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Abstract

Painful intervertebral disc (IVD) degeneration is a common cause for spinal surgery. There is a
clinical need to develop injectable biomaterials capable of promoting 1\VVD regeneration, yet many
available biomaterials do not mimic the native extracellular matrix (ECM) or promote matrix
production. This study aimed to develop a decellularized injectable bovine ECM material that
maintains structural and compositional features of native tissue and promotes nucleus pulposus
(NP) cell (NPC) and mesenchymal stem cell (MSC) adaption. Injectable decellularized ECM
constructs were created using 3 NP tissue decellularization methods (con.A: sodium deoxycholate,
con.B: sodium deoxycholate & sodium dodecyl sulfate, con.C: sodium deoxycholate, sodium
dodecyl sulfate & TritonX-100) and evaluated for protein, microstructure, and for cell adaptation
in 21 day human NPC and MSC culture experiments. Con.A was most efficient at DNA depletion,
preserved best collagen microstructure and content, and maintained the highest
glycosaminoglycan (GAG) content. NPCs in decellularized constructs of con.A&B demonstrated
newly synthesized GAG production, which was apparent from “halos” of GAG staining
surrounding seeded NPCs. Con.A also promoted MSC adaption with high cell viability and ECM
production. The injectable decellularized NP biomaterial that used sodium deoxycholate without
additional decellularization steps maintained native NP tissue structure and composition closest to
natural ECM and promoted cellular adaptation of NP cells and MSCs. This natural decellularized
biomaterial warrants further investigation for its potential as an injectable cell seeded supplement
to augment NP replacement biomaterials and deliver NPCs or MSCs.
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Low back pain is a major cause of disability in Western society, with a lifetime prevalence of
~80%."2 Low back pain is often related to intervertebral disc (VD) degeneration and
herniation, which are the most common causes for lumbar spinal surgery.3~4 Nuclectomy is a
common spine surgery procedure, where the affected degenerated and/or herniated nucleus
pulposus (NP) tissue is removed, leaving an enlarged hole in the IVD. While the procedure
results in pain relief, it cannot reverse degeneration and may even accelerate degenerative
changes resulting in long-term clinical problems.E"8

Biological and tissue engineering strategies for VD repair are of great current interest and
several growth factor and cell-based studies have been performed in vivo and in vitro.7»9»10
However, growth factors have a short half-life, which limits their suitability for long term
regeneration.11 Using cell-based therapies nucleus pulposus cells (NPCs) or mesenchymal
stem cells (MSCs) can be injected directly into the injury site of herniated or early
degenerated 1'VDs to stimulate the metabolism of host cells and to produce more matrix.12
Thus, in diseased 1D tissues undifferentiated MSCs may have difficulties surviving due to
the harsh 1VVD environment that is typically hypoxic, has a low pH, and a higher osmolarity
compared to other tissues.l?"1

Several tissue-engineering techniques have recently been developed to replace the NP and
are a promising approach to treat accelerated degeneration complications following IVD
herniation.m—18 Yet, little is known about whether these techniques provide the appropriate
extracellular environment for NPCs and the success of NP replacement strategies are highly
dependent on the choice of an appropriate biomaterial.

Decellularized NP from xenogeneic tissue combines the advantages of a native NP structure
with a reduced risk of rejection or disease transmission since the decellularization process
removes cellular antigens while maintaining many structural proteins of the extracellular
matrix (ECM). Recently, native decellularized tissue scaffolds from various animal sources
have been developedlgv20 to mimic the native 3D matrix for cell survival, to promote
glycosaminoglycan (GAG) production, and to restore the mechanical properties of the
Ivp.2-% One disadvantage of scaffolds is that during surgery, scaffolds have to be resized
according to the injury size. Injectable hydrogels that can gel within minutes have been
studied extensively.’ 2425 In gel form they can fill up the entire hole and adhere to the host
tissue, minimizing the risk of herniation; thus, these gels cannot represent the native ECM.
The addition of an injectable decellularized ECM would provide the advantage of a native
3D environment. The optimal decellularized NP tissue should be processed in a manner that
allows it to maintain important native ECM structure and composition characteristics while
allowing human NPCs and MSCs to survive, proliferate, and produce new matrix.

