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Abstract

Protein-based hydrogels crosslinked using dithiolanes provide a promising viscoelastic matrix for soft tissue
engineering and regenerative medicine including neural niche due to their inherent biocompatibility, bioactivity,
and adaptable extracellular matrix ECM-like viscoelastic behavior. Recently, we developed gelatin-dithiolane
(GelDT) as a new class of ECM-mimicking viscoelastic hydrogel that displayed multi-functional properties,
stimuli responsiveness and enabled independent tuning of stiffness and matrix stress relaxation rate to
precisely tune the matrix for improved cellular functions. However, the synthesis of GelDT remained laborious
and inefficient. Herein, we report a scalable, one-step synthesis of GelDT that enables precise control over
dithiolane functionalization (3—97%) using a carbonate—bicarbonate buffer system under mild aqueous
conditions, while reducing the organic solvent consumption from liters to few milliliters scale and eliminating the
use of reducing agents. The GelDT hydrogels obtained using the new synthesis route exhibit high stability
(weeks), tunable stiffness, shear thinning, and self-healing properties essential for minimally invasive

delivery. Additionally, pre-gelation tuning via physio-chemical crosslinking allowed fabrication of GelDT
hydrogels at remarkably low gelatin concentration (1.5% w/v) while ensuring fast gelation. The GelDT hydrogel
supported the high viability and metabolic activity of encapsulated human iPSC-derived neural progenitor cell
(NPC) spheroids. The GelDT hydrogel-maintained NPC stemness (SOX2+, Ki-67+) and facilitated successful
neuronal differentiation (MAP2+) in 3D culture. This work establishes a scalable, cytocompatible platform for
producing dynamic protein-based hydrogels for regenerative medicine.

Keywords: Dithiolane, Hydrogels, Dynamic crosslinking, Neural tissue engineering, Lipoic acid

1. Introduction

The development of scaffolds that recapitulate the dynamic behavior and biochemical features of the native
extracellular matrix (ECM) remains a key challenge in tissue engineering. This challenge is particularly
noticeable in neural tissue engineering, where the matrix must simultaneously demonstrate low stiffness,
viscoelasticity, injectability for minimally invasive delivery, and bioactivity to support neuronal survival and
differentiation.’3 Traditional chemically crosslinked hydrogels are often mechanically strong, but they may lack
the viscoelastic properties required to mimic the continuous remodeling of natural tissues. Conversely,
physically crosslinked networks are shear-thinning, and injectable; however, they lack matrix stability required
for 3D cell culture and are unable to provide mechanical stability in vivo.? 4

To address these limitations, dynamic covalent chemistry has emerged as a promising technique to crosslink
the matrices that are stable, mechanically tunable, and yet provide an injectable matrix for minimally invasive
therapeutic delivery® 8. Specifically, lipoic acid, a natural antioxidant which contains a strained dithiolane ring,
has garnered significant attention in recent years as a functional group to enable photo-initiator free, photo-
crosslinking of hydrogels for tissue engineering applications 7°. Upon exposure to UV light, the dithiolane ring
undergoes ring-opening polymerization to form linear disulfide bonds. Leveraging the unique property of lipoic
acid, our group recently developed a biomimetic Gelatin Dithiolane (GelDT) hydrogel with ECM like
multifunctional properties'® The dynamic disulfide bonds imparted self-healing property, tunable viscoelasticity,
and stress-relaxation properties to the GelDT hydrogel, offering a more cell-conducive tissue engineering
scaffold compared to static crosslinked gelatin hydrogel such as GelMA. Notably, disulfide bonds respond to
external stimuli such as thiols, UV light,'" heat,'? pH'® and redox agent,™ making them as promising platform
for the development of stimuli responsive biomaterials. Unlike conventional thiol-ene or acrylate-based
systems, lipoic acid—derived chemistry do not require photo initiators or harsh reagents, enabling
cytocompatible fabrication of crosslinked networks under physiological conditions.s: 16


mailto:muhammad.rizwan@UTSouthwestern.edu
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tb02915e

Open Access Article. Published on 25 February 2026. Downloaded on 2/26/2026 11:44:11 PM.

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

(cc)

Journal of Materials Chemistry B Page 2 0of 16

View Article Online
DOI: 10.1039/D5TB02915E

Neural tissue engineering provides a compelling motivation for the development of dynamic, injectable, and
bioactive gelatin-based dithiolane crosslinked matrices. Neural progenitor cells are highly sensitive to matrix
stiffness, stress relaxation, and ligand presentation, which regulate neural cell functions and differentiation.'”
Covalently crosslinked hydrogels often impede neuronal spreading and maturation'® '°. Dithiolane crosslinked
hydrogels offer a unique opportunity to address these constraints by combining ECM-derived bioactivity with
stress-relaxing microenvironment at brain-relevant stiffness ranges.2%-?2 Furthermore, the matrix stiffness and
stress relaxation rate of the dithiolane crosslinked hydrogel can be precisely tuned independently to evaluate
their effect on neural cells.8 1023

Despite the promise of dithiolane based hydrogels, current synthetic strategies to modify proteins such as
gelatin with lipoic acid present significant challenges in scalability and translation. To date, protocols have
relied on complex synthesis routes utilizing high volumes of organic solvents (such as DMSO) and the
reducing agents B-mercaptoethanol to prevent protein self-gelation during functionalization'. The use of -
mercaptoethanol is particularly problematic as it could disrupt the native disulfide bridges within the protein
structure and lipoic acid, and poses toxicity concerns that require rigorous, time-consuming purification?.
Furthermore, achieving precise control over the degree of functionalization (DoF) - a critical parameter for
tuning hydrogel stiffness and degradation rates - remains difficult with existing methods. A simplified protocol
for the synthesis of gelatin dithiolane hydrogels which reproducible control over dithiolane grafting density
could improve the adoption of dithiolane modified protein-based hydrogels for soft tissue engineering.

