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Intervertebral disc (IVD) degeneration is a leading cause of back pain and precursor to more severe conditions,
including disc herniation and spinal stenosis. While traditional growth factor therapies (e.g., TGFp) are effective
at transiently reversing degenerated disc by stimulation of matrix synthesis, it is increasingly accepted that
bioscaffolds are required for sustained, complete IVD regeneration. Current scaffolds (e.g., metal/polymer
composites, non-mammalian biopolymers) can be improved in one or more IVD regeneration demands: biode-
gradability, noninvasive injection, recapitulated healthy IVD biomechanics, predictable crosslinking, and matrix
repair induction. To meet these demands, tetrazine-norbornene bioorthogonal ligation was combined with
gelatin to create an injectable bioorthogonal hydrogel (BIOGEL). The liquid hydrogel precursors remain free-
flowing across a wide range of temperatures and crosslink into a robust hydrogel after 5-10 min, allowing a
human operator to easily inject the therapeutic constructs into degenerated IVD. Moreover, BIOGEL encapsu-
lation of TGFp potentiated histological repair (e.g., tissue architecture and matrix synthesis) and functional re-
covery (e.g., high water retention by promoting the matrix synthesis and reduced pain) in an in vivo rat IVD
degeneration/nucleotomy model. This BIOGEL procedure readily integrates into existing nucleotomy proced-
ures, indicating that clinical adoption should proceed with minimal difficulty. Since bioorthogonal crosslinking is
essentially non-reactive towards biomolecules, our developed material platform can be extended to other pay-
loads and degenerative injuries.

1. Introduction [3-5]. Fortunately, growth factors can be loaded into bioscaffolds,
resulting in increased bioactivity by modulating release and safe-
guarding labile payloads from premature degradation [6]. In turn, bio-

scaffolds provide mechanical stability to the damaged area and act as a

One of the most prevalent causes of back pain is intervertebral disc
(IVD) degeneration. IVD degeneration is a progressive and irreversible

process causing potential disability as a result of back pain (Fig. 1a) [1,
2]. While growth factor injections have been investigated to encourage
matrix synthesis in degenerated IVDs, these injections have not been
clinically adopted due to poor efficacy [3]. More specifically, the short
half-life of many growth factors [e.g., transforming growth factor beta
(TGFB, implicated in IVD extracellular matrix synthesis) has an in vivo
half-life of 2-3 min] presents significant limitations to in vivo efficacy
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template for cells to reconstruct into healthy tissue, allowing the
degenerated tissue to be efficiently repaired [6-10].

To effectively treat IVD degeneration, scaffolds should recapitulate
the physicochemical properties of healthy IVD in a clinically translatable
manner [11]. These scaffolds serve two key functions: i) regulating stress
loading and reducing pain, and ii) delivering biophysical cues to pro-
mote pro-regenerative behavior [1,11]. Several FDA-approved IVD
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replacements are available, but they primarily comprise metal/synthetic
polymer composites that neither recapitulate all biological functions nor
mimic the viscoelastic mechanical properties of native IVD tissue
[12-14]. While novel biomaterials are being explored for IVD regener-
ation, many mechanically robust synthetic polymers (e.g., polyethylene
glycol, poly lactic-co-glycol acid) display poor biodegradability and/or
poor cell adherence [2]. In contrast, various biopolymers (e.g., alginate,
chitosan, gellan gum, decellularized IVD) rely on mechanically weak
crosslinking modalities [15-17]. Among readily available biomaterials,
gelatin-based hydrogels are well-suited for IVD treatment as they retain
the unique combination of biocompatibility, biodegradability, cell
adhesiveness, cell permissiveness, and viscoelastic properties of its
parent structure collagen (a major component of healthy IVD tissue) [10,
18-20]. While unmodified gelatin is unstable at physiological temper-
atures (i.e., melting at 37 °C), chemical modification with crosslinking
groups can impart mechanical stability in vivo while retaining gelatin’s
beneficial biomaterial characteristics for IVD regeneration [10,18-20].

Among the many crosslinking modalities reported in the literature,
bioorthogonal reactions are of special interest for biomedical applica-
tions [10,18,19,21]. These reactions form covalent bonds without
damaging or interfering with endogenous tissues [10,21].
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Tetrazine-norbornene ligation represents an ideal bioorthogonal system
since these chemical moieties are absent in biological systems, exhibit
high selectivity between the two functional groups, crosslink without
external triggers or toxic byproducts, and remain stable in aqueous en-
vironments [10,21]. Moreover, tetrazine-norbornene ligation can be
adapted to form in situ crosslinking hydrogels, which entail liquid pre-
cursors forming solid hydrogels within the body [10,19,22]. The clinical
benefit of using bioorthogonal, injectable hydrogels for IVD regenera-
tion includes minimizing damage to degenerated IVD tissue, lower costs,
shorter post-operative recovery periods, and reduced surgical compli-
cations [10,22,23].

To address the above issues, we applied bioorthogonal chemistry to
synthesize an injectable bioorthogonal hydrogel by grafting gelatin with
tetrazine and norbornene groups (GelTz-Nb, BIOGEL) (Fig. 1b). The
resulting BIOGEL system is ergonomic (e.g., it has a low viscosity, which
allows for facile injection; it crosslinks within 10 min of mixing; and it
changes color to indicate reaction completion) for ease-of-use in clinical
settings, and it mimics the native IVD’s biomechanical properties (e.g.,
viscoelasticity). This recapitulation of IVD biomechanical strength en-
ables the BIOGEL scaffold to withstand mechanical stresses and remain
intact until endogenous cells can infiltrate and remodel the hydrogel for
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Fig. 1. Schematic for injectable bioorthogonal hydrogel (BIOGEL) for intervertebral disc (IVD) regeneration. a) IVD are load-bearing tissues found between two
vertebrae. As a result of injury, genetic causes, or aging, IVD may enter a degenerative state whereby existing tissue damage causes improper stress transmittance,

which encourages tissue breakdown. Bioscaffolds are highly suited to treat tissue bre:

akdown caused by IVD degeneration. Such a therapy would ideally consist of a

biocompatible, minimally invasive hydrogel to restore the integrity of IVD tissue. b) Gelatin-tetrazine (GelTz) and gelatin-norbornene (GelNb) are well-suited to form
the basis for an injectable bioorthogonal hydrogel (BIOGEL). The bioorthogonal tetrazine and norbornene groups allow the liquid GelTz and GelNb precursors to form
robust hydrogels approximately 5 min after simple mixing. Since the reaction is bioorthogonal (i.e., occurs under physiological conditions and does not react with
endogenous biomolecules), this treatment can be combined with various therapeutic payloads and directly injected into patients to form minimally invasive

hydrogels in situ. The resulting hydrogel is highly porous from the inert nitrogen

gas byproduct, mimics native extracellular matrix (e.g., biocompatible, cell

permissive), and mimics healthy IVD biomechanical properties. ¢) BIOGEL was adapted to treat IVD degeneration as a proof-of-concept. The role of BIOGEL was
twofold: (1) to potentiate the effects of therapeutic payloads (e.g., TGFf) and (2) facilitate regeneration. More specifically, BIOGEL encapsulation protects sensitive

payloads from degradation and induces a sustained release profile over the course of