The objectives of this study were to: (1) develop a procedure to decellularize healthy
xenogeneic NP tissue fragments that best maintain native tissue structure and composition
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and process it in a form that can be used as an injectable cell-seeded construct, (11) evaluate
the capacity of human NPCs to survive, proliferate and adapt to produce extracellular matrix
when in a variety of decellularized matrix conditions, and (111) evaluate the capacity of
human MSCs to survive, proliferate and adapt to produce extracellular matrix within the
optimized decellularized matrix condition.

METHODS

Tissue Harvest

Caudal 1VDs from skeletally mature bovines were obtained from a local abattoir and 5-6
IVVDs were dissected from each bovine. NP tissue was separated from the annulus fibrosus.
NPs from two tails were combined, minced, and then split into four groups: Non-treated
(nat.ECM), condition A (con.A), condition B (con.B), and condition C (con.C).

Tissue Preparation

All specimens (n=7) underwent the first stage of tissue preparation involving 5 freeze-thaw
cycles to break up cell membranes, lyophilization (Freeze-zone 1, LABCONCO, MO), and
tissue-grinding (Geno/Grinder 2010, SPEX SamplePrep, NJ), which increased the surface
area and created small pieces of tissue that could be suspended for easy implantation via
pipette or syringe. Control samples (nat. ECM) underwent the same pre-processing steps in
order to most closely resemble the native ECM and were stored at —20°C until further usage.

Tissue Decellularization

Decellularization chemicals and timing in this study were selected from 9 initial treatment
conditions modified from methods of Vavken et al. 200926 and Stapleton et al. 2008.27
Treatment conditions varied in incubation duration (24, 2 and 1 hours) to determine the
minimal necessary exposure times, adding sodium chloride to the decellularization,
dissolving the detergents in PBS and performing the washes in PBS or distilled water The 3
protocols that retained maximum GAG were considered most promising and chosen for
more in-depth analysis. All conditions, including the control (nat. ECM), underwent 5 freeze
thaw cycles and tissue grinding before decellularization. The chosen protocols included
three groups with following steps: con.A: treatment with 2% sodium-deoxycholate and
DNase; con.B: treatment with 2% sodium dodecyl sulfate (SDS), 2% sodium deoxycholate
and DNase; and con.C: treatment with 2% SDS, 0.1% Triton-X 100, 2% sodium
deoxycholate and DNase (Table 1). All solutions were prepared under sterile conditions in
Millipore water. Each decellularization step was performed for 1 h under agitation at 37°C
and washed in sterile Millipore water after each decellularization step. Samples were then
lyophilized overnight and stored at —20°C until further usage.

Tissue Characterization

Tissue Loss—The amount of tissue loss was calculated from the total tissue dry weight
before and after decellularization.
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Fragment Size—After lyophilization, the decellularized ECM was carefully re-separated
and the fragment size was determined by using brightfield microscopy (5%; Axiovert 200M,
Zeiss, Germany) and MATLAB (R2015a) using a custom made macro.

Extra Cellular Matrix Composition—Glycosaminoglycan (GAG) content of papain
digested tissue was determined using the dimethylmethylene blue (DMMB) assay (/7= 5)28
and collagen type 2 content was determined by ELISA (Type Il Collagen Detection kit
#6018; Chondrex, Redmond, WA; = 4) according to manufacturer instructions. Briefly: All
samples were digested with pepsin at 4°C. Then, 1-2 mg (dry weight) of each sample was
re-hydrated in 0.5 ml cold H,O overnight and centrifuged, the supernatant was discarded
and the swollen tissue was incubated overnight in 0.5 ml of 3 M guanidine. After
centrifuging, the supernatant was transferred into a 15 ml graduated centrifuge tube
containing 0.2 ml normal goad serum that was prepared to collect all following supernatants.
The precipitate was then washed in H,0, incubated overnight in acetic acid and centrifuged.
The combined supernatants were dialyzed against tris-buffered saline and stored at —20°C
until further usage. The precipitate was incubated in 0.5 ml pepsin solution for 24-48 h and
the solution was replaced until all tissue fragments were solubilized. After 3 changes of
pepsin, the precipitate was incubated in 0.1 mg/ml elastase solution and incubated for 24 h.
Supernatants of each step were combined and neutralized with 1/50 1 M Tris base to
neutralize the solution and the volume was adjusted to a final volume of 5 ml by adding tris-
buffered saline, pH 7.5. All incubation steps were performed at 4°C. COL2 content was
determined using the Type 1l Collagen Detection Kit.

