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Abstract

Degradation of the nucleus pulposus (NP) is an early hallmark of intervertebral disc degeneration.
The capacity for endogenous regeneration in the NP is limited due to the low cellularity and poor
nutrient supply of this avascular tissue. Towards restoring the NP, a number of biomaterials have
been explored for cell delivery. These materials must support the NP cell phenotype while
promoting the elaboration of an NP-like extracellular matrix in the shortest possible time. Our
previous work with chondrocytes and mesenchymal stem cells demonstrated that hydrogels based
on hyaluronic acid (HA) are effective at promoting matrix production and the development of
functional material properties. However, this material has not been evaluated in the context of NP
cells. Therefore, to test this material for NP regeneration, bovine NP cells were encapsulated in
1% wivol HA hydrogels at either a low seeding density (20 x 108 cells/ml) or a high seeding
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density (60 x 108 cells/ml), and constructs were cultured over an 8 week period. These engineered
NP cell-laden HA hydrogels showed functional matrix accumulation, with increasing matrix
content and mechanical properties with time in culture at both seeding densities. Furthermore,
encapsulated cells showed NP-specific gene expression profiles that were significantly higher than
expanded NP cells prior to encapsulation, suggesting a restoration of phenotype. Interestingly,
these levels were higher at the lower seeding density compared to the higher seeding density.
These findings support the use of HA-based hydrogels for NP tissue engineering and cellular
therapies directed at restoration or replacement of the endogenous NP.

Keywords

Intervertebral disc degeneration; cell therapy; three-dimensional culture; mechanical properties;
tissue engineering

1. Introduction

Degeneration of lumbar intervertebral discs is strongly implicated as a cause of low back
pain [1]. The central nucleus pulposus (NP) is critical for the mechanical function of the
disc. The NP is a proteoglycan-rich gelatinous structure in the central region of the disc that
is constrained circumferentially by the tough, fiber-reinforced annulus fibrosus (AF). When
axial loads are applied to the spinal motion segment (bone-disc-bone unit), the NP is
constrained from expanding by the AF, and so instead pressurizes, enabling even load
transfer between adjacent vertebral bodies. Changes to the NP are an early hallmark of disc
degeneration [2,3], and involve concurrent decreases in cell density, increases in
inflammatory factors, fibrotic changes in tissue structure, and an overall reduction in the
synthesis of NP-specific extracellular matrix (ECM), especially proteoglycans [4]. During
degeneration, this loss of NP-specific matrix content impairs NP mechanical function,
decreasing swelling capacity and pressurization potential [5]. After the onset of
degeneration, endogenous repair is limited due to the low cell density and poor nutrient
supply of this avascular tissue [6].

Current treatments for disc degeneration, both conservative and surgical, have limited
efficacy [7], and so there has been a strong focus on development of new, biologic-based
therapies that can restore and maintain native disc structure and mechanical function. To this
end, tissue engineering efforts have sought to develop substitutes for the degenerated NP.
Hydrogels in particular are among the most widely considered scaffold materials for NP
tissue engineering as the native NP is a loosely crosslinked water swollen network (~90%
water by weight), very similar in composition to many hydrogels used in biomedical
applications [8]. Hydrogels for NP applications can either be used in an acellular form,
including novel formulations that are ‘PGrich’ by design [9], or in combination with cells
[8,10]. Importantly, hydrogel delivery can be performed minimally-invasively (i.e.,
percutaneously), and some formulations have been shown to restore aspects of native tissue
composition and function in early translational studies [11]. A number of natural
biopolymers have been considered for cell-based NP tissue engineering applications,
including agarose [12,13], alginates that are both ionically and covalently crosslinked [10],
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carboxymethylcellulose [14], fibrin/fibrinogen [15], chitosan [16], and combinations thereof
[17]. When encapsulated in these materials, NP and progenitor cells (i.e. mesenchymal stem
cells) express NP-specific markers and accumulate NP-like ECM, including type Il collagen
and proteoglycans [13,18,19]. However, only a few studies have interrogated the mechanical
properties of these constructs as a function of culture duration. For example, we recently
showed that NP cells seeded in agarose can establish a functional NP-like material in vitro
[13]. While promising, the translational potential and long term efficacy of agarose may be
limited by its inability to degrade and be replaced by native tissue.

