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Abstract

The intervertebral disc (IVD) primarily comprises an outer ring of collagen fibers (annulus fibrosus, AF), which encases
a soft, gelatinous core (nucleus pulposus, NP). Existing in vitro models have failed to integrate these two tissues
effectively or accurately replicate their intricate organization. By combining two biofabrication techniques, we
developed a novel 3D in vitro model that closely mimics the organization of an ovine IVD. Our approach employs a
polycaprolactone (PCL) frame produced via melt electrowriting to recreate the multilamellar architecture of the
annulus fibrosus. Ovine primary cells, encapsulated in a photocrosslinkable alginate hydrogel, were precisely
extruded within the multilamellar structure, thereby mimicking the native shape and size of an ovine disc. The bioink
containing the NP cells was deposited at the center of the construct, while the bioink with the AF cells was
strategically layered in between the lamellae of the PCL frame. Photocrosslinking was optimized to match the native
stiffness of the disc. The constructs were maintained in culture for 28 days, during which we thoroughly assessed
reproducibility, stability, and cell viability and phenotype. The results unequivocally demonstrated that the PCL frame
effectively guided the alignment and proliferation of AF cells, while the alginate hydrogel preserved NP cell
phenotype. This model successfully replicates the organization of the IVD, providing a promising platform for
advancing our understanding of disc biology and driving the development of novel therapeutic strategies.

Keywords: Extrusion-based bioprinting, 3D printing, in vitro model, Melt electrowriting, Spine


https://doi.org/10.1101/2025.03.13.642855
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.13.642855; this version posted March 15, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

1. Introduction

The intervertebral disc (IVD) is a fibrocartilaginous tissue that supports the junction between adjacent vertebrae and
enhances spinal flexibility by permitting movements such as flexion, extension, lateral bending, and rotation [1]. The
functions of the IVD closely correlate with its specific internal organization, which is divided into two main regions
sandwiched between the vertebral endplates. The nucleus pulposus (NP), which constitutes the core of the IVD, is a
highly hydrated tissue rich in proteoglycans and randomly arranged type Il collagen fibers. The NP is a viscoelastic
tissue displaying a compressive stiffness, or Young's modulus, of around 5 kPa [2]. In the human adult IVD, NP cells
are rounded chondrocyte-like cells with a density of 4,000 cells/mm3. These cells maintain the extracellular matrix
(ECM) through synthesizing ECM macromolecules, including aggrecan and type Il collagen. The NP is surrounded
by a highly organized fibrous tissue named annulus fibrosus (AF). This tissue mainly comprises type | collagen fibers
aligned and organized in concentric lamellae [3]. Their number varies between 15 and 25, depending on the location
in the IVD, the spine region, and age [4]. This anisotropic organization allows the AF to withstand multidirectional
loads and maintain the integrity of the disc [5]. The cell density is around 3-fold higher in the AF than in the NP,
with an average of 12,000 cells/mm3 [6]. AF cells exhibit an elongated morphology and align parallel to the oriented
collagen fibers [7]. Similar to the NP cells, the AF cells are crucial for tissue homeostasis by preserving the
composition and organization of the ECM. These two regions facilitate the absorption and distribution of stress in
the spine. The endplates separate the IVD from the vertebral bone and prevent the highly hydrated nucleus from
bulging into the adjacent vertebrae.

With aging, there is a transition from anabolism to catabolism characterized by an alteration in the cell number and
the activation of inflammatory pathways, leading to tissue degradation and loss of structure and function of the IVD
[8,9]. IVD degeneration is a leading cause of low back pain [10,11]. The Ovine is mainly used as a preclinical model
because of its biomechanical and cellular similarities with the human [12]. Despite the significant social, medical,
and economic impact of low back pain, the current conservative and surgical approaches focus on treating the
symptoms instead of intervening in disc degeneration and delaying its progression [13]. New therapeutic
approaches are being developed to address this issue. These strategies include cells, small molecules, nucleic acids,
or biomaterials [14]. None have been approved for clinical use, and most have failed preclinical studies. This is partly
due to the lack of relevance of the models used for the evaluation.

Currently, most therapeutic strategies for IVD degeneration are evaluated on 2D cell monolayer systems [15]. These
systems provide information on the toxicity and effect of the therapeutic strategy at the cellular level. However,
these monolayer systems do not replicate the spatial cellular organization of the native IVD, and cells exhibit
phenotypic instabilities due to the absence of an ECM-rich 3D microenvironment, which limits the applicability of
results to in vivo situations [16]. These drawbacks have prompted researchers to reconsider conventional culture
systems, notably to increase their relevance and predictivity. Therefore, 3D cell culture has been proposed as a
potential in vitro system. Among the different options for culturing cells in a 3D environment, encapsulating the
cells in hydrogel-based systems that mimic the ECM is most commonly used. It has already been shown that NP
cells encapsulated in alginate beads maintain their specific phenotypic expression and deposit matrix in the beads
after several days [17-20]. Other biomaterials have been considered for building 3D cell culture systems, such as
fibrin [21], cellulose [22] and collagen [23]. Although these 3D models are physiologically more relevant than 2D
culture models, they still need improvement as they still lack key requirements to capitulate IVD characteristics. For
example, the size of these models does not represent physiological conditions, their shape does not mimic that of
the IVD, and these models generally represent a single cell type which does not recapitulate IVD cellular
composition.

In this work, we aim to present an innovative biofabrication strategy of an ovine IVD in vitro model that replicates
the spatial native organization and phenotype of NP and AF cells. A polycaprolactone (PCL) frame obtained by melt
electrowriting (MEW) was designed to mimic the AF lamellar structure and guide cell alignment in the fabricated
model. Cells were encapsulated into an alginate-methacrylamide (AlgMA) hydrogel, which achieved tissue stiffness
once photocrosslinked. Extrusion-based bioprinting was then used to precisely control the spatial deposition of AF
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cell-loaded AlgMA within the PCL scaffold and NP cell-loaded AlgMA in the center of the construct to form the IVD
construct. The biological behavior of ovine NP and AF cells was explored and compared with native ovine tissues.

