
stiffer scar that develops during chronic stages (6-mo) with Young’s Elastic Modulus (Ey) reported
values spanning the low-Pa to sub-kPa range depending on injury stage, region, and model.?6-2°
How cells perceive and respond to TNC under these evolving conditions remains poorly

understood.

To explore this relationship, we first examined the temporal and spatial pattern of TNC expression

following SCI. A thoracic contusion SCI model was selected because it reproduces key
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pathological features of clinically prevalent traumatic SCI.3° We then modeled these conditions in
vitro using a tunable methacrylated hyaluronic acid (MeHA) hydrogel system that replicates
spinal-tissue stiffness (approximately 100-500 Pa as measured by AFM, spanning the sub-kPa
mechanical range of native and injured spinal cord tissue; Figure 2A) and allows controlled
presentation of TNC. Finally, we extended these studies into bulk three-dimensional constructs to
evaluate the relevance of TNC signaling within a physiologically representative environment. We
hypothesized that matrix-bound TNC, when presented within a compliant matrix that mimics naive
spinal tissue, would promote neuronal differentiation and provide insight into how ECM-derived

cues regulate neural repair.

2. Experimental Section

2.1. Spinal Cord Injury Model and Tissue Processing

All animal procedures have been conducted in compliance with the University of Akron and

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Institutional Animal Care and Use Committee (IACUC) guidelines. Adult male Fisher 344 rats

(10-12 weeks old) were anesthetized with 1-3% isoflurane, which was maintained throughout the
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procedure. A midline incision was made along the spine, and the muscles were dissected to expose
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the spinal column. A laminectomy was then performed at the T8 level, followed by a 250-kdyn
contusion injury using the Infinite Horizon Impactor (Precision Systems and Instrumentation).
After surgery, the wound was closed with absorbable sutures and Michel clips. The rats were
terminally anesthetized using peritoneal administration of FatalPlus, followed by transcardial
perfusion with phosphate-buffered saline (PBS), spinal cords were collected on 1-d, 1-wk, 1-mo,

and 6-mo after injury along with sham (laminectomy only) and naive controls (n = 3 per group).
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For atomic force microscopy (AFM) and RNA analysis, rats were transcardially perfused with
only saline. For AFM, fresh 1000 um sections were collected from the lesion epicenter with a
vibratome (VT1000S, Leica, Wetzlar, Germany). Tissues were cryoprotected, embedded in
Tissue-Tek optimal cutting temperature (OCT) compound (VWR Cat. No. 25608-930) and stored
at -80°C overnight. The OCT blocks were then cryosectioned using cryostat (Leica CM 1860, Leica
Biosystem) at -20°C into 100 um slices. These 100 um slices were used for further AFM analysis

detailed below.

For RNA analysis, fresh 500 pm sections were collected from the lesion epicenter with a
vibratome. These sections were immediately isolated and immersed in RNAlater (Sigma-Aldrich,
Cat. No. R0901-100ML) and stored at 4 °C overnight to stabilize RNA. These samples were then
stored at -80°C for long term storage. These sections were used for gene expression analysis as

outlined below.

For immunohistochemistry (IHC) of spinal cord tissues, the OCT blocks were sectioned using
cryostat at -20°C into 20 um slices and stored at -80°C until further use. These sections were fixed
with 4% PFA, permeabilized with 0.1% Triton X-100, and blocked with 1% FBS, then incubated
overnight at 4 °C with mouse monoclonal anti-Tenascin-C (Santa Cruz Biotechnology, Cat. No.
SC-25328; 1:200 dilution). Next Alexa Fluor 488 Goat Anti-Mouse IgG (Invitrogen, Cat. No.
A11001; 1:500 dilution) was used as the secondary antibody. Nuclei staining was performed using
10 uM Hoechst (Invitrogen) for 7 min, rinsed, and mounted using Prolong Gold (Thermo Fisher
Scientific), images were taken with a confocal system (A1 plus, Nikon, Minato, Tokyo, Japan),

with gain and laser power settings kept constant among samples.
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2.2.  Atomic Force Microscopy:

Mechanical properties of freshly sectioned rat spinal cord were analyzed using a high-performance
MFP-3D-Bio atomic force microscope (AFM; Oxford Instruments, Santa Barbara, CA, USA). Tip-
less AFM cantilevers (ARROW-TL1Au, Nanoworld, nominal spring constant: 0.03 N/m) were
modified by gluing a 25-um polystyrene bead as we described earlier.?! Force-distance curves
were conducted with a constant scan rate of 0.3 Hz at a setpoint of 1 nN within the injury T8 site—
on one-month post-injury tissue sections. One-month sham tissue sections were subjected to the
same approach to determine the stiffness, serving as controls. Ey was calculated from curves at an

indentation depth of approximately 500 nm using the Hertzian model.

2.3. Polyacrylamide and Methacrylated Hyaluronic Acid Hydrogel Preparation

To control the stiffness of the surface, polyacrylamide (PAA) hydrogels of varying stiffness were

prepared as described by Shi and Janmey.3? Based on our previous work,>3 we prepared two PAA

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

formulations using differing acrylamide and bis-acrylamide concentrations (soft: 6.0% acrylamide

Open Access Article. Published on 30 April 2026. Downloaded on 5/1/2026 10:25:01 AM.

/ 0.058% bis-acrylamide; stiff: 7.5% acrylamide / 0.099% bis-acrylamide) to produce hydrogels

with Ey targeted at 100 Pa and 500 Pa, these are referred to as soft and stiff, respectively. These
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stiffnesses were chosen to replicate the bulk Ey corresponding to naive and injured SCI tissues. To
confirm desired Ey, mechanical testing of PAA hydrogels was performed via a TA Ares G2
rheometer using a 40 mm parallel-plate setup. Frequency sweep tests (1 % strain, 1-100 Hz) were
conducted to determine the storage (G'), and complex (G*) moduli as seen in Supplementary

Figure S1. Ey was calculated from G*, assuming a Poisson ratio of 0.5 using the relation

Ey=2G*(1 +v)
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where G” is the complex shear modulus obtained from rheological measurements, and v is the
Poisson’s ratio, assumed to be 0.5 for incompressible hydrogels. Stiffness ranges corresponding to
healthy and injured spinal cord tissue were selected for subsequent experiments, representing what

are referred to as ‘soft’ and ‘stiff” conditions.