Over the last decade, we have explored the use of methacrylated hyaluronic acid (HA) as a
cell carrier and hydrogel for the engineering of cartilaginous tissues using a variety of cell
types, including chondrocytes and mesenchymal stem cells (MSCs) [20]. This material,
when coupled with a photo-initiator, can form stable hydrogels upon UV exposure.
Importantly, HA is used in many FDA approved clinical procedures, and is biodegradable,
increasing its translational potential [21,22]. Moreover, HA plays a critical role in the
biology of the native NP matrix, where long chains of HA act as backbones for aggregating
proteoglycans, contributing to the development of a functional extracellular matrix, while
also evoking a positive biological effect on ECM production, cell migration, and phenotypic
maintenance of chondrocytes and NP cells [23]. When chondrocytes or MSCs are cultured
in HA hydrogels under pro-chondrogenic conditions, these hydrogel constructs increase in
mechanical functionality and ECM content with time [24]. More recently, we have shown
that specific biologic interactions that cells have with HA via the CD44 receptor promote the
early commitment of progenitor cells to the chondrogenic lineage, with associated positive
effects on for functional ECM deposition [25]. HA has also been used in combination with
other materials to create composite hydrogels to take advantage of this biologic
functionality. For example, Collin et al. developed an injectable type Il collagen/HA
hydrogel that promoted cell viability [26] while Park et al. fabricated a fibrin/HA/silk
composite gels that increased expression of type Il collagen, sox9, and aggrecan, and
maintained mechanical integrity in vitro [27]. Still more recently, Peroglio et al. developed a
set of hyaluronan-based thermoreversible hydrogels (HA-pNIPAM) to serve as NP cell
carriers, and cultured these cell laden constructs for 1 week, with comparisons made to
alginate gel beads. These HA-pNIPAM hydrogels maintained the NP cell phenotype and
promoted ECM production [28].

In order to translate HA-based materials towards in vivo applications, it is important to
consider the cell density and material attributes that will most effectively generate an NP-
like tissue in the shortest possible time. One approach to improving the functional
maturation of an NP cell-based engineered construct may be to increase the initial cell
density within the construct. In the adult, the NP is matrix-rich, and cell poor, with a small
number of endogenous cells (only ~ 6000 cells per mm3, equating to ~6 million cells per
mL). It is widely accepted that this low cell density is all that can be supported by the poor
nutritional supply to the NP space [6]. However, during development, the NP begins
essentially as a cell-rich, matrix poor aggregation (i.e., its entirety is composed of cells prior
to matrix deposition). A similar transition occurs in articular cartilage, where for example in
fetal cartilage the cell density is as high as 100 million cells/mL, dropping to ~10 million
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cells/mL in the adult [29]. In both tissues, the high cellularity of the fetal state is thought to
be required for the rapid accumulation and assembly of extracellular matrix, as well as its
ability to repair itself. Indeed, this thinking informs many of our tissue engineering
approaches, where for example increasing the seeding density of the engineered construct
can improve growth trajectories [30]. Using the same seeding densities as were employed
here (20 and 60 million cells per ml) with bovine mesenchymal stem cells in HA hydrogels
(for cartilage tissue engineering purposes), higher cell densities resulted in improved
functional outcomes with long term culture [24]. While these data point to a more rapid
formation of an engineered construct for other cell types, this had not previously been
assayed with NP cells in this HA system.

To that end, the objective of this study was to determine whether increasing the seeding
density of NP cells in an HA hydrogel would enhance construct maturation. NP cells were
seeded in 1% w/vol macromer density HA hydrogels at either 20 x 10° or 60 x 106 cells/ml,
and cultured over an 8 week period in a chemically defined medium formulation. At
multiple time points, construct maturation was evaluated by assessment of the
biomechanical properties, expression of NP-specific genes, biochemical composition, and
ECM distribution to determine the appropriate NP seeding density for this HA-based NP
tissue engineering system.