2. Materials and methods

2.1 Materials

2-aminoethyl methacrylamide hydrochloride (900652), 2-(N-morpholino)ethanesulfonic acid (MES, M3671),
2-hydroxy-4'-5ethydroxyethoxy)-2-methylpropiophenone (IRG, 410896), Lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, 900889), 2-phospho-L-ascorbic acid trisodium salt (2AA, 49752),
hyaluronidase (H4272), trypsin (T9935), collagenase (C5138), PCL (Mn 80,000, 440744), Triton™ X-100 (T8787), freon
(254991) and sucrose (S§7903) were purchased from Sigma-Aldrich.
4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium tetrafluoroborate (DMT-MM, D2919) were purchased
from TCL chemiacals. Sodium alginate (Protanal LF10/60, MW = 60-180 KDa) was purchased from IMCD. Dulbecco’s
Phosphate Buffered Saline (DPBS, 21600069), Dulbecco's Modified Eagle Medium (DMEM)- high glucose,
GlutaMAX™, pyruvate (31966047), penicillin/streptomycin (P/S, 10,000 U/mL, 15140122), amphotericin B
(250 pg/mL, 15290026), phalloidin-Alexa Fluor™ 647 (A22287), Syto 13™ Green-Fluorescent Nucleic Acid Stains
(Syto 13™, S7575), Live/dead assay (L3224), Monomeric Cyanine Nucleic Acid Stains (TO-PROTM-3, T3605), Alginate
lyase (A1603), bovine serum albumin (BSA, A9647) and Tween® 20 (P2287) were purchased from ThermoFisher
Scientific. Glutaraldehyde (AGR1012) and osmium (AGR1021) were purchased from Agar Scientific Ltd. MTT assay
(475989) was purchased from Merk Millipore. Fetal serum bovine (CVFSVFOO0 01) was purchased from Eurobio.
Hanks' Balanced Salt Solution (HBSS, LO606) was purchased from Biowest. Anti-collagen type | (ab138492), anti-
collagen type Il (ab34712), and anti-rabbit Alexa Fluor 568 (ab175471) were purchased from Abcam.

2.2 Synthesis of alginate-methacrylamide (AlgMA)

Alginate-methacrylamide (AlgMA) was synthesized by chemically modifying sodium alginate with 2 aminoethyl
methacrylamide hydrochloride through amidation. Briefly, a 1% (w/v) alginate solution was prepared in MES buffer
(pH 5.5) under stirring at room temperature. After complete dissolution, DMT MM (1 equivalent to carboxylic acids)
was added and allowed to react for 30 min to activate the carboxylic acid groups. Finally, 2 aminoethyl
methacrylamide hydrochloride (0.5 equivalent to carboxylic acids) was added and allowed to react for 3 days at
room temperature while stirring. The solution was dialyzed against 0.1 mol/L DPBS for 24 h at room temperature,
then against deionized water for 48 h. Finally, the solution was sterilized through a 0.22-pum-pore filter, lyophilized,
and stored at - 20 °C. Elemental analysis (ThermoFisher, Flash 2000) was used to quantify the nitrogen: carbon ratio
in AlgMA and determine the degree of substitution.

2.3 Synthesis and mechanical characterization of AlgMA biomaterial ink

Various photoinitiators (LAP or IRG, 10 mmol/L; AlgMA 2%), energy density (4, 10, 12 or 15 mJ/mm?, 405 nm; LAP
10 mmol/L; AlgMA 2%) and AlgMA concentration (1%, 2%, 4% or 5% [w/v]; LAP 10 mmol/L; 405 nm, 10 mJ/mm?)
were tested. AIgMA was dissolved in the culture medium containing the photoinitiator. Thirty uyL of an
AlgMA/photoinitiator solution was cast into a mold of 1.5 mm (h, height) x 5 mm (&, diameter). The solution
containing IRG was cross-linked with a 365 nm UV lamp (UVP, B-100AP, power: 20 mW/cm?) while the one
containing LAP was cross-linked with either a 365 nm UV lamp or a 405 nm lamp (RegenHu, 900 019 386, power:
50-100 mW/cm?). A 5-second-increment cross-linking experiment was used to determine the gelation time needed
to form AlgMA hydrogels that can be uncasted from the mold with a spatula. The determined gelation time was
used for all subsequent tests. Hydrogel stiffness was measured with an unconfined compression test using a
MicroTester® (CellScale). The compression measurements were performed under 20% strain. Each hydrogel
underwent a 30-second compression cycle using a 6 mm square stainless-steel plate placed upon a 58 mm long
circular tungsten microbeam (558.8 um diameter). The force (uN) and the displacement (um) were recorded, and
Young's modulus was calculated according to the manufacturer's recommendations and the standard expression:
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stress F/A

strain ~ AI/I,

Where E is the Young's modulus, F is the force applied on the hydrogel, A is the area onto which the pressure is
applied, Al is the displacement, and /o is the initial thickness of the hydrogel. For all other experiments, AlgMA was
dissolved at 2% (w/v) in culture medium containing 10 mmol/L of LAP, then cured with a 405 nm lamp (energy:
10 mJ/mm?).

2.4 Evaluation of the stability of AlgMA hydrogels

A solution of 2% [w/v] AlgMA and LAP (10 mmol/L) prepared in culture medium was cast into a mold (1.5 mm (h) x
5 mm (@) and cured with a 405 nm lamp (energy: 10 mJ/mm?). The hydrogels were weighed and then incubated at
37 °Cin complete culture medium. At different time points (1, 3, 14, 28 days), hydrogels were weighted after removal
of the medium. The stability was determined at each time point by calculating the ratio of the hydrogel mass to its
initial mass.

2.5 Fabrication of meltelectrowritten layers of polycaprolactone fibers

The layer of PCL fibers was designed using the Shaper software (RegenHU, Version 1.6.3) and then loaded to the
HMI software for printing. The cartridge containing PCL was heated to 90 °C for 30 min to allow the polymer to melt.
Rectangle-shaped perimeters of 4.6 cm (L, length) x 2 mm (h, height) were printed on glass slides in a clean, sterile
environment using MEW equipment (RegenHU, R-GEN 200) through a 24G nozzle. The system’s pressure was
adjusted to 110 kPa, the printing speed was 15 mm/s, the voltage was 5 kV, and the offset was 2 mm. Printed
rectangles were cut into small pieces of 1 cm (L) and stored under sterile conditions at room temperature until their
use.

