TISSUE ENGINEERING: Part A
Volume 20, Numbers 13 and 14, 2014
© Mary Ann Liebert, Inc.

DOI: 10.1089/ten.tea.2013.0516

In Vitro Characterization of a Stem-Cell-Seeded
Triple-Interpenetrating-Network Hydrogel for Functional
Regeneration of the Nucleus Pulposus

Lachlan J. Smith, PhD, ™ Deborah J. Gorth, MS,"2 Brent L. Showalter, BS,** Joseph A. Chiaro, BA, ™
Elizabeth E. Beattie, BS,?> Dawn M. Elliott, PhD;* Robert L. Mauck, PhD 23
Weiliam Chen, PhD? and Neil R. Malhotra, MD'

Intervertebral disc degeneration is implicated as a major cause of low-back pain. There is a pressing need for
new regenerative therapies for disc degeneration that restore native tissue structure and mechanical function. To
that end we investigated the therapeutic potential of an injectable, triple-interpenetrating-network hydrogel
comprised of dextran, chitosan, and teleostean, for functional regeneration of the nucleus pulposus (NP) of the
intervertebral disc in a series of biomechanical, cytotoxicity, and tissue engineering studies. Biomechanical
properties were evaluated as a function of gelation time, with the hydrogel reaching ~90% of steady-state
aggregate modulus within 10h. Hydrogel mechanical properties evaluated in confined and unconfined com-
pression were comparable to native human NP properties. To confirm containment within the disc under
physiological loading, toluidine-blue-labeled hydrogel was injected into human cadaveric spine segments after
creation of a nucleotomy defect, and the segments were subjected to 10,000 cycles of loading. Gross analysis
demonstrated no implant extrusion, and further, that the hydrogel interdigitated well with native NP. Constructs
were next surface-seeded with NP cells and cultured for 14 days, confirming lack of hydrogel cytotoxicity, with
the hydrogel maintaining NP cell viability and promoting proliferation. Next, to evaluate the potential of the
hydrogel to support cell-mediated matrix production, constructs were seeded with mesenchymal stem cells
(MSCs) and cultured under prochondrogenic conditions for up to 42 days. Importantly, the hydrogel maintained
MSC viability and promoted proliferation, as evidenced by increasing DNA content with culture duration.
MSCs differentiated along a chondrogenic lineage, evidenced by upregulation of aggrecan and collagen II
mRNA, and increased GAG and collagen content, and mechanical properties with increasing culture duration.
Collectively, these results establish the therapeutic potential of this novel hydrogel for functional regeneration
of the NP. Future work will confirm the ability of this hydrogel to normalize the mechanical stability of
cadaveric human motion segments, and advance the material toward human translation using preclinical large-
animal models.

Introduction

LOW-BACK PAIN is a prevalent, debilitating, and costly
condition, with an economic impact exceeding $90 bil-
lion annually i m the United States and affecting up to 85% of
the population.'? Intervertebral disc degeneratlon is strongly
implicated as a cause of low-back pain.®> The intervertebral
disc is a three-component structure comprised of a central,
gelatinous nucleus pulposus (NP) and surrounding fi-
brocartilaginous annulus fibrosus situated between superior

and inferior cartilaginous endplates that interface with the
vertebral bodies.* The primary function of the disc is me-
chanical. The proteoglycan-rich NP generates a swelling
pressure that is constrained laterally by the annulus fibrosus
and supports uniform transfer of compressive loads between
the vertebral bodies, thus facilitating the complex motion of
each intervertebral joint.” With increasing age discs begin to
degenerate. Fundamental to disc degeneration is the pro-
gressive loss of proteoglycans and associated hydration from
the NP. Dehydration compromises the ability of the NP to
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transfer and distribute compressive loads between the verte-
brae, leading to loss of disc height and progressive structural
and mechanical breakdown of the entire intervertebral
joint.>®

