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Abstract

Replacement of the intervertebral disc with a viable, tissue-engineered construct that mimics
native tissue structure and function is an attractive alternative to fusion or mechanical arthroplasty
for the treatment of disc pathology. While a number of engineered discs have been developed, the
average size of these constructs remains a fraction of the size of human intervertebral discs. In this
study, we fabricated medium (3 mm height x 10 mm diameter) and large (6 mm height x 20 mm
diameter) sized disc-like angle ply structures (DAPS), encompassing size scales from the rabbit
lumbar spine to the human cervical spine. Maturation of these engineered discs was evaluated over
15 weeks in culture by quantifying cell viability and metabolic activity, construct biochemical
content, MRI T2 values, and mechanical properties. To assess the performance of the DAPS in the
in vivo space, pre-cultured DAPS were implanted subcutaneously in athymic rats for 5 weeks. Our
findings show that both sized DAPS matured functionally and compositionally during in vitro
culture, as evidenced by increases in mechanical properties and biochemical content over time, yet
large DAPS under-performed compared to medium DAPS. Subcutaneous implantation resulted in
reductions in NP cell viability and GAG content at both size scales, with little effect on AF
biochemistry or metabolic activity. These findings demonstrate that engineered discs at large size
scales will mature during /n vitro culture, however, future work will need to address the challenges
of reduced cell viability and heterogeneous matrix distribution throughout the construct.

Keywords

tissue engineering; hydrogel; electrospun scaffold; subcutaneous implantation; scale up;
translation; animal model

"Corresponding Author: Harvey E. Smith, MD, Department of Orthopaedic Surgery, University of Pennsylvania, 3737 Market Street,
gth Floor, Philadelphia, PA 19104, Harvey.Smith@uphs.upenn.edu, 800-789-7366.

Disclosures
The authors declare no potential conflicts of interest with respect to the research, authorship and/or publication of this manuscript.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gullbrand et al.

Page 2

1. Introduction

The intervertebral discs (I'\VD) of the spine are fibrocartilaginous composite structures
comprised of an inner nucleus pulposus (NP) composed primarily of proteoglycans, type Il
collagen and water, and an outer annulus fibrosus (AF) composed of aligned types | and 11
collagen organized into concentric lamellae [1]. When healthy 1\VVDs are loaded, hydrostatic
pressure develops in the NP, placing the AF in tension and allowing the tissue to bear load
while permitting motion [2]. This structure-function relationship is disrupted with
degeneration of the 1\VD, a complex and multifactorial cascade of biochemical, cellular and
structural changes that is commonly associated with low back pain [3,4].

Low back pain is a top three cause of disability in developed nations, and in the United
States is associated with a yearly economic burden of approximately $200 billion due to
medical costs and lost wages [5,6]. For patients with end-stage VD degeneration who are
unresponsive to conservative treatment, the gold standard surgical treatment is fusion to
immobilize the affected motion segment. Fusion does not restore native VD structure or
function, is associated with degeneration of adjacent segments, and randomized controlled
trials show similar clinical outcomes compared to non-operative treatment [7,8]. Artificial
total disc arthroplasty devices are also utilized as an alternative to fusion, in an effort to
preserve spinal motion and prevent degeneration of adjacent segments [9]. The use of
mechanical arthroplasty in the lumbar spine for treatment of back pain is somewhat
controversial, with some evidence that current lumbar artificial total disc arthroplasty
devices offer no significant clinical benefit over fusion [10]. There is greater enthusiasm for
cervical mechanical disc arthroplasty, but uncertainty regarding potential for mechanical
wear debris and the long-term revision options limits application. Thus, there is a significant
need to develop new treatment strategies for patients with IVD degeneration and associated
axial spine pain and neurogenic extremity pain.

Tissue engineering offers considerable promise for the treatment of end stage disease, as
replacement of the degenerative VD with a viable engineered construct may restore healthy
spine function with the capacity to remodel in response to the /n vivo environment. Towards
this end, composite 1VVDs with tissue-engineered NP and AF analogs have been developed
by several groups and evaluated /n vitroand in vivo in small and large animal models
[11-18]. Our group in particular has developed tissue-engineered disc-like angle ply
structures (DAPS), composed of engineered NP and AF analogs. The AF region is
comprised of cell-seeded concentric layers of electrospun, nanofibrous poly (e-caprolactone)
(PCL), with alternating fiber alignments of £30°, to recapitulate the native hierarchical
structure of the AF. The PCL AF is combined with a hyaluronic acid or agarose hydrogel
that serves as the NP region to form a complete composite tissue-engineered 1VD [19]. We
have previously fabricated DAPS sized for the rabbit lumbar spine and rat caudal disc space,
and shown compositional equivalence of the DAPS with native tissue with extended /n vitro
culture times [19,20] and stability upon /n vivo implantation [21].