To provide biomimetic surface coating, methacrylated hyaluronic acid (MeHA) was synthesized
following the method of Burdick et al.3* Briefly, 1 % (w/v) hyaluronic acid (Biosynth, 9067-32-7)
was dissolved in deionized water, and methacrylic anhydride (~20-fold molar excess) was added
while maintaining pH 8.0 with 1 M NaOH. The reaction was stirred for 24 h at 4 °C. The product
was purified by dialysis against deionized water for 2—3 days and lyophilized to obtain dry MeHA.
The degree of methacrylation (DoM) was determined to be 11% by '"H NMR spectroscopy. The
DoM was calculated from the ratio of the integrated vinyl proton peaks of the methacrylate group
(6 5.60 and 6.10 ppm, 2H total per methacrylate substituent) to the integrated N-acetyl methyl
proton peak of the hyaluronic acid N-acetylglucosamine (GIcNAc) backbone repeat unit (6 ~2.0

ppm, 3H per repeat unit). (Supplementary Figure S2).

For coating, 1 % (w/v) MeHA and 0.1 % (w/v) lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP; Sigma-Aldrich, Cat. No. 900889) were dissolved in deionized water. A thin layer of the
solution was evenly distributed over preformed PAA hydrogels and placed on a shaker for uniform
coverage. The constructs were cross-linked under UV light (405nm, 25 mW cm™) for 3 min, and
hydrogel discs were punched and sterilized. The morphology of the cross-linked hydrogels was

examined by scanning electron microscopy after lyophilization and gold sputter coating.
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2.4. Tenascin-C Production and Modification

TNC was produced from U251MG human glioblastoma cells (Sigma, Cat. No. 09063001-1VL)
following a protocol adapted from Aukhil ez al.?’ Briefly, U251MG cells were cultured in DMEM
high glucose (Thermo Fisher, Cat. No. 12660012) supplemented with 5 % fetal bovine serum
(FBS; Sigma, Cat. No. F2442-100ML) and 1 % penicillin-streptomycin (Sigma, Cat. No. P4458-
100ML) at 37 °C and 5 % CO,. Once flasks reached confluence, conditioned medium was
collected every 3 to 4 days for up to 14 days from eight to ten T-75 flasks and stored at 4 °C with

protease inhibitor (Thermo Scientific, A32955) until processing.

Conditioned medium was cleared via centrifugation at 70,000 x g for 30 min at 4 °C. The
supernatant was titrated with 37 % ammonium sulfate (Thermo Scientific, J64419.A3) to
saturation (22.1 g per 100 mL medium) and gently stirred at room temperature for 30 min to

precipitate proteins. The suspension was next centrifuged again at 70,000 x g for 30 min, and the

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

resulting pellet was resuspended in sterile 0.2 M ammonium bicarbonate (Sigma-Aldrich, 09830),

pH 8.2 (1 mL per 100 mL original medium). After a third centrifugation step at 70,000 x g for 30

Open Access Article. Published on 30 April 2026. Downloaded on 5/1/2026 10:25:01 AM.

min, the supernatant was loaded onto a Sephacryl S-500HR size exclusion column (Cytiva, Cat.

(cc)

No. 17-0613-10) equilibrated with 0.15 M NaCl, 0.02 M Tris, pH 7.9, and 0.02 % sodium azide.
Fractions were automatically collected using an AKTA purifier P-900 system (GE healthcare, now
Cytiva) via UV absorbance monitored at 280 nm shown in Supplementary Figure S3. Protein-
containing fractions were pooled and dialyzed overnight at 4 °C against 0.15 M NaCl using
Spectra/Por2 dialysis membranes (12—14 kDa MWCO; VWR, Cat. No. 25218-468). The dialyzed
solution was concentrated to the desired volume using Amicon centrifugal units (100 kDa MWCO,

Millipore, Cat. No. UFC9100), aliquoted, and stored at —80 °C until further use.
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TNC content was confirmed and quantified by ELISA (Enzyme-linked Immunosorbent Assay)
(Antibodies-Online, Tenascin C ELISA kit, Cat. No. ABIN6959885) according to the
manufacturer’s instructions, total protein concentration was also measured using a Bradford

protein assay (Thermo Fisher, Cat. No. 23200).

To introduce functional groups for immobilization, purified TNC was modified using acrylic acid
N-hydroxysuccinimide (NHS) ester (Santa Cruz, CAS 38862-24-7). Tenascin-C was diluted into
Tris-HCI buffer to a final volume of 5 mL. Acrylic acid NHS ester was dissolved immediately
before use and added to the protein solution at a molar excess relative to available lysine residues.
The reaction was allowed to proceed overnight at 4 °C on a nutator to maintain gentle mixing. The
following day, unreacted NHS ester was quenched by adding Tris-HCI to increase the buffer
concentration and incubating for 30 min at 4 °C. The reaction mixture was first dialyzed using
Spectra/Por2 dialysis tubing (12—-14 kDa MWCO) against 0.15 M NaCl at 4 °C to remove low-
molecular-weight byproducts, then concentrated to approximately 4 mL using Amicon centrifugal
filters (100 kDa MWCO). The acrylate TNC was aliquoted and stored at —80 °C until use.
Conjugation efficiency and protein recovery were assessed by measuring total protein with the
Bradford assay and TNC content using the tenascin-C ELISA kit. These values were used to
determine TNC concentration in immobilization solutions Supplementary Figure S4-5. To assess
TNC immobilization efficiency, cumulative release studies were performed on bulk MeHA
hydrogels (1% w/v MeHA, 0.1% w/v LAP) prepared under identical UV crosslinking conditions
(405 nm, 25 mW cm™, 3 min) and loaded with either soluble (non-acrylated) or immobilized
(acrylated) TNC at equivalent initial concentrations. At each time point (Day 0, 3, 6, 9, and 12),
the PBS supernatant (~1 mL) was fully collected from each hydrogel, replaced with an equal

volume of fresh PBS, and returned to incubation at 37 °C. At Day 14, the hydrogel constructs
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themselves were harvested and digested to quantify retained TNC. TNC concentration in all
collected fractions and the final scaffold digest was determined using a sandwich ELISA kit
described above. Cumulative release was expressed as a percentage of the initial TNC loading,
calculated from the sum of all collected fractions relative to total TNC quantified across all

fractions plus the Day 14 scaffold-retained fraction.

2.5. Cell Culture and Differentiation of Human Embryonic Stem Cells

Human embryonic stem cells (H9, WiCell, WAQ09) (female, age 46, XX karyotype) were
maintained under feeder-free conditions in mTeSR1 medium (STEMCELL Technologies) on
geltrex-coated plates (Thermo Fisher Scientific, Cat. No. A31804) at 37 °C and 5 % CO,.
Differentiation toward posterior motor neuron lineage was carried out according to the protocol of
Wind and Tsakiridis (2021), with identical reagents, concentrations, and timing.3® Briefly, cells

were differentiated through four sequential phases using N2B27-based media: Phase 1 (Days 0-3,

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

neuroectodermal induction): FGF2 (20 ng/ml), CHIR99021 (3 uM), and LDN193189 (100 nM);

Phase 2 (Days 3-8, posterior patterning): FGF2 (100 ng/ml), CHIR99021 (3 uM), LDN193189

Open Access Article. Published on 30 April 2026. Downloaded on 5/1/2026 10:25:01 AM.