Current treatments for low-back pain resulting from disc
degeneration are predominantly conservative.” Where sur-
gical intervention is warranted, the current gold standard is
spinal fusion,” wherein adjacent spinal segments are irrev-
ocably joined together through induced bone growth. The
goal with this approach is to alleviate painful symptoms, but
it does not restore disc mechanics or structure. Recurrent
episodes of pain are common, and adjacent levels of the
spine may experience accelerated degeneration requiring
additional surgery.® More recently, disc arthroplasty (arti-
ficial disc replacement) has been used to restore mobility;
however, these implants do not recapitulate native nonde-
generate mechanical function. Additionally, they are sub-
jected to wear and failure, necessitating resection that is
associated with risk of significant complications.®® A key
limitation of current treatments for disc degeneration is that
they do not maintain or restore native tissue structure and
mechanical function, and primarily address end-stage dis-
ease. Therefore, there is a strong need for new therapies to
alter the course of disc degeneration and retain/restore disc
structure and mechanical function by directly addressing the
underlying causes and mechanisms.

To this end, hydrogel implants for treating disc degen-
eration have emerged as an area of active research, with the
objective of augmenting native NP. Many promising bio-
materials are being investigated, including hyaluronic acid
composite hydrogels,'®™"> photo-crosslinked carboxymeth-
ylcellulose hydrogels,'®!” and many others. It has been
suggested that the ideal hydrogel for NP augmentation and
repair would (1) be suitable for minimally invasive (per-
cutaneous) delivery to the NP space, (2) solidify rapidly
after implantation to avoid leakage of cells or gel, (3) be
capable of restoring disc structure and function, (4) be bi-
ologically compatible with the existing NP cell population,
and (5) support cell growth and matrix deposition by co-
delivered cells, including native and stem cells.'®

In this study we evaluated an in situ gelable, triple-in-
terpenetrating-network hydrogel for functional regeneration
of the NP. This hydrogel is comprised of three naturally
derived materials: N-carboxyethyl chitosan, oxidized dex-
tran, and teleostean.'” Upon mixing, these components
rapidly solidify at physiological temperatures in the absence
of any extraneous crosslinking agents. Previous work has
shown that the combination of these materials produces a
hydrogel with increased resistance to biodegradation rela-
tive to single-network hydrogels, and improved mechanical
strength as demonstrated by rheological characterization.'
Previous work has also shown that in vivo subcutaneous
injection of the hydrogel in mice does not induce a signif-
icant inflammatory response or evidence of tissue necrosis,
suggesting that the hydrogel and its degradation by-products
have minimal cytoxicity concerns.

The overall objective of this study was to investigate the
potential of this hydrogel for NP regeneration. To achieve
this, we first evaluated crosslinking kinetics and confirmed
that the hydrogel attained steady-state mechanical properties
within a clinically appropriate time frame. Second, we
evaluated hydrogel mechanical properties in confined and
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unconfined compression and compared them to those of
native human NP tissue. Third, we investigated whether the
hydrogel remained completely contained within the NPs of
human spine segments subjected to prolonged, ex vivo,
cyclic loading. Fourth, we investigated the cytocompatibility
of the hydrogel with NP cells. Finally, we investigated
whether the hydrogel supported survival and differentiation
of, and functional biosynthesis by, mesenchymal stem cells
(MSCs).