Despite the progress over the past decade in the field of I\VVD tissue engineering, engineered
constructs have thus far only been fabricated at length scales that are a fraction of the size of
human IVDs. The average width and height of engineered IVVDs reported in the literature are
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approximately 11 mm and 3 mm, respectively, while human cervical I\VVDs are an average 30
mm in lateral width and 6 mm in height, and human lumbar 1\VVDs are an average 55 mm in
lateral width and 11 mm in height [22-24]. Fabrication of tissue-engineered 1VVDs at larger
size scales is therefore a critical next step towards the clinical translation of this technology.
The purpose of this study was therefore to fabricate and culture DAPS at multiple length
scales, the largest of which mimics the scale of a human cervical IVD. At each length scale,
we evaluated construct viability, matrix distribution and mechanical properties over 15
weeks culture /in vitro, as well as after a 5 week period of /n vivo subcutaneous implantation.

2. Methods
2.1 Disc Cell Isolation and DAPS Fabrication

NP and AF tissues were isolated from three adult bovine caudal spines, purchased from a
local abattoir with institutional approval, and incubated overnight at 37°C in high glucose
Dulbecco’s modified Eagle’s medium (DMEM) containing 2% penicillin/streptomycin/
fungizone (PSF, Antibiotic-Antimycotic; Gibco) and 10% fetal bovine serum (FBS). Tissues
were then digested, first in 2.5 mg/mL pronase for 1 hour, followed by 0.5 mg/mL
collagenase (Type 1V, Sigma-Aldrich, St. Louis, MO) for 4 hours (NP tissue) or 8 hours (AF
tissue). Cells were then filtered through a 70 um strainer before plating onto tissue culture
plastic in DMEM containing 1% PSF and 10% FBS (basal media). NP and AF cells were
expanded to passage 2 prior to DAPS seeding.

DAPS were fabricated in two sizes — medium (10 mm diameter, 3 mm height), and large (20
mm diameter, 6 mm high). DAPS were cultured for the duration of the study in standard
culture conditions (21% O, 5% CO», 37°C). To fabricate the NP region of the DAPS, NP
cells were trypsinized, suspended in chemically defined media at a density of 40 x 10°
cells/mL, and mixed with molten 4% w/v agarose (49°C, Type VII, Sigma-Aldrich). The
agarose/cell solution (20 x 10° cells/mL, 2% agarose) was then cast into 6 well plates to
generate agarose slabs of the desired height. These were then punched with sterile biopsy
punches to create NP regions either 6 mm thick and 10 mm diameter (for large DAPS), or 3
mm thick and 5 mm diameter (for medium DAPS). NP hydrogels were cultured in isolation
for 2 weeks on an orbital shaker (prior to combining with the AF region of the DAPS) in
chemically defined medium (CM+) comprised of high glucose DMEM supplemented with
1% PSF, 40 ng/mL dexamethasone (Sigma-Aldrich), 50 ug/mL ascorbate 2-phosphate
(Sigma-Aldrich), 40 ug/mL L-proline (Sigma-Aldrich), 100 pg/mL sodium pyruvate
(Corning Life Sciences, Corning, NY), 0.1% insulin, transferrin, and selenious acid (ITS
Premix Universal Culture Supplement; Corning), 1.25 mg/mL bovine serum albumin
(Sigma-Aldrich), 5.35 pg/mL linoleic acid (Sigma-Aldrich), and 10 ng/mL TGF-g3 (R&D
Systems, Minneapolis, MN). The media was changed three times per week. Each medium
size NP hydrogel received 1.5 mL of media and each large size hydrogel received 7 mL of
media.

To fabricate the AF region of the DAPS, a 14.3% w/v solution of poly(e-caprolactone)
(PCL) dissolved in a 1:1 mixture of tetrahydrofuran and N,N-dimethylformamide was
electrospun onto a grounded, rotating mandrel to produce a sheet of aligned nanofibers, as
previously described [25]. To replicate the native lamellar architecture of the rabbit and goat
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IVDs for medium and large DAPS, electrospun sheets of PCL were fabricated at 250 um and
350 um thickness, respectively. Strips of electrospun PCL were cut at an angle of 30° to the
fiber direction. Strips 3 mm thick and 150 mm in length were used to fabricate medium
DAPS, while strips 6 mm thick and 210 mm in length were used to fabricate large DAPS.
PCL strips were hydrated through a gradient of ethanol (100%, 70%, 50%, 30% and
phosphate buffered saline), prior to coating overnight in a solution of 20 pg/mL fibronectin
(Sigma-Aldrich) in phosphate buffered saline (PBS). AF cells were suspended in basal
media and seeded onto the PCL strips at a density of 1.5 x 10° cells per side for medium
DAPS and 4.2 x 106 cells per side for large DAPS. AF cell-seeded strips were cultured in
CM+ for 1 week. To assemble the AF region of the DAPS, either two (for medium DAPS) or
four (for large DAPS) strips were coupled to achieve opposing fiber directions (+30°), and
then wrapped using a custom mold as previously described [19] to create a concentric,
lamellar construct with an outer diameter of 10 mm for medium DAPS and 20 mm for large
DAPS. The AF region of the DAPS was cultured alone in CM+ for one week on an orbital
shaker, at which point the AF and NP regions of the DAPS were combined.