DNA Content—Tissues were papain digested and DNA content was determined by
QuantiFluor® dsDNA System (Promega, WI) according to manufacturer instructions.

Microstructure—After lyophilization, the decellularized ECM fragments formed a firm
sponge-like matrix (Fig. 1A). To assess the microstructure, lyophilized constructs (n= 3/
condition; Fig. 1B), or fresh NP tissue (7= 2) were cut into cubes (~2 mm?3) and fixed in 3%
Glutaraldehyde in 0.2 M Sodium Cacodylate Buffer pH 7.3 for 48 h. Alternatively, to
evaluate the microstructure of constructs for cell culture, the sponge like lyophilized
decellularized ECM matrices were loosened up into fine fragments, and rehydrated with
media (Fig. 1C). Rehydration resulted in formation of viscose tissue matrices, which were
formed to ~5 mm3 constructs and immersed in low melting agarose for 30 s to create a shell
to prevent dissociation of the matrix (n= 1/condition; Fig. 1D). The hydrated constructs
were then fixed for 48 h (as described above), cut into cubes (~2 mm?3) and fixed for an
additional 48 h.

After fixation, all specimens were washed in 0.2 M Sodium Cacodylate Buffer pH 7.3,
postfixed in 1% Osmium Tetroxide in 0.2 M Sodium Cacodylate Buffer, washed and
dehydrated in graded ethyl alcohol steps, infiltrated and embedded (EPON A&B +
DMP-30), and polymerized overnight. Next, the specimens were mounted onto metal stubs
and coated in an Electron Microscopy Sciences sputter coater 550x (EMS550x%, Electron
Microscopy Sciences, Hatfield, PA). Observations of the specimen surface were conducted
using a S-4300 Hitachi field emission scanning electron microscope (Hitachi High
Technologies America, Inc.). Electron micrographs were obtained at 70x, 3,000, and
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50,000x%. The approximate collagen fiber thickness was determined by randomly measuring
the diameters of the thickest and thinnest fibers using imageJ (http://imagej.nih.gov/ij/).

Matrix Injectivity—To assess matrix injectivity, rehydrated decellularized ECM fragments
(Fig. 1C) were transferred into a dual barrel syringe (Fig. 1E) and carefully pressed through
a mixing tip, which was attached to a 25 gauche needle to simulate injection into an IVD
after discectomy (Fig. 1F).

NPC Isolation and Culture—Human NPCs were harvested from 7 surgical VD tissues
that were obtained from patients undergoing surgery for discectomy following a protocol
approved by the Institutional Review Board at the Icahn School of Medicine at Mount Sinai.
NPCs were isolated from NP tissue that could be clearly distinguished from annulus fibrosus
tissue and did not contain herniated or other unidentifiable tissue as previously described.”
Briefly, NP tissue was diced, rinsed in phosphate buffered saline, and NPCs were
enzymatically released using 0.2% protease for 1 h followed by 0.2% collagenase for 4
hours. NPCs were then pressed through a 70 pm cell strainer and expanded in standard
DMEM (4.5 g glucose) under normoxia (21% O,) and 5% CO, at 37°C in a humidified
atmosphere. Passages 3—4 were used for all experiments.

MSC Culture—Bone marrow derived MSCs (obtained from Texas A&M University,
Texas) were expanded in standard DMEM (4.5g glucose) under normoxia (21% O;) and 5%
CO» at 37°C in a humidified atmosphere. Passage 3 MSCs were used for all experiments.