2. Materials and Methods

2.1. Fabrication of Hyaluronic Acid (HA) Hydrogels

Methacrylated HA (MeHA) was produced by reacting 65 kDa HA (Lifecore; Chaska, MN,
USA) with methacrylic anhydride (Sigma Aldrich; St. Louis, MO, USA) as previously
described [21]. The degree of methacrylation was ~25%, as assessed by 1H-NMR as
previously described [21]. Lyophilized MeHA was sterilized by exposure to a biocidal UV
light for 15 min. Prior to cell encapsulation, the macromer was dissolved at 1% wi/vol in
sterile phosphate-buffered saline with addition of 0.05% wi/vol of the photoinitiator, Irgacure
2959 (2-methyl-1-[4-(hydroxyethoxy)phenyl]-2-methyl-1-propanone; Ciba-Geigy;
Tarrytown, NY, USA).

2.2. Nucleus Pulposus Cell Isolation, Expansion, and 3D Culture

NP tissue was isolated from four adult bovine caudal discs, purchased from a local
slaughterhouse, according to institutional guidelines. NP cells (NPCs) were isolated from
dissected tissue via digestion for 1 hour in 2.5 mg/mL pronase, followed by 4 hours in 0.5
mg/mL collagenase at 37°C. After digestion, the cell suspension was filtered through a 70
um strainer. Isolated NPCs were expanded in high-glucose DMEM containing 10% fetal
bovine serum (FBS) and 1% PSF. Passage 2 cells from all donor animals were combined
and seeded into 1% w/vol MeHA solutions at a densities of either 20 million cells/ml (20M)
or 60 million cells/ml (60M) as described previously [24].

NPC-laden MeHA macromer suspensions were then cast between glass plates separated by a
1.5 mm spacer, and photo-polymerized with UV exposure for 10 minutes. Constructs were
then formed from gel slabs using a 4 mm biopsy punch, and cultured in chemically defined
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medium (1mL/construct) comprised of high-glucose DMEM supplemented with 1% PSF,
0.1 uM dexamethasone, 50 mg/mL ascorbate 2-phosphate, 40 mg/mL L-proline, 100 mg/mL
sodium pyruvate, and ITS Premix (6.25 pg/mL insulin, 6.25 pg/mL transferrin, 6.25 ng/mL
selenous acid), 1.25 mg/mL bovine serum albumin (BSA), 5.35 pg/mL linoleic acid). Media
was further supplemented with TGF-B3 (10 ng/mL; R&D Systems; Minneapolis, MN, USA)
and constructs were cultured for up to 8 weeks. Media were changes three times weekly,
with the last change (representing culture for 3 days) collected for analysis of media
composition.

2.3. Mechanical Testing

Unconfined compression tests were performed on days 1, 28 and 56 using a custom
mechanical testing device [31] to determine construct mechanical properties as a function of
time and seeding density. Sample dimensions were measured with a digital caliper and
testing took place in a PBS bath. Initially, for each construct a constant 2 g load was applied
and creep displacement was monitored until equilibrium was attained (~300s).
Subsequently, a stress relaxation test a was carried out via a single compressive deformation
to 10% strain at a rate of 0.05% per second followed by 20 min of relaxation to equilibrium,
at which point stress and strain values were used to calculate the equilibrium modulus.
Dynamic mechanical properties were evaluated after equilibrium via the application of a 1%
sinusoidal deformation at 1 Hz for 10 cycles. The dynamic modulus was calculated from the
dynamic stress-strain curve. After testing, constructs were frozen at —20°C for subsequent
biochemical evaluation.

2.4. Cell Morphology and Viability

To evaluate NPC morphology and viability as a function of culture duration, constructs were
imaged using a Live/Dead staining kit (Molecular Probes; Eugene, OR, USA). Constructs
were halved across the midline, rinsed twice with PBS, and incubated for 30 min at room
temperature with 2 pM Calcein AM and 4 pM ethidium homodimer-1. The central regions
of constructs were imaged using a confocal microscope (LSM 510; Carl Zeiss; Oberkochen,
Germany) at 20x magnification. Analysis took place on days 1, 7, 14, 28 and 56.
Quantification of total cell number and viable cell fraction were determined from the live/
dead images using the cell counter function in Image J (National Institutes of Health;
Bethesda, MD, USA).