Combined DAPS were then cultured in CM+ media on an orbital shaker, with media
changed three times per week. Medium DAPS received 5 mL of media per construct, and
large DAPS received 20 mL of media per construct. At 5, 10 and 15 weeks total culture
duration, DAPS of each size were collected for viability assays (n=3), magnetic resonance
imaging (n=3), mechanical testing (n=3), biochemical assays (n=6), and histology (n=2-3),
as detailed below.

2.2 Viability and Metabolic Activity

At each time point, three DAPS of each size were cut in half, with one-half utilized for
assays of NP cell viability and AF metabolic activity. The remaining half was reserved for
biochemical assays, as detailed in section 2.5. The AF and NP regions of the DAPS were
manually separated. Cell viability in the hydrogel NP region was quantified using a Live/
Dead cell viability kit (Molecular Probes, Invitrogen Life Technologies). 10X images from
five fields of view (center, top, bottom, left, right) of each hydrogel were obtained using an
inverted fluorescence microscope (Nikon Eclipse Ti-S), and the number of live and dead
cells in each region were counted using a custom MATLAB code as previously described
[26].

Metabolic activity of cells in the AF region of the DAPS was quantified via the MTT
colorimetric assay. The AF region of the DAPS was immersed in a solution of DMEM and
0.5 mg/mL MTT and incubated for 5 hours at 37°C and 5% CO,. The AF region was then
finely minced, and the formazan product solubilized in dimethyl sulfoxide. Absorbance was
measured on a microplate reader at 540 nm, and normalized to sample wet weight to correct
for variations in construct size.

2.3 Mechanical Testing

To determine compressive mechanical properties over the culture duration, DAPS were
subjected to mechanical testing in unconfined compression (Instron 5948, Norwood, MA)
using a protocol previously used to quantify the mechanical properties of native disc tissue
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[27,28]. A 0.05 N pre-load was applied, followed by 20 cycles of compressive loading at 0.5
Hz from 0.05 N to 18 N for medium DAPS, and 0.05 N to 75 N for large DAPS (0.24 MPa,
comparable to the stress imposed by ~0.5 body weight to a human disc) [28]. The stress-
strain response of each DAPS was analyzed using a bi-linear fit in MATLAB to quantify the
toe and linear region moduli, transition strain, and compressive range of motion (ROM).

2.4 Compositional Evaluation

To evaluate DAPS collagen and glycosaminoglycan (GAG) content, the AF and NP regions
of the DAPS were separated and individually digested overnight in proteinase K at 60°C.
DNA content of each sample was quantified via the Quanti-iT PicoGreen dsDNA assay kit
(Life Technologies, Carlsbad, CA). GAG content was determined using the
dimethylmethylene blue (DMMB) assay, and collagen content quantified via the p-
diaminobenzaldehyde/chloramine-T assay for hydroxyproline (OHP). GAG and collagen
content were normalized to sample wet weight and DNA content.

For histologic assessment of matrix distribution at each time point, medium and large DAPS
were fixed in 10% neutral buffered formalin (Sigma-Aldrich), processed through paraffin,
and sectioned in the sagittal plane to 7 um thickness. Sections were stained with either
Alcian blue for sulfated GAG or picrosirius red for collagen. Immunohistochemistry was
performed for collagen | (EMD Millipore, AB749P, Billerica, MA), collagen Il (DSHB, II-
116B3, lowa City, lowa), and chondroitin sulfate (DSHB, 9BA12). Follow rehydration, slides
were serially incubated in proteinase K (Dako Glostrup, Denmark) for 10 minutes at room
temperature (RT), 3% hydrogen peroxide for 10 minutes at RT, horse serum for 30 minutes
at RT (Vectastain ABC Universal Kit, \ector Laboratories, Burlingame, CA), and primary
antibody (10 pg/mL) overnight at 4°C. Secondary detection was achieved using the
Vectastain Elite ABC Universal HRP Kit (PK-6200, Vector Laboratories, Burlingame, CA)
and visualized using 3,3’-diaminobenzidine (Millipore, Billerica, MA).

