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Abstract

Background: This study aimed to develop a new intervertebral disc (IVD) scaffold using magnetic resonance imaging (MRI) grayscale
image analysis and gray exposure digital light processing (GE-DLP) technology to replicate the natural structure of the IVD, providing
improved biomechanical performance and cell compatibility. Tissue engineering presents a promising alternative, with bio-scaffolds
being a key element for IVD regeneration. Methods: In this study, a three-dimensional (3D) model of the IVD was constructed from MRI
scans of a healthy volunteer, and the grayscale images were processed to distinguish between tissue types. Exposure times were adjusted
based on grayscale values, and GE-DLP was employed to fabricate the biomimetic IVD scaffold in a single integrated process using a
bicomponent polymer network (BCN) hydrogel laden with nucleus pulposus mesenchymal stem cells NPMSCs). The microstructure and
porosity of the scaffold were analyzed using scanning electron microscopy (SEM), and the elastic modulus across the radial distribution
was evaluated by nanoindentation. In addition, the biomechanical performance was determined using finite element analysis (FEA).
For biocompatibility assessment, cytoskeleton staining was conducted to observe cell morphology, and cell viability was evaluated
using Calcein/propidium iodide (PI) staining. Results: The biomimetic [IVD scaffold mimicked the natural structure and mechanics
of the intervertebral disc, with gradient changes in elastic modulus and pore size. Finite element analysis showed that the scaffold
responded similarly to a real IVD during certain movements. Scanning electron microscopy showed a network of pores in the scaffold
that are important for cell attachment and growth. The scaffold showed high biocompatibility, with cells surviving well for seven days.
Conclusions: In this research, a novel biomimetic IVD scaffold with excellent static structural integrity and biomechanical performance
was successfully engineered by combining MRI image analysis and GE-DLP technology.
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Introduction ities only provide temporary relief but do not address the
root cause. Research is now focusing on new therapies to
restore or replace damaged IVDs [4,5]. In the realm of tis-
sue engineering, bio-scaffolds have been thoroughly inves-
tigated and employed as a crucial component in facilitat-
ing IVD regeneration. An optimal IVD bio-scaffold should
demonstrate high biocompatibility, appropriate porosity,
mechanical characteristics, and the ability to mimic the nat-
Current treatments for IVD include medication, phySl- ural gradient structure of the IVD [6’7]
cal therapy, and surgery; however, these therapeutic modal-

The intervertebral disc (IVD) is an essential compo-
nent of the spinal column that supports mechanical loads,
preserves spinal stability, and enables mobility [1,2]. Dam-
age or degeneration of the IVD significantly impacts the
quality of life, which may lead to back and neck pain, and
place substantial strain on healthcare resources [3].
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IVD tissue is a viscoelastic, nonlinear, and anisotropic
disc-shaped entity that can be divided radially from the in-
terior to the exterior into three primary hierarchical compo-
nents: nucleus pulposus (NP), inner annulus fibrosus (IAF),
and outer annulus fibrosus (OAF) [8]. The varying compo-
sition and characteristics of the extracellular matrix in dif-
ferent regions create an ideal environment for cells, influ-
encing their behavior and tissue regeneration. Therefore,
accurately creating a biomimetic gradient bio-scaffold that
replicates the structure and elasticity of the intervertebral
disc is crucial for repairing and regenerating disc tissue [9—
11].

Currently a variety of biomaterials and polymer scaf-
folds have been developed and applied to cell-based engi-
neered annulus fibrosus (AF) and NP tissues, as well as to
them as a combination of overall disc structures [10,12].
For example, some investigator studies have attempted
to promote organized AF-like tissue using self-organizing
collagen-based gels, layered nanofiber scaffolds, or mesh
scaffolds composed of silk proteins, or acellular mesh scaf-
folds for AF [13—15]. Others have wrapped cells in a vari-
ety of hydrogels, including agarose, fibrin/hyaluronic acid
(HA), carboxymethyl cellulose, or alginate gels, to gener-
ate NP-like tissue structures [16-20]. More and more re-
searchers are combining these different scaffolds to recon-
struct the entire IVD in engineered composites. Choy et
al. [21] prepared a biphasic scaffold with structure and
function using collagen and glycosaminoglycan. Kim et
al. [22] fabricated disc-like angle ply structures for total
disc arthroplasty, including polycaprolactone (PCL) elec-
trospun nanofibers AF and HA hydrogel core NP. Despite
the promise of these engineered discs, we noticed poor cell
penetration and migration in these scaffolds, and a lack of
effective transition zones and junctions between NP and
AF.