Cell Seeded Constructs Generation and Culture—To archive a cell density similar
to mature IVDs,30 lyophilized ECM constructs were minced into fine fragments (Figs. 1B &
2C) and formed to cell seeded constructs by re-hydrating the samples with a suspension of
100pI low glucose media (standard DMEM, 1 g glucose) containing human NPCs in a final
concentration of 1 x 108 cells/100 mg tissue (dry weight). The relative low media-volume to
cell ratio was chosen to ensure homogenous cell distribution within the matrix, while
avoiding oversaturation of the matrix, which would impede formation of the cell seeded
constructs. Additional media was immediately added until all tissue fragments were
hydrated forming a viscous matrix. The matrices were then formed to 10 cell seeded
constructs for each lyophilized condition and immersed in low melting agarose for 30 s to
create a shell to prevent swelling and dissociation of the matrix (Fig. 1D). The resulting cell
seeded constructs were cultured for up to 21 days under hypoxia (5% O,) and 5% CO, at
37°C in a humidified atmosphere, and culture media was changed every 3-4 days. To
evaluate the potential of the optimized decellularized matrix as a human MSC delivery
supplement, the cell culture study was repeated with human MSCs for con.A (n=5, 2
donors).

Cell Viability

Cell viability at day 1, 7, and 21 was determined by calceinAM and ethidium-homodimer.
Cell seeded constructs were incubated in serum free media supplemented with 5 umol/I
calceinAM and 1 pmol/l ethidium-homodimer for 1 h at 37°C. Constructs were then washed
in PBS and visualized on a confocal laser scanning microscope (Leica SP5 DMI; human
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NPC: con.A+B n=7, con.C n=5, agarose n= 4, nat. ECM 5= 3; human MSC: con.A n=
5, ECM n= 4, agarose n= 4; Life Technologies, NY). Images of 175 pm deep scans were
reconstructed to a z-projection after excluding images of scans through agarose to exclude
potential cells that grew on the construct surface or within the agarose shell. Cells were
quantified using ImageJ (http://imagej.nih.gov/ij/) and Cell Profiler (www.cellprofiler.org/).

Cultured cell seeded constructs (day 1land 21) were embedded either in methacrylate31
(human NPC, n=3) or in paraffin (human MSC, 7= 3) and 5 um thick sections were used
for histology. Sections were de-plasticized with a combination of xylene and 2-
ethoxyethanol, or de-paraffinized with a combination of petroleum ether and 2-
ethoxyethanol. For ECM content assessment GAGs were stained by alcian blue and
toluidine blue, and collagen was stained by picosirius red. All samples were analyzed using
brightfield microscopy (Axio Imager Z1, Zeiss, Germany). Cell-construct morphology was
determined by using toluidine blue and observed by Differential Interference Contrast (DIC)
microscopy.

Histological GAG and Collagen Content Quantification

Statistics

RESULTS

Tissue Loss

Due to the interference of the remaining agarose after culture, semi-quantitative GAG or
collagen intensities were assessed histologically rather than with biochemical measurements.
Analysis was performed on histology slides of methacrylate embedded sections by light
microscopy analysis (/7= 3). Three images/section were randomly chosen and staining
intensities were evaluated independently by 5 researchers, ranking the blinded samples by
intensity from 5 (most intense stain) to 1 (weakest stain). Only sections of the same staining
and imaging procedure were compared.

For statistical analysis of tissue characteristics, One-way ANOVA repeated measures tests
were performed with subsequent post hoc testing (Newman-Keuls Multiple Comparison
Test). Fragment sizes, culture effects of cell viability and cell number were analyzed by
Mann-Whitney U-Test. Effects of culture conditions were assessed with Kruskal-Wallis test
with subsequent post hoc testing (Dunn’s Multiple Comparison Test). All statistical analyses
were performed with GraphPad Prism5; for all analyses, p < 0.05 was considered significant,
and descriptive statistics are presented as mean+SD.

Tissue loss from decellularization occurred in all groups and was highest in con.C (con.A:
58.70% + 0.27; con.B: 64.3% * 0.09; con.C: 67.44 + 0.53; n=7).