2.6 Polycaprolactone scaffold fabrication

The PCL scaffold was designed using the Shaper software based on a histological section of a sheep lumbar IVD.
Each element of the IVD (shape, location of the NP, the AF, and the various lamellae) was reproduced to be as close
as possible to the structure of a native IVD using Fusion 360 (Autodesk, Version 2.0). The design was then scaled
down to adapt to laboratory culture conditions and fit in 24-well culture plates using Shaper software. As a result,
the PCL scaffold consisted of two components: the support and the circled PCL layers. The support was a grid of
two layers of PCL fibers. The PCL cartridge was connected to a 24G nozzle and heated to 90 °C for 30 min to allow
the polymer to melt. The system'’s pressure was adjusted to 60 kPa, printing speed to 120 mm/s, voltage to 5 kV,
and offset to 2 mm from the glass slide. Then, 13 concentric rings of 50 PCL fibers reproducing the AF part were
printed on the grid. Each ring was printed using a pressure of 110 kPa, a printing speed of 30 mm/s, a voltage of
5 kV, and an offset of 1.5 mm. Once printed, PCL scaffolds were stored under sterile conditions at room temperature
until use. Their dimensions (antero-posterior IVD size, transversal IVD size, antero-posterior NP size, transversal NP
size, AF thickness) were measured on images taken using a digital microscope (Keyence, VR-5000) on days 0O, 7, 14,
and 21 to evaluate the stability of the PCL scaffold when stored at room temperature.

2.7 Cells isolation and culture

NP and AF cells were isolated from the lumbar IVD of a six-month-old sheep under sterile conditions (ONIRIS
Veterinary School, Nantes). The separated lumbar vertebrae were thoroughly rinsed with PBS solution containing
2% (v/v) P/S, followed by removal of muscle, ligament, and other tissues to expose the IVDs. They were cut to
separate AF and NP. The small pieces obtained were digested enzymatically. The tissue fragments were first
incubated in HBSS containing 0.05% (w/v) hyaluronidase for 15 min at 37 °C, then in HBSS containing 0.2% (w/v)
trypsin for 30 min at 37 °C and finally in culture medium containing 0.25% (w/v) collagenase for 15 h at 37 °C. The
recovered suspensions were filtered through a 70-um-pore filter and centrifuged for 5 min. The cells were counted
and seeded in T75 flasks at a density of 5.10° cells/cm? for expansion in culture medium. Culture medium was
composed of DMEM containing 10% (v/v) FBS, 1% (v/v) P/S, and 0.1% (v/v) amphotericin B. The medium was
changed every 2-3 days, and cells were used or passaged until cell confluence reached 70%-80%. The cells before
the fifth passage were used in the subsequent experiments.
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2.8 Metabolic activity of AF cells on the layer of polycaprolactone fibers

Layers of PCL fibers were placed into 48-well plates. Then, 50,000 AF cells were seeded per fibrous layer, and
complete culture medium was added. AF cells seeded on plastic were used as a control. All plates were maintained
in a humidified incubator with 5% CO, at 37 °C. The medium was changed every 2-3 days. The metabolic activity of
the seeded cells was assessed using an MTT assay on days 1, 7, 14, 21, and 28 following the manufacturer's
instructions. A PCL layer without AF cells was used as a negative control, and DMSO was used as a blank. Optical
density values from samples were adjusted according to the blank.

2.9 Cell bioprinting on the polycaprolactone scaffold to obtain IVD construct

IVD cells encapsulated in AlgMA/LAP solution were deposited on PCL scaffolds using microextrusion bioprinting to
produce IVD constructs. AF or NP cells were mixed with 2% (w/v) AlIgMA and LAP (10 mmol/L) at a concentration of
4 x 106 cells/mL. The bioinks were then transferred into a cartridge connected to a 25G needle and printed at room
temperature on the IVD PCL scaffold (printing speed: 3 mm/s, pressure: 20 kPa, needle offset: 1.5 mm). The bioink
with AF cells was bioprinted first between the PCL rings and cured with a 405 nm lamp (10 mJ/mm?). Then, the
bioink with NP cells was bioprinted in the center of the IVD PCL scaffold and cured under the same conditions.
Constructs were cultured in complete culture medium and maintained in a humidified incubator with 5% CO, at
37 °C. The complete culture medium is composed of DMEM containing 10% (v/v) FBS, 1% (v/v) P/S, 0.1% (v/v)
amphotericin B, and 0.17 mmol/L 2AA. The medium was changed every 2-3 days. The IVD construct dimensions
were measured on images taken with a macroscope on days 0, 7, 14, and 21 to evaluate their stability over time in
culture.

2.10 Cell viability and distribution in AlgMA hydrogel

Cell viability in the IVD constructs was evaluated using a live/dead assay following the manufacturer's instructions.
Briefly, at days 1, 7, 14, 21 and 28, IVD constructs were incubated in complete culture medium containing 2 umol/L
of Calcein-AM, 4 umol/L of Ethidium homodimer-1, and 1 pmol/L of TO-PRO™-3 for 1 h at 37 °C. The medium was
replaced by fresh medium, and Z-stack acquisitions of constructs were obtained using a confocal microscope (Nikon
A1 R LFOV, Nikon, Champigny/Marne, France). The images were processed with Fiji software (version 2.15.1) using
the “Measure” plugin. Calcein-positive NP cells were counted in the entire Z-stack. NP cell viability was calculated
using the total number of nuclei in the construct and expressed as a percentage. In the meantime, NP cell
sedimentation in AlIgMA was also assessed. Images at 20%, 50%, and 80% of the total Z-stack height were selected
to represent the bottom, middle, and top of the constructs, respectively. The number of NP cells in each image was
measured and reported to the total number of NP cells counted in the three images. NP cell sedimentation was
expressed as a percentage. The number of AF nuclei in the entire Z-stack was counted, and AF cell density was
expressed as a number of cells/mm?3.

2.11 Cell number on the polycaprolactone fibers of IVD construct

The number of AF cells on the PCL fibers in IVD constructs was evaluated using nuclear staining. Briefly, at days 1,
7,14, 21, and 28, IVD constructs were fixed with 4% (v/v) PFA in PBS for 30 min at room temperature and labeled
with Syto 13™ (1:3000) in PBS for 1 h while protected from light. Alginate lyase (10 U/mL in PBS) was added for
30 min at 37 °C under rotation to remove AlgMA. The IVD scaffolds were centrifuged at 12,000 g for 5 min, cut into
small pieces, and transferred onto a microscope slide. Images were captured using a confocal microscope, and the
number of nuclei was counted using Fiji software. AF cells on PCL fibers were expressed as a number of cells/mm?.