Materials and Methods
Mechanical evaluation of crosslinking kinetics

To fabricate the hydrogel, dextran, chitosan, and teleos-
tean were purchased from Sigma Aldrich (St Louis, MO).
Oxidized dextran and N-carboxyethyl chitosan were syn-
thesized in the laboratory as described previously.'® Aqu-
eous solutions of 20% teleostean, 3% N-carboxyethyl
chitosan, and 7.5% oxidized dextran were mixed at ratio of
1:1:2. The hydrogel was cast between two glass plates and
constructs of 4-mm diameter X 2.25-mm thick were pro-
duced using a biopsy punch. Constructs were allowed to
crosslink at 37°C for 24 h. To evaluate crosslinking kinetics,
constructs were tested in confined compression at nine time
points, ranging from 1 to 24 h following fabrication. Con-
fined compression was performed according to previously
described methods.?® The testing system consisted of an
acrylic chamber fixed above a porous, stainless steel platen
within a testing bath filled with phosphate-buffered saline
(PBS). Compression was applied using an impermeable
ceramic indenter sized matched to the compression cham-
ber, and attached to a mechanical testing system fitted with a
5-N load cell (Instron 5542, Norwood, MA). Samples were
initially subjected to a 0.02-N preload held for 500s, fol-
lowed by a stress relaxation test. This consisted of 20%
strain, calculated based on the sample thickness following
preload, applied at a rate of 0.05%/s, followed by relaxation
to equilibrium for 10 min. Aggregate modulus was calcu-
lated as the final, equilibrium stress (equilibrium force/
sample area) divided by the applied strain.

Mechanical properties in comparison
to native human NP

Mechanical properties of the hydrogel (16h after fabri-
cation) were determined in both confined and unconfined
compression (both n=>5), and compared to native human NP
tissue properties. Confined compression tests were per-
formed on 4-mm diameter X 2.25-mm-thick hydrogel con-
structs using the protocol described previously. In addition to
aggregate modulus, hydraulic permeability was calculated
from the relaxation data using linear biphasic theory, as-
suming material isotropy.>' Aggregate modulus and perme-
ability were compared with human NP tissue samples (n=3)
that were obtained from two intervertebral discs (Thompson
grade 3),%> obtained with IRB approval from the National
Disease Research Interchange (Philadelphia, PA), which were
tested in confined compression using an identical protocol.
Human samples were produced using a 4-mm-diameter bi-
opsy punch, and shaved to a uniform thickness of ~2.25 mm
using a freezing-stage microtome. Hydrogel constructs were
also tested in unconfined compression to determine Young’s
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modulus and Poisson’s ratio. The testing system and loading
protocol were similar to those previously published.”> A
custom-built, transparent, acrylate tank mounted on a 10-cm-
tall platform was constructed and a digital camera (DMC TZ4;
Panasonic, Osaka, Japan) was mounted directly underneath the
testing surface. All samples were tested in a PBS bath. A flat,
nonporous plunger was attached to the mechanical testing
system fitted with a 5-N load cell. The plunger was lowered to
make contact with the platform base to zero the instrument
displacement. Hydrogel constructs were fabricated, as for
confined compression, and stained with toluidine blue to im-
prove delineation of sample boundaries. Each specimen was
placed on the platform and a 0.02-N preload was applied for
500s. An incremental stress—relaxation test was then per-
formed consisting of five steps of 5% strain (at arate of 0.05%/s),
with each step followed by 600s of relaxation. Prior and
subsequent to each relaxation period, a digital image of the
sample was manually acquired from below for lateral strain
analysis. Images were acquired at 41 pixels/mm, and post-
processed using ImageJ (NIH, Bethesda, MD). Specimen
diameter was measured in triplicate for each image, and re-
sults were averaged to obtain the specimen diameter at the
end of each relaxation period. Lateral strain &, was calculated
as the ratio of change in specimen diameter to initial specimen
diameter. Similarly, axial strain &, was computed as the ratio
of change in cross-head displacement to initial cross-head
height. Poisson’s ratio was calculated as the slope of the re-
sulting lateral versus axial strain curve according to the for-
mula — i—‘ Young’s modulus was calculated for the final
strain increment as the equilibrium stress (equilibrium force/
sample area) divided by the applied strain. Poisson’s ratio
and Young’s modulus were compared with previously pub-
lished values from our laboratory for human NP tissue.?3