(100 nM), SB431542 (10 uM), DMHI1 (1 uM), SAG (500 nM), purmorphamine (1 uM), and all-

(cc)

trans retinoic acid (RA; 100 nM); Phase 3 (Days 8-14, ventral spinal cord progenitor
specification): SAG (500 nM), purmorphamine (1 uM), RA (100 nM), BDNF (20 ng/ml), GDNF
(20 ng/ml), and L-ascorbic acid (200 uM); Phase 4 (Days 14—24, motor neuron maturation): same
as Phase 3 (BDNF, GDNF, L-acorbic acid) and DAPT (10 uM) supplemented with the y-secretase

inhibitor.
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2.6. 2D & 3D Culture Using MeHA Hydrogels

For 2D experiments, VSCP cells were seeded at a density of 8 x 10* cells /cm*> on MeHA-PAA
hydrogels functionalized with TNC, RGD peptide, or unmodified control surfaces at day 10 of
differentiation and cultured until day 24 using the media described above. For 3D encapsulation
experiments, VSCP cell suspensions (I x 107 cells /mL) were embedded in 1 % w/v MeHA
hydrogels containing 0.1 % w/v LAP with the same biochemical modifications and crosslinked
under UV light (405nm, 25 mW c¢m™, 3 min). Cultures were maintained in posterior ventral spinal
cord progenitor induction medium with medium changes every 48 h until day 24. These were then

used for further analysis.
2.7.  Cell Viability and Immunocytochemistry

On day 24 of differentiation, cell viability and differentiation were assessed using
immunocytochemistry and the PrestoBlue viability assay (Thermo Fisher Scientific, Cat. No.
A13261). For cell viability analysis, PrestoBlue Cell Viability Reagent was diluted to 10% (v/v)
in N2B27 base medium. For 2D cultures, the reagent solution was added to each hydrogel to fully
cover the surface, including blank wells for background subtraction, and incubated at 37 °C for 10
min. Aliquots (100 pL) were transferred to a clear 96-well plate, and fluorescence was measured
using an Infinite M200 plate reader (Tecan Life Sciences) at 560 nm excitation and 590 nm
emission. For 3D cultures, the diluted PrestoBlue solution was added to cover the hydrogels and
incubated at 37 °C for 30 min prior to fluorescence measurement. For all conditions, raw
fluorescence values were background-subtracted using blank wells and normalized to the
unmodified MeHA control (no ligand), which was set to 100% viability. Values exceeding 100%
indicate greater metabolic activity relative to the unmodified control and reflect enhanced cell

health or proliferation under the test condition, not a measurement artefact.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6tb00247a

Page 13 of 43 Journal of Materials Chemistry B

View Article Online
DOI: 10.1039/D6TB00247A

For immunocytochemistry, 2D hydrogels were fixed with 4% paraformaldehyde (PFA) for 8 min,
while 3D hydrogels were fixed for 30 min to ensure adequate penetration. Samples were
permeabilized with 0.1% Triton X-100 for 8 min (2D) or 15 min (3D) and blocked with 1% fetal
bovine serum (FBS) for 1 h at room temperature. Samples were incubated overnight at 4 °C with
primary antibodies against B-III tubulin, GFAP, FAK, and ISL1. Following washing, samples were
incubated with species-appropriate secondary antibodies (1:500) for 1 h at room temperature.
Samples were washed three times with 1x PBS (15 min per wash), counterstained with 10 uM
Hoechst for 7 min, rinsed, and mounted using Prolong Gold (Thermo Fisher Scientific). Detailed

antibody information, including host species, suppliers, and dilutions, is provided in Table S1.

Fluorescence images were acquired using an inverted fluorescence microscope (CKX41,
Olympus, Shinjuku, Tokyo, Japan) with identical exposure settings across all conditions. For 3D,
images were taken using a confocal system and z-stack for the construct was taken using identical

exposer setting in all conditions. Image analysis was performed using ImageJ (NIH) to determine

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

mean signal intensity and cell coverage. For quantification of BIII-tubulin-positive cells (Figure
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2E) and ISL1-positive cells (Figure 5G), manually a minimum of five randomly selected fields of

(cc)

view per sample (10x objective) was selected and uploaded on Image J software. Total cell counts
were obtained from co-registered DAPI-stained images, and the percentage of marker-positive
cells was calculated as (positive cells / total DAPI-positive nuclei) x 100. Fluorescence intensity
thresholds were defined on control samples and applied consistently across all conditions within
each experiment. For neurite morphology analysis, BIII-tubulin immunofluorescence images were
processed using the Fiji distribution of ImageJ. Images were first converted to 8-bit grayscale and
binarized using consistent thresholding parameters. The Skeletonize (2D/3D) plugin was then

applied to generate skeleton traces overlaying the original fluorescence images. Total neurite
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length was quantified from the skeleton output using the Analyze Skeleton plugin, and neurite
length per cell was calculated by dividing total neurite length by the number of DAPI-positive

nuclei in the corresponding field of view. A minimum of five fields per condition were analyzed.

For visualization of BIII-tubulin-positive cells (Figure 2E) and ISL1-positive cell distributions
(Figure 5G), raincloud plots were generated using R (v4.3) with the ggdist and ggplot2 packages,
combining half-violin kernel density estimates with individual data points and mean + 95%

confidence interval summaries.

2.8.  Gene expression analysis

For analysis of SCI rat tissue sections, total RNA was extracted using the RNeasy Lipid Tissue
Mini Kit (Qiagen, Cat. No. 74804) according to the manufacturer’s protocol. The resulting RNA
was reverse transcribed with the cDNA synthesis kit (Fisher Scientific, FERK1622). Quantitative
PCR was performed on a QuantStudio 3 Real-Time PCR system (Applied Biosystems) using
SYBR green detection chemistry (Thermo Scientific, Cat. No. A46110). Primers for TNC
(Integrated DNA Technologies) were used and expression levels were normalized to the

housekeeping gene GAPDH.

For in-vitro analysis total RNA was extracted using a RNeasy Mini Kit (Qiagen, Cat. No. 74104)
and reverse transcribed with the cDNA synthesis kit. Quantitative PCR was performed using a
QuantStudio 3 Real-Time PCR system using SYBR Green detection chemistry. Custom primers
for OLIG2, TUBB3, and ISL1 (Thermo Fisher Scientific) were used shown in Supplementary

Table S2, and expression levels were normalized to the housekeeping gene GAPDH.