2.5. Biochemical Composition

After mechanical testing, samples were weighed and digested overnight in papain [32].
Sulfated glycosaminoglycan (s-GAG), and collagen content were assessed on days 1, 28 and
56 as previously described [32]. Briefly, s-GAG content was determined using the 1, 9-
dimethylmethylene blue (DMMB) dye binding assay with chondroitin-6 sulfate as a
standard, respectively. s-GAG released to the culture medium was also measured using the
DMMB assay, and is reported as s-GAG released per day of culture. Digested samples were
then hydrolyzed overnight in 6M HCI at 110 °C and collagen content determined using the
orthohydroxyproline (OHP) assay [33], assuming a ratio of OHP to collagen of 1:7.14 [34].
Construct sSGAG and collagen contents are reported normalized per construct and per
construct wet weight.
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2.6. Histological Analysis of Matrix Distribution

Constructs were fixed in 4% paraformaldehyde, infiltrated with Citrisolv, embedded in
paraffin, and sectioned (to 8 um thickness) on days 1, 28 and 56. Samples were stained with
either Alcian blue or Picrosirius Red to visualize proteoglycans and collagens, respectively,
as previously described [35]. For immunohistochemical detection of collagen type II,
sections were incubated in proteinase K at room temperature for 4 mins followed by
blocking with 10% NGS for 30 mins at RT. Primary antibody (collagen type 1l, 11-116B3,
Developmental Studies Hybridoma Bank; lowa City, 1A, USA) was applied at a
concentration of 10 pg/mL at 4°C overnight, followed by a one hour incubation with
secondary antibody at RT. Staining was visualized using DAB chromagen reagent (DAB150
IHC Select; EMD Millipore; Bellirica, MA, USA) according to the manufacturer’s protocol.
Staining was visualized and imaged under bright field microscopy.

2.7. Gene Expression

Messenger RNA was isolated from NP constructs and expanded and freshly isolated NP
cells using the TRIzol/chloroform method [36], and quantified using a spectrophotometer
(ND-1000; Nanodrop Technologies, Wilmington, DE, USA). Reverse transcription was
carried out with random hexamers using the Superscript Il Kit (ThermoFisher Scientific;
Waltham, MA, USA). Real time RT-PCR was performed on an Applied Biosystems Step-
One System and with SYBR Green Master Mix (ThermoFisher Scientific) to determine
expression levels of aggrecan (ACAN), collagen 1l (COL2A1), SOX9, collagen |
(COL1A2), as well as the NPC specific markers cytokeratins (KRT) 8, 18, 19, and N-
cadherin (CDH 2) after 28 and 56 day of culture. Expression levels were normalized to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and compared to levels in expanded
NPCs prior to encapsulation as well as freshly isolated NP cells. Primer sequences are
provided in Table 1.

2.8. Statistical Analysis

Statistical analyses were performed by a 2 way analysis of variance (ANOVA) using a
SYSTAT 10.3 (Systat Software; Point Richmond, CA, USA). All results are expressed as
mean + standard deviation. Significance was set at p < 0.05, with comparisons between
groups carried out using Fisher’s least significant difference (LSD) post hoc testing.

3. Results

3.1. Cell Morphology and Viability

NPC-seeded HA constructs were successfully formed at densities of 60M or 20M. As early
as day 14, NPCs adopted a non-spherical morphology at the lower seeding density (20M),
while they formed small clusters of spherical cells at the higher seeding density (60M). By
day 56, both seeding densities had a non-spherical morphology (Fig. 1A). At day 1, the total
number of cells in the 60M seeding group was ~2.4-fold higher than for the 20M seeding
group (p < 0.05, Fig. 1B). Total cell number decreased with culture time for the 60M group,
but no significant changes were observed for the 20M group (Fig. 1B). There were no
differences in viability between 60M and 20M constructs at any time point (Fig. 1C).
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3.2. Biochemical Composition and ECM Distribution