Hydrogel retention in human intervertebral
discs subjected to cyclic loading

Three human lumbar spines were obtained from institu-
tionally approved sources (NDRI, Philadelphia, PA). L5/S1
vertebra-disc-vertebra spine motion segments were isolated
and prepared for testing. Posterior bony elements and ex-
traneous soft tissue were removed; 1.25-mm Kirschner
wires were placed through the L5 and S1 vertebral bodies,
which were potted in poly(methyl methacrylate). Nu-
cleotomy was performed by creating a cruciate incision in
the posterolateral annulus using a #11 scalpel blade, and 4-mm
pituitary rongeurs were used to remove 1.64+0.53 g of nu-
clear material per sample (~50% of NP volume?*). Hy-
drogel was fabricated as described, with toluidine blue stain
(ThermoFisher Scientific, Waltham, MA) included to facil-
itate localization within the disc following testing. A 0.5-mL
injection of hydrogel was made through the open cruciate
incision. Motion segments were maintained at 37°C for 16 h
in a PBS bath before undergoing cyclic loading using an
electromechanical testing system (ElectroPuls E3000; In-
stron). The loading protocol consisted of 10,000 cycles of
compression at 2 Hz between applied stresses of 0.12 and
0.96 MPa, which correspond to 0.25 and 2 times body
weight for a disc of 1560 mm?.>> During the loading pro-
tocol, motion segments were regularly observed for extru-
sion of hydrogel through annulotomy defect. After loading,
discs were transected mid-axially, imaged, and macroscop-
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ically examined for evidence of hydrogel extrusion and
inter-digitation with the NP tissue.

Hydrogel cytocompatibility and NP cell interactions

NP cells were isolated from bovine caudal discs.?’

Briefly, NP tissue was excised from four intervertebral discs
from each of eight bovine caudal spines purchased from a
slaughterhouse according to institutional guidelines. This
tissue was then incubated overnight at 37°C in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM) containing
2% penicillin/streptomycin/fugizone (PSF). Tissue was di-
gested using a two-step enzyme protocol consisting of 1 h in
2.5 mg/mL pronase (Merck, Darmstadt, Germany) followed
by 4h in 0.5 mg/mL collagenase (Type IV; Sigma Aldrich).
NP cells were filtered through a 70-pum strainer before being
counted and resuspended at a density of 400,000 cells/mL in
basal media (DMEM containing 1% PSF and 10% fetal
bovine serum). A 15-pL aliquot of this cell suspension was
seeded onto prepolymerized hydrogel constructs. Seeded
constructs were then cultured for 14 days in basal media,
with media changes performed every 3 days. Constructs
(n=3) were harvested for qualitative assessment of cell vi-
ability and infiltration using live-dead staining (Life Tech-
nologies, Carlsbad, CA), with the construct surface imaged
using fluorescence microscopy (Eclipse TE2000U; Nikon,
Tokyo, Japan). For assessment of cell infiltration, harvested
constructs (n=3) were fixed in 4% paraformaldehyde and
processed for paraffin histology. Sections were stained with
4’ 6-diamidino-2-phenylindole (DAPI), and observed and
imaged using fluorescence microscopy (Eclipse 90i; Nikon).

MSC survival, differentiation, and functional maturation

To further assess the translational potential of the hy-
drogel, bovine MSCs were isolated as previously de-
scribed?® and directly encapsulated. Briefly, cells were
obtained from the femurs or tibiae of two freshly slaugh-
tered 3—6-month-old calves (Research 87, Boylston, MA).27
Marrow was flushed into 5 mL of DMEM with 1% PSF and
300 U/mL heparin, centrifuged, and plated. The resulting
MSCs were expanded to passage 2 before being suspended
in 3% N-carboxyethyl chitosan such that the final seeding
density following combination of the three hydrogel com-
ponents was 20x 10%mL. Cell-seeded, hydrogel constructs
were fabricated as described and then cultured for 0, 14, or
42 days in a chemically defined media with (CM™") or
without (CM ™) 10ng/mL TGF-B3 (R&D Systems, Min-
neapolis, MN), in a standard 5% CO, incubator. The com-
plete media formulation has been published previously.*®

Constructs (n=3) cultured for 42 days in CM* were
qualitatively examined for cell viability using live-dead
staining. Constructs (n=>5) cultured for 0, 14, or 42 days in
CM™ and CM~ were tested in unconfined compression
testing as described previously, and Young’s modulus was
determined. These same constructs were then digested
overnight in papain at 60°C. Sulfated glycosaminoglycan
content (n=35) was determined using the dimethylmethylene
blue assay,28 and reported as GAG/construct. DNA content
was determined using the PicoGreen assay (Life Technol-
ogies, Grand Island, NY), and is reported as DNA/construct.