Relative expression was calculated via the AACt method. For in vitro experiments, fold changes

were expressed relative to cells cultured on unmodified MeHA control substrates (no added
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ligand), with GAPDH serving as the endogenous reference gene for normalization. For in vivo
quantitative PCR (qPCR), fold changes were expressed relative to naive (uninjured) tissue

controls, also normalized to GAPDH.?’

2.9.  Statistical analysis

All experiments were conducted with a minimum of three biological replicates. Each biological
replicate (n) represents an independent differentiation experiment, with three technical replicates
(S) per condition within each experiment. Data are presented as mean =+ standard deviation.
Statistical significance between two groups was determined using an unpaired two-tailed t-test.
Comparisons between multiple groups were performed using either one-way or two-way analysis
of variance (ANOVA) followed by Tukey’s post hoc test. A p-value < 0.05 was considered

statistically significant. Statistical analyses were performed using GraphPad Prism version 10.4.1.

3. Results and Discussion

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

3.1. Temporal regulation of TNC following SCI
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Figure 1. Temporal regulation of Tenascin-C expression following SCI in rats. A) Schematic of
the T8 contusion SCI model showing a controlled 250-kdyne impact and the experimental
timeline. Spinal cord tissue was collected at 1-d (acute), 1-wk (subacute), 1-mo (intermediate), and
6-mo (chronic) post-injury for ECM characterization. B) qPCR analysis of TNC expression at
indicated timepoints, shown as foldchange relative to naive controls. TNC expression was elevated
from 1-d post-injury onward, with sustained high expression through 1-mo (no statistically
significant difference between 1-d and 1-mo) and peak numerical elevation at 1-wk, declining
toward baseline by 6-mo. Data are presented as mean + SD (n = 3 biological replicates per group).
Statistical significance was assessed by one-way ANOVA followed by Tukey’s multiple
comparisons test. Groups not sharing the same letter are significantly different (p < 0.05). C)
Representative immunohistochemistry images of spinal cord cross-sections stained for Tenascin-
C (green) and nuclei (blue). Low-magnification images (4x) show overall lesion morphology, with
boxed regions indicating areas shown at higher magnification (20%). Robust perilesional TNC
deposition was observed during the subacute and intermediate phases (1-week and 1-month), with
minimal signal in sham and chronic (6-mo) tissue. Scale bars: 200 pm (top row), 50 pm (bottom
row).

To characterize how TNC expression changed over time after SCI, we combined quantitative and
histological analyses of a rat contusion model (Figure 1A—C). Figure 1A outlines the experimental

workflow and impact parameters used to generate a consistent 250-kdyn lesion at T8. Figure 1B
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shows TNC mRNA expression across injury timepoints obtained by quantitative PCR and shown
as relative fold change, revealing a rise at 1-d post-injury, a pronounced peak at 1-wk, sustained
elevation at 1-mo (no statistically significant difference between 1-d and 1-mo, p>0.9999), and
reduction toward baseline by 6-mo. Figure 1C presents representative immunohistochemistry
images of TNC (green) and nuclei (DAPI, blue) at low (4%) and high (20%) magnifications,
showing strong perilesional staining during the subacute phase (1-wk to 1-mo) and minimal signal

in naive, sham and chronic (6-mo post-injury) tissue.

The transient increase in TNC we observed after contusion SCI (beginning to rise as early as 1-d
post-injury, reaching sustained elevation across the 1-wk, and gradually declining toward 1-mo to
6-mo) is consistent with TNC behaving as an injury-responsive matricellular ECM protein that is
elevated during the subacute remodeling window. Prior studies in SCI models show that altering
TNC levels can meaningfully affect lesion biology and axonal growth responses, supporting the

idea that TNC is not just a passive marker but an active regulator of repair-associated signaling.3®

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

In parallel, work across CNS injury contexts shows that TNC is strongly induced by reactive glia
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and inflammatory cues and can shift ECM organization and cell-matrix interactions during early
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scar formation, aligning with our strong perilesional staining at 1-wk to 1-mo.3° Finally, broader
spinal cord scar literature describes the subacute period as a phase of dynamic ECM deposition
and innate immune activity, where glycoproteins like TNC contribute to the evolving biochemical
environment that can either support or restrict plasticity depending on context, which matches the

time window in which we see the strongest TNC signal.*?

3.2.  Stiffness-tuned MeHA-PAA hybrid platform
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Figure 2. Stiffness-tuned MeHA-PAA hybrid hydrogel platform recapitulates spinal cord
mechanical properties and regulates neuronal differentiation. A) Young’s elastic modulus (Ey)
measurements of native spinal cord tissue and regional stiffness variations at 1-month post-injury.
B) Schematic illustrating the MeHA-PAA hybrid hydrogel system. A stiffness-defining
polyacrylamide (PAA) base is overlaid with a thin methacrylated hyaluronic acid (MeHA) layer
and crosslinked under UV light (405 nm, 25 mW cm™, ~3 min), enabling independent control of
mechanical and biochemical cues. Representative scanning electron micrograph demonstrates a
continuous MeHA coating atop the PAA substrate (dashed line indicates interface). C) Ey of soft
and stiff hydrogel formulations used for in-vitro studies (n=5). D) Immunofluorescence images of
induced spinal progenitors cultured on soft and stiff substrates, stained for nuclei (blue), astrocytic
marker GFAP (cyan), and neuronal marker BIII-tubulin (red). E) Quantification of the percentage
of BIII-tubulin—positive cells on soft versus stiff substrates, presented as a raincloud plot
combining half-violin density distributions with individual data points and mean + 95% CI. F)
Neurite morphology analysis: representative skeleton trace overlays generated using the Fiji
Skeletonize plugin on BIII-tubulin immunofluorescence images (top), with quantification of total
neurite length and neurite length per cell (bottom). Data are presented as mean = SD (n = 3).
Statistical significance was assessed by pairwise t-test (** = <0.01, *** = p < 0.001, **** =p <
0.0001).

To investigate how mechanical cues potentially contribute to neural differentiation in a spinal
cord-relevant context, we engineered a stiffness-tunable hydrogel platform designed to
recapitulate the elastic properties of both healthy and injured spinal cord tissue. Figure 2A shows

the Ey of sham tissue and injured tissue in 1-mo post-injury spinal cord tissues. The differences in
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Ey between sham tissue and 1-mo post injured tissue are similar to our prior results in rat spinal
cord tissues.’> Meanwhile, the injured regions at 1-mo time point are softer compared to regions
away from the injury site (sham), reaffirming our hypothesis and prior reports in this regard that
such soft tissue post-injury modulates cellular migration, attachment to matrix, and ECM
remodeling efforts. Indeed, AFM-based studies of rodent CNS tissue have demonstrated that glial
scars are mechanically softer than surrounding uninjured parenchyma, and that this post-injury
softening correlates with altered expression of structural and ECM proteins including GFAP,
vimentin, laminin, and collagen IV — components that directly regulate cell adhesion and

migration.33-4!