Magnetic resonance imaging (MRI) is a non-invasive
imaging modality with exceptional soft tissue contrast and
has emerged as a pivotal tool for investigating the internal
structure and functionality of the intervertebral disc. In par-
ticular, MRI grayscale images can provide detailed infor-
mation on the pore structure and connectivity of a scaffold,
playing an indispensable role in the design and fabrication
of bio-scaffolds [23].

Gray exposure digital light processing (GE-DLP)
technology accurately projects grayscale image slices onto
ahydrogel precursor to create three-dimensional (3D) struc-
tures [24,25]. After printing, the hydrogel is submerged
in water to create localized heterogeneity through gradient
crosslinking density. The mesh size and microphase sep-
aration can be adjusted to customize the pattern, resulting
in varied local light transmittance [26,27]. Hence, intricate
internal structures can be produced using a layer-by-layer
3D printing approach. GE-DLP technology enables the pre-
cise replication of microstructures, yielding a cohesive IVD
scaffold.
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This study aimed to develop a new method for cre-
ating gradient IVD bio-scaffolds by combining MRI im-
ages with DLP technology. MRI data were used to con-
trol scaffold porosity and pore size, mimicking the natu-
ral structure of the IVD and enhancing its biomechanical
properties and cell compatibility. The study employed fi-
nite element analysis (FEA) to assess the biomechanics of
the bio-scaffolds, which were produced using cell-loaded
3D printing techniques. The biomechanical functionality
of 3D hydrogel scaffolds with nucleus pulposus mesenchy-
mal stem cells (NPMSCs) was improved by optimizing
their gradient structure to achieve a uniform cell distribution
and growth. Our comprehensive assessment of biocompat-
ibility provided enhanced scaffold evaluation, thereby con-
tributing to the advancement of IVD scaffold design. In
summary, a connection is expected between biocompatibil-
ity tests and FEA findings, enhancing scaffold evaluation
and informing IVD tissue engineering design.

Materials and Methods
Material Selection and Hydrogel Ink Preparation

In this research, a bicomponent polymer network
(BCN) hydrogel, previously validated for its biodegradabil-
ity and exceptional biocompatibility, was chosen [28,29]. A
mixture of 10 wt % gelatin methacrylate (GeIMA) solution
and 1 wt % hyaluronic acid methacrylate (HAMA) ata 10:1
volume ratio was prepared at room temperature and placed
in a cell culture dish. A 0.5 wt % photoinitiator (lithium
phenyl-2,4,6-trimethylbenzoylphosphinate) was added as a
dispersing agent. The mixture was exposed to 405 nm ultra-
violet (UV) light for 30 s, followed by curing. The hydrogel
was removed from the dish, rinsed with phosphate buffered
saline (PBS), and stored for further use.

Extraction and Culture of NPMSCs

Following established protocols, healthy Sprague
Dawley rats weighing 200-220 g were euthanized by in-
traperitoneal injection of phenobarbital sodium solution.
The IVD was harvested from the tail of the rat, and gelati-
nous NP tissue was isolated. The tissue was then washed
three times with PBS supplemented with 1 % penicillin-
streptomycin, followed by digestion with a 0.2 % solution
of Type II collagenase (Gibco, Waltham, MA, USA, Batch
No.: 6124412) at 37 °C for 2 h. Following centrifugation at
100 x g for 5 min, the sedimented cell clumps were trans-
ferred to a mesenchymal stem cell medium supplemented
with 20 % fetal bovine serum (Hyclone, Logan, UT, USA,
Batch No.: SLCP22723V) and 1 % penicillin/streptomycin
(Invitrogen, Carlsbad, CA, USA, Batch No.: 2585619) and
cultured at 37 °C and 5 % CO5 in a humidified incubator.
After 24 h of culture, the medium containing the suspended
cells was removed and replaced twice a week. The cells
were cultured until the third passage, and the cells from the
third passage were used in subsequent experiments, with the
mycoplasma test result being negative (procedures for the
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Fig. 1. Lumbar disc magnetic resonance (MR) gray level analysis and exposure intensity encoding assignment. (a) The original
lumbar disc MR image is used, with radial strip images taken from the center of the nucleus pulposus (NP) to the outermost edge of the
annulus fibrosus (AF), followed by hierarchical segmentation into the NP region and the AF 1-7 regions (b). (¢) The gray level analysis

is repeated four times to obtain the average gray level value for each region. (d) Based on the specific data of the gray level values, an

inversion is performed to obtain reference values for exposure intensity. This image was produced using ImageJ and GraphPad Prism

software.

identification of relevant NPMSCs are described in Sup-
plementary Materials S1-S3).