regeneration. Additionally, BIOGEL regulates mechanical stresses and acts as a

template for IVD regeneration. In vivo transplantation of the BIOGEL + TGFp into injured IVD resulted in significant tissue regeneration, including restoration of
healthy tissue architecture and enhanced IVD extracellular matrix secretion, to reduce discogenic pain.
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IVD regeneration. Given the unique biological, chemical, and mechan- damaged IVD tissue (Fig. 1c) [2,3,11,24]. The injectable hydrogel can
ical properties of BIOGEL, we adapted this injectable hydrogel system to protect the labile payload from premature degradation, impart a sus-
address the need for effective IVD degeneration treatments. Our novel tained release profile, and undergo in situ gelation to mechanically
BIOGEL-based therapy included a pro-regenerative cytokine (TGFf) and reinforce the degenerated IVD. Meanwhile, TGFp functions as a cell
a scaffold that replicated IVD biomechanical properties to repair signaling cue to facilitate regeneration and remodel the scaffold [3,24].
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Fig. 2. BIOGEL recapitulates the biological and mechanical properties of healthy IVD tissue as an ergonomic, easy-to-use injectable hydrogel treatment. a) The
BIOGEL injectable hydrogel system consists of two precursors, gelatin-tetrazine and gelatin-norbornene, which undergo in situ crosslinking after simple mixing. Since
the underlying tetrazine-norbornene reaction mechanism is bioorthogonal, BIOGEL formation can occur with minimal interference from endogenous biomolecules.
b) Precursor solutions were monitored for shear viscosity (typical room temperatures highlighted with a solid grey rectangle) at 1 Hz. Unmodified gelatin increased
in viscosity at room temperature, reducing ease of injection and necessitating more force for injection. In contrast, GelTz and GelNb displayed low viscosity across a
wide temperature range, indicating high injectability regardless of environmental conditions and greater preservation of shear stress-sensitive payloads (e.g., labile
growth factors). ¢) Hydrogel crosslinking was monitored at 37 °C to simulate injection into a living patient. Precursor solutions do not exhibit any shear modulus
increase, indicating no crosslinking. Only mixed GelTz-GelNb solutions (BIOGEL) experienced increased shear modulus and cross-linking. Gelatin initiation (sus-
tained G’ increase) began approximately 5 min post-mixing with a plateau at approximately 95 min. d) In vitro culture of human primary IVD cells revealed that the
precursor solutions are biocompatible. Moreover, cells undergo enhanced proliferation when seeded onto crosslinked BIOGEL substrates compared to PLL-coated
tissue culture plastic control and Matrigel. e) BIOGEL was found to promote the homogenous distribution of seeded cells, whereas Matrigel induced cell clus-
tering (IVD degeneration feature) in hNPCs. f) Under field-emission scanning electron microscopy, large pores exceeding most mammalian cell diameters were seen,
indicating facile host cell infiltration. Such pores existed on the surface and interior of the hydrogel. g) To determine the biomechanical properties of BIOGEL, atomic
force microscopy was used to determine the Young’s modulus (i) while rheometry was used for shear modulus and phase angle (ii). The results are summarized in
table (iii), where BIOGEL exhibited mechanical properties similar to that of native IVD tissue reported in the literature (IVD values obtained from Refs. [29,30]). h)
BIOGEL retained its original mechanical properties even under significant strain (at least 10%), indicating high wear resistance and resiliency under mechanical load.
i) Growth factors and other payloads (e.g., fluorescently labeled insulin) can be incorporated into the hydrogel by mixing with either precursor solution. Once the
hydrogel is crosslinked, encapsulated payloads were released in a biphasic manner: an initial burst release followed by sustained release over time. This can be
roughly modeled with an exponential decay function. Approximately 40% of the original loading mass remained within the hydrogel even after prolonged incu-
bation. Relative viability was analyzed using one-way ANOVA followed by Dunnett’s Test within cell groups [@ = 0.05; { and i indicate a statistically significant
difference against all other conditions with different symbols, n = 5 biological replicates].
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This injectable hydrogel system was then adapted for nucleotomy pro-
cedures (removal of nucleus pulposus material through an annulus
fibrosus incision) to demonstrate the ease of clinical translation [24,25].
Collectively, our TGF-loaded BIOGEL treatment was found to improve
histological recovery (e.g., tissue architecture and proteoglycan syn-
thesis), which translated into increased functional recovery (e.g.,
reduced pain) in animal IVD degeneration models.

2. Results and discussion
2.1. BIOGEL synthesis and physicochemical characterization

Gelatin was selected to form the injectable hydrogel since it retains
many biological functions of its parent structure, collagen (a major
component of healthy IVD tissue) [20]. Since gelatin melts at physio-
logical temperatures, a crosslinking mechanism is required to impart
stability during IVD regeneration [20]. Tetrazine and norbornene were
chosen as the bioorthogonal functional groups because of their simple
synthesis, favorable reaction kinetics, and essentially non-reactivity to-
ward endogenous biomolecules [10,21]. Moreover, the crosslinking re-
action generates non-toxic byproducts and is easily initiated by simple
mixing [10]. The resulting gelatin-tetrazine (GelTz) and
gelatin-norbornene (GelNb) is a shelf-stable solid that can be freely
reconstituted. Once mixed, GelTz and GelNDb solutions form the BIOGEL
hydrogel at ambient temperatures without substantial interference from
other biomolecules. This bioorthogonal reaction was adapted to form an
injectable hydrogel system, where the liquid precursors are injected in
vivo and allowed to crosslink in situ (Fig. 2a).

Gelatin natively contains functional groups for bioconjugation.
Norbornene-Methylamine (5-norbornene-2-methylamine) is commer-
cially available, while Tetrazine-Methylamine [4-(1,2,4,5-tetrazin-3-yl)
phenyl)methanamine hydrochloride] synthesis (Fig. S1) and nuclear
magnetic resonance (NMR, Fig. S2) are found in Supplementary Infor-
mation [26]. GelTz and GelNb synthesis schematics are found in
Fig. S3a. First, gelatin was modified with succinic anhydride to (1) in-
crease available carboxylic acid groups for further modifications, (2)
prevent amine-carboxylic acid cross-coupling within gelatin molecules,
and (3) reduce shear viscosity of the resulting precursor solution. Car-
boxylic acid groups on the succinylated gelatin were conjugated with
Tetrazine-Methylamine and Norbornene-Methylamine via carbodiimide
chemistry to form GelTz and GelNb. NMR (Fig. S3b) confirmed the
addition of succinate groups, tetrazine, and norbornene. The conjugated
n-n system of Tetrazine-Methylamine gives GelTz a bright red color with
an absorption maximum at 518 nm (Fig. S4a). This permits facile visu-
alization of the injected hydrogel as it crosslinks, since the 518 nm peak
diminishes as the reaction progresses (Figs. S4b—d). When tactile feed-
back is limited (e.g., laparoscopic surgeries), this additional means of
verifying successful BIOGEL crosslinking is desirable to (1) indicate
when mixed GelTz-Nb solution is no longer injectable and (2) confirm
gelation once injected into the patient.