Based on these Ey results, hybrid hydrogels were fabricated using a polyacrylamide (PAA) base
coated with a thin layer of MeHA as shown in Figure 2B. In this configuration, the underlying
PAA matrix determines stiffness, while the MeHA layer provides a consistent, cell-interactive

hyaluronan surface. This design allows the mechanical and biochemical cues to be tuned

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

independently. Scanning-electron micrographs showed a continuous and uniform MeHA coating
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across all samples, with an average thickness of 199.3 uM, + 13.2 pm (mean + SD, n = 3)
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indicating stable crosslinking and surface integrity shown in Figure 2B. Rheological measurements
confirmed that the Ey increased from soft to stiff formulations (Figure 2C), with the soft condition
measuring ~150 Pa and the stiff condition ~500 Pa, corresponding to stiffness ranges
representative of injured and healthy spinal cord tissue, respectively.’® Critically, these
measurements were performed on fully hydrated, crosslinked MeHA-PAA composite constructs,
meaning the reported Ey values reflect the effective mechanical properties of the complete system
that cells interface with, not the PAA substrate in isolation. The MeHA coating, prepared at 1%

(w/v) with an 11% degree of methacrylation and brief UV crosslinking, is itself a highly compliant
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hydrogel whose storage modulus falls within a comparable range to the underlying PAA layers.?
This situation is mechanically distinct from the canonical scenario studied by Buxboim et al., in
which a thin compliant coating on a rigid substrate produces a large stiffness contrast, causing cells
to sense the rigid support through only ~3—5 um of soft material.*? In the present system, both the
MeHA surface layer and the PAA substrate exist within the same low-Pa range; no high-contrast
stiffness interface is present, and the two layers behave as a mechanically integrated composite as
directly reflected by the composite rheology (Figure 2C). The observed differences in neuronal
differentiation outcomes between soft and stiff conditions (Figure 2D) provide direct empirical
confirmation that cells sense and respond to the mechanical distinction between composite
substrates. We acknowledge that AFM indentation performed directly on hydrated MeHA-coated
surfaces would offer more precise surface-level mechanical characterization and is a priority for

future studies.

Stiffness had a clear influence on differentiation outcomes, as immunostaining for BIII-tubulin
revealed a greater proportion of neurons on stiff substrates compared with soft ones (Figure 2D).
Cells cultured on the stiff gels displayed longer, more aligned neurites, whereas those on soft gels
showed shorter, less organized extensions. GFAP-positive astrocytes were not detected, consistent
with a predominantly neuronal phenotype under these differentiation conditions; however, the
absence of GFAP staining alone is insufficient to fully exclude other non-neuronal cell types, and
additional lineage-specific markers would be required for comprehensive phenotypic
characterization. However, quantification of BIII-tubulin—positive cells confirmed a significantly
higher proportion of neurons on stiff substrates compared with soft ones (Figure 2E). To further
characterize the morphological differences, neurite outgrowth was analyzed using Fiji’s

Skeletonize plugin on BIII-tubulin immunofluorescence images, producing skeleton trace overlays
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that enabled quantification of total neurite length and neurite length per cell (Figure 2F). Cells on
stiff substrates exhibited significantly longer neurites compared with those on soft substrates,

consistent with the qualitative observations from immunofluorescence imaging.

The MeHA-PAA hybrid platform allows for decoupling of mechanical stiffness from biochemical
surface identity, addressing a key limitation of single-polymer hydrogels where changes in
modulus are often accompanied by changes in ligand density or matrix composition.*>** This
separation is particularly important for modeling spinal cord microenvironments, where tissue
stiffness exists within a narrow, low-modulus range and evolves dynamically following injury.*
The stiffness-dependent enhancement of neuronal differentiation observed here is consistent with
prior reports demonstrating that neural progenitor fate and maturation are regulated by substrate
mechanics through cytoskeletal tension and mechanotransductive signaling pathways.**47 More
recent work has further emphasized that mechanical cues act in concert with ECM context to shape

lineage specification rather than functioning as isolated instructive signals.’

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Within this framework, the stiff condition used here likely provides a mechanical context that
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better supports neuronal maturation compared with more compliant substrates, while maintaining
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high cell viability. Establishing this stiffness-sensitive baseline was essential for subsequent
experiments probing how matrix-bound TNC interacts with spinal-cord—relevant mechanics, as it
ensures that observed effects arise from biochemical presentation within a defined mechanical
environment rather than from platform-induced stress or instability.'>444¢ Collectively, these
results validate the MeHA-coated PAA system as a robust and tunable 2D platform for
investigating how ECM-associated signals cooperate with tissue mechanics to regulate neuronal

lineage specification.

3.3. Production and immeobilization of bioactive TNC
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Figure 3. Production, modification, and immobilization of Tenascin-C within MeHA hydrogels.
A) Schematic overview of Tenascin-C (TNC) purification from conditioned media of U251MG
glioblastoma cells using ammonium sulfate precipitation followed by size-exclusion
chromatography. B) Quantification of purified protein by Bradford assay (total protein) and ELISA
(TNC-specific), confirming consistent recovery of TNC from conditioned media. Data are
presented as mean + SD (n = 3). Statistical significance was assessed by unpaired two-tailed t-test
(*** = p < 0.001). C) Representative SDS-PAGE analysis of purified fractions showing
enrichment of TNC with minimal detectable contaminants. (Full SDS-PAGE gel shown in Figure
S5) D) Schematic illustration of TNC incorporation into methacrylated hyaluronic acid (MeHA)
hydrogels via covalent crosslinking. E) Cumulative release profile of soluble and immobilized
TNC from MeHA hydrogels over 14 d, showing gradual diffusion-mediated release of soluble
TNC and minimal release of immobilized TNC, indicating stable covalent incorporation within
the hydrogel network. Data are presented as mean + SD (n=4, S = 3).
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TNC was purified from conditioned media of U251MG glioblastoma cells using a multi-step
protocol combining ammonium sulfate precipitation and size-exclusion chromatography as shown
in Figure 3A, and the protein elution profile shown in Figure S3. Quantification by Bradford assay
and ELISA confirmed consistent protein recovery across batches, with TNC representing a
substantial portion of the total secreted protein (Figure 3B), Figure S4 shows the ELISA standard
curve profile used to interpolate the protein concentration. The process yielded protein fraction
with minimal contaminants, as verified by SDS-PAGE (Figure 3C), full SDS-PAGE gel is shown

in Figure S5.