To address this challenge, in this study we introduce a robust, synthetic strategy for GelDT utilizing a
carbonate-bicarbonate (CB) buffer system and N-hydroxysuccinimide (NHS) activated lipoic acid. This
approach significantly reduces organic solvent consumption from liters to mL scale and eliminates the need for
B-mercaptoethanol. We demonstrate that this streamlined method offers precise control over the DoF (ranging
from 3% to 97%) and enables the fabrication of hydrogels with highly tunable mechanical properties.
Furthermore, we demonstrate that the synergistic combination of physical and photo-crosslinking stabilize
hydrogels at ultra-low precursor concentrations. These phenomena are potentially useful for neural tissue
engineering, where highly porous, low-stiffness matrices are required to facilitate neurite outgrowth and
nutrient diffusion. Guided by the mechanical and biological requirements of neural tissue engineering, we
evaluated the performance of GelDT hydrogels as a 3D culture platform for human iPSC derived neural cells.
Furthermore, we examined the capacity of the hydrogel to maintain NPC stemness (SOX2 expression) and
support neuronal differentiation (MAP2 expression) in a 3D environment. This work establishes a scalable,
reproducible, and comparatively greener method for producing dynamic gelatin-based hydrogels, expanding
their applicability in soft tissue engineering.

2. Experimental Methods

2.1. Materials

Gelatin (type A, bloom strength: 120g) (G1890), sodium carbonate (222321), sodium bicarbonate (S6014) and
a-lipoic acid (LA) (T1395), MES (475893), N-hydroxy-succinimide (NHS) (130672), N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) (E7750), Triton X-100 (T8787) were
purchased from Sigma. a-Lipoic acid-NHS (LA-NHS) (A748349) was purchased from Ambeed. 4-
Dimethylsulfoxide (D1284), Bovine serum albumin (BP9703), sodium hydroxide (1310-73-2) were purchased
from Fisher Scientific. Resazurin solution (30025-2), Calcein-AM (80011-2) and Ethidium Homodimer | (40014)
were purchased from Biotium. Dulbecco's phosphate-buffered saline (PBS) was purchased from Corning, NY,
USA.

2.2. Synthesis of Gelatin-dithiolane (GelDT)

Using Lipoic acid (LA) (DMSO/MES solvent system): In a typical reaction, 2x molar excess of LA with respect
to gelatin amines (185 mg of LA for 1.5 g of gelatin type A) was dissolved in solvent mixture (8 mL DMSO:4 mL
MES (0.1 M, pH 6)) at a ratio 2:1. Once dissolved 3x molar excess of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) (517mg) and N-Hydroxysuccinimide (NHS) (310mg) with respect to LA moles was added
to the dissolved LA solution. The reaction was left on stirring for 2 25 h at room temperature (RT) while
protected from light to activate LA while also eliminating any unreacted EDC. Next, 1.5 g of gelatin type A was
dissolved in solvent mixture (25.2 mL DMSO: 12.6 mL MES (0.1M, pHG6)) at a ratio 2:1 at 45-50°C. Once
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dissolved activated LA was added dropwise to the gelatin solution and reaction mixture was left overnight (18 —
20h) on stirring at 45 - 50°C while protected from light. The pH of the crude reaction mixture was adjusted to 9
using 1M NaOH at the end of the reaction. Subsequently, the reaction mixture was dialyzed using Spectra/Por
12 -14 kDa MWCO dialysis tube in MilliQ water as described in (Table 1, supporting information). The
dialyzed solution was freeze dried and the conjugation of LA to gelatin was confirmed by proton nuclear
magnetic resonance ("H NMR) and attenuated total reflectance Fourier-Transform Infrared Spectroscopy
(ATR-FTIR) (Fig. $1, supporting Information) and the degree of functionalization (DoF (%)) was quantified
using 2,4,6-Trinitrobenzene Sulfonic Acid (TNBS) assay following vendor instructions and calculated using the
previously reported equation?®.

Absorbance of GelDT — Absorbance of Blank
DoF (%) = (

Absorbance of Gelatin — Absorbance of Blank

) x 100

Using LA-NHS-ester (carbonate-bicarbonate (CB) buffer solvent system): CB buffer (0.25 M, pH 9) was made
by dissolving 1911 mg of sodium carbonate (anhydrous) and 239 mg of sodium bicarbonate in 100mL of MilliQ
water. The pH of the buffer was adjusted to 9 by using 1N HCL and 1M NaOH. Gelatin type A 1.5g was
dissolved in 38 mL of CB buffer at 50°C. Once gelatin solution was dissolved, 1.5 molar excess (205mg) of a-
Lipoic acid-NHS (LA-NHS) (for highest DoF) was first dissolved at 20 mg/mL in 10 mL of DMSO and then was
added dropwise to gelatin solution. The reaction was left on stirring overnight (18-20 h) while protected from
light at 45-50°C. Subsequently, the reaction mixture was dialyzed using Spectra/Por 12 -14 kDa MWCO
dialysis tube in MilliQ water as described in (Table 2, supporting information). Conjugation of LA and/or DoF
(%) analysis was done as mentioned earlier.

2.3. Analytical characterizations

"H NMR spectra were recorded on Bruker Advance Neo 400 MHz spectrometer. All spectra were recorded in
deuterated water D-O as solvent and the '"H NMR chemical shifts were reported as & in units of parts per
million (ppm). Fourier transform infrared (FTIR) spectroscopy was performed using a Nicolet™ Summit Pro
spectrometer equipped with an Everest™ attenuated total reflectance (ATR) accessory. Spectra were collected
in the mid-infrared region from 4000 to 400 cm™ using 16 scans/spectrum.