Construct wet weight was not significantly different between 60M and 20M groups at any
time point, and the wet weight significantly increased by day 56 (Fig. 2A). GAG content
increased over the culture period in both 60M and 20M groups (p < 0.05), with only minor
differences between groups. On day 56, total GAG content per construct reached 1300 ug
and 1100 pg in 60M and 20M constructs, respectively, with no significant difference
between groups (Fig. 2B). On day 56, both 20M and 60M groups had GAG contents
reaching over 3% of construct wet weight (Fig. 2C). GAG released into the media per day
was relatively low over the first 21 days culture, and not significantly different between
groups. Between days 21 and 28, however, there was a significant increase (~3 fold) in GAG
release, reaching a new equilibrium level that again was not different between groups (Fig.
2D). Similar to GAG results, collagen content increased over the culture period, with only
minor differences between groups. Total collagen content per construct reached ~ 400 g in
60M and 20M constructs on day 56, with no significant difference between groups (Fig. 2E).
Collagen content on day 56 was ~1% of wet weight for both groups (Fig. 2F).

Histological staining of constructs was generally consistent with biochemical measures.
Alcian blue staining intensity increased substantially in all constructs with culture duration,
with slightly more intense staining in 60M constructs at both day 28 and day 56 (Fig. 3A).
Picrosirius red staining of collagen likewise showed a gradual accumulation of collagen in
both 60M and 20M constructs with culture duration (Fig. 3B). Type Il collagen was
uniformly distributed (Fig. 3C).

3.3. Mechanical Properties

Constructs increased in equilibrium and dynamic modulus with time in culture. On day 28,
the equilibrium modulus of 60M constructs was 2 times greater than 20M constructs (P <
0.05). However, by day 56, both seeding densities showed further improvements in
properties and the 60M constructs were no longer different than 20M constructs. At this time
point, both groups had reached an equilibrium modulus in excess of 150 kPa (Fig. 4A). The
dynamic compressive modulus likewise increased with time in culture, though there were no
differences between 60M and 20M constructs at any time point (p > 0.05). On day 56, the
dynamic modulus reached 1.5-2.0 MPa for both groups (Fig. 4B).

3.4. Gene Expression

Gene expression analysis was carried out to determine whether NPCs encapsulated in HA
hydrogels were capable of re-expressing markers of the NP phenotype. In 60M constructs,
ACAN expression was 8 and 38 fold higher than that of expanded NPCs prior to
encapsulation at days 28 and 56 (p < 0.05, Fig. 5A), respectively. In 20M constructs, ACAN
was 16 and 32 fold higher on days 28 and 56, respectively (not significantly different).
COL2A1 expression in 60M constructs increased 9 and 35 fold compared to NPCs prior to
encapsulation on days 28 and 56 (p < 0.05) respectively. In 20M constructs, COL2A1
increased 17 and 28 fold on days 28 and 56, respectively (not significantly different). There
was no significant difference in the level of SOX9 expression in either 60M or 20M
constructs compared to NPCs prior to encapsulation at day 28. However, at day 56, SOX9
expression in both 60M and 20M constructs was 2 times higher than expanded NPC levels
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(p < 0.05). Expression of COL1A2 was down-regulated in 60M constructs (p < 0.05);
COL1AZ2 in 20M constructs was 0.6 times that of control on day 28, but was not different
from expanded NPCs on day 56. Expression of the NPC specific markers KRT18 and CDH2
did not change in either the 60M or 20M constructs during the culture period (p > 0.05).
Expression of KRT8 was not different from expanded NPCs on day 28 (p > 0.05), but levels
were 5 and 10 fold higher than in expanded NPCs on day 56 for 60M and 20M constructs (p
< 0.05). KRT19 was upregulated in both 60M and 20M constructs (p < 0.05); on day 28,
expression was 9 and 18 fold higher than expanded NPC, respectively (p < 0.05). Between
days 28 and 56, KRT19 expression in 60M constructs slightly increased (p > 0.05), while
expression in 20M constructs significantly increased (p < 0.05).