To enable covalent attachment within MeHA hydrogels, purified TNC was functionalized with
acrylic acid N-hydroxysuccinimide ester, introducing polymerizable acrylate groups without
visible degradation or loss of solubility. The modified protein retained its immunoreactivity in
ELISA, indicating that the functionalization preserved epitope integrity (Figure 3D). Release

studies further validated the immobilization efficiency (Figure 3E). Soluble, non-acrylated TNC

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

exhibited a gradual release of approximately 40% over 14 days, suggesting partial entrapment
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within the hydrogel matrix. In contrast, acrylated TNC showed minimal release (~10%) over the
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same period, demonstrating stable covalent incorporation into the MeHA network. This marked
difference highlights the effectiveness of the acryloyl-NHS conjugation chemistry in achieving

long-term protein retention.

Covalent immobilization of ECM proteins is increasingly recognized as a critical strategy for
recapitulating native ECM signaling, particularly in neural tissues where matricellular cues are
presented predominantly in a matrix-bound rather than soluble form.*® TNC is a large, multimeric
glycoprotein whose biological activity depends strongly on its mode of presentation, local

concentration, and mechanical context.!74%0 The purification strategy employed here yielded
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intact, bioactive TNC, consistent with prior reports using glioma-derived conditioned media as a

reliable source of TNC protein.3?

The marked reduction in release observed for acrylated TNC compared to soluble TNC confirms
stable incorporation into the hydrogel network, minimizing diffusion-driven loss over time. This
controlled presentation strategy is particularly important for dissecting the role of TNC, as its
biological activity is known to depend on local concentration and context within the ECM. By
maintaining TNC in a matrix-bound state while decoupling biochemical presentation from bulk
material properties, this platform allows the effects of immobilized TNC to be evaluated
independently of confounding changes in stiffness or ligand availability. Together, these results
establish a robust and tunable system for examining how matrix-bound TNC influences neural

differentiation under defined mechanical conditions.

3.4. Matrix-bound immobilized TNC enhances neuronal differentiation in 2D
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Figure 4. Matrix-bound Tenascin-C enhances neuronal differentiation in a concentration
dependent manner in 2D. A) Schematic illustrating the differentiation timeline of human
pluripotent stem cells into ventral spinal cord progenitors and motor neurons, and their seeding
onto MeHA-PAA substrates functionalized with Tenascin-C (TNC) or RGD ligands. B)
Representative brightfield images showing cell adhesion and morphology on substrates
functionalized with immobilized TNC (TNC-i), soluble TNC (TNC-s), or RGD across increasing
ligand concentrations. Scale bar: 100 um. C) PrestoBlue metabolic activity of cells cultured on
RGD-functionalized substrates across increasing concentrations. D) PrestoBlue metabolic activity
of cells cultured on TNC-functionalized substrates comparing immobilized (TNC-i) and soluble
(TNC-s) presentation across concentrations. E) Heatmap of qPCR log2 fold-change (vs. control)
for six neuronal and motor neuron markers (OLIG2, NKX6.1, NKX6.2, TUBB3, ISL1, MNX1)
across RGD dose response. F) qPCR analysis of fold-change expression to no RGD control for
individual genes (OLIG2, NKX6.1, NKX6.2, ISL1, TUBB3, MNX1) in cells cultured on RGD-
functionalized substrates. G) Heatmap of qPCR log?2 fold-change for the same markers across TNC
dose response, comparing immobilized and soluble presentation. H) qPCR analysis of fold-change
expression to no TNC control for the same genes in cells cultured on TNC-functionalized
substrates comparing immobilized and soluble presentation across concentrations. All data are
presented as mean = SD (n = 3, S=3). Groups not sharing the same letter are significantly different
(p < 0.05) via ANOVA with Tukey’s multiple comparisons test. Direct comparisons between
immobilized and soluble TNC (TNC-i and TNC-s) at the same concentration (****=p < 0.0001).
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To determine how biochemical presentation influenced neuronal differentiation, induced spinal
cord progenitors were cultured on MeHA-PAA substrates functionalized with either RGD
peptides or TNC presented in soluble or immobilized forms across a range of surface

concentrations (Figure 4A).

Brightfield imaging (Figure 4B) provided qualitative visualization of cell adhesion and
morphology across ligand concentrations. Cell density, morphology, and contact area were
assessed semi-quantitatively from these images, with PrestoBlue metabolic activity serving as the
primary quantitative correlate for concentration-dependent effects. At higher coating densities,
cells displayed reduced adhesion and spreading on both RGD and TNC functionalized surfaces,
suggesting that excessive ligand density disrupts effective cell-matrix interactions. This type of
ligand-density dependence is well established for integrin-binding motifs like RGD, where spacing
and availability govern focal adhesion maturation and downstream signaling rather than more
ligand means better adhesion.’! Cell viability assays confirmed this trend as shown in Figure 4C—
D. RGD-modified substrates supported maximal viability at 100 pM, while higher concentrations
(>500 uM) resulted in significant loss of metabolic activity (p<0.0001). In contrast, TNC-
functionalized substrates exhibited peak viability at 100-200 nM, with immobilized TNC
supporting significantly higher viability than soluble TNC across this range (p<0.0001).
Functionalization of both TNC and RGD within the stated surface concentration ranges also led to
focal adhesion kinase (FAK) activation, as confirmed by robust FAK staining (Figure S6A)
indicating engagement of integrin-mediated adhesion signaling. RGD is a well-established ligand
for several integrins, most prominently av1 and avf3, which are known to activate FAK through
clustering and focal adhesion maturation.’>3 In contrast, TNC binds integrins yet promotes

transient, migratory adhesion states rather than the stable adhesion characteristic of classical ECM
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ligands.!!4233435TNC has been shown to bind specific integrin receptors, including a9B1, avp3,
and a8B1, depending on cellular context and matrix presentation.**-*3¢ Previous studies have
shown that matrix-bound TNC can promote integrin-dependent signaling and cytoskeletal
remodeling despite its anti-adhesive domains, resulting in downstream activation of FAK and
mechanosensitive pathways.’”! Together, these findings support that both RGD and immobilized
TNC converge on integrin—FAK signaling, while differing in ligand—receptor specificity and

downstream effects on neuronal differentiation.