For histological analysis of extracellular matrix deposi-
tion, constructs (n=3) from each time point and culture
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condition were processed into paraffin and sections were
immunostained for collagen II and chondroitin sulfate using
bovine-specific antibodies (Sigma Aldrich). Following re-
hydration, the following incubation steps were performed:
hyaluronidase (300 mg/mL; Sigma Aldrich) for 60 min at room
temperature (RT), 3% hydrogen peroxide for 15 min at RT,
proteinase K (Dako, Glostrup, Denmark) for 4 min at RT,
peptide blocking agent (Background Buster; Innovex Bio-
sciences, Richmond, CA) for 30min at RT, and primary
antibody overnight (both 1:200 dilution) at 4°C. Secondary
detection was performed using an HRP polymer conjugate
and visualized using 3,3’-diaminobenzidine (SuperPicture;
Life Technologies). Stained sections were observed and
imaged using light microscopy (Eclipse 90i; Nikon).

Messenger RNA analysis was performed for constructs
(n=3) for each time point and culture condition. RNA was
isolated using a TRIZOL-chloroform extraction, and spec-
trophotometrically quantified (ND-1000; Nanodrop Tech-
nologies, Wilmington, DE). Reverse transcription was
performed on 1 pg of RNA in a 20-pL volume (Superscript
II; Life Technologies). mRNA expression levels of ag-
grecan, collagen II, and SOX9 were determined by quanti-
tative real-time PCR (StepOne Plus; Applied Biosystems,
Carlsbad, CA). Expression levels were calculated using the
comparative cycle threshold method and normalized to
GAPDH.*® Primer sequences for all genes were published
previously.”°

Results are presented as meanzstandard deviation. Ef-
fects of culture time and media condition on measured
properties (Young’s modulus, GAG and DNA contents, and
mRNA expression) were determined using two-way ANO-
VAs. Where a significant effect of either factor was de-
tected, post hoc pairwise tests were performed. Significance
was defined as p<0.05.

Results
Mechanical evaluation of crosslinking kinetics

To evaluate the crosslinking kinetics of the hydrogel,
mechanical properties were measured in confined com-
pression at regular intervals over the course of 24h. Ag-
gregate modulus increased logarithmically with time

A

FIG. 1. (A) Mechanical evaluation of hy-
drogel crosslinking kinetics. Aggregate
modulus from confined compression tests
demonstrates that the hydrogel attained 90%
of ultimate mechanical properties after
~10h. Solid line represents a logarithmic
curve fit (#*=0.96). (B) Mechanical prop-
erties of hydrogel constructs in comparison

SMITH ET AL.

(*=0.96, Fig. 1A), reaching 90% of its steady state value
after 10h.

Hydrogel mechanical properties in comparison
to human NP

Mechanical properties of hydrogel constructs were mea-
sured after 16 h of crosslinking in confined and unconfined
compression, and compared to human NP properties (Fig.
1B). Hydrogel aggregate modulus was 30% of that of human
NP (p<0.05). Hydrogel permeability, Young’s modulus,
and Poisson’s ratio were not significantly different from
those of human NP (Fig. 1B*).

Hydrogel retention in human intervertebral discs
subjected to cyclic loading

Delivery of hydrogel to the disc via a 19-gauge needle is
illustrated in Figure 2A. No extrusion of toluidine-blue-
stained hydrogel was observed during 10,000 cycles of
physiologic loading. Similarly, macroscopic examination of
axially bisected discs revealed no evidence of extrusion
through the annular defect used to create the nucleotomy.
Further, these gross images revealed that the hydrogel was
closely inter-digitated with the surrounding native NP tissue
(Fig. 2B).