2.5 Magnetic Resonance Imaging

T2 mapping is a non-invasive, clinically relevant metric for assessing disc composition and
health, as it is strongly correlated with tissue water and proteoglycan content [29,30]. A 4.7T
MRI spectrometer (Magnex Scientific Limited, Abington, United Kingdom) was used to
obtain multi-slice, multi-echo images of /n vitro cultured DAPS (three 0.5 mm thick slices,
16 echoes, echo time/repetition time = 20 ms/2,000 ms, 4 averages, 128x64 data matrix). A
15 mm by 7.5 mm field of view was utilized for medium DAPS, and a 15 mm by 30 mm
field of view was utilized for large DAPS, yielding in-plane resolution of 117 microns. The
AF and NP regions were manually contoured, and the mean T2 relaxation time was
calculated for each region using custom MATLAB software [31].

2.6 Subcutaneous Implantation in Rats

Eight medium and eight large DAPS were fabricated as described in Section 2.1 and pre-
cultured for 5 weeks in CM+. The 5 week pre-culture duration was selected to match our
previous subcutaneous implantation studies on small sized DAPS [20]. DAPS were then
implanted into the dorsal subcutaneous space of athymic retired breeder rats (n=11, Hsd:RH-
Foxn1™Y male, 9-10 months, 490+40g, Envigo, Branchburg, NJ), with institutional approval
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and according to the guidelines prescribed by the NIH Guide for Care and Use of Laboratory
Animals. Rats were anesthetized with isoflurane and either one (for large DAPS) or three
(for medium DAPS) dorsal pockets were opened using sharp and blunt dissection. One
DAPS was inserted into each pocket, and the incision closed with 3-0 suture. Rats were
returned to normal cage activity after the procedure. and administered 0.1 mg/kg
buprenorphine twice per day for three days for analgesia, and 15 mg/kg of cefazolin for
antibiotic prophylaxis, via subcutaneous injection. Rats were euthanized 5 weeks post-
implantation. Four DAPS of each size were halved following excision from the
subcutaneous pockets. One half-DAPS was utilized for NP cell viability and AF cell
metabolic activity assays as described in section 2.2. The remaining half-DAPS was utilized
for quantification of DNA, collagen and GAG content as detailed in section 2.4. Two DAPS
per size were processed for histological evaluation of extracellular matrix distribution, as
described in section 2.4.

2.7 Statistical Analyses

Statistical analyses were conducted in Prism (Graph Pad Software Inc., La Jolla, CA), with
significance defined as p < 0.05. All data are shown as mean * standard deviation. Two-way
analyses of variance (ANOVA) with Tukey’s post-hoc tests were used to establish significant
differences in cell viability (live/dead cell counts and MTT absorbance), biochemistry
(GAG, DNA and collagen), MRI T2 values, and mechanical properties between medium and
large DAPS and between the 5, 10 and 15 weeks /n vitro culture time points. For the
subcutaneous implantation study, two-way ANOVA with Tukey’s post-hoc tests were used
to establish significant differences in cell viability and biochemistry for medium and large
DAPS between 5 weeks of pre-culture (PC) and subcutaneous implantation (SQ).

Pearson correlation coefficients (PCC) were calculated in R (corr.test function, R-
project.org) between MRI (AF and NP T2), biochemistry (AF and NP GAG and collagen)
and mechanical properties (toe and linear region modulus, transition strain and ROM) for
medium and large DAPS over the 15 week /n vitro culture duration. A matrix of the average
ratio of the correlation coefficients between medium and large DAPS was calculated as
[(PCCrnedium/PCClarge) + (PCCjarge/PCCredium)}/2. A ratio close to 1 indicates similar
correlation coefficients at each length scale, and negative ratios indicate a change in sign of
the correlation coefficient across length scales.

3. Results
3.1 Viability and Metabolic Activity

Medium and large DAPS were successfully fabricated and cultured for up to 15 weeks in
vitro (Figure 1). In medium DAPS, cell viability in the NP region as a whole was maintained
over the 15-week culture duration (Figure 2A); however, a significant reduction in cell
number in the center region of the NP was observed between 5 and 10 weeks of culture.
Mean percent viability of cells in the center of the NP remained high, however, stabilizing at
79.1% at 15 weeks. In contrast, for large DAPS, cell number significantly decreased across
the entire NP region. Percent viability decreased from a mean of 88.5% at 5 weeks to 63.2%
after 15 weeks. This was primarily due to reductions in cell number and percent viability in
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the central NP region of these large DAPS (Figure 2B), with percent viability in the center
reaching a low of 30% after 15 weeks (Figure 2C).

AF cell metabolic activity, as measured via the MTT assay, was similar between medium
and large DAPS at 5 weeks. At 10 and 15 weeks, however, MTT absorbance normalized to
wet weight in the AF region was significantly higher in medium DAPS compared to large
DAPS (Figure 2D). No significant differences in normalized MTT absorbance were
observed for the AF region of medium or large DAPS between 10 and 15 weeks of culture.
DAPI staining (Figure 2E) illustrated the presence of cell nuclei between the PCL layers of
the DAPS for the medium and large AF over the 15-week culture duration, however, there
was little evidence of AF cell infiltration into the individual PCL layers over this time
course.