2.12 Quantification of cell alignment and elongation

The morphology of cells on the layers of PCL fibers and in IVD construct were evaluated on days 1, 7, 14, 21, and
28. After removing the culture medium and rinsing with PBS, scaffolds were fixed with 4% (v/v) paraformaldehyde
(PFA) in PBS for 30 min at room temperature. The cells were then permeabilized with 0.1% (v/v) Triton™ X-100 in
PBS for 20 min at room temperature and stained with phalloidin-Alexa Fluor™ 647 (1:300) and Syto 13™ (1:3000) in
PBS for 1 h while protected from light. For evaluating AF cells on PCL fibers in the IVD construct, the AlgMA between
circles was removed using alginate lyase, as described above. Samples were observed under a confocal microscope.
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Cells in 2D culture were used as a reference. Images were analyzed using Fiji software. The "analyze particles”
function was used to measure cell elongation or roundness. Results are presented as scores ranging from 0
(elongated) to 1 (spherical). The “directionality” plugin (Version 2.3.0) was used to analyze cell alignment on PCL
fibers. Results are expressed as a frequency of alignment. The dispersion (°) describes the standard deviation of the
Gaussian, and the alignment score describes the tendance of fibers to be aligned following one direction, ranging
from 0: no typical direction to 1: well oriented in one direction.

2.13 Scanning electron microscopy (SEM) of cells on PCL fibers and native tissues

Layers of PCL fibers at days O, 7, and 28 cultured with AF cells, IVD construct at day 28, and native ovine AF were
fixed with 4% (v/v) PFA in PBS, followed by a second fixation with 2.5% (v/v) glutaraldehyde in 0.1 mol/L in PBS for
1 h. Then, samples were incubated in 2% (v/v) osmium for 1.5 h. Then, they were washed three times with distilled
water, dehydrated in an ethanol bath with increasing concentrations, and dried using short washes with different
ratios of ethanol/freon. Finally, a metallization step was performed, and samples were observed using a scanning
electron microscope (SEM, Gemini 300, ZEISS) at 2 kV with a 30 um diaphragm, using the SE2 detector positioned
in the chamber. Layers of PCL fibers and IVD construct images were then artificially colored using Adobe Photoshop
software (Adobe Inc., 2019). The alignment of PCL fibers in layers of PCL fibers and collagen fibers in AF ovine tissues
was compared. The Directionality plugin was used to analyze the angular distribution of the PCL fibers.

2.14 Cryogenic scanning electron microscopy (Cryo-SEM) of native ovine tissues

Samples were fixed with 4% (v/v) PFA in PBS, followed by incubation with a solution of 5% (w/v) sucrose in water for
2 h at room temperature, then 10% (w/v) sucrose in water overnight at +4 °C, and finally 15% (w/v) sucrose for 1 h
at room temperature. Sucrose acts as a cryoprotectant to preserve sample structure. Samples were placed between
two rivets on a sample holder attached to a shuttle. The freezing step was performed in slush nitrogen, cooled by a
pressure drop (9 x 10> mBar) to -206 °C. After introduction into the preparation chamber (-140 °C), the samples
were cryo-fractured by separating the two rivets, sublimated (4 min at -100 °C), and sputtered with palladium (40 s,
10 pA). The samples were then introduced into the electron microscope and positioned on the cold stage (-140 °C).
Observations were performed as described above.

2.15 Extracellular matrix synthesis

Immunostaining was performed to assess the expression of extracellular matrix components such as type | and type
Il collagen by the AF cells seeded on the layer of PCL fibers and AF and NP cells in the IVD construct. On day 28,
samples were fixed with 4% (v/v) PFA in PBS for 30 min at room temperature. Samples were then permeabilized and
blocked by incubating with PBS containing 0.5% (v/v) Triton™ X-100 and 3% (w/v) BSA for 30 min at room
temperature. Scaffolds were incubated overnight at 4 °C with primary antibodies: anti-collagen type | (1:250), anti-
collagen type Il (1:250). Antibodies were omitted in controls. After incubation, samples were washed with PBS
containing 0.5% (v/v) Triton™ X-100 and 3% (w/v) BSA for 30 min at room temperature. Samples were incubated
with anti-rabbit Alexa Fluor 568 (1:500) for 1 h at room temperature, protected from light. All samples were stained
with Syto13™ (1:3000) and phalloidin-Alexa Fluor™ 647 (1:300) for 1 h at room temperature, protected from light. A
final wash with PBS containing 0.5% (v/v) Triton™ X-100, 3% (w/v) BSA, and 0.02% (v/v) Tween® 20 was carried out
for 30 min at room temperature, protected from light. Images were acquired using a confocal microscope, and a
series of Z-projection images were reconstructed to visualize the location of the different collagen types.

2.16 Statistical analysis

All data were analyzed using the statistical software GraphPad Prism (GraphPad Software Inc., Version 8.0.1.). The
statistical assumptions of normality and homoscedasticity were evaluated using the corresponding Shapiro-Wilk
and Levene tests. A confidence level of 95% (a = 0.05) was set for all the statistical analyses. Data were analyzed
with a one-way ANOVA, followed by Tukey's post hoc test. Differences were considered significant with p-
value < 0.05. The results were expressed as mean + Standard Deviation (SD).
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3. Results

3.1 Design of AlgMA biomaterial ink

Alginate-methacrylamide was used as a photocrosslinkable biomaterial ink to encapsulate the IVD cells during
bioprinting. Alginate was modified with methacrylamide groups by an amidation process under aqueous conditions
using DMTMM as an activating agent (Figure 1A). Using elemental analysis, we characterized the synthesized
AlgMA, which had a degree of substitution of 20.5% + 4.9% (N = 12, n = 2). The conditions for using AlgMA as a
bioink were optimized. Two photoinitiators, LAP and Irgacure (IRG), were tested for photocrosslinking AlgMA to
select the one that would produce a hydrogel with the shortest gelation time and limit cell exposure to light. LAP
can effectively absorb light at 365 nm and 405 nm, while IRG only absorbs light at 365 nm [24]. A 5-
second-increment photo-crosslinking experiment was used to determine the gelation time needed to form AlgMA
hydrogels that can be uncasted from the mold with a spatula. Using a 2% (w/v) solution of AlgMA, we observed that
LAP irradiated at 365 nm or 405 nm led to hydrogel formation in 10 and 5 s, respectively (Figure 1B).