Expression of all NPC-specific markers, including KRT8, KRT18, KRT19 and CDH2, was
significantly higher in 20M constructs compared to 60M constructs on day 56 (p < 0.05).
Expression levels in constructs were also compared to freshly isolated NP cells (Fig. 5B).
ACAN expression at day 28 for 60M and 20M constructs was 11% and 25% that of freshly
isolated cells (p < 0.05, Fig. 5B). At day 56, ACAN expression for 60M constructs was 82%
of that of freshly isolated cells (p > 0.05), while for 20M constructs it was significantly
lower. Expression of COL2A1 was lower for both seeding densities and at both time points
compared to freshly isolated levels, though differences were not significant. Expression of
SOX9 at day 28 for 60M and 20M constructs was 22% and 32% that of freshly isolated NP
cells (both p < 0.05), 44% in 60M after 56 days (p < 0.05) and 77% in 20M after 56 days (p
> 0.05). COL1A2 expression at day 28 for 60M and 20M constructs was 2-fold and 5.6-fold
that of freshly isolated cells (p > 0.05), 6.8-fold in 60M after 56 days, and 5.7-fold in 20M
after 56 days (none significantly different). Expression of NPC-specific markers, (KRT8S,
KRT18, KRT19 and CDH2), was all significantly lower for both 60M and 20M constructs
compared to freshly isolated cells at both time points.

4. Discussion

In this study, we investigated the functional maturation of constructs formed from NPCs in
an HA hydrogel, and the appropriate NPC seeding density to maximize construct
maturation. NPC-laden HA hydrogels showed functional matrix accumulation, with GAG
and collagen contents after 8 weeks of culture similar for both initial seeding densities.
Furthermore, mRNA expression of NPC specific markers, together with important
extracellular matrix molecules aggrecan and collagen |1, increased significantly with time in
culture, suggesting that the HA hydrogel promoted restoration and maintenance of the native
NPC phenotype.

Previous studies have shown that NPCs lose their phenotypic characteristics when cultured
in monolayer, with the expression of type Il collagen and aggrecan mRNA reduced with
serial passaging [37]. In this study, when NPCs were cultured in HA hydrogels, COL1A2
gene expression was down-regulated while ACAN and COL2A1 expression levels increased
relative to expanded NP cells at the beginning of HA culture. This suggests that the HA
hydrogel is an appropriate 3D culture environment for supporting the restoration of the
native NPC phenotype following monolayer expansion [26]. SOX9 is a master regulator of
the chondrocyte phenotype [38] and is involved in the control of collagen type Il activation

Acta Biomater. Author manuscript; available in PMC 2016 January 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kim et al.

Page 9

and synthesis [39]. In this study, we found that hydrogel-encapsulated NPCs expressed
higher levels of SOX9 mRNA than NPCs cultured in monolayer. In addition to these
markers that are also involved in cartilage tissue formation, recent studies have identified a
number of additional molecules that can distinguish NPCs from articular chondrocytes [40—
42], including KRT18, neural cell adhesion molecule, glypican-3, and KRT19. Indeed, the
markers KRT8, 18, and 19 are differentially expressed in mature NPCs compared to
articular cartilage chondrocytes and AF cells [43,44]. Comparison of gene expression in
human disc cells and articular cartilage cells provided strong evidence that KRT19 might be
a positive marker for NP-like cells in comparison to other potential markers [42,44]. KRT19
is an intermediate filament expressed in notochordal cells, and other tissues during
embryonic development [45]. In the current study, expression of KRT8 and KRT19
increased significantly in HA constructs. Interestingly, these NP-specific markers were
significantly higher in low seeding density (20M) constructs compared to high seeding
density (60M) constructs on day 56. This is the first report that demonstrates upregulation of
KRT8 and KRT19 in HA-cultured NPCs, indicating that our model may promote
redifferentiation of these cells towards an NPC like phenotype. The mRNA expression
levels of NP cell markers were also compared to those of freshly isolated NPCs. For some
markers including ACAN, COL2A1 and SOX9, expression approached native tissue levels,
while other markers (KRT8, 18, 19 and CHD2) continued to be expressed at a small fraction
of native levels. These results support the conclusion that culture of NPCs in HA promotes
the elaboration of an appropriate extracellular matrix. The consequences of ineffective
restoration of these other NP-specific markers is unclear, as the functions of these molecules
remains poorly understood. It is likely that additional physical or biochemical cues will be
necessary to induce their expression.