Hydrogel cytocompatibility and NP cell interactions

Qualitative analysis of live-dead staining indicated that
the majority of cells remained viable (green fluorescence)
after 2 weeks of culture on the hydrogel surface and there was
evidence of colony formation and proliferation (Fig. 3A).
Cross-sectional images of DAPI-stained sections demon-
strated adherence of cells to the hydrogel surface; however,
there was minimal cellular infiltration at this time point, in-
dicative of the stable nature of the hydrogel (Fig. 3B).

MSC survival, differentiation, and functional maturation

Qualitative analysis of live-dead staining indicated that
the majority of MSCs remained viable (green fluorescence)
after 42 days of culture in the hydrogel (Fig. 4A). For
constructs cultured in CM~, DNA content was 85% and
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FIG. 2. (A) Injection of the hydrogel into the NP of an L5-
S1 human intervertebral disc using a 19-gauge needle, fol-
lowing creation of a nucleotomy defect. (B) Macroscopic
evaluation of an axially bisected disc following 10,000 cy-
cles of loading in axial compression at 2 Hz between applied
stresses of 0.12 and 0.96 MPa, which correspond to 0.25 and
2 times body weight. No evidence of hydrogel (blue) ex-
trusion was observed through the annular defect (arrow)
used to create the nucleotomy, and the hydrogel appeared
well-integrated with the native tissue. Color images avail-
able online at www.liebertpub.com/tea

88% of day O after 14 and 42 days of culture, respectively
(with neither significantly different from day 0, Fig. 4B). For
constructs cultured in CM ™, DNA content was 1.4- and 2.1-
fold greater after 14 and 42 days of culture, respectively,
compared with day 0 (p<0.05 for 42 days only). DNA
content was significantly greater for constructs cultured in
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CM™ compared with CM ™ after 42 days, but not after 14
days of culture.

With respect to composition, immunohistochemical
analysis revealed progressive deposition of collagen II and
chondroitin sulfate for constructs cultured in CM™, with
minimal deposition for constructs cultured in CM™~ (Fig.
5A). For constructs cultured in CM~, GAG content was
1.2- and 1.1-fold greater after 14 and 42 days of culture,
respectively, compared with day O (neither significantly
different, Fig. 5B). For constructs cultured in CM*, GAG
content was 1.8- and 2.3-fold greater after 14 and 42 days of
culture, respectively, compared with day 0 (p <0.05 for 42
days only). GAG content was significantly greater for con-
structs cultured in CM* compared with CM ™ after 42 days,
but not after 14 days of culture.

With respect to mechanical properties, for MSC-seeded
constructs cultured in CM ™, Young’s modulus was 2.7- and
2.6-fold greater after 14 and 42 days of culture, respectively,
compared with day 0 (p<0.05 for both, Fig. 5C). For
constructs cultured in CM ™", Young’s modulus was 4.4- and
8.6-fold greater after 14 and 42 days of culture, respectively,
compared with day 0 (p <0.05 for both). At both 14 and 42
days, Young’s modulus was significantly greater for con-
structs cultured in CM™ compared with those cultured in
CM™ conditions.

Finally, with respect to mRNA expression, for constructs
cultured in CM ™, aggrecan expression was 4.3- and 37-fold
greater after 14 and 42 days of culture, respectively, com-
pared with day O (neither significantly different, Fig. 6A).
For constructs cultured in CM ™, aggrecan expression was
17- and 69-fold greater after 14 and 42 days of culture,
respectively, compared with day 0 (p<0.05 at 42 days
only). After 42 days of culture, aggrecan expression was
significantly greater for constructs cultured in CM™ com-
pared with those cultured in CM ™, but not after 14 days of
culture. For constructs cultured in CM ™, collagen II ex-
pression was 1.2- and 17-fold greater after 14 and 42 days of
culture, respectively, compared with day O (neither signifi-
cantly different, Fig. 6B). For constructs cultured in CM™,
collagen II expression was 78- and 72-fold greater after 14
and 42 days of culture, respectively, compared with day O
(neither significantly different). After 14 days of culture,
collagen II expression was significantly greater for con-
structs cultured in CM™ compared with those cultured in
CM ™, but not after 42 days. For constructs cultured in CM ™,
SOX9 expression was 3.3- and 1.3-fold greater after 14
and 42 days of culture, respectively, compared with day O
(neither significantly different, Fig. 6C). For constructs