Ease of injection is paramount for an injectable hydrogel system,
particularly considering constraints present in a surgical site (e.g., space
for additional equipment). The injectable hydrogel should keep a low
viscosity so that it can be easily delivered to the patient, the amount of
force needed for injection can be minimized, and shear stresses can be
reduced [7,8]. Biopolymers may exhibit significantly increased viscosity
when placed in non-optimal conditions, thus hindering injection. Un-
modified gelatin solutions became significantly more viscous at room
temperature (Fig. 2b), potentially necessitating additional equipment to
maintain physiological temperatures prior to injection [20]. GelTz and
GelND solutions exhibited low viscosities across a wider range of tem-
peratures (e.g., honey at 37 °C has a viscosity of approximately 10° cP).
These results were also seen when measuring the shear modulus of the
precursor, whereby the GelTz and GelNb solutions exhibited lower
moduli than gelatin or succinylated gelatin (Fig. S5). With a lower vis-
cosity, less force is required to pass the precursor solutions through a
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syringe, and any encapsulated payloads (e.g., sensitive proteins or cells)
will experience less damaging shear stresses during injection [7]. Thus,
ease of injectability is maintained across a wide temperature range for
the BIOGEL hydrogel system, and additional equipment is not required
to maintain optimal injection temperatures.

Ergonomic design and use are important considerations when
translating a new therapy to the clinic. A crosslinking-based injectable
hydrogel must react at an appropriate timescale. Excessively fast re-
actions can be difficult when administering the hydrogel before com-
plete gelation [6]. Unacceptably slow reactions can be subjected to
premature clearance by local fluid flow and increase healthcare costs
related to prolonged operations [6]. BIOGEL gelation (i.e., sustained
increase in shear modulus) began approximately 5 min after precursor
mixing with a plateau after 95 min (Fig. 2c). In vivo experiments were
usually concluded (i.e., closing the surgical site) before the gelation
plateau was complete. As a control, unmodified gelatin and individual
precursor solutions were subjected to the same rheometer time sweep
sequence and failed to achieve any substantial gelation. The delay in
gelation was deemed appropriate for clinical use as it gave the operator
ample time to thoroughly mix the precursor solutions, load into a sy-
ringe, and administer to the surgical site.

While tetrazine-norbornene ligation is bioorthogonal and BIOGEL
uses a biomimetic extracellular matrix (ECM), it is still prudent to
establish the cell adhesiveness, biocompatibility, and biodegradability
of both the precursor solutions and BIOGEL. Cytotoxicity assays on
human annulus fibrosus cells (hAFCs) and human nucleus pulposus cells
(hNPCs) showed no significant cell death when (1) precursor solutions
are compared to media or (2) BIOGEL is compared to conventional cell
culture on poly-1-lysine (PLL)-coated tissue culture plastic control or
Matrigel hydrogels (Fig. 2d). In fact, BIOGEL was found to promote
hAFC and hNPC proliferation. When monitoring the morphology of cells
on PLL, Matrigel, and BIOGEL, an interesting observation was seen in
hNPCs. Matrigel induced hNPCs to form cell clusters, an in vivo indica-
tion of IVD degeneration, whereas cells on BIOGEL maintained con-
ventional monolayer culture (Fig. 2e) [24]. In addition, crosslinked
BIOGEL samples were verified to be biodegradable via collagenase
digestion (Fig. S6). Lastly, both the BIOGEL precursors and hydrogel
were also found to be non-toxic to human-induced pluripotent stem
cell-derived neuronal progenitor cells (hiPSC-NPC, Fig. S7), indicating
biocompatibility with neuronal tissue in the nearby spinal cord.

FE-SEM revealed that BIOGEL contained pores larger than 100 pm
(the upper bound for most mammalian cells), even after dehydration for
electron microscopy. These pores were seen both on the surface of the
hydrogel and when it was cross-sectioned (Fig. 2f). Porous hydrogels are
well-documented to promote nutrient exchange and encourage host cell
infiltration and integration, thus providing resident cells with a favor-
able microenvironment to remodel the injectable hydrogel [7,9]. The
combination of high biocompatibility, high cell adhesiveness, and high
porosity enables host cells to readily infiltrate the hydrogel for eventual
remodeling and tissue regeneration.

Since one of the key IVD functions is load transmission throughout
the spinal column, the mechanical properties of BIOGEL are important
for in vivo function. Similarity to healthy human IVD tissue is significant
as it assists with regulating cellular mechanotransduction, host tissue
integration, and normal loading bearing (i.e., lack of stress shielding)
[27,28]. Atomic force microscopy (AFM) was employed to obtain a
detailed image of BIOGEL when hydrated (Fig. S8) and to determine the
elastic modulus (Fig. 2g-i), while rheometry was used to determine
viscoelastic behavior under shear stresses (Fig. 2g-ii). BIOGEL exhibited
elastic modulus, shear modulus, and loss factors similar to healthy IVD
tissue (Fig. 2g-iii) [29,30]. In comparison, current FDA-approved
treatments exhibit significantly higher elastic modulus than healthy
IVD (e.g., elastic modulus on the order of GPa) [12-14]. Moreover,
oscillatory frequency sweeps indicated that BIOGEL viscoelasticity al-
lows for the overall structure to remain unchanged at low frequencies
(elastic behavior) while undergoing dynamic reorganization in response
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to high frequency (viscous behavior) [28]. In practice, this viscoelas- suited to initiate IVD regeneration but suffer from significant issues that
ticity allows the hydrogel to maintain its shape for low-frequency forces limit clinical efficacy [5]. For TGFp, a well-known cytokine that is
(e.g., standing at rest) and deform at higher frequencies (e.g., rapid spine implicated in ECM remodeling and anti-inflammation, its short in vivo
extension and rotation). Additionally, the hydrogel retained its me- half-life severely limits its clinical potential as a bolus injection [3-5,
chanical properties under a wide range of strains (0.01-10% strain, 31-33]. Potential benefits may be found by encapsulating TGF} with the
termed linear viscoelastic region), showing that the hydrogel does not BIOGEL system to reverse IVD degeneration.

undergo structural breakdown and has high wear resistance (Fig. 2h) The release of encapsulated payloads in BIOGEL was modeled using
[28]. Taken together, the BIOGEL system performs similarly to healthy FITC-labeled insulin (similar size to TGFp). Since GelTz and GelNb can
IVD tissue under key mechanical loading situations expected when be dehydrated into a shelf-stable solid, FITC-insulin was integrated into
implanted in vivo. the hydrogel by reconstituting GelTz in a FITC-insulin solution. A

biphasic release profile was seen where burst release within the first five
days transitions into a more gradual, sustained release (Fig. 2i, S9). This
biphasic drug release behavior persisted under various physiological
conditions including tissue acidosis, alkalosis, hypothermia, and hy-
perthermia (Fig. S10). Moreover, a portion of FITC-insulin (approxi-
mately 40% of the original loading mass) remained trapped in the

2.2. BIOGEL enhances in vitro efficacy of growth factor therapy

While BIOGEL can provide mechanical support to degenerated IVD,
it is preferable to concurrently induce nearby cells to remodel the
hydrogel and regenerate damaged tissue. Growth factor therapies are

a IVD Model b Targeting Inflammation and Pain-related Pathways C Neuronal Model
(Inflammation Model) e <ol ol e 0 g N e (Pain Model)
S =k r
\ ' —
“ Pes Membrane
|| ¢TGFB-loaded . F
k BIOGEL } . N » i
S —— ,3‘,‘"’ Nuclear ¢4 :E
I K Membrane damisesmeesssssgpssistsses =
oo’ - DAPVON s
E— — . as ALy S .
. ‘& CXCL1, IL-6, MMP13 _ . ot .*  Induced Pluripotent
Annulus Flbrous Cells &, ". *(Inflammatory genes)t" & ,+*  Stem Cell (iPSC)-derived
Nl'l:llt\ellé)sgulltp?;llj\:oﬁzllls .. ". K _-*  Neuronal Progenitor Cells (NPC)
! uiu N » CGRP, Substance P .+* ** L7 in Pain Model
L Upr ?E”{"?f?i . [Pain-related genes) .( Downregutate),-*
d Inflammatory Genes e Pain-Related Genes
cxcr1 IL-6 MMP13 CGRP
= Decrease inflammation Decrease inflammation Decrease inflammation & Decrease pain marker
5 c 2
2L 1 £
55 t |1 + 1 1 354
[ (7]
€q i T T €<
= > 1.
g, ER Huo Af ¢ t 1
b Annulus Fibrosus Cells-------------------- PR 3 Substance P
s c
S e 8
2 3
[ o
£5 1 1 t t 251
® x I 1 o x
o W g W
o < T <
=z r-
: BE: i [ :
Eo _— g - = N.D. £,