Fragment Size and Injectivity

The fragment size after decellularization con.A ranged from 20-1,000 um (length) and 100-
74,000 pm? (area) with the majority of fragments being under 200 um (87%) and 5,000 pm?
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(84%; Fig. 2). Hydrated fragments were successfully injected through a 25 g needle (inner g
260 um) into the injury site after a simulated discectomy in a bovine IVD (Fig. 1E & F).

Collagen Type 2 Content

The decellularization process led to significantly increased collagen type 2 (COL2) content
in all groups compared to nat. ECM, while no differences were observed between the
different decellularization conditions (p < 0.0002; Fig. 3A).

GAG Content

All decellularization processing conditions resulted in significant GAG loss compared to
nat.ECM (p < 0.0001). GAG content was significantly higher in con.A compared to
con.B&C (p < 0.05; Fig. 3B).

DNA Content

After decellularization DNA content significantly decreased in all conditions and was lowest
in con.A (p < 0.0001; Fig. 3C).

Microstructure (SEM)

With additional decellularization steps the matrices became more porous with larger spaces
between fragments (Fig. 4B-D). At a higher magnification, the collagen fibers of con.B&C
appeared less loose, while the structures of con.A were loosely connected to each other (Fig.
4F-H). Examining the collagen fibers in more detail revealed that the collagen fibers in nat.
ECM were randomly and loosely organized, and varied in diameter (g 73-18 nm; Fig. 41);
small particles were attached to the surface of some fibers giving them a rough appearance
(Fig. 4l). Fiber orientation in con.A was similar to nat. ECM while the portion of thin fibers
was decreased (g 71-25 nm; Fig. 4J). With increasing decellularization steps the collagen
fibers became organized in a tight network, often aligned to each other, and appeared
shortened and homogenous in diameter (con.B: g 81-33; con.C: g 125-39 nm; Fig. 4K + L).

NPC Viability and Cell Number

To assess cytotoxicity and determine the effect of the decellularized matrix conditions on
cell proliferation, native NPCs were seeded in 3D constructs and cultured for up to 21 days.
During the 21 day culture, cell viability increased in all conditions, which was significant for
con.A and nat.ECM (Fig. 5A + Fig. 6). In con. A&B constructs, the number of live cells
increased during the 21 days culture (con.A: d1 = 22.1+24.7/mm?, d21 = 37.01+26.4/mm?;
con.B: d1 = 20.0+15.7/mm?, d21 = 43.9+27.7/mm?2) while cell number in con.C, nat. ECM,
and agarose decreased from d1 to d21 (con.C: d1 = 20.0+18.4/mm?, d21 = 18.3+10.1/mm?;
nat.ECM: d1 = 31.6+15.4/mm?, d21 = 17.5+2.9/mm?; agarose: d1 = 29.1+16.8/mm2, d21 =
12.8+4.8/mmZ; Fig. 3B+ Fig. 4), however, these changes were not significant (o> 0.1). No
significant differences were observed between conditions at d1 or d21, for neither cell
viability nor cell number (p> 0.1).
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GAG and Collagen Intensity on Histological Sections

Histological quantification of GAG and collagen contents exhibited similar observations as
for the ECM composition measurements. All decellularization conditions suggested a loss of
GAG content compared to nat. ECM, with con.A retaining more GAG than con. B&C. While
not as drastic, at d1 the GAG content was highest in nat. ECM and decreased from con.A to
C (Fig. 5 upper row, Table 2). After culture, GAG loss was observed in all conditions (Fig. 5,
second row, Table 2). In line with the ECM composition measurements for COL2,
histological collagen content was higher in the decellularized constructs than in the nat.
ECM (Fig. 5 middle rows, Table 2); however the trends in these histological evaluations
were not significantly different, perhaps due to the small sample size.

Matrix Production and NPC Morphology (Histology)

Collagen and GAGs were visualized with a light toluidine blue stain. In constructs of
nat.ECM, con.A and con.B, a blue-purple matrix stain surrounded the NPCs like halos,
indicative of newly synthesized matrix production. When cultured in con.C constructs,
newly synthesized matrix was rarely observed near cells, and after culture in agarose no
staining was observed around any cells (Fig. 7, lower rows).