Based on DNA measurements (estimating ~7 pg DNA per cell [32]), and DAPS volume, the
average cell densities (Figure S1) during /n vitro culture in the NP were approximately
50,000 cells/mm?3 and 20,000 cells/mm?3 for medium and large DAPS, respectively. In the
AF region, cell density increased over time in culture, with approximate cell densities
ranging from 45,000 cells/mm3 (5 weeks) to 70,000 cells/mms3 (15 weeks) in medium
DAPS, and from 25,000 cells/mm3 (5 weeks) to 30,000 cells/mm3 (15 weeks) in large
DAPS.

3.2 Mechanical Properties

Representative compressive stress-strain curves for medium (Figure 3A) and large (Figure
3B) DAPS illustrate functional maturation with increasing duration of /n vitro culture, with
medium DAPS maturing more rapidly than large DAPS. For medium DAPS, no significant
differences in toe region modulus, linear region modulus, ROM, or transition strain were
observed over the 15-week culture duration. Toe region modulus (Figure 3C) significantly
increased in large DAPS between 5 weeks and 15 weeks of culture but there were no
significant differences in linear region modulus (Figure 3D) in large DAPS over this time
period. In large DAPS, ROM was significantly reduced after 15 weeks compared to 5 and 10
weeks, while transition strain was significantly reduced after 15 weeks compared to 5
weeks. ROM was significantly lower in medium size DAPS at the 5 and 10-week time
points, but no other significant differences in mechanical properties between size scales were
observed.

3.3 Composition and Matrix Distribution

NP GAG content, when normalized to wet weight (Figure 4A) or DNA content (Figure 4B),
was not significantly affected by culture duration for medium or large DAPS. NP GAG
normalized to NP wet weight was significantly higher at all experimental time points in
medium DAPS compared to large DAPS. However, there were no significant differences in
GAG per DNA in the NP region between size scales at any time point. The maximal NP
GAG content achieved was 3.0% ww and 1.5% ww for medium and large DAPS,
respectively. NP collagen content normalized to wet weight (Figure 4C) significantly
increased with increasing duration of culture for both size scales, although NP collagen was
significantly higher in medium DAPS compared to large DAPS at all experimental time
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points. NP collagen content per DNA (Figure 4D) was not significantly altered by size scale
or culture duration. The maximal NP collagen content achieved was 2.0% ww for medium
DAPS and 1.1% ww for large DAPS.

AF GAG content, normalized to wet weight (Figure 4E) or DNA content (Figure 4F),
significantly increased with increasing culture duration for both medium and large DAPS.
AF GAG content normalized to wet weight was higher in medium DAPS compared to large
DAPS at 10 and 15 weeks. AF GAG content normalized to DNA was significantly higher in
medium DAPS compared to large DAPS only at the 15-week time point. The maximal AF
GAG content was 2.4% ww in medium DAPS and 1.2% ww in large DAPS. AF collagen
content, normalized to either wet weight (Figure 4G) or DNA content (Figure 4F),
significantly increased over the 15-week culture duration for both size scales, reaching
maximal values of 1.43% ww for medium DAPS and 1.0% ww for large DAPS. When
normalized to wet weight, AF collagen content was significantly higher in medium DAPS
compared to large DAPS at the 10 and 15-week time points. There were no significant
differences at any time point between size scales for AF collagen content per DNA.

Sagittal histological sections of medium DAPS (Figure 5) at each experimental time point
show increasing staining for both proteoglycans and collagens, particularly in the AF region.
Inhomogeneity in matrix staining was observed in medium DAPS, with more intense
staining observed along the periphery of the NP and AF. Increased deposition of
proteoglycan and collagen matrix over the 15-week culture duration was also seen in large
DAPS (Figure 6). However, in these larger constructs, the inhomogeneity in matrix
distribution from the periphery to the center of the construct was exacerbated compared to
medium DAPS.