Ccontrol TGFR [IBIOGEL [IBIOGEL+TGFB [INoLPS
L |

Lipopolysaccharide (10 ug ml™)

Fig. 3. BIOGEL acts as a reservoir of pro-regenerative, anti-inflammatory payloads for the in vitro model of IVD degeneration. a) Schematic diagram of in vitro IVD
degeneration model using primary human annulus fibrosus cells (hAFCs) and nucleus pulposus cells (hNPCs). TGFp-supplemented media, bare BIOGEL, and TGF-
loaded BIOGEL (TGFp-BIOGEL) were administered via tissue culture inserts and incubated for 24 h. b) To induce an inflammatory phenotype and stimulate
degenerative pathways, lipopolysaccharide (LPS) was administered to induce NF-kB activity. This increased expression of various inflammation and pain-related
genes such as C-X-C Motif Chemokine Ligand 1 (CXCL1), Interleukin-6 (IL-6), Matrix Metalloprotease 13 (MMP13), calcitonin gene-related peptide (CGRP), and
Substance P. TGFp acts as an anti-inflammatory cytokine by activating Smad6, which blocked NF-kB activity, thus reducing the expression of pro-inflammatory and
pain-related genes. Free, unreacted gelatin from BIOGEL can activate integrin pathways which influence both pro-inflammatory and anti-inflammatory pathways. c)
Human-induced pluripotent-derived neuronal progenitor cells (hiPSC-NPC) were also explored with this degeneration system with an additional neuronal differ-
entiation step before LPS stimulation. d) After LPS exposure, both hAFCs and hNPCs experienced significantly increased expression of pro-inflammatory cytokines
(CXCL1, IL-6, and MMP13). While TGFp and BIOGEL led to statistically significant decreases in some genes, only TGFp-BIOGEL led to consistent decreases in all three
pro-inflammatory genes, indicating encapsulation of TGFf within BIOGEL potentiates its anti-inflammatory effect. €) While LPS was insufficient at upregulating
Substance P in this hiPSC-NPC cell line, TGFB-BIOGEL was found to be effective at mitigating pain-related markers (CGRP and Substance P). RT-qPCR was analyzed
using one-way ANOVA followed by Tukey’s HSD [a = 0.05, * indicates a statistically significant difference; 1, {, and ~ indicates a statistically significant difference
against all other conditions with different symbols, n = 3 biological replicates].
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hydrogel under normal physiological conditions. The presence of
unreleased payload (e.g., TGFp) represents a significant benefit over
conventional growth factor therapies. Whereas injected TGFf has a short
half-life and is rapidly cleared, a significant portion of TGFf within the
hydrogel is sequestered until cells infiltrate and release the trapped
payload [3-5,24]. BIOGEL protects against premature clearance and
acts as a reservoir of sequestered TGFp, while the growth factor induces
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cells to remodel the hydrogel, abate pro-inflammatory signals in the
environment, and initiate pro-regenerative cascades [3,5,6].

To verify the BIOGEL system’s capacity to enhance growth factor
therapies, hAFCs, hNPCs, and differentiated hiPSC-NPC neurons were
treated with lipopolysaccharide (LPS) to simulate an inflammatory state
comparable to IVD degeneration (Fig. 3a) [34,35]. In hAFCs and hNPCs,
this testing condition promotes the production of IVD degeneration
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Fig. 4. Injectable TGFp-loaded BIOGEL promotes IVD tissue histology regeneration after injury. a) Schematic diagram of in vivo IVD degeneration model. Nucle-
otomies were performed on the Co4-5 and Co5-6 IVD of Sprague-Dawley rats. Immediately after nucleotomies, TGFf solution, BIOGEL, and TGFp-loaded BIOGEL
were injected into the Co4-5 nucleus pulposus void space. Co3-4 IVD were used as a healthy control. b) Healthy IVD was defined by distinct nucleus pulposus and
annulus fibrosus boundaries, with the nucleus pulposus containing ample collagen type 2, aggrecan, and assorted proteoglycans. ¢) Fixed IVD sections were stained
with (i) hematoxylin & eosin and (ii) Safranin O (fast green counterstain) along with immunohistochemistry staining for (iii) Aggrecan and (iv) Collagen type 2. d)
Staining area for (i) hematoxylin, (ii) Safranin O, (iii) Aggrecan, and (iv) Collagen type 2 was normalized to healthy, uninjured IVD. Out of all treatment conditions,
only TGFp-loaded BIOGEL resulted in statistically significant increased staining across all targets. Additionally, TGFp-loaded BIOGEL led to the greatest recovery of
staining among treatment conditions. Further holistic quantification of IVD injury/degeneration (v) indicated TGFf-loaded BIOGEL induced the greatest histological
recovery. Staining and histological grading were analyzed using one-way ANOVA followed by Tukey’s HSD [a = 0.05, * indicates a statistically significant difference,
t and § indicates a statistically significant difference against all other conditions with different symbols, treatments: n = 8 biological replicates, healthy and injury: n

= 24 biological replicates (i.e., 8 from each treatment group)].

556



J. Luo et al.

markers such as C-X-C Motif Chemokine Ligand 1 (CXCL1),
Interleukin-6 (IL-6), and Matrix Metalloprotease 13 (MMP13) (Fig. 3b)
[36]. Similarly, hiPSC-NPC neurons express pain-related genes such as
calcitonin gene-related peptide (CGRP) and Substance P (Fig. 3b and c)
[37]. These LPS-activated signaling pathways can be blocked by
administering TGFp to induce anti-inflammatory cascades, leading to
reduced IVD degeneration and pain [32,33]. While free, unreacted
gelatin is well-known for activating integrin receptors, its net effect on
inflammation is less predictable as it can activate both pro- and
anti-inflammatory pathways [38].

TGFp solution, bare BIOGEL, and TGFp-loaded BIOGEL (TGFp-BIO-
GEL) were administered to LPS-primed cells via cell culture inserts (0.4
pm pore to allow diffusion from the treatment chamber to cells) to test
their ability to mitigate the pro-inflammatory, pain-inducing effects of
LPS (Fig. 3a,c). After 24 h, the various inflammatory and pain markers
were found to be significantly reduced when cells were treated with
TGFB-BIOGEL (Fig. 3d and e). Though the reduction usually could not
achieve gene expression levels found in the non-inflammatory control,
these showed significant potential for TGFf-BIOGEL to reduce IVD
degeneration and pain. Moreover, TGFB-BIOGEL was found to reduce
inflammatory and pain markers with similar or greater efficiency than
either TGFB or BIOGEL component by itself, suggesting that BIOGEL
encapsulation potentiates therapeutic payload effects. While LPS was
insufficient at inducing Substance P upregulation here, the ability of
TGFB-BIOGEL to downregulate baseline expression is significant enough
to warrant interest in IVD treatment.