When IRG was used as a photoinitiator, the gelation time under 365 nm irradiation was estimated to be 60 s.
Together, LAP irradiated at 405 nm resulted in the fastest gelation time. The stiffness of the AlgMA hydrogels formed
with the different photoinitiation conditions was evaluated using unconfined compression tests. The stiffness of the
hydrogels obtained with LAP irradiated either at 365 nm or 405 nm were similar, with Young's moduli of 5.13 kPa +
0.46 kPa and 5.03 kPa + 0.12 kPa, respectively (Figure 1C). The Young's modulus of AlgMA hydrogels obtained with
IRG was significantly lower than those obtained with LAP, with a value of 2.07 kPa + 0.61 kPa.
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Figure 1. Optimization of alginate-methacrylamide (AlgMA) hydrogel for cell encapsulation. (A) Photo-crosslinkable AlgMA
synthesized via amidation process. (B) Gelation time as a function of photoinitiator and irradiation wavelengths. Young’'s Modulus
of AlgMA as a function of (C) photoinitator (2% AlgMa, N = 1,n = 3), (D) AlgMA concentration (10 mMol/L LAP, 10 mJ/mm?, N = 1,
n =4), or (E) energy applied (2% AlgMa, 10 mMol/L LAP, N = 1, n = 3). (F) Swelling as a function of time and (G) associated Young's
modulus (2% AlgMAs, 10 mMol/L LAP, 10 mJ/mm2, N = 1, n = 6). Results are expressed as means + SD. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001 indicate a significant difference.

Based on these results, we selected LAP irradiated at 405 nm as the photoinitiation conditions for the subsequent
experiments. The influence of the AlgMA concentration and light energy (expressed as light intensity per mm?) on
Young's modulus was then investigated. The Young's modulus significantly increased with the AlgMA (Figure 1D)
concentration or the light energy (Figure 1E). As we were looking for a stiffness close to native heathy IVD, which is
approximately 5 kPa, we decided to use an AlgMA concentration of 2% (w/v) photocrosslinked with 10 mJ/mm? as
the stiffness has been evaluated to be 6.25 kPa + 2.49 kPa. Further analyses were performed to characterize the
stability and mechanical properties of the photocrosslinked hydrogel. The data showed a tendency for the hydrogel
to swell between day 0 and day 1 before reaching equilibrium and being stable for at least 28 days (Figure 1F). The
swelling was accompanied by a constant decrease in Young's modulus over the 28-day experiment (Figure 1G).

3.2 A layer of PCL fibers mimicking a single AF lamella

Native AF lamellae were first observed using cryogenic-scanning electron microscopy (cryo-SEM), revealing that AF
was composed of a high-density fiber network. After tissue sectioning, we could highlight using SEM the presence
of cells trapped in the ECM (Figure 2.A). We evaluated the relevance of MEW in producing PCL fibers that would
recapitulate collagen fibers and mimic AF lamellae. The average diameter of the PCL fibers obtained with MEW was
29.74 um % 2.14 ym, which was different from native ovine fibers in AF lamellae measured at 0.19 pm + 0.03 uym
(data not shown). A construction of several layers of PCL fibers was printed using MEW. Fibers inside the construct
tended to align relative to the horizontal axis, similar to what was observed for native AF lamellae fibers (Figure S1).
Once in culture, PCL fibers remained cohesive throughout the 28 days of culture (Figure 2B). SEM images revealed
that the surface appearance of PCL fibers was rough and conserved during culture. AF cells were seeded on the
construct to evaluate this design's ability to influence cell behavior and, thus, cellular organization. After 7 days of
culture, the AF cells were distributed heterogeneously on the surface of the PCL fibers. Their cytoplasm was slightly
extended without touching other cells (Figure 2B). After 28 days in culture, AF cells were closer to each other, and
their cytoplasms also extended between the PCL fibers without completely covering the surface of the layer of PCL
fibers.

The metabolic activity of cells on the layer of PCL fibers was measured using an MTT assay over 28 days (Figure 2C).
Overall, the metabolic activity of AF cells on the PCL layer tended to increase over time, and metabolic activity
measured at day 28 was significantly higher than activity at day 1.

The morphology of the AF cells cultured on a PCL layer was assessed by fluorescently staining F-actin (not shown).
On day 1, the cell roundness score was not different from that of AF cells seeded on a 2D plastic surface (Figure 2D).
However, after 7 days in culture, the cell roundness score differed significantly from that of cells cultured in 2D
(p<0.05). The cell roundness score decreased as the culture time increased, indicating that the cell morphology was
more extended. Cells became fusiform over time, as confirmed in the SEM images (Figure 2B). We also confirmed
the tendency for AF cells to align along the PCL fibers. On day 1, the cells did not exhibit any specific alignment
direction, with an alignment score close to that of cells in 2D (Figure 2E). After 14 days, the AF cells were aligned
along the PCL fibers with an alignment score of 0.88 + 0.08 and a decrease in dispersion from 18.19° + 10.63 (day 1)
to 7.48° + 2.50° (day 14). After 21 days and 28 days, the alignment score was 0.93 on both days, and the dispersion
dropped from 6.98° + 5.50° (day 21) to 2.51 + 1.56 (day 28).
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n =4), (D) cell roundness (N = 1, n = 5), and (E) Frequency of alignment of ovine AF cells seeded on a PCL layer as a function of
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Finally, immunostaining was used to evidence the synthesis of type | and type Il collagens in AF cells seeded on the
PCL layer (Figure 3). Controls without the primary antibody showed the absence of non-specific labeling, which
validated the immunostaining protocol (Figure S2). Intracellular labeling of type | and typell collagens was
observed on all days of culture. This labeling tended to increase over culture time. These results indicate that AF cells
maintained their positivity for type | and type Il collagens after adhering to PCL fibers. However, there was no
evidence of collagen deposition.

Together, these findings indicate that the AF cells cultured on PCL layers underwent a morphological change from
a round shape on day 1 to a fusiform shape on day 28. Moreover, cells tended to align along the PCL fibers and
synthesize type | and type Il collagens, suggesting the relevance of using PCL layers to guide AF cellular organization
in the IVD construct.