3.4 Quantitative MRI T2 Mapping

In general, we have found that T2 values are reduced as the DAPS mature during /in vitro
culture and increasing amounts of matrix are deposited [20]. Representative T2 maps for
medium and large DAPS at each time point (Figure 7A), demonstrate the inhomogeneity in
T2 values in the NP region in large DAPS compared to medium DAPS, corresponding to the
low matrix content in the central NP of the large DAPS, compared to the homogenous NP
matrix in medium DAPS. T2 values in both the AF and NP regions generally decreased with
increasing construct maturation and matrix deposition, as expected. Inhomogeneity in AF T2
values was evident in both medium and large DAPS over the 15-week culture duration, with
lower T2 values at the periphery of the construct where more robust matrix formation had
occurred. NP T2 values (Figure 7B) were not significantly affected by the duration of culture
at either size scale, however, T2 values in the NP of medium DAPS were significantly lower
than NP T2 values of large DAPS after 5 and 10 weeks. AF T2 values (Figure 7C)
significantly decreased with increasing culture duration for both medium and large-size
DAPS. AF T2 values were significantly lower in medium DAPS compared to larger DAPS
at all experimental time points.
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3.5 Correlation Analyses

To develop structure/function relationships for these maturing DAPS constructs, a
correlation analysis relating all factors was performed. For large DAPS (Table S1), AF T2
significantly correlated with AF collagen (PCC = -0.76) and AF GAG content (PCC =
-0.82). No significant correlations were found for NP T2, and no significant correlations
between mechanical properties and biochemical content or MRI T2 were found for large
DAPS. Stronger correlations between variables were generally found for medium DAPS
compared to large DAPS. In medium DAPS (Table S2), AF T2 was significantly correlated
with toe modulus (PCC = -0.86), and NP T2 was significantly correlated with AF GAG
(PCC =0.80) and collagen content (PCC = 0.75). AF GAG content was also significantly
correlated with ROM (PCC = 0.76) for medium DAPS. The average ratio of correlation
coefficients (Table S3) demonstrated a change in sign of the correlation coefficient between
size scales for correlations with NP T2, linear modulus and ROM.

3.6 Subcutaneous Implantation

Following subcutaneous implantation for 5 weeks, NP cell viability (Figure 8A) was
significantly reduced compared to pre-implantation levels in both medium and large DAPS.
AF cell metabolic activity (Figure 8B) significantly increased from pre-implantation levels
in medium DAPS, but was unchanged in large DAPS. Based on DNA quantification (Figure
S1), cell density after subcutaneous implantation was reduced overall to approximately
10,000 cells/mm3 in the NP and 1,000 cells/mm3 in the AF for medium DAPS. For large
DAPS after subcutaneous implantation, cell density was approximately 2,000 cells/mm3 in
the NP and 5,000 cells/mm3 in the AF.

NP GAG content (Figure 8C) significantly decreased following subcutaneous implantation
in both medium and large DAPS compared to pre-implantation values, while NP collagen
content (Figure 8E) significantly increased in medium DAPS and was unchanged in large
DAPS. AF GAG content (Figure 8D) and collagen content (Figure 8F) remained at pre-
implantation values at both size scales. Medium DAPS outperformed the large DAPS
following the transition to the /n vivo environment with respect to NP cell viability, AF cell
metabolic activity, and NP collagen content. Quantitative analysis of matrix composition
was confirmed via Alcian blue (Figure 8G) and Picrosirius red (Figure 8H) stained sections,
which highlighted the loss of proteoglycan staining in the NP region for medium and large
DAPS, and the increase in collagen staining in the NP of the medium DAPS. The extent of
fibrous capsule formation around the DAPS was also greater in the large DAPS compared to
the medium DAPS.

4. Discussion

IVD tissue engineering is a promising treatment strategy for end-stage disc degeneration,
with the potential to restore structure and function compared with standard spinal fusion
techniques. While several groups have developed composite engineered 1VDs composed of
tissue engineered NP and AF analogs, the size of such constructs remain a fraction of the
size of human cervical or lumbar IVDs [11,13-17]. In this study, we fabricated and
characterized tissue-engineered 1VDs at two length scales — a medium-sized construct 10
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mm in diameter and 3 mm thick, and a larger construct 20 mm in diameter and 6 mm thick.
While the medium DAPS were sized for evaluation in the rabbit lumbar IVD, the large
DAPS were designed for use in the goat cervical 1\VD, which has comparable dimensions to
the human cervical VD [33]. To our knowledge, the large DAPS are the first whole
engineered 1D constructs to be fabricated at clinically relevant length scales.

In this study, while large DAPS matured functionally and compositionally over the duration
of /n vitro culture, they were outperformed by the medium DAPS in nearly all outcome
measures. Additionally, while matrix production and cell viability were robust along the
periphery of the large size DAPS, there were significant deficiencies in viability and matrix
content in the central region. Heterogeneity in viability and matrix distribution is commonly
observed in engineered cartilage and IVVD constructs, even at smaller length scales, and is
governed by diffusional gradients of media components, primarily glucose, that occur during
in vitro culture [26,34-40]. As a consequence, biochemical content in the NP and AF regions
of the DAPS did not reach native levels of the human, goat or rabbit 1\VD, with the exception
of NP collagen content (Table 1) [28,41]. Nonetheless, construct GAG and collagen were
within the range of previously reported tissue engineered 1VD compositions
[13,16,19,28,41]. Similar maximal compressive mechanical properties were achieved at both
size scales (0.23 MPa toe region modulus and 2.5 MPa linear region modulus), but these too
did not reach levels of the native human IVD (9 MPa) [28]. The linear region modulus was
unchanged over the culture duration at both size scales, likely as it is largely dominated by
the mechanical properties of the PCL itself [21].