FIG. 3. (A) Live-dead stain demon-
strates that viable bovine NP cells
adhered to and proliferated on the
surface of the hydrogel after 14 days
of in vitro culture. (B) 4’,6-Diamidino-
2-phenylindole (DAPI) staining of
hydrogel cross-section showing NP
cell surface adherence but minimal
infiltration. Scale bars =200 pm. Color
images available online at www
Jiebertpub.com/tea
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FIG. 4. (A) Live-dead stain of a
mesenchymal stem cell (MSC)-seeded
hydrogel construct cross-section dem-
onstrating viability after 42 days of

in vitro culture in CM ™. Scale bar=
100 um. (B) Differences in MSC-seeded
hydrogel construct DNA content with
culture time and media condition.
Results are presented as mean + SD;
% <0.05 versus 0 days; °p<0.05
versus CM ™. Color images available
online at www .liebertpub.com/tea

cultured in CM™, SOX9 expression was fourfold greater
than day O after 14 days of culture, but 96% of day 0 after 42
days of culture (neither significantly different). After both
14 and 42 days of culture, SOX9 expression was not sig-
nificantly different for constructs cultured in CM* com-
pared with those cultured in CM ™ conditions.

Discussion

The objective of this study was to evaluate the potential
of a novel in situ gelable triple-interpenetrating-network
hydrogel for functional regeneration of the NP. Advantages
of this hydrogel include its suitability for injectable delivery,
the fact that it solidifies without the aid of extraneous
crosslinking agents, and that it is composed of naturally
derived materials."® The three-component hydrogel de-
scribed here self-assembles primarily via Schiff bases and
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A critical benchmark for the success of NP implants in
the clinical context is that they remain contained within the
disc space. Implant extrusion may lead to spinal cord or
nerve root compression, which may be associated with se-
rious neurological complications. A large number of NP
implant materials have been investigated in recent years,***
spanning the spectrum from injectable, viscous polymers, to
solid, structural implants. A small number of these implants
have progressed to clinical trials with mixed results.>> While
few long-term studies have been conducted, it is likely that
solid structural implants would be subjected to wear and
potential failure, as has been found for total-disc replace-
ments.’ Further, solid implants necessitate invasive delivery
that is associated with structural damage. The injectable hy-
drogel evaluated in the present study remained within the disc
space following extensive in vitro cyclic loading, despite the
presence of a large annular defect resulting from creation of
the nucleotomy. The hydrogel also appeared well-integrated
with native tissue structures upon macroscopic examination
(Fig. 2B).

Mechanical properties of the acellular hydrogel compared
favorably with native tissue properties, and while acellular
hydrogel implants may be able to restore some level of disc
function (i.e., height), they suffer from the same limitation
as other material implants in that they will undergo pro-
gressive degradation, potentially limiting their long-term
therapeutic efficacy. Previous work has demonstrated that
this hydrogel has a degradation half-life of around 6 weeks
in vivo." Ideally, as the implant degrades it would be re-
placed by de novo extracellular matrix. Due to the low cell
density present in the NP,34 however, the capacity of en-
dogenous cells to form new tissue formation is limited. One
option for overcoming this limitation is to codeliver an
exogenous cell type, such as MSCs with the hydrogel. Co-
delivered MSCs have the potential to replace the hydrogel
material as it degrades with newly formed tissue. A major
advantage of using MSCs is that they can be harvested with
minimal donor site morbidity, expanded in vitro, and re-
implanted autologously. Additionally, studies have shown
that with appropriate biochemical cues, it is Possible to di-
rect MSCs toward an NP-cell-like phenotype.” In this study
we investigated the capacity of the hydrogel to act as a
delivery vehicle for MSCs, and as a scaffold for functional
biosynthesis. Importantly, the hydrogel maintained long-
term viability of MSCs and promoted their proliferation, as
evidenced by increased DNA content. Additionally, MSCs
differentiated along a chondrogenic lineage, as evidenced by
upregulation of aggrecan and collagen II. Interestingly,
while levels of both genes were higher in the presence of
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TGF-3, cells in the gel alone showed substantial upregu-
lation of these genes, perhaps indicative of a prochondro-
genic effect of the gel alone. Consistent with previous
studies, we noted a transient upregulation of SOX9 at 14
days. This chondrogenic transcription factor is often upre-
gulated during early MSC commitment to the lineage, and
then downregulated thereafter.