3D Model Construction

A healthy adult male volunteer underwent an MRI
scan using a 3.0 T scanner to obtain the original grayscale
image of the intervertebral disc. The scanning parameters
were set as follows: repetition time/echo time, 2500/90 ms;
field of view, 120 x 120 mm?; matrix size, 512 x 512; and
slice thickness, 1 mm. The L4-L5 segment of the patient’s
MRI image was imported into Mimics 21.0 software (Leu-
ven, Belgium) for 3D model reconstruction and stratifica-
tion of the nucleus pulposus and annulus fibrosus. Solid
surface reconstruction was conducted using Geomagic Stu-
dio 12 (Rock Hill, SC, USA), followed by smoothing with
creo 8.0 software (Needham, MA, USA) to establish a 3D
numerical model of the intervertebral disc tissue structure.

o
CELLO® maczzians

Grayscale Image Processing and Three-Dimensional
Biofabrication

Preprocessed MRI images were analyzed using
grayscale encoding to differentiate among various tissues
within the intervertebral disc, including the nucleus pulpo-
sus and annulus fibrosus. Based on the grayscale values,
the corresponding biomechanical parameters were assigned
to different tissues. The MRI grayscale image data and
biomechanical parameters were imported into FEA soft-
ware to establish a three-dimensional geometric model of
the intervertebral disc. Grayscale images reflecting the den-
sity and structural information of the intervertebral disc
were transformed and extracted. Using grayscale exposure
technology, also known as the GE-DLP technique, the ex-
posure intensity was adjusted according to the grayscale
value of the digital light masks, allowing precise control of
photopolymerization during the 3D printing process. The
processed grayscale images were used to reconstruct the
three-dimensional model of the intervertebral disc using im-
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age processing software, involving threshold segmentation,
edge detection, and region-growth techniques. Finally, the
reconstructed 3D model was imported into a 3D printer, us-
ing the BCN hydrogel laden with NPMSCs as the printing
ink to fabricate the intervertebral disc model.

Scanning Electron Microscopy and Porosity Measurement

The morphology and microstructure of various re-
gions of the IVD bio-scaffold were analyzed using scanning
electron microscopy (SEM). The scaffolds were coated
with a thin layer of gold via sputtering to enhance the image
contrast and reduce charging effects during SEM observa-
tion. High-resolution SEM images of both the surface and
cross-sectional areas were obtained to provide detailed in-
sight into the microarchitecture of the scaffold [30,31].

Subsequently, the porosity of the scaffolds (n = 3) was
quantified by analyzing the SEM images using image anal-
ysis software (Imagel, Bethesda, MD, USA, Version No.
12.0.6). The ratio of pore area to total area within the scaf-
fold was determined, thereby calculating the percentage of
porosity. Accurately measuring porosity is crucial for as-
sessing the suitability of a scaffold for cell infiltration, nu-
trient exchange, and tissue integration, which are essential
factors for IVD regeneration.

Nanoindentation Test

The elastic modulus and hardness of the printed scaf-
fold materials (n = 5) were evaluated by nanoindentation
tests. An MTS Nano Indenter® XP (Eden Prairie, MN,
USA, Batch No.: 145265) was used to perform indentation
tests on eight different areas of the scaffold material, with
at least five indentations per area to ensure data reliability.
The obtained elastic modulus values were imported into a
previously established 3D finite element model for further
biomechanical analysis.

Finite Element Analysis

The mechanical properties of the bioscaffolds were
further validated using a finite element analysis. The L4—
L5 segment of the intervertebral disc was subjected to var-
ious flexion angles (flexion, 4.65°; extension, 10.5°; left
rotation, 1.5°; left lateral bending, 6°), as described in the
literature [32]. A finite element grid model of the L4-L5
intervertebral disc was established using the ANSA soft-
ware (Farmington Hills, MI, USA, v25.1.1), with bound-
ary conditions and loads defined using ABAQUS (Provi-
dence, RI, USA, v2024). All preprocessing was completed
using ANSA, and the ABAQUS/standard implicit solver
was used for solving. The results were analyzed using the
ABAQUS post-processing viewer.