3.3 A multilamellar PCL frame mimics the shape of the IVD and the lamellar organization of the AF

The MEW technique was then studied to obtain a highly resolved and reproducible frame of PCL fibers that would
mimic the shape of the IVD and the lamellar organization of the AF. The PCL frame was designed to mimic the
shape of the ovine IVD. The construct size was 60% of the size of an ovine IVD [25] (Table S1). The size was reduced
to make the model suitable for culture in a 24-well culture plate. Compared with the human IVD dimensions, the
construct dimension can be considered a 30% size representation (Table S1). Thirteen lamellae were identified in
the native tissue, and each lamella was replicated using a circle of PCL. Each circle consisted of 50 PCL layers with a
final theoretical height of 2 mm. Once printed, the PCL scaffold was kept at room temperature until use, and its
stability was assessed (Figure 4A). PCL scaffolds were stable at room temperature, as there were no significant
changes in their dimensions between the day of printing (day 0) and after 21 days of storage. In addition, the minor
standard deviations calculated for each value indicated that the MEW technique was highly reproducible.
Furthermore, the dimensions of the PCL scaffolds were not significantly different from the theoretical values set up
in the software, highlighting the fidelity of the technology.

3.4 Assembly of PCL scaffold and alginate methacrylamide bioink

AlgMa bioink containing either AF (AF-bioink) or NP cells (NP-bioink) was bioprinted on the PCL scaffold to obtain
the final complete IVD model. The bioprinting method enabled the control of the spatial deposition of cells and the
volume of bioink deposited per sample. This minimized material loss and ensured reproducibility in construct design.
The volume of each bioink deposited was estimated to be 130.10 + 18.40 pL for the AF-bioink and 65.63 + 2.50 L
for the NP-bioink (Figure S3). The stability of the cellularized IVD constructs (LAP/405 nm) was examined by
measuring construct dimensions when cultured at 37 °C (Figure 4B). There were no significant changes in the
dimensions of the IVD constructs on days 0, 7, 14, and 21, demonstrating that the IVD constructs remained stable
during the culture.
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Figure 3. Ovine annulus fibrosus cells seeded on a polycaprolactone layer expressed type | and type Il collagens. Representative Z-
projection of Type | (top row) and Type Il collagen (bottom row) immunostained samples at days 1, 14, and 28. Collagen: red, F-
actin: magenta, nuclei: green. The white arrow indicates collagen. Scale bar: 100 um.
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3.4.1 Cell viability and distribution in the IVD construct

The NP cell viability in the IVD construct was assessed with a live/dead assay. Cells bioprinted in the NP compartment
of the construct remained viable for 28 days in culture, with viability close to 80% (Figure 5A and 5B). These results
demonstrate that the bioink, bioprinting, and photocrosslinking processes are cytocompatible with NP cells. Then,
NP cells at the bottom, middle, and top of the construct were quantified to evaluate cell sedimentation over culture
time at 37 °C. Results showed that NP cells remained homogeneously distributed throughout the hydrogel over
14 days of culture, showing that the integrity of the polymer network was appropriated to limit cell sedimentation
(Figure 1H). The distribution of bioprinted cells in the AF compartment was assessed by labeling the nuclei. Confocal
images on day 7 showed that cell nuclei were mainly localized between PCL fibers, while after 28 days of culture,
cell nuclei colocalized with PCL fibers (Figure 5D). These observations were confirmed by quantifying the number
of AF cells in the AlIgMA hydrogel and on the PCL fibers. Indeed, the number of AF cells in the AlgMA hydrogel
significantly decreased between day 1 and day 21 (Figure 5E). In contrast, the number of AF cells on the PCL fibers
increased significantly between day 1 and day 21 (Figure 5F). These results indicate that AF cells in AlgMA could
proliferate on the PCL fibers.
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Figure 5. Cell behavior in the IVD construct. (A) Representative live/dead images of NP cells in AlgMA hydrogel and (B) NP cell
viability (N = 1, n = 4). (C) NP cell distribution in hydrogel height (N = 1, n = 4). (D) Representative images of AF cells in the
construct AlgMA hydrogel/polycaprolactone (PCL) fibers. Scale bar: 500 um. (E) AF cell number in the hydrogel and on (F) the PCL
fibers (N = 2, n = 5). Results are expressed as means + SD. **p<0.01, ***p<0.001, ****p<0.0001 indicate a significant difference.

3.4.2 Cell morphology and organization in the IVD construct

Cryo-SEM images of native ovine NP tissue demonstrated that, in vivo, NP cells were spherical and localized into
lacunae (Figure S5). As we wanted to mimic native NP, we performed an SEM analysis of IVD constructs. Images
revealed that, after 28 days of culture, NP cells were spherical and localized into lacunae, mimicking what was
observed in native NP tissue (Figure 6A). The cell roundness score was quantified and calculated to be close to 1
for all culture times, meaning that NP cells were spherical (Figure 6B). In addition, NP cells did not exhibit any
specific alignment in the hydrogel and were randomly organized in the hydrogel, mimicking their native distribution
(Figure 6C). On the contrary, AF cells seeded in the same AlgMA hydrogel combined with the PCL scaffold exhibited
a different morphology at day 28. Indeed, they displayed a fusiform shape on the PCL fibers, as shown by SEM
images (Figure 6D).
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Figure 6. Cell morphology in the IVD construct. (A) Representative scanning electron microscopy (SEM) images of NP cells (blue) in
the AlgMA (pink) hydrogel at day 28. Scale bar: 20 um. (B) NP cell alignment and (C) roundness as a function of time (N = 1, n =
3). (D) Representative SEM images of the AF cells (orange) on the PCL fibers (blue) on day 28. Scale bar: 10 um (left) and 20 um
(right). (E) AF cell alignment and (F) roundness on PCL fibers as a function of time (N = 1, n = 8). Results are expressed as means
+ SD. ***p<0.001, ****p<0.0001 indicate a significant difference.