Biosynthetic activity of MSCs in the presence of TGF-f33
was also evidenced by increasing GAG, collagen, and me-
chanical properties with increasing culture time. Mechanical
properties for MSCs cultured in this hydrogel achieved after
42 days of culture compare favorably with those reported
previously for MSCs cultured in other hydrogels with the
same seeding density and media conditions, including me-
thacrylated hyaluronic acid and Puramatrix (approximately
fourfold and threefold greater Young’s modulus, respec-
tively), although somewhat less than for agarose (~50%
lower Young’s modulus).*®

We have previously demonstrated that an injectable hy-
drogel, similar to the one evaluated in the current study, is
capable of normalizing disc mechanical properties follow-
ing creation of a nucleotomy defect37; however, it is un-
likely that this or any other injectable NP implant would be
capable of permanently restoring the structure and biome-
chanical function of a severely degenerated disc. We an-
ticipate that an appropriate clinical target population for
injectable hydrogels, such as the one evaluated here, would
be those individuals with intermediate-stage, symptomatic
disc degeneration. Indeed, of the 15 million patients that
primary care physicians see per year for low-back pain, only
500,000 will have severe, late-stage, degeneration and meet
criteria for surgery.*® However, four million patients who do
not meet surgical criteria have moderate disc degeneration,
and are unresponsive to conservative treatments, such as
steroid injections and physical therapy. There is therefore a
very strong unmet need for novel therapeutic strategies to
treat disc degeneration in these patients. For individuals
with late-stage disc degeneration, surgical interventions are
likely to remain more effective options. In the future, bio-
logical, tissue-engineered total-disc replacements such as
those currently under development®**® may also present a
viable therapeutic option for these patients.

A limitation of the cell culture studies presented here was
that they were conducted under ‘“‘idealized’’ biochemical
conditions that are conducive to MSC survival and function.
The in vivo biochemical microenvironment of the NP, which
is characterized by poor nutrition, low oxygen, and low pH,
represents a challenge for MSC-based therapies, as there is
evidence that these cells are particularly sensitive to
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microenvironmental stress.*' ™ Future work will establish
how these environmental factors mediate MSC viability and
biosynthetic potential, and explore ways to condition MSCs
to maximize their regenerative potential upon delivery to the
in vivo space. An additional challenge faced when deliver-
ing MSC-based therapies to the degenerate disc is the
presence of chronic inﬂammati0n44; there is evidence that
inflammation may limit the regenerative potential of
MSCs.*> To address this challenge, we have previously
developed sustained-release anti-inflammatory therapeutics
that can be delivered locally to the disc space.*® Ongoing
studies seek to integrate this anti-inflammatory component
with the MSC-seeded injectable hydrogel described here, in
order to provide a microenvironment that is overall more
conducive to regeneration.

In summary, in this series of in vitro studies, we have
established the potential of this novel hydrogel for long-term
functional regeneration of the NP. In ongoing studies we are
investigating the long-term biomechanical stability of the
hydrogel implant, initially in cadaveric human spine seg-
ments, and subsequently in vivo, in a large-animal model of
disc degeneration.
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