2.4. Rheological characterization

Rheological characterization of GelDT was performed using a rheometer (MCR 302, Anton Paar, Austria). An
Omnicure S2000 (Excelitas Technologies Corp., Waltham, MA, USA) containing a filter of wavelength A = 365
nm and 200-Watt mercury arc lamp (~ 30 W/cm2) was used as the light source at exposure distance of ~ 2.5
cm. All measurements were taken thrice using 25 mm parallel-plate geometry, which was maintained at 37 °C
with the help of the Peltier system. For time sweep measurements of photo-crosslinked GelDT, precursor
solution was loaded between the plates held at a 0.5 mm gap. The samples were conditioned at 37 °C for 2
min followed by UV exposure of 5 min to initiate dithiolane ring opening polymerization between LA moieties.
To demonstrate the physiochemical crosslinking in GelDT hydrogels, GelDT precursor solution was loaded
between 25 mm parallel plates (gap: 0.5 mm). The temperature was ramped down from 37 to 4 °C at 1 °C
min~' followed by incubation at 4 °C for 1 h to introduce physical gelation. Next, the physically gelled sample
was exposed to UV light for 5 min to form disulfide crosslinks. A frequency sweep was performed to compare
the storage (G') and loss modulus (G") of GelDT hydrogels over a frequency range of 0.1 — 100 Hz at a strain
of 1%. A flow sweep test was performed to evaluate the shear thinning behavior of GelDT hydrogels, where
the shear rate was varied from 0.1-100 s™'.To investigate the self-healing behavior of GelDT, a step-strain
sweep test was performed where changes in G’ and G” under low (1 %) and high (500 %) strain were recorded
for 60 s respectively.

2.5. In vitro stability of GelDT gels

To test the stability of GelDT gels prepared based on DoF and in different concentrations of GelDT (10%,
7.5%, 5%,2.5%, 2%, 1.75% and 1.5%) and GelDT+ (2%, 1.75% and 1.5%) were dissolved in PBS. Hydrogel
samples (30 pL, n = 4) were prepared in 0.5 mL Eppendorf vials, which were weighed before (empty) and right
after crosslinking mass was recorded as initial gel mass (day 0). Next, the gels were incubated in PBS
containing 0.5% sodium azide. The solution was removed each day, and the weight of the sample was
recorded for 15 days. Prior to mass measurements, samples were gently blotted with lint-free tissue to remove
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excess surface liquid without compressing the gels. The data was normalized to day 0 reading and was
presented as “normalized gel mass”.

gelmass (dx)
Normalized gel mass = ( )

initial gel mass (d0)
On the other hand, to tests the gelation of ultra-low concentrations (0.5 — 2%) photo-crosslinked GelDT and
physiochemically crosslinked GelDT+ vial inversion test was performed.

2.6. 3D culture of PC12 cells

Rat PC-12 cells purchased from ATCC were cultured within a humidified incubator at 37 °C, in the
recommended media. Upon reaching 80-90% confluency, PC-12 cells were harvested and encapsulated in
2.5% and 5% GelDT with and without 3 mg/mL laminin-entactin (Corning) at a density of 1x10° cells/mL.
Matrigel served as a control. The metabolic activity of encapsulated PC-12 cells was quantified using resazurin
assay (on day 1 and 7), according to the manufacturer’s instructions. The GelDT biocompatibility was
assessed through live/dead staining of encapsulated PC-12 cells on day 1 and 7 using Calcein-AM (live) and
Ethidium homodimer (dead) dyes, followed by visualization using Olympus FV3000 confocal microscope.

2.7. 3D culture of Human neuronal progenitor cells

Human iPSC-derived neuronal progenitor cells (iPSC-NPCs) (ATCC, ACS-5004) were cultured within a
humidified incubator at 37 °C, in the recommended media. After reaching at desirable confluency, cells were
dissociated using Stem-pro Accutase (Gibco) and seeded in an anti-adherent solution coated Aggrewell plate
to form iPSC-NPC spheroids (~800 cells per spheroid). These spheroids were collected and encapsulated in
the GelDT hydrogel with and without 3 mg/mL laminin entactin (Corning) at a density of 100 spheroids per 100
ML and cultured for 7 days. On day 7, the biocompatibility of GelDT hydrogels with iPSC-NPC spheroids were
monitored via live/dead assay by staining with Calcein-AM and Ethidium homodimer-I. The spheroid
morphology was observed by staining F-Actin network with Phalloidin Alexa Fluor 647.

2.8. Neuronal differentiation of iPSC-NPC spheroids

To induce the neuronal differentiation in 3D environment, iPSC-NPC spheroids were cultured in neuronal
induction medium comprised of Neurobasal-A and DMEM/F12 (1:1) supplemented with 1% N2 supplement,
2% B27 supplement, 1% GlutaMax, 20 ng/mL brain derived neurotrophic factor (BDNF) (Acro Biosystems) and
20 ng/mL glial cell derived neurotrophic factor (GDNF) (Acro Biosystems) for 7 days. On day 7, spheroids were
fixed and stained with MAP2 (mouse mAb, SC-74421, Santa Cruz Biotechnology) antibody, a neuronal marker,
to evaluate the successful differentiation into the neurons.