AF cell elongation and alignment on PCL fibers were also calculated using the same procedure as for NP cells. The
cell roundness score of AF cells significantly decreased from day 1 to day 28, confirming the results observed on the
layer of PCL fibers (Figure 6E). Moreover, the same observation was made for cell alignment. AF cell orientation
along the PCL fibers increased over time, as shown by the frequency of alignment measurement (Figure 6F). The
dispersion decreased from 14° + 6.87° on day 1 to 6.29° + 0.78° on day 28, while the alignment score increased
from 0.83 £ 0.13 at day 1 to 0.92 + 0.02 at day 28 (data not shown). These results confirmed that the PCL scaffold
could guide AF cell orientation in the IVD construct. At day 28, immunostaining and confocal microscopy images
confirmed the synthesis of type | and type Il collagens by NP cells in the AlgMA hydrogel and the AF cells on the
PCL fibers (Figure7A and 7B), with both collagens observed within the cell cytoplasm.
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Figure 7. Ovine NP and AF cells seeded in the IVD construct expressed Collagen | and Il after 28 days. Representative Z-projection
of collagen Type | (A) and Il (B) imnmunostained constructs at day 28. Collagen: red, nuclei: green. Scale bar: 20 um
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4. DISCUSSION

Currently, assessing potential therapies for disc degeneration in vitro is mainly performed on NP cells cultured in
monolayer systems. Unfortunately, the reliability of these systems is limited, the 3D configuration is not reproduced,
and the cells exhibit phenotypic instabilities due to the absence of an ECM-rich 3D microenvironment. Consequently,
it is challenging to directly transpose the results observed on these systems to in vivo situation. The rapid
development of novel treatments and the aim of reducing the use of animals in research are prompting researchers
to consider potential new in vitro models that are more complex, representative and predictive. In recent years,
efforts have been made to produce a 3D in vitro model by embedding cells in alginate beads [26-28]. However,
these models are composed of a single cell type, and the beads' size does not reproduce the native size of the IVD,
making it impossible to use these systems to validate the delivery and efficacy of therapies. In this study, we
introduced a new complete 3D IVD model, mimicking the shape of an ovine IVD and reproducing the tissue and
cellular organization of the AF and NP tissues. To achieve this, we used bioprinting methods, which enable the
construction of physiologically relevant structures in a controlled and reproducible manner.

Alginate was used as a polymer as it has been widely reported in the literature as a bioink [29] and has been shown
to prevent IVD cell dedifferentiation [30]. Indeed, compared with other biomaterials such as chitosan, alginate
promotes the accumulation of sulfated glycosaminoglycans and the deposition of type Il collagen, which are
essential for maintaining NP cell function [18]. However, ionically cross-linked alginate constructs lack stability and
can rapidly disintegrate in vivo [31]. In comparison, photo-crosslinked alginate hydrogels remain stable for months
[31]. In this study, we synthesized AlgMA and optimized its formulation to replicate the stiffness of the healthy NP,
which was estimated to be approximately 5 kPa [32]. The mechanical properties of the hydrogel are known to
influence cell behavior [17,33]. One study has shown that hydrogels with a stiffness of 20 kPa significantly induced
NP cell senescence and failed to maintain the expression of their phenotypic markers [34]. In contrast, a 4 kPa
hydrogel in the same study, maintained the expression of healthy phenotypic markers in IVD cells. Thus, we selected
conditions where the AlgMA hydrogel exhibited a stiffness of ~6 kPa, similar to native healthy IVD stiffness.

In our model, we used a scaffold composed of PCL fibers to mimic the lamellar organization of the native AF. PCL
was employed because of its slow degradation rate, ensuring its stability throughout the culture of the in vitro
model. A recent study on PCL electrospun fiber meshes demonstrated that in the absence of any hydrolytic or
enzymatic degradation, PCL fibers remain stable for at least 90 days in PBS [35]. PCL scaffold have shown excellent
cytocompatibility with disc cells and we previously explored the ability of electrospun PCL fibers to guide ovine AF
cells in vitro and in vivo [36]. AF cells displayed a non-specific orientation on random fibrous PCL scaffolds, whereas
PCL scaffolds with aligned PCL fibers promoted cell alignment. However, the diameter of fibers produced by
electrospinning was much thinner than the fibers produced by MEW, with diameters of 1.33 um = 0.40 pm and
29.74 ym £ 2.14 ym, respectively. Thus, we investigated whether the AF cells would behave similarly on PCL scaffolds
obtained by MEW. By seeding AF cells on a layer of PCL fibers, we demonstrated that AF cells exhibited an elongated
morphology in the direction of the fibers. Moreover, the number of cells found on the fibers increased over time
and cells expressed type | and type Il collagens, suggesting that they maintained their differentiated phenotype.
Together, these results confirmed the relevance of using layers of PCL fibers to guide AF cells in the IVD construct.

Fibrous structures mimicking that of AF are usually produced using the electrospinning technique [37-40]. However,
toxic organic solvents are used, fiber deposition is random, and the formed structures are not reproducible. An
alternative technique to electrospinning is melt electrowriting (MEW). Compared to electrospinning, the MEW
technology allows the production of vert well-organized, high-resolution scaffolds with a defined microarchitecture
using molte polymer fibers [41]. In this work, we successfully created PCL frames that precisely reproduced the shape
of an ovine IVD with the different lamellae in the AF. The technique proved highly reproducible, as evidenced by the
low standard deviations between different samples. It may be applicable in designing highly versatile, patient-
specific models whose applications range from medical training to surgery planning and assessment of personalized
therapies. It is worth mentioning that human iPSC-derived disc cells or progenitor cells could eventually be used to
populate the scaffold. In addition, this technique can be combined with other bioprinting techniques, which is
particularly useful for controlled cellularization of the structure. Thus, cells encapsulated in AlgMA bioink were
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spatially organized using bioprinting on the PCL scaffold obtained by MEW. Cells populating the construct were
extracted from ovine IVDs, wherby AF and NP cells were separated. Using primary cells in the construct was
encouraged by the fact that these cells represent the cell plurality of IVD and already express the tissue-specific
phenotypic characteristics [42,43].

Once in culture in the construct, NP cells in the AlIgMA hydrogel retained their spherical morphology and were
homogeneously dispersed throughout the height of the 3D construct, exhibiting native organization. Lacunae,
localized around cells, were also observed in native NP tissue and highlighted in other alginate-based
hydrogels [17,44]. These studies suggested lacunae formation in the center of the hydrogels could be associated
with oxygen tension or nutrient diffusion [20]. Regarding AF cells, we demonstrated that once deposited by
bioprinting between the PCL rings, the number of AF cells in the hydrogel decreased as their number on the PCL
fibers increased. Moreover, the cells changed their morphology from a spherical morphology in the hydrogel to an
elongated morphology oriented in the direction of the PCL fibers. AF cells on PCL fibers were positive for type | and
type Il collagen in the construct after 28 days. The ovine cells isolated from native tissues most certainly constitute
a heterogeneous population with different cellular activity or expression of collagens. Indeed, native AF comprises
different zones that differ in organization, appearance, function, and matrix synthesis. The cells of the outer layers
are fibroblastic and express gene markers like type | collagen. In contrast, cells of the inner layers remain rounded
and possess a more chondrocyte-like phenotype, which expresses gene markers like type Il collagen [45,46]. This
explains why the cells in the construct are positive for these two molecules.