This study employed a modified version of the natural ECM constituent HA to form a
stable, covalently cross-linked hydrogel [24]. HA forms a structural component in all
cartilaginous extracellular matrices, and interacts with specific cell surface receptors to
promote cell adhesion and migration. An added benefit of the HA system is that material
density can be readily altered and additional functionalities can be superimposed upon this
template via straightforward modification of the HA backbone. For instance, we recently
showed that appending ligands such as RGD and N-Cadherin to the HA backbone alters
MSC differentiation and biosynthesis [25]. In previous studies, a composite hydrogel of HA
and collagen Il improved NPC phenotypic maintenance [46], and studies with HA-enriched
collagen 11 hydrogels suggested that HA can improve mechanical properties [47]. In this
study, we found that NP cells survived, proliferated and aggregated to form clusters when
encapsulated in HA hydrogels. Interestingly, cells cultured at low seeding density (20M)
showed differences compared with higher seeding density (60M) early in culture.
Specifically, NPCs adopted a non-spherical morphology at the lower seeding density, while
they formed small clusters of spherical cells at the higher seeding density. Peroglio et al.
cultured NPCs (3 x 106 cells/mL) within 10% w/v HA- pNIPAM 20 and 35 solutions for 1
week. The characteristic rounded morphology of NPCs was maintained in the HA- pNIPAM
20 hydrogel. However, NPCs in HA-pNIPAM 35 hydrogel lost their rounded shape and
elongated, and the gels shrunk by ~30%. Thus, NPCs might adopt different morphologies
depending on construct volume changes, seeding density, concentration of HA [28].
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The ability of NPCs to remodel their material microenvironment is particularly relevant
when considering the ultimate biochemical and biomechanical functionality of the construct.
Interestingly, this study showed marked increases in properties at both seeding densities.
While the higher seeding density led to a more rapid increase in properties (with differences
apparent at day 28), by day 56 the properties were not different from one another, with 20M
constructs reaching a modulus of 166 kPa, and the 60M reached 169 kPa. Furthermore,
SGAG content reached comparable levels between the two groups. GAG and collagen
comprise around 4.7% and 3.9% of native bovine NP by wet weight respectively [13],
suggesting that our NPC-laden HA hydrogels achieved approximately 75% of native GAG
content and 32% of native collagen content. In a previous study using MSCs in this material,
the equilibrium modulus achieved was ~3-fold greater at 60 vs 20M seeding density, while
the SGAG content was only ~25% greater [24]. This suggests a divergent behavior between
MSCs and NPCs on this hydrogel platform. At low densities, NPCs may have better access
to nutrients, which consequently increases the efficiency with which they can produce ECM.
Conversely, the higher cell density may have led to decreases in nutrient supply, including
oxygen and glucose [48]. For example, Kobayashi et al. examined two initial seeding NPC
and chondrocyte densities (4-5 million cells/ml and 25 million cells/ml) in alginate beads
over 5 days. They showed that cells cultured at low density were more active and
accumulated significantly more GAG per cell than cells cultured at high density [49]. The
chemical, mechanical and histological analyses performed here and elsewhere imply that the
outcomes of engineered NP constructs do depend on the initial seeding density, and further
suggest that this should be carefully controlled when transitioning this technology to the
nutrient poor in vivo environment of the disc, where the delivery of too many cells may
result in a counter-productive outcome.

Taken together, our findings suggest that a lower initial NPC seeding density (20 x 108
cells/mL) is sufficient for engineering NP-like tissues with HA hydrogels. This has clinical
relevance, as the supply of autologous NPCs is limited, and culture expansion of such cells
may limit the retention of their phenotype. Having established that this crosslinkable HA
material is supportive of the formation of an NP-like tissue and resumption of an NPC-like
phenotype, current work is focused on implementing other gelation mechanisms that would
enable injectable delivery of this material to the disc space (i.e., redox-mediated reactions
[50]). Further, we are employing this material in conjunction with a nanofiber-based annulus
fibrosus replacement [12], to generate entire whole disc constructs for direct implantation
[51]. Ultimately, these NP-like engineered materials may provide a framework for restoring
function in the degenerated intervertebral disc.