MSC Viability and Cell Number

Con.A was the most promising condition since it was the decellularization condition that
most effectively retained composition and structure of nat. ECM, therefore, it was chosen to
evaluate the potential of decellularized ECM as biomaterial supplement for MSC survival.
During culture MSC cell numbers remained stable in con.A constructs while they slightly
decreased in both, nat. ECM and agarose, however, these changes were not significant.
Similarly, at d1 more live cells were observed in nat. ECM; yet, the cell viability of con.A
was significantly higher compared to nat. ECM (p < 0.01); after 21 days, culture high cell
viability was observed in all groups (Fig. 8).

Matrix Production and MSC Morphology

Toluidine blue staining was performed to assess cell morphology and GAG production of
MSCs. At day 1, MSCs in tissue of con.A and in the nat. ECM were surrounded by blue-
purple stain. After 21 days culture, the matrix of con.A and nat. ECM appeared less stained
while the halos around the MSCs were clearly visible; no staining was observed around
MSCs cultured in agarose (Fig. 9).

DISCUSSION

An ideal decellularized NP matrix would maintain the important tissue structure and
composition characteristics of native ECM while being depleted of cells and membrane
associated antigens, and this study further prioritized processing of decellularized NP matrix
for injectable delivery. Here we compared three decellularization conditions to assess their
efficacy to decellularize bovine NP tissue while maintaining the native NP matrix structure.
Decellularization conditions included the anionic detergents sodium deoxycholate and SDS
and the non-ionic detergent Triton X-100. Results indicated that NPCs could successfully
survive and proliferate in tissues of all decellularization conditions, yet con.A best retained
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structure and composition. Furthermore, culture of MSCs in the optimized con.A
demonstrated that MSCs could survive and adapt to decellularized matrix conditions.

Decellularization of xenogeneic tissue has been used for tissue engineering applications in
lung, heart, liver, cartilage, and also in the IVD.?*222632-3" pecellularization of lung is
quite effective because of the high surface area to volume ratio and is advancing rapidly with
feasibility as demonstrated in large animals and human tissue models.38'39 The relatively
low surface area to volume ratio of 1\VD and the dense tissue of healthy 1\VVDs make
decellularization more challenging. Tissue-grinding was therefore used to fragment the
tough IVD tissue to better decellularize this material and to also make it amenable to be used
in an injectable form. Sodium deoxycolate and SDS detergents as anionic hydrophilic
detergents of varying strength are very effective in removing cellular remnants and were
used to decellularize the NP tissue by solubilizing cytoplasmic and nuclear cellular
membranes.”® Triton-x100 is a non-ionic (neutrally charged) detergent capable of disrupting
lipid-protein and lipid-lipid interactions, while leaving protein-protein interactions intact and
maintaining a functional protein confirmation after decellularization.20 DNAse was used in
all conditions to promote maximum decellularization. These detergents have been used in
various combinations in the literature and are known to break protein bonds and loosen the
collagen network, allowing penetration to lyse cell membranes and denature membrane-
bound antigens.2*.23:37.40 The best decellularization technique, which used the fewest
detergents for the least amount of time, showed acceptable decellularization and best
maintained NP composition and structure.

Decellularization of whole I'VD tissue is challenging since the decellularization solutions
have to diffuse long distances through the dense IVVD tissue matrix and solubilized materials
have to be transported out of the I\VVD. Yet, decellularization of whole IVD tissues has been
attempted with some success. Chan et al. reported whole 1VD decellularization of up to 70%
of the endogenous cells, while retaining GAG content and collagen architecture.”
Decellularization was performed with a combination of freeze-thaw cycles and incubation in
SDS. Reintroduction of NPCs into the scaffold indicated a high survival rate but showed
only minor cell penetration after 7 days culture.” The dense structure of the IVD likely
inhibited cell and fluid transport throughout the 1D and therefore impeded the complete
depletion of native cells. Additionally, remnants of the negatively charged SDS might have
prevented deeper cell penetration of the reintroduced cells. Nevertheless, Chan et al.
demonstrated the potential for decellularization of whole 1VVDs as scaffolds for
bioengineering. In the context of the current study, decellularizing whole I1VDs retained
native ECM structure and compositions better than grinded decellularized NP tissue, while
grinded and decellularized NP provided an injectable biomaterial with shorter diffusion
distances that served as a better carrier for cell delivery.