Neuronal differentiation outcomes paralleled the observed viability trends. In RGD-functionalized
substrates, increased ligand density promoted neuronal differentiation, with higher concentrations
(up to 100 uM) resulting in elevated expression of neuronal marker BIII-tubulin and motor neuron
markers ISL1 and MNX1. Similarly, ventral spinal progenitor markers (OLIG2, NKX6-1, NKX6-
2) exhibited a concentration-dependent increase, suggesting a largely monotonic relationship

between RGD density and lineage specification (Figure 4E,F). However, excessive RGD (=500

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

uM) impaired cell attachment and viability, limiting its functional range.
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In contrast, immobilized TNC exhibited a non-linear, dose-dependent effect. At intermediate

(cc)

concentrations (100200 nM), immobilized TNC significantly enhanced neuronal differentiation,
as evidenced by increased BIII-tubulin expression and upregulation of motor neuron markers ISL1
and MNX1 compared to soluble TNC and control substrates (Figure 4G,H). Notably, peak motor
neuron marker expression was observed at 100 nM, while higher concentrations (200-300 nM)
preferentially increased ventral progenitor markers (OLIG2, NKX6-1, NKX6-2), indicating a shift
toward progenitor maintenance rather than terminal differentiation. At concentrations >300 nM,
neuronal marker expression declined, further supporting the presence of an optimal signaling

window for matrix-bound TNC. At 500nM the RNA yield was low and couldn’t be used for gPCR
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analysis which might suggest a ligand saturation like behavior. Additional immunostaining for

lower TNC concentrations is provided in Figure S6B.

A key takeaway from these data is that dose and presentation mode matter equally to ligand
identity. Although our work was not performed explicitly on ligand binding or clustering, for
integrin-binding ligands like RGD, cell adhesion and downstream fate decisions are highly
sensitive to ligand density, spacing, and clustering, because focal adhesion assembly requires
productive integrin engagement rather than maximal occupancy. When adhesive ligands are
presented at non-optimal densities/organization, cells can show impaired spreading and altered
cytoskeletal organization, even when the ligand is “pro-adhesive” in principle. This general
dependence on ligand density/organization is well established across engineered biomaterial

surfaces and nanopatterned systems.>!:62

In contrast, TNC functions as a context-dependent extracellular matrix cue whose biological
activity is strongly influenced by its mode of presentation. Unlike generic adhesive ligands, TNC
has been shown to modulate cell adhesion, migration, and differentiation in a spatially regulated
manner, often exerting distinct effects when immobilized within the extracellular matrix versus
presented in soluble form. Matrix-bound TNC can provide sustained, localized receptor
engagement and cooperative signaling that is not achieved through soluble exposure alone,
particularly in neural systems where ECM cues integrate with mechanotransductive pathways to

regulate fate specification.>

The existence of a narrow concentration window in which immobilized TNC promotes neuronal
and motor neuron differentiation further underscores the instructive, rather than purely permissive,
role of this matrix protein. At higher surface densities, TNC may disrupt effective cell-matrix

coupling through altered ligand conformation, receptor competition, or interference with integrin
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clustering, leading to reduced adhesion and impaired differentiation. Such dose-sensitive behavior
is consistent with the role of TNC as a transient, remodeling-associated ECM component that is
tightly regulated in vivo and associated with dynamic tissue states rather than stable

homeostasis.?2:63

Together, these findings support a model in which matrix-bound TNC acts as a potent,
presentation-dependent instructive cue, capable of promoting neuronal differentiation when
delivered within a defined concentration range. This behavior contrasts with that of generic
integrin ligands and highlights the importance of ECM identity and immobilization strategy in

engineering neural microenvironments.

3.5. 3D hydrogel experiments

Differentaition: 14 days
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Figure 5. Bulk MeHA hydrogels exhibit stability and support neuronal differentiation in 3D with
immobilized Tenascin-C. A) Schematic illustrating the differentiation timeline of human
pluripotent stem cells into ventral spinal cord progenitors and motor neurons, and their
encapsulation onto MeHA substrates functionalized with Tenascin-C (TNC) or RGD ligands. B)
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Swelling kinetics of base bulk 1% MeHA hydrogels (0.1% LAP) incubated in PBS at 37°C,
showing rapid hydration and equilibrium swelling within ~6 h (n=4). C) Enzymatic degradation
profile of bulk MeHA hydrogels incubated in hyaluronidase (0.5 U mL™") or PBS control at 37°C,
demonstrating enzyme-specific mass loss over time (n=4). D) Hydrogel stiffness characterization
of bulk 1% MeHA constructs by rheological measurement, confirming sub-kPa mechanical
properties within the range of native CNS tissue (n=5). E) Representative immunofluorescence
images of cells encapsulated in bulk MeHA hydrogels showing neuronal and motor neuron marker
expression (Nuclei, blue; BIII-tubulin, yellow ; ISLET1, green). Scale bar: 50 um. F) PrestoBlue
metabolic activity of cells cultured within bulk MeHA hydrogels functionalized with immobilized
Tenascin-C (TNC) or RGD compared to unmodified controls (n = 4, S=3). G) Quantification of
ISL17 cells in bulk hydrogels under control, TNC-, or RGD-functionalized conditions, presented
as a raincloud plot combining half-violin density distributions (n=3, S = 15 per group) with
individual observations and mean + 95% CI; brackets indicate Tukey HSD post-hoc comparisons
following one-way ANOVA. H) Quantitative PCR analysis of fold-change expression for six
neuronal and motor neuron markers (TUBB3, ISL1, MNX1, OLIG2, NKX6.1, NKX6.2) in cells
cultured in bulk hydrogels, shown as horizontal bar charts with individual data points Data are
presented as mean £ SD (n = 4, S = 2) unless otherwise noted. Panels (F), (G) and (H) were
analyzed by Pairwise t- test. Statistical significance is indicated as *=p < 0.05, **=p < 0.01,
*akx=p < 0.0001. Comparisons between RGD- and TNC-functionalized hydrogels were not
statistically significant.

To evaluate whether matrix-bound Tenascin-C retains its stimulatory effects in a three-
dimensional environment, bulk MeHA hydrogels (1% w/v MeHA, 0.1% w/v LAP) were fabricated
with immobilized TNC or RGD and assessed for structural stability, cytocompatibility, and
neuronal differentiation, Figure SA shows the schematics for the experimental setup. Based on the
2D dose—response studies (Figure 4) identifying ~100—200 nM immobilized TNC as optimal for
BIII-tubulin and ISL1 expression, 100 nM TNC was selected for all 3D encapsulation experiments.
RGD was incorporated at 100 uM as a benchmark integrin-binding ligand as validated in 2D

experiments above.