2.9. Immunocytochemistry

After a 7-day culture of NPCs spheroids in GelDT hydrogels, spheroids were fixed using 4% PFA for 45
minutes, followed by permeabilization using 0.5% Triton-X and were blocked using 3% BSA. The stemness
and proliferative potential of encapsulated NPCs spheroids was monitored by immunostaining for SOX-2
(Rabbit mAb, 23064S, Cell signaling) and Ki-67 (MA5-14520, Invitrogen) antibodies, respectively. Samples
were incubated overnight in primary antibodies (1:200), against Ki-67, SOX-2 and MAP2, at 4 °C, followed by
incubation in the anti-rabbit IgG Alexa Fluor 488 (Invitrogen, A11070) and anti-mouse IgG Alexa Fluor 488
(Invitrogen, A11017) secondary antibodies (1:1000) overnight at 4 °C. Nuclei were counterstained with DAPI.
All samples were washed thrice with PBS for 30 minutes after each incubation step. The spheroids were
imaged using Olympus FV3000 confocal microscope. The expression was quantified by counting SOX2, Ki-67
and MAP2 positive cells and normalizing it to total nuclei to determine the percentage of positive cells, using
ImagelJ.

2.10. Statistical analysis

All statistical analyses were performed using GraphPad Prism version 8. Differences between two dependent
and independent groups were analyzed using paired and unpaired Student’s t tests, respectively. Differences
between more than two groups were analyzed either using one-way analysis of variance (ANOVA) and
Tukey's post hoc test. A P-value of <0.05 was deemed statistically significant. No outliers were removed from
the data analysis. Experiments were repeated using cells from different passage numbers and hydrogels from
different batches. All the data is presented as mean + S.D. Further information on sample size, specific
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statistical tests for each experiment, and data presentation are provided in the figure captions. Three technical
replicates were also included in each experiment.

3. Result and discussion

3.1. Synthesis of Gelatin Dithiolane using carbonate-bicarbonate (CB) buffer system

Gelatin dithiolane (GelDT) hydrogel, formed by grafting lipoic acid (LA) onto gelatin chains followed by photo-
crosslinking, provides a highly dynamic, photo-initiator free hydrogel that supports 3D encapsulated cell culture
and potential cell transplantation. GelDT combines inherent bio-adhesive and biodegradable properties with
tunable mechanics that recapitulate key features of physiological ECM remodeling. Our pioneering study
previously reported synthesis of GelDT and established the feasibility of GelDT hydrogels for tissue
engineering.'® However, it relied on extensive use of organic solvents to improve solubility, and -
mercaptoethanol to suppress undesired self-gelation of gelatin. In the present study, a streamlined synthetic
strategy is introduced to minimize solvent use and remove the need for B-mercaptoethanol, while preserving
the dynamic dithiolane functionality and overall hydrogel performance. We tested two different approaches to
synthesize GelDT: (1) Using LA, and (2) Using LA-NHS-ester (LA with terminal NHS ester group). In the
approach 1, carboxylic acid of LA was converted into an active succinimide ester using previously reported
DMSO/MES (2:1) solvent mixture'. The reaction was carried out at room temperature for at least 25 h to
eliminate any unreacted EDC, 26 followed by mixing with gelatin to conjugate LA to gelatin via amide bond
(Fig. 1A). The reaction resulted in high degree of functionalization (DoF; ~95%) with ~78% vyield (Fig. 1B) as
confirmed by 'H NMR where the peaks of methylene lysine protons (2H) ~2.9 - 3 ppm did not appear in the
GelDT spectra (Fig. 1C). Furthermore, FTIR spectra obtained for GelDT displayed characteristic amide bands:
amide 1 (1633 cm™"), amide 2 (1536 cm-') and amide 3 (1236 cm-'), confirming conjugation of gelatin lysine
residues with LA (Fig. S1). This approach successfully eliminated the need of 3-mercaptoethanol during
GelDT synthesis; however, achieving high DoF required at least 2X molar excess of LA (to gelatin amines),
and the excess LA precipitated during dialysis, unless pH was adjusted during dialysis process (Table S1).

In the second approach, we utilized lipoic acid with NHS ester moiety and utilized carbonate-bicarbonate buffer
(CB) as solvent (pH ~9) to keep the gelatin lysine residues in largely unprotonated state.?”- 28 hypothesizing
that the nucleophilic lysine residues will favor the amide bond formation with LA-NHS (Fig. 1D). Indeed, by
simply mixing the LA-NHS in gelatin solution (~pH 9) resulted in formation of GelDT with precise control over
DoF (Fig. 1E). By varying the molar ratio of LA-NHS from 0.3-1.5 molar excess with respect to gelatin amines,
the DoF significantly increased from ~3% (amine:LA-NHS,1:0.3) to 97% (1:1.5) (Fig. 1E). This was further
reflected in FTIR spectra where characteristic amide group bands at 1632.89 cm', 1530.72 cm' and 1239 cm-
' for amide I, amide Il, and amide 11l showed increased intensity with increasing DoF (Fig. 1F). The '"H NMR
spectra complemented these results, which showed reduction in intensity of methylene lysine protons with
increasing DoF with complete disappearance observed at high DoF of ~97% (Fig. 1G).