Collagen and GAGs are the main ECM protein components of the NP, which are important
for determining cellular behavior such as proliferation, differentiation, migration and
maturation.**42 Decellularization of the ECM resulted in a loose structure of the matrix
within the small tissue fragments (Fig. 4A-D), which likely provided the necessary space for
cell migration into these tissue fragments. Some GAG remnant within con.A matrix might
have facilitated the observed maintenance of the loose collagen structure that was only
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observed in con.A (Fig. 4F). While collagen type 2 content was maintained after
decellularization, the GAG content decreased with prolonged decellularization. Loss of
GAG has been reported in several studies on decellularized ECM**2143 and is likely caused
by the decellularization detergents, which disrupt collagen fibers and matrix architecture so
that ECM proteins are prone to dissociate and to be washed out of the matrix.21

Successful decellularized matrices for tissue regeneration have to be cytocompatible, and
provide a structure that promotes cell ingrowth and proliferation of the host cells. All
decellularized constructs in this study were successfully depleted of DNA and were
cytocompatible as indicated by the high cell viability after the 21 day culture. Con.A, with
the shortest procedure and the least decellularization steps resulted in sufficient collagen
matrix loosening while maintaining the highest amount of GAG of the 3 decellularization
processes. GAG halos surrounding the cells of con.A&B after culture further suggested
newly synthesized GAG; all indicating that a loosened ECM structure and quality are
important for cell maintenance and viability. Moreover, the spindle like morphology of some
cells within the cell seeded constructs of con.A&B (Fig. 6) that was observed after 3D
reconstruction, resembled NPC morphology that can be observed in fresh, healthy bovine
and sheep NP tissue (personal observation). Unfortunately, due to the processing steps for
generating decellularized matrix, it was not possible to include cultured, untreated NP tissue
(tissue pieces) of the same bovine as additional controls.

Con.A was chosen as the most promising decellularization process and was used to evaluate
the potential of maintaining MSCs in decellularized matrix constructs. MSCs are more
readily available than NPCs and in vitro co-culture of NPCs with MSCs has been shown to
enhance NPC proliferation, activate DNA and GAG synthesis, and have anti-apoptotic
effects on inflammatory factor-stimulated NP.**-*® A recent clinical study by Mochida et al.
demonstrated in a 3 year follow up that transplantation of activated NPC had the potential to
slow the further degeneration of human IvDs.*’

One limitation of this study is that the agarose shell that was chosen to prevent dissociation
of the decellularized ECM could not be removed completely after culture. Remaining
agarose made it impossible to determine tissue weights for biochemical analysis after
culture, and also interfered with gene expression analysis. Yet, others demonstrated that
cultures of MSCs under 1D like conditions with oxygen and nutrition deprivation have the
potential to induce MSC differentiation towards a chondrogenic phenotypelg’v48 which
supports our hypothesis that the observed round morphology with the newly synthesized
GAG halos that are surrounding the cells might have induced a potential pathway of MSCs
differentiation towards a more chondrogenic phenotype.

MSCs seeded in decellularized NP constructs maintained high viability suggesting that they
adapted well to the 3D decellularized environment. The decrease of MSCs and also NPCs in
nat.ECM constructs was likely due to the dense structure of this tissue (Fig. 4E), which
potentially prevented cell migration into the tissue resulting in an initially higher detectable
cell number at the beginning of the culture since cells were more clustered on the nat. ECM
surface. The more pronounced decrease of cell number during culture suggested an effect of
the native DNA and cellular antigens, which were present in greater abundance in the
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nat.ECM. The observed increase in cell viability and decrease in cell number after a 21 day
culture suggested that the cells surviving during the culture period in nat.ECM remained in a
steady state with high cell viability but no proliferation.