5. Conclusion

In this study, we investigated the functional maturation of constructs formed from NPCs in
HA hydrogels, and the appropriate NPC seeding density to enhance construct maturation.
We found functional matrix accumulation in NPC-laden HA hydrogels, with GAG and
collagen content reaching comparable levels, independent of the initial seeding density.
Furthermore, it was demonstrated that expression of NP specific markers (including KRT8
and KRT19), together with the important extracellular matrix molecules aggrecan and
collagen 11, increased significantly with time in culture, suggesting that this material
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supports the resumption of the NPC phenotype following culture expansion. Future work
will employ these NPC-laden HA hydrogels in conjunction with a nanofiber-based annulus
fibrosus replacement for tissue engineered total disc replacement.
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Fig. 1.
A) LIVE/DEAD staining of NPC-seeded HA constructs on days 1, 7, 14, 28 and 56 after

encapsulation at either 60M or 20M seeding density (20x magnification, scale bar: 100 um).
B) Quantification of NPC number (live and dead) from images at days 1, 28 and 56. C)
Quantification of NPC percent viability in HA constructs on days 1, 28 and 56.
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Fig. 2.
Biochemical composition of NP cell seeded HA constructs at seeding densities of 60M

(white) and 20M (black) after 1, 28, 56 days of in vitro culture. A) Wet weight per construct,
n=5. B) Total GAG content per construct, n=5. C) GAG content per wet weight, n=5. D)
GAG released to the media (per construct per day), n=3. E) Collagen content per construct
n=5. F) Collagen content per wet weight, n=5. (* indicates p < 0.05 vs. day 28 within same
group; # indicates p < 0.05 vs. day 21 within same group)
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Fig. 3.
Matrix deposition in NPC-seeded HA constructs as a function of culture duration and

seeding density. (A: Alcian blue staining of proteoglycans, B: Picrosirius red staining for
collagens, C: immunostaining for collagen type 11; 10x magnification (inset: 5x), scale bar:
100 pm).
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O060M
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Equilibrium compressive modulus (A) and dynamic compressive modulus (B) of NPC-
seeded HA constructs over 8 weeks of in vitro culture (*indicates p < 0.05 vs. at day
28; *indicates p < 0.05 vs. 20M group, n=4~5/group/time point).
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Fig. 5.

Expression of aggrecan (ACAN), collagen 1l (COL2A1), SOX 9, collagen | (COL1A2),
cytokeratin (KRT) 8, 18, 19, and N-cadherin (CDH 2) after 28 and 56 day of culture for
NPC-seeded HA constructs. A) Expression levels were normalized to glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) and expanded NP cells prior to encapsulation (*
indicates p < 0.05 vs day 28 within same group; + indicates p < 0.05 vs 60M). B) Expression
of the same genes in A) normalized to GAPDH and freshly isolated NP cells. VValues are
expressed as a ratio to fresh (dashed line) (* indicates p < 0.05 vs day 28 within same group;
$ indicates p < 0.05 vs Fresh cells). (n=3/group/time point)
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Table 1
PCR primer sequences
Primer Accession Forward primer Reverse primer
Number
ACAN NM_173981.2 CCTGAACGACAAGACCATCGA TGGCAAAGAAGTTGTCAGGCT
COL2A1 | NM_001113224.1 | AAGAAGGCTCTGCTCATCCAGG TAGTCTTGCCCCACTTACCGGT
SOX9 XR_083993.1 TGAAGAAGGAGAGCGAGGAG CTTGTTCTTGCTCGAGCCGTTGA
COL1A2 NM_174520.2 GGTAGCCATTTCCTTGGTGGTT AATTCCAAGGCCAAGAAGCATG
KRT8 NM_001033610.1 | ACCAGGAGCTCATGAATGTCAA TCGCCCTCCAGCAGCTT
KRT18 XM_582930.4 TTGAGCTGCTCCATCTGCAT AAGGCCAGCTTGGAGAACAG
KRT19 XM_875997.3 CGGTGCCACCATTGAGAACT CAAACTTGGTGCGGAAGTCA
CDH2 XM_001250829.2 GCCATCAAGCCAGTTGGAA TGCAGATCGAACCGGGTACT
GAPDH | NM_001034034.1 | ATCAAGAAGGTGGTGAAGCAGG TGAGTGTCGCTGTTGAAGTCG
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