Bulk MeHA constructs exhibited rapid swelling in phosphate-buffered saline at 37 °C, reaching
equilibrium within approximately 6 hours as shown in Figure 5B, consistent with stable hydrogel
network formation. Enzymatic degradation studies further demonstrated material responsiveness,

with hydrogels exposed to hyaluronidase (0.5 U/mL) undergoing progressive mass loss over seven
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days, while constructs maintained in PBS alone remained largely intact (Figure 5C). These results
confirmed that MeHA scaffolds possess high water content and physiologically relevant swelling
behavior, reaching equilibrium swelling ratios of approximately 400% (hydrated mass / dry mass)
within ~6 h in PBS at 37 °C (Figure 5B). This degree of swelling is consistent with values reported
for low-crosslink-density HA-based hydrogels3*%* and reflects the high water content (~75-80%)
characteristic of native spinal cord tissue,% confirming that the MeHA network recapitulates a key
physicochemical property of the CNS extracellular environment and controlled enzymatic
degradability. Rheological characterization of the 1% (w/v) bulk MeHA constructs revealed a
storage modulus G’ of approximately 0.3—0.7 kPa, corresponding to an estimated Ey of ~0.8—1.3
kPa using Ey = 2G*(1 + v) with v = 0.5 (Figure 5D) (Supplementary Figure S7). This places the
3D MeHA scaffold within the sub-kPa mechanical range characteristic of native CNS soft tissue
and HA-based neural hydrogels reported in the literature,’*%* providing a compliant, CNS-relevant

environment for encapsulated cells. These experiments were performed to establish baseline

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

swelling, degradation, and mechanical behavior of the MeHA network prior to biochemical
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functionalization.
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Following material characterization, the biological response of VSCP to functionalized MeHA
hydrogels was evaluated. Both TNC and RGD functionalized constructs supported comparable or
enhanced viability relative to control hydrogels, indicating that ligand incorporation and
crosslinking did not compromise cytocompatibility. Immunohistochemical analysis at day 24
revealed robust neuronal differentiation within TNC and RGD functionalized hydrogels shown in
Figure SE. Cell viability at day 24 within the 3D hydrogels remained high across all conditions, as
assessed by Presto Blue metabolic assays in Figure SF. Gene expression analysis further supported

these findings, with BIII-tubulin, MNX1 and ISL1(neuronal lineage/ postmitotic motor neuron
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markers) expression significantly upregulated (p<0.005) in TNC- and RGD-functionalized
hydrogels relative to unmodified MeHA constructs; simultaneously Olig2, Nkx6-1, Nkx6-2
(Ventral progenitor markers) were downregulated in both TNC and RGD-functionalized hydrogels
relative to control (Figure SH). BIII-tubulin expression marks commitment to the neuronal lineage,
indicating that cells have exited the progenitor pool and initiated a neuronal differentiation
program. ISL1 is a LIM homeodomain transcription factor that marks postmitotic motor neuron
specification and is a definitive marker of motor neuron identity. Increased BIII-tubulin expression
in both TNC- and RGD-functionalized 3D hydrogels therefore indicates that both
functionalizations support neuronal lineage commitment, while the presence of ISL1-positive cells
indicates progression toward motor neuron identity. Notably, immobilized TNC achieves these
markers at substantially lower molar concentrations than RGD, supporting the interpretation that
matrix-bound TNC is a more potent, presentation-dependent instructive cue rather than a generic
adhesive ligand. Quantitative analysis further confirmed a significantly higher (p<0.005)
proportion of ISLI1-positive cells in TNC- and RGD-modified hydrogels compared to controls

(Figure 5G).

The maintenance of neuronal and motor neuron differentiation in 3D MeHA supports the premise
that matrix-tethered ECM cues can remain instructive when moved from 2D to a volumetric
microenvironment, where soluble signals are more susceptible to dilution and transport limitations.
Hydrogels are widely used for 3D culture specifically because they allow simultaneous control of
network structure (swelling), degradability, and cue presentation, which together shape cell
phenotype over time.3*64% The swelling-to-equilibrium behavior and hyaluronidase-responsive
mass loss are consistent with expected properties of HA-based hydrogels and support the use of

MeHA as a remodelable matrix relevant to CNS-mimetic scaffold design.3*¢7
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In this context, the observation that immobilized TNC induces neuronal markers at substantially
lower concentrations than RGD is consistent with the view of TNC as a context-dependent,
adhesion-modulatory ECM protein, whose signaling depends strongly on matrix
presentation.!-23-38355 In future studies, this platform could be leveraged to assess whether matrix-
tethered TNC promotes more advanced neuronal or motor neuron maturation, including the
expression of late-stage markers and functional outcomes such as electrophysiological activity.
Such studies would help clarify whether the efficiency of immobilized TNC translates into
enhanced functional maturation relative to canonical adhesive ligands such as RGD. Together,
these findings support MeHA as a stable 3D scaffold for presenting matrix-bound cues and
motivate future designs that integrate tethered ECM signaling with controlled matrix remodeling

for neural repair applications.?225-64.66

Together, these results demonstrate that matrix-bound TNC retains its functional capacity to

promote neuronal differentiation within bulk 3D MeHA hydrogels while maintaining material

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

stability and cytocompatibility. This validates the translational relevance of the MeHA-TNC
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platform as a tunable scaffold for spinal cord injury repair, capable of integrating biochemical
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signaling with physiologically relevant mechanical and structural properties.

4. Conclusions

SCI induces dynamic remodeling of the ECM, including a transient upregulation of TNC during
the subacute phase of tissue repair. By integrating in vivo transcriptional profiling with controlled
in vitro biomaterial models, this study establishes a direct link between the temporal regulation of
TNC following injury and its functional role in guiding neuronal differentiation when removed

from the injury context.
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Using stiffness-tunable MeHA hydrogels that decouple mechanical and biochemical cues, we
demonstrated that matrix-bound TNC functions as an instructive ECM signal when presented
within compliant, spinal cord—like environments. Immobilized TNC promoted neuronal and motor
neuron differentiation more effectively than soluble TNC, underscoring the importance of ECM

presentation mode in regulating cell fate decisions.

Importantly, TNC activity was found to be highly concentration dependent, with neuronal
differentiation enhanced within a narrow window of surface-bound ligand density. While both 100
and 200 nM immobilized TNC supported robust BIII-tubulin expression, maximal ISL1 and
MNX1 induction occurred at 100 nM, indicating that motor neuron specification is particularly
sensitive to TNC dosage. In contrast, RGD-mediated responses scaled more broadly with
concentration, consistent with generic integrin-driven adhesion rather than lineage-specific
instruction. These findings highlight that ECM-derived signals do not operate in a linear or
monotonic manner but instead require precise spatial and biochemical regulation to elicit desired

cellular outcomes.

Extension of these findings into bulk 3D MeHA scaffolds confirmed that matrix-bound TNC
retains its biofunctionality within physiologically relevant, degradable hydrogels, supporting
neuronal differentiation while maintaining material stability and cytocompatibility. Together, this
work establishes a design framework in which ECM-bound biochemical cues, presented within
appropriately tuned mechanical environments, cooperatively define neural differentiation

microenvironments.

Looking forward, these principles provide a foundation for the development of next-generation
spinal cord injury scaffolds that integrate multiple ECM-derived signals in a spatially and

mechanically controlled manner. Such combinatorial biomaterial strategies may enable more
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faithful recapitulation of the evolving post-injury niche and advance regenerative therapies for

central nervous system repair.
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