Together, these results show that both approaches generate GelDT without using B-mercaptoethanol and
organic solvent use with CB buffer system is drastically reduced (e.g. ~ 10 mL DMSO in this study compared
to ~7.0 L in Asim et al '° for the entire synthesis), while preserving the reactive dithiolane group. Importantly,
the LA-NHS route in CB buffer provided superior control over functionalization, higher reproducibility, and
easier scalability. GelDT batches up to at least 15 g were produced with consistent DoF and yield without
further optimization. B-mercaptoethanol is known to destabilize the protein structure by breaking the disulfide
bonds leading to unfolding or partial denaturation. Because LA contains a five-membered dithiolane ring with
cyclic disulfide bond, the use of 3-mercaptoethanol is undesirable as it can break this bond and compromise
the UV (365nm) reactive functionality of LA.'° The streamlined LA-NHS/CB approach offers a more reliable
method for preparing GelDT and can be potentially adapted to modify other proteins for dithiolane based
hydrogel formation. The GelDT was synthesized using LA-NHS/CB buffer approach for rest of the study.
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Fig. 1. A) Schematic representation of GelDT synthesis using DMSO/MES as solvent system with B) high yield and
degree of functionalization (DoF (%)) without the need of B-mercaptoethanol. C) 'H NMR spectrum of GelDT in D0,
absence of methylene lysine proton [2H] peak at ~2.9 ppm represents high degree of functionalization of lipoic acid. D)
Schematic representation of facile synthesis GelDT using activated LA (LA-NHS) and carbonate-bicarbonate (CB) buffer
(0.25M, pH 9) as solvent system. E) Increasing the molar ratio of LA-NHS with respect to gelatin amine residues
significantly increased the DoF (%) of GelDT, ***P =< 0.001, ****P< 0.0001, n = 3, mean = S.D, one-way ANOVA, Tukey’s
post-hoc. F) FTIR-spectra confirming the presence of characteristic amide bands at 1632.89 cm™, 1530.72 cm' and 1239
cm’’ for amide I, amide I, and amide I, respectively. G) 'H NMR spectrum of GelDT in D20. The peak intensity of
methylene lysine proton [2H] at 2.9-3 ppm decreased with increasing DoF confirming increased conjugation of lipoic acid
onto gelatin chain with increasing LA-NHS moles relative to gelatin amine groups.
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3.2. Effect of DoF (%) and precursor concentration on the gelation and stability of GelDT hydrogels

We first identified the minimum degree of functionalization (DoF) and prepolymer concentration required to
form stable GelDT hydrogels. Qualitative screening across a wide range of DoF (3 - 97%) and prepolymer
concentrations (2.5 - 10% w/v) showed that GelDT with the lowest DoF (3%) at the lowest concentration
(2.5%) failed to form a hydrogel, whereas all other formulations successfully gelled (Fig. 2A). Given the
dynamic nature of disulfide crosslinks, hydrogel stability is a critical parameter for long-term cell culture and
tissue regeneration applications. We therefore evaluated overnight stability in PBS at 37°C for the same range
of DoF and gelatin concentrations (Fig. 2B). Although GelDT-3 at 2.5 - 7.5% formed hydrogels initially (Fig.
2A), these formulations rapidly disintegrated during overnight incubation (Fig. 2B). In contrast, GelDT-3 at 10%
gelatin content remained stable for at least 2 weeks, indicating that at the lowest DoF, 10% w/v represents the
minimum concentration required for stable gel formation (Fig. S2). Increasing the DoF to 25 - 97% enabled
hydrogel stability for at least 1 day across all tested gelatin concentrations (Fig. 2B). However, extended
stability studies revealed that GelDT-25 at 2.5% gelatin degraded within 2 days (Fig. 2C), while all other
formulations remained intact for at least 2 weeks. At 50-97% DoF, all GelDT formulations maintained structural
integrity for at least 2 weeks regardless of gelatin concentration (Fig. 2D, 2E).

Together, these results indicate that GelDT hydrogel stability is strongly governed by both DoF and the gelatin
content (Wt%). Importantly, this tunability allows design of GelDT hydrogels to meet specific structural and
temporal requirements for different tissue engineering applications. By adjusting DoF, and gelatin
concentration, GelDT hydrogels can be fine-tuned to balance initial gelation, long-term stability, and extent of
dynamic disulfide crosslinks — key features for supporting cells growth and tissue regeneration.
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Fig. 2. A) Qualitative screening indicating that GelDT with a low DoF of 3% fail to form a hydrogel at 2.5% polymer
concentration, and a minimum concentration of 5% of GelDT-3 was required for gel formation. B) Qualitative evaluation of
overnight stability of GelDT hydrogels with respect to varying DoF and prepolymer content. Long-term stability of GelDT
hydrogels at physiological conditions where C) GelDT hydrogels (5 -10% w/v) in case of GelDT-25 and 2.5 -10% in case
of D) GelDT-50 and E) GelDT-97 remained stable for atleast 2 weeks, n=3, mean + S.D.
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3.3. GelDT displays highly tunable gelation rate, biomechanical properties, and self-healing ability

We first investigated the photo-triggered gelation behavior of GelDT formulations (2.5, 5, and 10% w/v) using
time-sweep rheology (Fig. 3A). Interestingly, 2.5% GelDT did not show noticeable increase in storage modulus
G’ when exposed to light (Light ON at 150 s mark). However, further increasing the prepolymer content to 5
and 10% resulted in rapidly initiated dithiolane ring-opening polymerization (approximately 10-30 s,) and
converted into a transparent hydrogel but only at DoF > 3% (Fig. 3A and Fig. S3). Subsequent frequency-
sweep measurements verified the development of a stable crosslinked network at 5 and 10% GelDT
concentration with 25 - 97% DoF (Fig. S4). Next, we evaluate the effect of UV light intensity on gelation
behavior, by irradiating a 10% w/v solution of GelDT-3 with light intensity ranging from 4% to 100% using
Omincure S2000 light source. The in-situ time-sweep rheology revealed a strong correlation between UV light
intensity and the onset of gelation, as determined by the increase of the G’ (Fig. 3B). At the lowest tested
intensity (4 %) no gelation was observed, indicating that this light exposure was insufficient to trigger disulfide
crosslinking. At an intermediate intensity of 25 %, gelation occurred and the G’ reached a plateau value of =11
Pa. Increasing the intensity to 50 % yielded a plateau modulus of =110 Pa, eventually reaching 450 Pa at 100
% intensity (Fig. 3C). At lower UV intensities (25% and 50%), we posit that the reduced photon flux slows
dithiolane ring opening (i.e. thiol radical generation), which reduces the attainable crosslink density within the
given exposure period. In contrast, higher UV intensity increases dithiolane ring opening, which leads to more
thiols available for disulfide crosslinking, resulting in a higher final G'. Therefore, the lower plateau modulus at
reduced intensity is most likely due to insufficient total UV dose and slower reaction kinetics rather than an
intrinsic maximum modulus at that specific intensity. We anticipate that extending irradiation time at lower
intensity would be expected to further increase G’ presumably due to increasing the dithiolane ring opening.
This interpretation is also supported by previous studies, which demonstrated that dithiolane ring opening, and
thus crosslinking, can be modulated by using UV exposure time.2 Notably, this tunable range of hydrogel
stiffness encompasses values relevant to 3D cell-matrix interaction studies, including mechanotransduction
and differentiation in the context of soft tissues & 25 2°. Furthermore, by using the Canal-Peppas equation,*
estimation of mesh size revealed that the mesh size was inversely proportional to G’ and the lowest mesh size
of ~ 12 nm was observed for maximum light intensity as shown in (Fig. 3D).