Following subcutaneous implantation, medium DAPS generally outperformed the large
DAPS, maintaining better cell viability, AF cell metabolic activity, and NP collagen content
than the large DAPS. At both size scales, subcutaneous implantation had no negative effect
on the AF region of the DAPS, but led to significant reductions in cell viability and
proteoglycan content in the NP region. This loss of proteoglycan content in tissue-
engineered constructs following subcutaneous implantation has been observed previously by
our group in small DAPS sized for the rat caudal disc space, as well as by others in
engineered cartilage tissues [20,42]. However, the results in the subcutaneous space may not
be representative of the response following implantation in the disc space, as we have
previously shown maintenance of DAPS matrix in a rat caudal disc replacement model [21].
Previous work has shown matrix accumulation in engineered 1VVDs following subcutaneous
implantation in mice and rats [16,43], however, these constructs were not pre-cultured, and
were therefore implanted in an immature state compared to the constructs evaluated in the
current study. In the future, a trajectory based tissue engineering approach could be utilized
to identify the pre-culture duration prior to implantation needed to optimize /in vivo
outcomes [44].

Structure-function analyses illustrated a greater number of significant correlations between
outcome measures (MRI T2, biochemistry and mechanical properties) in medium DAPS
compared with large DAPS. In medium DAPS, biochemistry and T2 values were
significantly correlated with mechanical properties, however in large DAPS, there were no
significant correlations between biochemistry or T2 and mechanical properties. This
suggests that matrix accumulation during culture altered the mechanical function of the
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medium DAPS but not the large DAPS, likely due to the inhomogeneity in matrix
distribution in the large DAPS. Similarly, previous cartilage tissue engineering work has
illustrated that matrix inhomogeneity can influence construct mechanical properties and
structure-function correlations [38,45]. Composition-function relationships between
biochemistry, MRI T2 and mechanical properties have been shown to exist in the native IVD
[30]. Recapitulating these correlations in an engineered construct can therefore provide a
quantitative benchmark for the successful fabrication of an engineered 1VD.

The results from this work demonstrate the challenge of tissue-engineering an anatomically
sized IVD that recapitulates the scale and avascular nature of the mature native tissue [46].
During development, the size of the IVD scales with growth, and immature IVDs have a
greater supply of nutrients via vascularization of the AF, which regresses with increasing age
as the IVD develops [47]. Lacking an analog to development /n vitro, nutrient supply to
large-scale tissue engineered 1VVDs poses a significant challenge, particularly as a growing
construct has a greater metabolic demand than the mature native IVD, whose cells function
to maintain, rather than establish, the functional ECM. Engineering strategies will therefore
need to be employed in future work to enhance viability and matrix distribution in large-size
DAPS, particularly when transitioning to the use of more clinically relevant cell types such
as mesenchymal stem cells, which are more sensitive to nutrient deprivation than disc cells
[40,48].

Improvements in nutrient transport into the central regions of large, tissue-engineered
cartilage constructs have been previously achieved via the inclusion of channels through the
construct depth, and led to enhanced cell viability and matrix deposition during culture
[49-51]. Such channels could be readily incorporated into the NP region of the DAPS at
large size scales to enhance nutrient transport. In the AF region, the composition of the
electrospun layers could be altered by incorporating fibers of poly(ethylene oxide), which is
water soluble, within and amongst the PCL fibers to increase the porosity of the AF layers
and enhance cell infiltration within each layer, thereby potentially improving AF matrix
distribution [52]. We have previously shown that such approaches, over the long term,
increase the functional properties and matrix content of fibrous tissue analogs [53].
Alterations to the culture media may also enhance the homogeneity of matrix distribution in
the large DAPS. Previous work has shown that supplementation of chemically defined media
with latent TGF-B increases the uniformity of matrix biosynthesis throughout engineered
cartilage tissues, while media supplemented with active TGF-f caused heterogeneous matrix
and cell distribution, concentrated at the periphery, similar to that observed in the current
study [37]. Finally, culture of DAPS constructs in a bioreactor that applies physiological
loading may also be a promising method for improving cell viability, matrix production and
mechanical properties by enhancing nutrient transport and providing direct cellular
stimulation [54]. For instance, culture in a compression bioreactor enhanced the mechanical
properties and biochemical content of tissue-engineered discs composed of collagen and
alginate, and improved the properties of hydrogels seeded with chondrocytes or
mesenchymal stem cells for cartilage tissue engineering [39,55-57].
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5. Conclusions