Several ECM-related genes were also assayed in hAFCs and hNPCs (i.
e., Aggrecan, Collagen Type 2) but failed to yield sufficient PCR
amplification (data not shown). Dedifferentiation and loss of ECM-
related gene expression are well documented for primary IVD cells
after extended monolayer culture [39].

2.3. BIOGEL enhances In vivo histological recovery

IVD degeneration is a complex pathology that necessitates in vivo
experiments to assess novel therapies. Nucleotomy (removal of nucleus
pulposus material [NP] through an annulus fibrosus [AF] incision) was
selected as the IVD degeneration model and method of BIOGEL injection
due to established clinical use in conditions such as lumbar micro-
discectomy, which is the most commonly performed spinal surgery
procedure [25]. Sprague Dawley rats were subjected to nucleotomies at
coccygeal vertebrae 4-5 and 5-6 (Co4-5 and Co5-6), with Co4-5
receiving TGFp, BIOGEL, or TGFp-loaded BIOGEL treatments. Co3-4
was designated as the non-injured control. Forty-two days after treat-
ment, the rats were sacrificed for tissue harvesting and histological
assessment of the IVD (Fig. 4a). Healthy IVD tissue contains distinct
boundaries between the AF and NP, while degenerated IVD lacks a clear
boundary [24]. Hematoxylin and Eosin (H&E) staining was used to
visualize this boundary as the interface between the pink, eosinophilic
AF and purple, hematoxylin-staining NP [24,40]. Additionally,
proteoglycan-rich NP stains red, while the AF stains blue-green under
Safranin-O/Fast Green [24,40]. Together, these staining techniques
were used to elucidate the extent of IVD regeneration (Fig. 4b).

Healthy IVD discs retained distinct AF/NP regions, while injured IVD
showed diminished boundaries. While TGFp and bare BIOGEL, as con-
trol conditions, in the Co4-5 IVD showed negligible to modest recovery
of AF-NP boundaries, TGFp-loaded BIOGEL displayed substantial his-
tological recovery as quantified by hematoxylin and Safranin O-stained
area (Fig. 4c,d-i,ii) and histological grading (Fig. 4d-iii). The recovery of
distinct AF/NP boundaries and proteoglycan content in the NP indicated
regeneration [24,40]. More specifically, the recovered proteoglycan
content helped the IVD retain water and resist compressive forces during
load bearing [11]. Since BIOGEL contained fewer proteoglycans than
the TGFp-loaded BIOGEL, we conclude that the injected BIOGEL po-
tentiates encapsulated growth factor therapies (e.g., TGFf) to induce
native cells to remodel the hydrogel.
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Tissue and organ functions, particularly those under mechanical
forces, are intrinsically linked with tissue composition and architecture
[1,11]. Cartilaginous tissues, such as the IVD, need to resist various
mechanical forces while remaining pliable enough to allow movement
[1,11]. Collagen type 2 and Aggrecan are two cornerstones of IVD
composition and function [1,11,40]. Immunohistochemistry staining for
Collagen Type 2 and Aggrecan showed ample staining, primarily local-
ized on the NP (Fig. 4c-iii,iv). TGFf notably failed to induce significant
recovery of either ECM component after injury (results mirrored in
literature) [3]. While bare BIOGEL enabled modest recovery of Aggre-
can synthesis, treatment with TGFp-loaded BIOGEL promoted the
greatest recovery of matrix (Aggrecan and Collagen type 2) synthesis
(Fig. 4d-iii, iv). Holistic IVD evaluation using a histological grading
scheme (details in literature reference) also corroborated the conclusion
of enhanced tissue recovery when patients are treated with TGFp-loaded
BIOGEL (Fig. 4d-v) [24,40]. Taken together with H&E and Safranin O
staining, our results provide ample evidence that TGFp-loaded BIOGEL
induced significant recovery of key histological features of the IVD,
including key proteoglycans and structural proteins. Moreover, treat-
ments with TGFp solution or BIOGEL alone failed to produce consistent
recovery.

Concurrent with tissue damage, IVD degeneration is associated with
inflammation [41,42]. While numerous cells are involved in inflam-
mation, macrophages (identified by Ibal) remain an integral mediator
across many tissues [41,42]. M1 macrophages (CD86-positive) are
associated with a pro-inflammatory state which can lead to further tis-
sue damage, while M2 (CD163-positive) is associated with
anti-inflammation and regenerative processes such as tissue remodeling
and matrix deposition [41,42]. In injured IVD, a significant number of
macrophages infiltrated the damaged tissue (Fig. S11). While TGFp and
bare BIOGEL resulted in a moderate decrease in macrophages,
TGFp-loaded BIOGEL treatment produced the greatest reduction.
Notably, the difference in macrophage infiltration between TGFf-loaded
BIOGEL and healthy controls was not statistically significant.

2.4. BIOGEL enhances in vivo functional recovery

Functional recovery is the ultimate goal of treating IVD degenera-
tion. For this, the regenerated IVD must have the load-bearing capacity
of native IVD and an absence of IVD degeneration symptoms. The in vivo
IVD degeneration model from Fig. 4 was employed here to characterize
functional recovery (Fig. 5a).

The IVD’s capacity to retain water can be considered as the culmi-
nation of various factors, including the health of the cells and the degree
of proteoglycan present [11,40]. High water content is paramount to the
viscoelastic properties of the IVD and effective load-bearing; progressive
water loss indicates greater IVD degeneration (Fig. 5b) [11].
T2-weighted magnetic resonance imaging (T2-MRI) was employed to
acquire coronal and axial images non-invasively to evaluate the water
content of regenerated IVD on day 42 [40,43]. Healthy control IVD
appeared as a bright signal under T2-weighted MRI (highlighted with
yellow arrows) (Fig. 5¢-i) [11,40,43]. Conversely, injured IVD showed a
significantly darker signal against the surrounding tissue, indicating
severe degeneration and water loss. While TGFp and bare BIOGEL
treatments showed T2-MRI images with moderate signal intensity at the
center of the IVD, they exhibited significantly reduced area compared to
the healthy control. In contrast, IVD treated with TGFp-loaded BIOGEL
resulted in the highest signal intensity and area out of the treatment
cohorts, signifying the greatest water retention. When the T2-MRI im-
ages were graded, TGFp was found to have negligible regeneration
compared to the non-treated injury control (Fig. 5d-i). This is expected
as the lost NP tissue from the nucleotomy is not replaced, and native
cells must regenerate the tissue without a scaffold. Conversely, both
BIOGEL and TGFp-loaded BIOGEL resulted in significant recovery of T2
contrast, with TGFp-loaded BIOGEL exhibiting more extensive water
retention. While bare BIOGEL provided a well-hydrated scaffold for
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Fig. 5. Injectable TGFf-loaded BIOGEL promotes IVD functional recovery after injury. a) Schematic diagram of in vivo IVD degeneration model. Nucleotomies were
performed on the Co4-5 and Co5-6 IVD of Sprague-Dawley rats. Immediately after nucleotomies, treatments consisting of TGFf solution, BIOGEL, and TGFp-loaded
BIOGEL were injected into the Co4-5 nucleus pulposus void space. Co3-4 IVD were monitored and used as a healthy control condition. b) Healthy IVD was defined by
well-hydrated tissue (bright signal under T2-MRI) and lack of painful sensations under benign conditions (allodynia). ¢) (i) Coronal and axial images of the spine
were taken with T2-MRI to measure water retention. Among treatment conditions, TGFp-loaded BIOGEL led to the greatest recovery of bright T2 signal due to greater
IVD hydration. d) (i) Grading for IVD MRI index revealed that treatment with bare BIOGEL and TGFp-loaded BIOGEL resulted in significant recovery. ¢) (ii)
Additionally, immunofluorescence staining for Calcitonin Gene Receptor Protein (CGRP) was performed to assess injury-induced pain. Injured IVD exhibited intense
CGRP staining, which was mitigated in treated IVD. d) (ii) Quantification of CGRP staining against DAPI staining (cell nucleus) revealed that TGFp-loaded BIOGEL
induced significantly reduced pain compared to non-treated injuries and bare BIOGEL. d) (iii) Allodynia was assessed by measuring the amount of force (applied via
Von Frey fibers) required to induce paw withdrawal in 50% of testing measurements. Starting two days post-treatment, rats with TGFp-loaded BIOGEL hydrogels
showed a greater withdrawal threshold compared to rats treated with TGFp solution and bare BIOGEL, indicating greater recovery from allodynia. MRI index, relative
CFRP intensity per DAPI, and 50% withdrawal threshold were analyzed using one-way ANOVA followed by Tukey’s HSD [a = 0.05; * indicates a statistically
significant difference,  indicates a statistically significant difference against all other conditions with different symbols; treatments (CGRP and MRI): n = 4 biological
replicates, healthy and injury: n = 12 biological replicates (i.e., 4 from each treatment group); treatments (Von Frey): n = 6].