Although the cells in the construct were positive for type | and type Il collagen markers, we could not demonstrate
matrix deposition after 28 days in culture. Here, we can formulate several hypotheses. It has been suggested that
the porosity of the microenvironment facilitated the diffusion of ECM molecules into the culture medium. In the
absence of cells, swelling of the hydrogel was observed between day 0 and day 7, which could be linked to a low
cross-linking density, as shown in studies on AlIgMA hydrogels [47]. A lower cross-linking density increases the mesh
size, facilitating molecule diffusion. On the other hand, current culture conditions may be insufficient to favor matrix
deposition. The conditions for culturing AF cells are still not standardized and an extensive variety of culture methods
exist [44]. The incorporation of native ECM components such as collagen and hyaluronic acid, and the addition of
growth factors and cytokines might provide biochemical cues facilitating matrix deposition [48,49]. Nonetheless, it
was shown that the culture of multi-lamellated polycarbonate urethane constructs seeded with bovine AF cells in a
spinner bioreactor using media supplemented with serum, ITS, proline, dexamethasone, and pyruvate enhanced the
ECM production by encapsulated AF cells in a multi-lamellae construct [40]. Applying mechanical load to the IVD
construct and/or creating a localized high-density microenvironment with the macromolecular crowding technique
could also enhance ECM deposition. [50]. A third hypothesis concerns the construction of the model, where overly
dense PCL layers could limit the diffusion of nutrients, affecting cell functions [51]. Finally, the cells may have
adopted a degenerative phenotype in our model. Studies have shown that degenerated NP cells predominantly
express type Il collagen intracellularly, unlike healthy cells [20]. All these hypotheses will have to be studied in future
work.

The work presented here serves as a proof of concept for developing a novel 3D IVD model. Our process leverages
two biofabrication methods and is fully automated and controlled, allowing for the rapid generation of a large
number of models within a few hours. Existing literature has highlighted the significant impact of fiber diameter on
AF stem cell morphology and gene expression [52]. For instance, AF cells exhibited nearly round morphologies on
smaller-fiber-diameter scaffolds, while spindle-like cell morphologies were observed on larger-diameter scaffolds.
As the fiber diameter increased, the expression levels of type | collagen in cells rose, while type Il collagen and
aggrecan showed opposite trends. The various parameters that affect fiber diameters are now well described, and
sub-micron fibers have recently been achieved [53]. Adjusting the specific parameters in our biofabrication strategy
would enable the creation of diverse models, including incorporating gradients, a feature not achievable with current
tissue engineering models under development. It could be possible to reproduce the microstructural features of the
inner, middle, and outer regions of native AF tissues by changing the dimensions of the fibers. Futures studies will
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also address the shortcomings of this work, particularly the absence of the osseous and cartilaginous endplates that
are essential for ensuring the nutrition of the disc, and the induction of a degenerative state.

5. CONCLUSIONS

Developing a novel 3D IVD model utilizing biofabrication techniques represents a significant advancement in the
field of in vitro models. By effectively mimicking the anatomical and cellular architecture of ovine IVDs, this model
addresses the limitations of conventional 2D monolayer systems. We demonstrated that combining an AlgMA
hydrogel and a PCL fibers scaffold can maintain the phenotype of NP and AF cells, thus fostering a more
representative microenvironment for studying disc degeneration and potential therapies. Although challenges
remain, such as the need for enhanced ECM deposition and optimized culture conditions, the automated and
reproducible nature of this biofabrication approach opens new avenues of research and perspectives for assessing
therapeutic strategies.
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Figure S1. Frequency of alignment of collagen fibers in the native ovine intervertebral disc (left, N = 1, n = 2) and polycaprolatone
(PCL) fibers in a PCL layer (right, N = 1, n = 44).
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Figure S2. Representative images of the primary no-antibody control on ovine annulus fibrosus cells seeded on a polycaprolactone
layer. Representative Z-projection of immunostained samples. Secondary antibody: red, F-actin: magenta, nuclei: green. Scale bar:
100 um
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Figure $3. Volume of alginate-methacrylamide hydrogel deposited by extrusion in the annulus fibrosus (AF) and the nucleus
pulposus (NP) regions of the intervertebral disc construct. Results are expressed as means = SD. (N =1,n = 11)

21


https://doi.org/10.1101/2025.03.13.642855
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.13.642855; this version posted March 15, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY 4.0 International license.

Figure S4. Representative cryo-scanning electron microscopy images of native ovine nucleus pulposus.
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Table S1. Dimensions of human, ovine, and bioprinted intervertebral discs or constructs

Height  Length  Width NP lengthNP  width AF thickness

. , o .
Species (mm) (mm) (mm) (mm) (mm) (mm) Area (mm?) Localization Analysis Reference
2545 2200 3000  9.50 2050 475 N.A. L3-L4 mg{ oCT  +p25)
Radiography +
. histology +
Ovine  3.9+01 216+21345+29104+19 27.3+40 NA. 676 £122 L4-L5 high resolution 5]
camera
34+05 198+14300+12114+13 215+17 NA. 511+61 L3-L4 ?;%erso'“t'on [55]
Tomography +
13 32 51 17 36 N.A. N.A. L4-L5 MRI +[56,57]
histology
Tomography +
15.6 297 474 216 29.2 9.1 N.A. L4-L5 MRI +[58]
histology
Human
11.3+0.337.2+4.7559+04208+2.0 27.3+32 NA. 1,727 + 550 L4-L5 Radiography  [54]
10.9+0.837.7+2.0554+2.020.8+0.7 365+2.0 N.A. 1,925 + 184 L4-L5 Z'E;ggrfso'“t'o” [55]
3D 3501 129+01156+0359+02 7.5+02 35+01 1629+20 N.A. High resolution
construct Ccamera
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