A key requirement for injectable hydrogels is their ability to self-heal, enabling the network to rapidly re-
establish crosslinks after the material experiences high shear forces during injection. This property is
commonly achieved by incorporating dynamically reversible covalent linkages into the hydrogel structure.31-33
Because GelDT hydrogels contains dynamic disulfide bonds, we hypothesized that GelDT networks would
exhibit intrinsic self-healing behavior. Qualitative assessment showed that when GelDT hydrogel disc was cut
into two pieces and freshly cut surfaces were brought into contact, where they autonomously rejoined to form
an intact construct (Fig. 3E). This was further supported by step-strain rheology where GelDT-97 hydrogels
(2.5%, 5%, and 10% w/v) were subjected to alternate cycles of low shear strain (0.1%) and high shear strain
(500%). Across all concentrations, the GelDT-97 hydrogels showed robust self-recovery, as indicated by the
dramatic and repeatable transitions in G' and G" between the high- and low-strain intervals (Fig. 3F (i-iii). At
500% strain, G" surpassed G', confirming that the crosslinks temporarily broke under deformation. When the
strain was reduced back to 0.1%, G' rapidly exceeded G" again, demonstrating the instantaneous reformation
of the dithiolane-based reversible crosslinks. The ability of the hydrogels to self-heal, i.e. reform crosslinked
network, is widely associated with injectability of hydrogels.3? 33 Thus, Fig. 85 showing the ability of GelDT to
serve as an injectable matrix for cell transplantation. Indeed, further experiments are required to demonstrate
cell injection using GelDT hydrogels. Nonetheless, the results highlight the potential of GelDT as a matrix for
applications involving minimally invasive therapeutic delivery in soft tissue such as brain.
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Fig. 3. A) (i-iii) Time-sweep rheology of GelDT (2.5 - 10% w/v) precursors showing real time increase in storage modulus
(G') during photo-crosslinking upon UV exposure (5 mins). G' increased due to disulfide crosslinks between LA moieties.
B) Effect of UV light exposure on storage modulus (G’) of 10 % w/v sample of GelDT-3. C) Comparison of G' as the
function of UV light exposure, *P < 0.05, n = 3, mean + S.D, one-way ANOVA, Tukey’s post-hoc. D) Effect of UV light
dose on mesh size as estimated by Peppas equation, ***P < 0.001, n = 3, mean * S.D, one-way ANOVA, Tukey’s post-
hoc. E) Qualitative assessment of self-healing behavior of GelDT hydrogel via cut and heal method, F) Step-strain
rheology of (i) 2.5%, (ii) 5%, (iii) 10% GelDT-97 demonstrating self-healing behavior when subjected to alternate cycles of
low (1 %) and high (500 %) strain.

3.4. Physiochemical crosslinking enables fabrication of GelDT hydrogels at ultra-low gelatin content
We have previously reported the ability of gelatin precursor to undergo physical gelation below room
temperature with the photo-chemical crosslinking to significantly improve the strength of gelatin hydrogels and
significantly reduce the gelatin content required to make a stable matrix.'% 25> However, the lowest gelatin
content required to form a stable GelDT hydrogel matrix is still an open question. To answer this, we first
systematically subjected 0.5 - 2% w/v GelDT precursors to dual physical-chemical crosslinking and evaluated
gelation qualitatively using vial inversion tests (Fig. 4A). At prepolymer concentrations of 0.5%, control GelDT
(photo-crosslinked) and GelDT+ (dual crosslinked) did not form a gel. Further increasing the concentration to
1% formed a gel in case of GelDT+ hydrogel however, the gel disintegrated after overnight incubation in PBS
at 37°C (supporting video 1). In contrast, physio-chemical crosslinking enabled formation of a stable hydrogel
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at 1.5% pre-polymer concentration while photo-crosslinking alone induced partial to no gelation at this
concentration. The 2% photo-crosslinked GelDT formed a hydrogel, but it failed to maintain gelled state (Fig.
4A) (supporting video 2).