remodeling, it lacked the cell signaling cues to initiate remodeling to-
wards cartilage-like tissue. TGFp-loaded BIOGEL contained both cell
signaling cues and a physical scaffold for tissue remodeling, resulting in
the greatest regeneration.

One of the principal clinical manifestations of IVD degeneration is
back pain, which is responsible for a significant portion of healthcare
and economic burden (e.g., high medical expenses and lost productivity)
in developed countries [44]. Reducing pain caused by IVD degeneration
is a key step towards functional recovery as it will allow patients to
resume normal activities after the IVD has regenerated damaged tissue.
Neuropathic pain such as allodynia can be caused by IVD degeneration,
so mechanical allodynia was measured to assess discogenic back pain
recovery in IVD degeneration. Von Frey filaments were used to test
allodynia by measuring paw withdrawal threshold and allodynia, while
the presence of sensory neuropeptide Calcitonin Gene Receptor Protein
(CGRP) was assessed via immunofluorescence (Fig. 5b) [45,46]. Healthy
IVD showed little staining for CGRP, while injured IVD showed abun-
dant and intense CGRP (Fig. 5c-ii). Neither TGFp nor bare BIOGEL
treatments substantially reduced CGRP staining intensity (normalized to
DAPI staining) (Fig. 5d-ii). Conversely, IVD treated with TGFp-loaded
BIOGEL showed significantly reduced CGRP staining intensity. These
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results indicate that encapsulating therapeutic payloads (e.g., TGFp) in
BIOGEL potentiated discogenic pain reduction. As predicted by the
greater histological recovery in the preceding sections, animals treated
with TGFB-loaded BIOGEL displayed a greater tolerance to mechanical
forces (i.e., probing with Von Frey filaments) before initiating an
adverse reaction (e.g., paw withdrawal) (Fig. 5d-iii). This increased
force/pain tolerance indicates less severe allodynia starting two days
post-treatment, compared to animals treated with TGFf or bare BIOGEL.

The ability to treat IVD degeneration-related allodynia indicates
accelerated recovery from discogenic back pain and earlier resumption
of normal activity for human patients [44]. This expedited treatment of
IVD symptoms would alleviate strain on healthcare and social security
systems by presenting an effective treatment for one of the leading
causes of medical disabilities in adults [44].

3. Conclusions

In summary, we developed an injectable bioorthogonal hydrogel
(BIOGEL) system for enhanced IVD tissue regeneration. More specif-
ically, tetrazine and norbornene functional groups were grafted onto
gelatin to produce a biocompatible, biodegradable, and cell adhesive
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hydrogel that can crosslink in situ. The liquid GelTz and GelNb precursor
solutions remained low viscosity across a wide range of temperatures,
allowing for ergonomic injections and reducing shear stresses experi-
enced by any encapsulated payloads. Once the liquid precursors were
activated via simple mixing, a clinical operator was allowed a
comfortable window of time to inject the solution (5-10 min) before it
stabilized and formed a hydrogel that displayed biomechanical prop-
erties similar to healthy IVD tissue. To demonstrate synergy with
existing growth factor therapies, the BIOGEL system was supplemented
with TGFp to provide a sustained release profile, which potentiated the
anti-inflammatory and pro-regenerative effects of TGFf in vitro. More-
over, TGFp-loaded BIOGEL was administered to an in vivo rat model of
IVD degeneration to induce greater histological recovery (e.g., recov-
ered tissue architecture and induced de novo matrix synthesis) and
functional recovery (e.g., increased water retention and reduced dis-
cogenic pain) than either TGFp or BIOGEL component by itself. Since
BIOGEL relies on bioorthogonal chemistry and utilizes gelatin derived
from collagen (a major component of mammalian extracellular
matrices), this system can be easily extended to include other payloads,
target other degenerative conditions, and regenerate various tissues. In
short, given BIOGEL’s versatility in tissue engineering, we expect this
technology platform will be applicable to a broad range of regenerative
medicine and clinical conditions other than IVD regeneration.

4. Materials and methods
4.1. Materials

An exhaustive list of generic, non-trademarked chemicals of non-
biological origin (e.g., formalin and DMEM/F-12) can be found in the
Supplementary Information. Detailed synthesis procedures for
tetrazine-methylamine, succinylated gelatin, gelatin-tetrazine (GelTz)
and gelatin-norbornene (GelNb) are also included in the Supplemen-
tary Information.

Rompun® was purchased from Bayer. RapidCal™ Immuno was
purchased from BBC Biochemical. Matrigel® were purchased from
Corning. Sprague-Dawley rats were purchased from Orient Bio Inc.
Berkovich silicon tips were purchased from Park Systems. Recombinant
human FGF-basic (bFGF) was purchased from PeproTech. Complete
Nucleus Pulposus Cell Media (CNPCM), human annulus fibrosus cells
(hAFGCs), and human nucleus pulposus cells (hNPCs) were purchased
from ScienCell. B27™ Supplement, human transforming growth factor
beta 3 (TGFp3), lipopolysaccharide (LPS), N2™ Supplement, Neuro-
basal™ media, and PrestoBlue™ Cell Viability Reagent, was purchased
from Thermo Fisher. Zoletil® was purchased from Virbac Laboratories.

Human induced pluripotent stem cell-derived neuronal progenitor
cells (hiPSC-NPC) were a generous gift from Dr. Muoti (UC San Diego).