Cell viability and cell morphology of NPCs and MSCs within decellularized matrix
constructs remained rounded and suggestive of a chondrocytic phenotype. Results therefore
demonstrated cytocompatibility with the matrix, and strongly suggested that the
decellularization detergents were transported completely out of the ECM following our
processing. Potential remaining DNA fragments did not have a detrimental effect on cell
viability of either cell type. Yet, in vitro studies can only give limited information about the
effects of DNA residues on exogenous cells. To assess potential immune responses after
long term exposure to the decellularized ECM further in vivo studies will be necessary.

CONCLUSION

The optimized decellularized matrix has the potential to be used as an injectable supplement
for NP replacement biomaterials and could be used to pre-condition MSCs before injection.
One future application could be to administer the decellularized matrix into the herniated
IVD, where the MSCs within the decellularized matrix could potentially activate native NP
cells of the host IVVD. The structure of the con.A decellularized matrix allowed NP migration
and proliferation and supported generation of native ECM. The decellularized ECM is not
expected to act as a framework for native cells, but to populate and produce matrix in order
to promote NP regeneration of moderately degenerated IVDs. Future studies will evaluate
the combination of decellularized ECM with additional biomaterials.
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Sl N

re-hydrated fragments in
culture media

mixing
tip

Figure 1.
Sample processing of decellularized constructs: (A) Matrix fragments form a firm sponge

like matrix after lyophilization (B) To assess the microstructure, the constructs are either cut
into a small cubes or are separated into fine fragments (C) For culture and to assess the
microstructure (SEM) the fragments are re-hydrated in culture media until they form a
viscose matrix (D) Culture-constructs with agarose shell (E + F) To assess potential
injectivity of the (C) hydrated matrix is transferred into a (E) dual barrel syringe and injected
through a mixing tip and (F) 25 G needle into the injury site of an I\VD after discectomy.
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Matrix fragment size after decellularization. (A + B) Decellularized fragments of con.A
highly varied in size with most fragments being less than 200 um in length and 5000 pm? in
area (C) Fragments were randomly shaped with a rough surface. Note that y~axis is log scale
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Matrix composition after decellularization. (A) After decellularization, a higher COL2
content was observed in all conditions. (7= 4). (B) Decellularization caused significant
GAG loss in all conditions. GAG loss was significantly higher in con. B&C compared to
con.A (n=5). (C) DNA content was significantly decreased in all conditions (7=5; *p <

0.05, ™ p< 0.0002).
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Figure 4.
Scanning electron micrographs of decellularized constructs. (A-D): With increasing

decellularization steps the matrices became more porous while (E-H) the collagen fibers of
con.B&C appear less lose. (I-L): (1) nat.ECM and (J) con.A contain collagen fibers of
various diameters while collagen fibers in (K) con.B and (L) con.C appear shorter and more
homogenous with few thin fibers.
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arose
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Cell analysis in constructs after 21 days culture. (A) Cell viability and (B) cell number in

decellularized constructs after 1 and 21 day cultures (d1 vs. d21: *=p< 0.05).
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Figure 6.
Confocal laser scanning micrographs of NPCs seeded in decellularized constructs. Images of

con.A, B, C, nat.ECM, and agarose constructs at d1 and d21 using calcein AM and ethidium
homodymer to identify live (green) and dead (red) cells, respectively, as visualized with
confocal microscopy.
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Figure 7.
Representative images of matrix composition of decellularized constructs after 1 and 21 day

culture. (A) GAG and (B) collagen content staining intensity and (C) NP cell morphology.
Arrows mark blue/purple halos surrounding the cells.
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Figure 8.
MSC viability and proliferation. (A) Confocal laser scanning micrographs of MSC seeded

constructs, (B) cell proliferation, and (C) cell viability after 1 and 21 day culture ("p <
0.5; 7 p<0.01).
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Figure 9.
MSC morphology. A light toluidine blue stain was performed to visualize newly synthesized

GAG. Arrows mark blue/purple halos of newly synthesized GAG surrounding the cells.
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