To understand how physiochemical crosslinking was modulating the gelation behavior, we performed rheology
with in-situ physiochemical crosslinking of GelDT precursor solutions (1.5 — 2%, Fig. 4B (i-iii)) and compared it
against the photo-crosslinking only group (Fig. 4C (i-iii). During the 4°C incubation, surprisingly, the G' of 1.5
% precursor did not increase noticeably at 4 °C phase, indicating that physical gelation does not occur, or is
drastically slower, at ultra-low gelatin concentration. Increasing the concentration to 1.75-2% resulted in
increase of G' which ultimately reached a plateau, indicating the completion of sol-gel transition (physical
gelation) (Fig. 4B (iii)). In contrast, direct UV exposure of the same precursor solutions resulted in no
meaningful increase in G' for 1.5% - 2% GelDT indicating absence of sol — gel transition (Fig. 4C). Further,
exposing the physically gelled matrices to photo-crosslinking resulted in increase of G' due to dithiolane ring-
opening polymerization, which was proportional to the gelatin concentration (Fig. 4D). This formation of
hydrogels at ultra-low gelatin content due to physiochemical crosslinking is attributed to formation of partial-
triple helical structures during physical gelation, which is likely to bring polymer chains into closer proximity and
facilitate more efficient crosslinking between LA moieties upon UV exposure.?> 3* Importantly, this increase in
network strength was further supported by stable G' observed across tested frequency range (0.1 — 100Hz)
(Fig. S6). Consistent with this, GelDT+ hydrogels exhibited increased viscosity at low shear rate and
pronounced shear thinning behavior further confirming cohesive yet injectable hydrogel network at ultra-low
concentrations (Fig. 4E-G). Notably, this increased network strength of GelDT+ hydrogels also translated into
greater long-term stability of hydrogels where 1.5 — 2% GelDT+ hydrogel remained stable for at least 2 weeks
at physiological temperature (Fig. 4H). These results highlight that physical gelation and photo-crosslinking
synergistically modulate the behavior of GelDT hydrogels allowing ultra-low GelDT matrices to achieve
mechanical integrity and stability that is not achievable through photo-crosslinking alone.
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Fig. 4. A) Vial inversion test indicating that the combination of physical gelation and photo-crosslinking allows fabrication
of stable hydrogels at ultra-low gelatin content of 1.5%. B) (i-iii) Time-sweep rheology (1.5% - 2%) of GelDT precursors
showing real time increase in storage modulus (G') during the incubation 4°C followed by photo-crosslinking at 4°C which
further increased the G' due to disulfide crosslinks between LA moieties. C) (i-iii) Time-sweep rheology (1.5% - 2%) of
GelDT precursors photo-crosslinked only. D) Quantitative comparison of G' of physiochemically crosslinked GelDT+
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hydrogels at ultra-low pre-polymer content with increasing gelatin content from 1.5 -2% resulting in increased G,

**P<0.05, ***P =< 0.001, ****P< 0.0001, n = 3, mean + S.D, one-way ANOVA, Tukey’s post-hoc. E-G) Flow-sweep
rheology indicating shear-thinning behavior of ultra-low content GelDT+ hydrogels. H) Comparison of stability of photo-
crosslinked GelDT and physiochemically crosslinked GelDT+ hydrogels over a period of 2 weeks where GelDT+
hydrogels remained significantly stable compared to GelDT hydrogels, n = 3, mean + S.D.

3.5. GelDT hydrogel supports the growth and viability of encapsulated neural progenitor cells

Injectable shear-thinning hydrogels represent a promising platform for neural cell transplantation because they
enable minimally invasive delivery of therapeutically relevant cells directly into damaged neural tissue. The
dynamic nature of GelDT, stress-relaxation behavior, and tunable mechanical properties, provide a bioactive
protein-based scaffold that can potentially protect encapsulated neural cells during transplantation and provide
microenvironmental cues to maintain cellular viability and function in situ. To validate the suitability of GelDT
for neural tissue engineering, we systematically evaluated its biocompatibility and ability to support the survival
and stemness of encapsulated neural progenitor cells, critical parameters for successful cell therapy3%-38. A soft
microenvironment is known to better support the function of encapsulated neural cells.3”-3° Moreover,
hydrogels must maintain stability under physiological conditions to enable long term neural cell culture and
differentiation. Based on these factors, we selected 2.5% and 5% GelDT hydrogels for neural cell studies, as
they demonstrated stability for at least two weeks (Fig. 2E) while maintaining a relatively low storage modulus
(Fig. 3A). To test the biocompatibility of selected GelDT hydrogel groups, we first encapsulated PC-12 cells as
a model neural progenitor cell and cultured them therein for 7 days. The Live/Dead assay indicated cell viability
on day 1 indicating cytocompatibility for 3D cell encapsulation (Fig. S7). All GelDT hydrogel groups supported
the survival of PC-12 cells in a 3D environment during the 7-day culture period (Fig. 5A). ECM proteins such
as laminin is known to improve cell growth and functions 4°. Therefore, we compared the performance of
GelDT with and without laminin entactin (LE) mixed in 3D GelDT hydrogel matrix. Notably, GelDT without LE
group demonstrated similar growth and viability of PC-12 cells compared to GelDT-LE groups, likely due the
fact that GelDT matrix already provided a conducive protein-based environment (Fig. 5A). Furthermore, the
metabolic activity of PC-12 cells demonstrated a statistically significant improvement in 2.5% GelDT groups
compared to Matrigel control. (Fig. 5B). Together, the data showed that GelDT hydrogels are biocompatible for
3D culture of PC-12 cells, particularly at lower polymer concentrations.

We next evaluated the culture of human iPSC-derived neural progenitor cells (iPSC-NPCs) for 7 days in 2.5%
and 5% GelDT hydrogels with and without LE addition with Matrigel used as a control. The NPCs spheroids of
uniform size were formed using Aggrewell plates (Fig. 5C). NPCs spheroids maintained a high viability in all
GelDT hydrogel groups without the formation of a necrotic core (Fig. 5D). The Inclusion of LE in the GelDT
matrix did significantly change the viability or growth, which was in line with observations with PC12 cells.
Intriguingly, the spheroid morphology was drastically different in the Matrigel group, where they did not
maintain a compact shape, and started spreading in a 3D environment. This could be presumably due to the
biochemical and biophysical cues offered by the Matrigel that are regulating NPCs behavior. Nonetheless,
these results validate that GelDT is a conducive hydrogel matrix that supports the viability of human NPCs and
can be potentially used for neural tissue engineering 25 39 41-43,
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Fig. 5. GelDT hydrogels support the viability of encapsulated neuronal progenitor cells. A) Live/dead assay
performed on day 7 with PC-12 cells encapsulated in 2.5% GelDT, 5% GelDT, 2.5% GelDT+LE and 5% GelDT+LE
hydrogels. B) Metabolic activity of PC-12 cells encapsulated in 2.5% GelDT, 5% GelDT, 2.5% GelDT + LE and 5% GelDT
+ LE hydrogel, monitored on day 7 and normalized to day 1. P**=<0.01, n=3, One-way ANOVA, Tukey'’s post-hoc test. C)
Human iPSC-NPCs seeded in a 24-well Aggrewell plate and centrifuged on day 1 to form compact spheroids by day 7. D)
Live/dead assay performed on day 7 with human iPSC-NPCs encapsulated in 2.5% GelDT, 5% GelDT, 2.5% GelDT+LE
and 5% GelDT+LE hydrogels. LE = 3 mg/mL Laminin entactin, scale bar = 200 um.