4.2. Precursor and hydrogel cytotoxicity

For precursor cytotoxicity with hAFCs and hNPCs, wells of a 96-well
plate were coated with PLL as specified by ScienCell for hAFC and hNPC
culture. Each well was seeded with hAFCs or hNPCs suspended in either
GelTz in DPBS (5% w/v), GelNb in DPBS (5% w/v), or CNPCM (control)
(400,000 cell mL’l, 25 pL). After 15 min, CNPCM (200 pL) was added to
each well.

For hydrogel cytotoxicity with hAFCs and hNPCs, wells of a 96-well
plate were coated with either Matrigel® or BIOGEL (25 pL). Matrigel (4
°C) and BIOGEL in DPBS (5% w/v, used within 5 min of mixing) were
pipetted into their respective wells and allowed to form hydrogels in a
humidified, 37 °C incubator for at least 15 min before cell seeding. PLL-
coated wells (prepared as specified by ScienCell for hAFC and hNPC
culture) were used as a control. Each well was seeded with hAFCs or
hNPCs (50,000 cell mL™}, 200 pL) suspended in CNPCM.

For hydrogel cytotoxicity with hiPSC-NPC, Matrigel® and BIOGEL-
coated wells were prepared as above. Diluted Matrigel®-coated wells
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(1:200 in DMEM/F-12) were used as a control. Each well was seeded
with hiPSC-NPC (5000 cell mL~?!, 200 pL) suspended in proliferation
media (0.5% B27, 0.5% N2, 20 ng mL~! bFGF in 1:1 Neurobasal:
DMEM/F-12).

For precursor cytotoxicity with hiPSC-NPC, wells of a 96-well plate
were coated with diluted Matrigel®. Each well was seeded with hiPSC-
NPC suspended in either GelTz in DPBS (5% w/v), GelNb in DPBS (5%
w/V), or proliferation media (control) (5000 cell mL’l, 25 pL). After 15
min, proliferation media (200 pL) was added to each well.

Cytotoxicity was assayed using PrestoBlue Cell Viability Reagent
after 24-h culture with hydrogels or precursors. In brief, cells were
washed with DPBS to remove excess uncrosslinked GelTz and GelNb
before PrestoBlue in CNPCM or hiPSC-NPC proliferation media (10% v/
v, 200 pL per well) was added. Wells without cells received PrestoBlue in
CNPCM or hiPSC-NPC proliferation media for background correction.
Plates were incubated in a humidified, 37 °C incubator and read using an
Infinite M Plex plate reader (Tecan) according to manufacturer
specification.

4.3. Field Emission-Scanning Electron Microscopy (FE-SEM) of
Crosslinked Hydrogels

BIOGEL samples were formed using a standardized hydrogel mold. In
short, Parafilm was placed over an empty pipette tip rack (5-200 pL,
Fisher Scientific), and a multichannel pipette was used to create uniform
divots. Equal volumes of hydrogel precursor solutions (25 pL each, 50 pL
total) were mixed, pipetted into the molded divots to crosslink for 15
min. Crosslinked hydrogels were placed in a lyophilizer (Labconco)
overnight to remove water.

Dehydrated samples were attached on SEM specimen mounts with
carbon tape and coated with gold (20 nm thickness) using a sputter
coater (Quorum Technologies). Electron microscopy was conducted
using a secondary electron detector to form images with an FE-SEM
(Carl Zeiss AG).

Cross-section samples were generated by cutting lyophilized BIOGEL
samples with a stainless-steel razor blade and subjected to the same
mounting and coating procedure as described above.

4.4. Rheometry

Rheological measurements were conducted with a Kinexus Ultra
rotational rheometer (Malvern Instruments). Solutions (5% w/v, 200 pL
distilled water) were loaded into a 600 pm gap between two flat,
stainless-steel plates (top 20 mm diameter). GelTz-Nb precursors were
mixed and pipetted directly on the rheometer to ensure the cross-linked
hydrogel conforms to the top and bottom geometry gap.

Gelatin, SA-Gel, GelTz, GelNb, and GelTz-Nb hydrogel crosslinking
were measured with an oscillatory time sweep at a constant 37 °C, 1 Hz,
1% shear strain for 100 min.

Crosslinked BIOGEL samples were subjected to the following tests:
(1) an oscillatory frequency sweep at a constant 37 °C, 1% shear strain
for 0.01-10 Hz and (2) an oscillatory amplitude sweep at a constant 37
°C, 1 Hz for 0.01-10% shear strain.

Gelatin, SA-Gel, GelTz and GelNb were subjected to the following
tests: (1) a viscometry temperature sweep at a constant 1 and 100 s~ for
37-4 °C and (2) an oscillatory temperature sweep at a constant 1 Hz, 1%
shear strain for 37-4 °C.

4.5. Atomic force microscopy (AFM) of Crosslinked Hydrogels

A hydrophobic barrier pen was used to draw a sample retention
square on a glass coverslip. Crosslinked hydrogels were placed in the
middle of the square to prevent excessive hydrogel movement during
microscopy.

AFM (Park Systems) was performed in contact mode with a Berko-
vich silicon tip at a scan rate of 0.5 Hz over a 5 x 5 pm area. The
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hydrogel and probe were kept immersed in distilled water for the
duration of probing. Young’s modulus was calculated using XEI (Park
Systems) software to apply the Oliver-Pharr Model across 10 randomly
selected areas. This measurement process was repeated across 3
different regions to yield the reported hydrogel Young’s modulus and
standard deviation.

4.6. FITC-insulin release from BIOGEL

A blocking buffer (1% w/v) was prepared with bovine serum albu-
min in DPBS. A 24-well plate was pre-treated with blocking buffer (2 mL
per well) and placed on a rotary shaker (75 rpm) overnight at 37 °C. The
blocking buffer was replaced with DPBS (1.5 mL) immediately before
use.

Gelatin-Tetrazine (GelTz) and Gelatin-Norbornene (GelNb) were
dissolved in either DPBS or fluorescein isothiocyanate-labeled insulin
(FITC-Insulin) in DPBS solution (0.25 mg mL™") with the aid of a soni-
cator bath to yield hydrogel precursor solutions (5% w/v). A hydrogel
mold was made by spreading Parafilm over an empty pipette tip rack
(5-200 pL, Fisher Scientific) and using a multichannel pipet to create
uniform divots. Equal volumes of hydrogel precursor solutions (25 pL
each, 50 pL total) were mixed, pipetted into the molded divots to
crosslink for 15 min, and transferred to the pre-treated 24-well plate.
The well plate was covered with aluminum foil and sealed with Parafilm
before placement on a rotary shaker (75 rpm) set in a 37 °C incubator.
An aliquot of FITC-Insulin solution was placed in a glass dram vial,
covered with aluminum foil, and placed alongside the well plate for the
duration of the experiment.

Fluorescence measurements were taken at 1 h, 4 h, 1 day, 2d,3d, 1
week, and 2 wk using a plate reader (Tecan Infinite M200 Pro) at Aex =
488 nm, Aey = 525 nm. An aliquot (100 pL) was taken from each well
without replacement and placed in a half area, black well plate for
fluorescence readings. A standard curve was created by serial dilution of
the co-incubated FITC-Insulin solution at each time point to calculate %
FITC-Insulin release.

4.7. Invitro TGFp release for anti-inflammatory response

PLL-coated wells of a 24-well plate were seeded with hAFCs and
hNPCs resuspended in CNPCM (200,000 cell mL’l, 0.5 mL) and allowed
to stabilize overnight. Likewise, Matrigel®-coated wells were seeded
with hiPSC-NPC in proliferation media in a similar manner.