In conclusion, we fabricated and evaluated the maturation of tissue-engineered I1VDs at
clinically relevant size scales during /n vitro culture and following /n vivo subcutaneous
implantation. While medium DAPS outperformed large DAPS, those sized for the goat and
human cervical disc space did functionally and compositionally mature with increasing
culture duration. Future work will seek to optimize the properties of these large size DAPS
in vitro, as well as to evaluate the performance of both sized constructs in pre-clinical animal
models to advance their clinical translation.
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Figure 1. Fabrication of DAPS at clinically relevant size scales.
To-scale photograph of medium and large DAPS compared to the size of a US quarter.
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Figure 2. Cell viability and metabolic activity in the NP and AF.
(A) The number of live and dead cells across the entire NP area. (B) Representative live/

dead staining (green: live cell nuclei, red: dead cell nuclei) from the edge and center of the
NP. Scale = 100 pm. (C) The number of live and dead cells in only the central region of the
NP. (D) Metabolic activity of cells in the AF region (as measured by the MTT assay). (E)
Representative DAPI staining of the AF region to visualize cell distribution within the AF
layers (Blue = cell nuclei). Scale = 100 pm. Bars denote significance between groups. * = p
< 0.05 compared to medium DAPS at the corresponding time point, # = p<0.05 compared to

all groups.
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Figure 3. DAPS compressive mechanical properties.
Representative stress-strain curves of (A) medium and (B) large DAPS over the 15 week

culture duration. A bi-linear fit was utilized to quantify (C) toe modulus, (D) linear modulus,
(E) range of motion, and (F) transition strain. Bars denote significance between groups. * =
p <0.05 compared to medium DAPS at the corresponding time point.
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Figure 4. DAPS Biochemical content.
NP GAG content normalized to (A) wet weight and (B) DNA content, and collagen content

normalized to (C) wet weight and (D) DNA content as a function of DAPS size and culture

duration. AF GAG content normalized to (E) wet weight and (F) DNA content and collagen
content normalized to (G) wet weight and (H) DNA content as a function of DAPS size and
culture duration. Bars denote significance between groups. * = p<0.05 compared to medium
DAPS at the corresponding time point.

Acta Biomater. Author manuscript; available in PMC 2020 October 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Gullbrand et al. Page 20

Alcian Blue Picrosirius Red Chondroitin Sulfate Collagen | Collagen Il

R {
R L
Ve

Uy ) U

5
weeks

10
weeks

15
weeks

Figure 5. Histologic appear ance of medium DAPS.
Representative sagittal sections of medium DAPS at 5, 10, and 15 weeks of culture stained

with Alcian blue (glycosaminoglycans) and Picrosirius red (collagens), and
immunohistochemical staining for chondroitin sulfate, collagen I, and collagen Il. Scale =
Imm.
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Figure 6. Histologic appear ance of large DAPS.
Representative sagittal sections of large DAPS at 5, 10, and 15 weeks of culture stained with

Alcian blue (glycosaminoglycans) and Picrosirius red (collagens), and
immunohistochemical staining for chondroitin sulfate, collagen I, and collagen 1. Scale =
2mm.
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Figure 7. Quantitative MRI T2 mapping of DAPS.
(A) Representative sagittal T2 maps of the medium and large DAPS over the culture

duration. The color scale represents the range of T2 values. Quantification of (B) NP and (C)
AF T2. Bars denote significance between groups. * = p<0.05 compared to medium DAPS at
the corresponding time point.
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Figure 8. Subcutaneous implantation of DAPS.
(A) Number of live and dead cells across the whole NP area in DAPS pre-cultured for 5

weeks (PC) compared to DAPS implanted subcutaneously (SQ) in athymic rats for 5 weeks
after preculture. (B) AF cell metabolic activity as measured by the MTT assay. GAG content
in the (C) NP region and (D) AF region normalized to wet weight, and collagen content in
the (E) NP region and (F) AF region. Bars denote significance between groups. * = p<0.05
compared to medium DAPS at the corresponding time point. Representative (G) Alcian blue
and (H) Picrosirius red stained sagittal sections of DAPS after 5 weeks pre-culture and

following 5 weeks subcutaneous implantation. Scale =2 mm.
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Table 1.
Comparison of DAPS biochemical content to native discs.

Comparison of the maximal NP and AF GAG and collagen content achieved for medium and large DAPS to
that of rabbit, goat and human IVDs.

Large Medium
Human?40 DAPS Goat®4 DAPS  Rabbit240

Nucleus Pulposus

GAG (%ww) 9.3 15 5.4 3.0 11.0
Collagen (%ww) 03 11 2.9 2.0 06

Annulus Fibrosus

GAG (%ww) 2.2 1.2 0.9 23 6.0
Collagen (Y%oww) 31 1.0 1.8 1.4 3.0
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