3.6. GelDT maintains stemness and proliferative potential of human iPSC-NPCs spheroids

The maintenance of a robust proliferative activity along with stemness in a 3D environment is essential for
sustaining the NPCs functionality in vitro 43. To evaluate if GelDT hydrogel could support these progenitor cell
functions in a 3D environment, iPSC-NPCs spheroids were cultured in 2.5% and 5% GelDT hydrogel groups
for a week. After a 7-day culture period, spheroids were fixed and stained with F-Actin to observe the 3D
spheroid architecture, while Ki-67 and SOX-2 antibodies were used to evaluate their self-renewal potential and
stemness, respectively. We observed that both the tested GelDT hydrogel exhibited a compact spheroid
morphology and expressed Ki-67, supporting the proliferation of NPCs while SOX-2 expression showed the
maintenance of their stemness in a 3D environment (Fig. 6A (i)). The quantification data revealed that more
than 85% of the cells were in a proliferative state in both hydrogel compositions while 5% GelDT hydrogel

These results are in line with previous findings where NPCs encapsulated in dynamically crosslinked hydrogels
retained the ability to self-renew and maintained the stemness of encapsulated NPCs due to matrix properties
such as stress relaxation 42 43,

To evaluate if the encapsulated NPCs spheroids also retain the ability to differentiate into neurons, NPCs
spheroids were cultured in neuronal differentiation media for a period of 7 days, and then fixed and stained
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with microtubule-associated protein 2 (MAP2) antibody. Both GelDT hydrogel formulations allowed the
differentiation of encapsulated NPCs spheroids, with more than 85% of MAP2+ cells indicating their
differentiation ability (Fig. 6B (i-ii)) 4. Complementing the previous results, the inclusion of LE did not induce
significant changes in the functions of iPSC-NPCs (Fig. 6).

While GelDT demonstrated an excellent biocompatibility and the maintenance of neural stem cell functions in a
3D environment, further studies are required to investigate cell-matrix interactions and their effect on neuronal
functionality. Furthermore, a comparison of a 3D supported matrix with a 2D culture, and matrix-free systems
will help in identifying the critical role of matrix mediated biophysical and biochemical cues on neuronal
maturation and differentiation. Future studies will target testing of the GelDT as a biocompatible and injectable
hydrogel platform for NPCs delivery in an in vivo neural injury model as well as functional characterization of
NPCs cultured in GelDT matrix.
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Fig. 6. GelDT hydrogel supports A) (i) The compact 3D spheroid architecture (F-Actin), proliferation (Ki-67), and
stemness (SOX-2) of human iPSC-NPCs spheroids encapsulated in 2.5% GelDT, 5% GelDT, 2.5% GelDT+LE and 5%
GelDT+LE hydrogels (scale bar = 100 um). (ii-iii) Quantification of Ki-67+ and SOX2+ cells from NPCs spheroids cultured
in 2.6% GelDT, 5% GelDT, 2.5% GelDT+LE and 5% GelDT+LE hydrogels. B) (i) Neuronal differentiation (MAP2) of
human iPSC-NPCs spheroids (scale bar = 100 um) and, (ii) Quantification of MAP2+ cells in NPCs spheroids
encapsulated in 2.5% GelDT, 5% GelDT, 2.5% GelDT+LE and 5% GelDT+LE hydrogels. n=3, One-way ANOVA, Tukey’s
multiple comparisons test.

4. Conclusion

Gelatin dithiolane represents a protein based, ECM mimicking hydrogel system crosslinked through dynamic
disulfide chemistry. In this work we address the challenges in the synthesis of GelDT and demonstrate a
significantly more efficient and simpler protocol to synthesize the GelDT matrix, while reducing the need for
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organic solvents, and improving the scalability of the GelDT fabrication. Our current GelDT synthesis method
allowed precise control over degree of functionalization (DoF) across broad range (3% - 97%). By
independently varying the DoF and gelatin content of the hydrogels, GelDT demonstrated tunability in gelation
behavior and stability of hydrogels with formulations of DoF 225% demonstrating stability for at least 2 weeks
at physiological temperature. Importantly, modulation of DoF allowed us to tune the mechanical properties of
GelDT hydrogels independent of gelatin concentration. By further adjusting the UV light intensity mechanical
properties of GelDT could be controlled independent of both DoF and gelatin content. We also leveraged the
physio-chemical crosslinking capability of GelDT to fabricate ultra-low content (1.5% wi/v), injectable GelDT
hydrogels which exhibited remarkable stability of at least 3 weeks. Finally, we highlighted the ability of GelDT
to support the growth of PC12, human neural progenitor cells and spheroids with sustained viability for 7 days
within hydrogel matrix. Notably, immunostaining for MAP2 and SOX2 after 7 days revealed robust expression
of both markers indicating preservation of neural identity and maintenance of stemness in 3D environment.
Collectively, this work highlights GelDT as a versatile hydrogel platform that enables precise engineering of
dynamic 3D network for advanced tissue engineering applications.
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