TGFp3 was diluted in DPBS (0.15 mg mL’l) before addition to GelTz
in DPBS (5% w/v) for a final concentration of 75 pg mL™' TGFp3
(TGFp3 + GelTz). TGFp3 was excluded from the control unsupple-
mented BIOGEL; only DPBS was used to dilute the stock GelTz (5% w/v)
solution.

Parafilm divots detailed in section “4.3 Field Emission-Scanning
Electron Microscopy (FE-SEM) of Crosslinked Hydrogels” were
employed. (TGFB3 +) GelTz (16.56 pL) and GelNb (5% w/v, 12.5 pL)
solutions were mixed and allowed to form hydrogels in the Parafilm
divots at least 15 min prior to being introduced to cells.

hAFC and hNPC media was replaced with LPS-containing CNPCM
(10 pg mL’l, 0.6 mL) to simulate intervertebral disc degeneration.
Likewise, hiPSC-NPC media was replaced with LPS-containing prolif-
eration media at the same concentration. A cell culture insert (0.4 pm
pore size, polycarbonate, 6.5 mm) was added to each well and filled with
LPS-containing media (10 pg mL7}, 0.1 mL). In non-LPS-containing
controls, LPS was omitted from the media.

In control and TGFp3-treated wells, DPBS or TGFp3 (0.25 mg mL !
TGFp3, 2.5 pL) was added to the cell culture inserts. In (TGFp3 +)
BIOGEL-treated wells, appropriate hydrogels were transferred into the
cell culture inserts. After 24 h, cell contents were harvested for RT-qPCR
(see Supplementary Information for detailed protocol) with primers,
as specified in Table S1.
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4.8. Animal model for intervertebral disc (IVD) injury and treatment

All animal study procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) of CHA Bundang Medical
Center (IACUC200141).

Eight-week-old Sprague-Dawley rats (220-240 g) were kept in a
controlled environment (22 + 1 °C, 50 + 1% relative humidity, and 12/
12 h light/dark cycle) for the duration of the study. Animals were
anesthetized by intraperitoneal injection of Zoletil® (50 mg kg™!) and
Rompun® (10 mg kg ~1) before being placed on heated pads for the
duration of surgery. The tail and pelvic area were sterilized with 70%
alcohol, followed by povidone iodine. A skin incision (1 cm) was made
longitudinally along the tail followed by the insertion of a scalpel blade
(#11, 1.5 mm) into coccygeal discs Co4-5 and Co 5-6. The annulus
fibrosus was longitudinally cut to expose the NP for nucleotomy via
aspiration (22-gauge needle, 5 mL syringe). BIOGEL, TGFp, and TGFp-
loaded BIOGEL (5% w/v in DPBS) were prepared and intradiscally
injected into the Co 4-5 nucleotomy site (10 pL, 25-gauge catheter).

The surgical site was sutured and disinfected with povidone-iodine
before subcutaneous injection of normal saline (0.9%, 5 mL). For 3
days post-surgery, animals were prophylactically treated with Cefazolin
and Ketoprofen.

Twenty four Sprague Dawley rats were subjected to nucleotomies at
coccygeal vertebrae 4-5 and 5-6 (Co4-5 and Co5-6), with Co4-5
receiving TGFf, BIOGEL, or TGFp-loaded BIOGEL treatments. Co3-4
was designated as the non-injured control. The rats were randomly
divided into three groups: (1) TGFp, (2) BIOGEL, and (3) TGFp-loaded
BIOGEL treatment groups (n = 8 for each group). Fourty two days after
treatment, the coccygeal discs were removed for radiologic and histo-
logic analysis.

4.9. Histological recovery assessments of IVD regeneration

Animals were sacrificed six weeks post-surgery to evaluate tissue
structure and morphology. IVD and adjacent vertebral bodies were fixed
in neutral buffered formalin (10%) for one week, decalcified with
RapidCal Immuno for two weeks, paraffin-embedded, sliced using a
microtome (Leica) to produce coronal sections (10 pm), dewaxed, and
rehydrated.

Tissue architecture was determined by Safranin-O and Mayer’s He-
matoxylin & Eosin staining. Sections were mounted using mounting
media and scanned with a microscope (OLYMPUS).

Built-in ImageJ region of interest functions were used to determine
the NP area. Additionally, IVD tissue architecture was graded by blinded
pathologists for the following criteria as detailed elsewhere (0O for
healthy disc, 2 for severely injured disc): AF morphology (score 0-2), NP
cellularity (score 0-2), NP matrix (score 0-2), and the boundary be-
tween AF and NP (score 0-2) [24]. The IVD tissue architecture score is
presented as an average of the four criteria.

Specific markers were determined via immunostaining with anti-
bodies, as specified in Table S2. Sectioned samples were incubated with
primary antibodies at 4 °C for overnight, washed with DPBS and Tween
20, incubated with secondary antibodies at room temperature for 1 h,
washed, and counter-stained with DAPI for 10 min. Sections were
mounted using mounting media and scanned with a fluorescence mi-
croscope (Zeiss).

Built-in ImageJ region of interest functions were used to determine
positive staining area and relative cell number percentages.

4.10. Functional recovery assessments of IVD regeneration

Von Frey tests were conducted —2 [pre-injury], 2, 7, 14, 21, 28, 35,
and 42 days after surgery to assess mechanical allodynia as pain
behavior in rats. Animals were placed into individual six-compartment
enclosures with wire mesh floors and lids with air holes for a habitua-
tion period (20 min) to minimize exploratory activity. Von Frey hairs
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(starting with a 2-g filament) were applied to the ventral surface of the
tail base with sufficient force to buckle the filament. Positive responses
were recorded if animals displayed flinching, licking, withdrawing, or
tail shaking behaviors within 6 s of filament application. Tests were
conducted five times for each rat with two blinded observers.

A T2-weighted, 9.4 T MRI spectrometer (Bruker BioSpec) was used to
study the changes in disc structure and water content 42 days after
surgery. T2-weighted MRI protocol was set as: (1) coronal plane; time to
repetition (TR) of 5000 ms, time to echo (TE) of 30 ms, 150 horizontal x
150 vertical matrix; field of view of 15 horizontal_15 vertical, and 0.5
mm slices with 0 mm spacing between each slice. (2) Sagittal plane; time
to repetition (TR) of 5000 ms (ms), time to echo (TE) of 50 ms, 200
horizontal_600 vertical matrix; field of view of 20 horizontal_60 vertical,
and 0.8 mm slices with 0 mm spacing between each slice. The signal
intensity and MRI index (the area of NP multiplied by average signal
intensity) were evaluated [47]. Built-in ImageJ region of interest func-
tions were used to determine the signal intensity (product of NP area and
average signal intensity) while two blinded observers were used to
determine the MRI index as detailed elsewhere [43].

4.11. Statistical analysis

In vitro RT-qPCR data was analyzed with R (statistical program),
while in vivo data was analyzed with GraphPad Prism. All data are
visualized as mean + standard deviation. Statistical significance was
defined as p-value < 0.05 when analyzed by one-way ANOVA followed
by Tukey’s HSD test.

4.12. Computer graphics

OriginLab was used for data analysis and graphing unless indicated
otherwise. TGFp and gelatin figures were obtained from RCSB PDB (PDB
ID: 1TGK and 1BKV) and visualized using Mol* [48-52]. Select graphics
were created with BioRender.com.
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