Cell Viability/Cytotoxicity Assay

The hydrogel scaffolds cultured with NPMSCs were
washed with PBS to remove any substances from the culture
medium that could interfere with staining. Live (Calcein
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acetoxymethyl (Calcein-AM)) and dead (propidium iodide
(PD)) cell dyes were prepared at appropriate concentrations.
After staining, the cells were washed again with PBS to re-
move unbound dye. PBS or an anti-fluorescence quenching
agent was added and the cells were sealed to reduce fluo-
rescence decay. Laser confocal microscopy was used to ob-
serve and analyze fluorescence signals, with green fluores-
cence indicating live cells and red fluorescence indicating
dead cells.

Cytoskeleton Staining

The cells were placed in a scaffold for 3D culture at an
appropriate density and fixed with 4 % formaldehyde for 20
min. After fixation, cells were washed with PBS to remove
residual fixative. Cells were permeabilized with 0.1 % Tri-
ton X-100 to enhance phalloidin penetration. The cells were
then stained with fuorescein isothiocyanate (FITC)-labeled
phalloidin or other fluorescently labeled phalloidins for 30—
60 min at room temperature. After staining, the cells were
washed with PBS to remove unbound phalloidin. Subse-
quently, 4',6-diamidino-2-phenylindole (DAPI) was used
to stain the cell nuclei, allowing the simultaneous obser-
vation of the cytoskeleton and nuclei. Finally, fluorescence
images of the cytoskeleton were captured using a confocal
microscope.

Statistical Analysis

All experiments were performed in triplicate or more
(n >3). Data are presented as mean + standard deviation
(SD). Statistical analysis was conducted using the SPSS
software (IBM Corporation, Armonk, NY, USA, v29.0)
with one-way analysis of variance (ANOVA) and Tukey’s
multiple comparison test to evaluate the significance of dif-
ferences between groups.

Results
Processing and Analysis of Raw MRI Gray-Scale Images

After preprocessing, the MRI images were subjected
to meticulous grayscale encoding analysis to differentiate
various tissue types within the intervertebral disc, such as
the nucleus pulposus and annulus fibrosus (Fig. 1a). Con-
sequently, biomechanical properties were assigned to each
tissue type, including the nucleus pulposus region and an-
nulus fibrosus, based on the grayscale values (Fig. 1b).
The annulus fibrosus was radially stratified into seven lay-
ers, corresponding to the gradient of the gray-scale value
changes. In addition, ImagelJ software was used to ana-
lyze and extract grayscale values from each stratum of the
original intervertebral disc MRI images. Specific data are
presented in Fig. le¢, demonstrating a gradient change in
the grayscale image of the intervertebral disc radially. Ul-
timately, the exposure intensity for the corresponding areas
was deduced by reverse calculation based on the statistical
conditions of the grayscale values (Fig. 1d).
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Fig. 2. Construction of a biomimetic lumbar disc scaffold using combined MRI and GE-DLP. (a) The original magnetic resonance
tomographic images of the lumbar disc. (b) Preliminary modeling is conducted using Mimics software based on the three-dimensional
imaging from the magnetic resonance. (¢) The original images are inverted to simulate the printing images of the reagent GE-DLP. (d—f)
The distribution of mesh division, Image invert and schematic diagram of the three-dimensional model after the modeling is completed.
(g) Schematic diagram of the GE-DLP device structure. (h,i) The general form of the biomimetic lumbar disc hydrogel spacer after 3D
printing is formed (top view and oblique view of scaffold). This image was produced using Materialise Mimics and Adobe Illustrator
software. MRI, magnetic resonance imaging; GE-DLP, gray exposure digital light processing; 3D, three-dimensional.
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Fig. 3. Threshold segmentation and material assignment of the three-dimensional finite element model. (a,b) The elastic modulus
values of each hierarchical structure of the constructed biomimetic scaffold are obtained using a nanoindentation instrument. (c,d) The
regional division and material assignment of the NP region and the AF 1-7 layers (top view and oblique view 3D model). (e,f) To
facilitate the loading of mobility, a coupling point is established at the center of the upper surface of the intervertebral disc, and the upper
surface is coupled, with the bottom disc being fixed. Six types of condition analysis, including anterior flexion, posterior extension, left
rotation, and left lateral bending, are applied to the reference point structure on the upper part of the intervertebral disc. This image was
produced using ANSA, Adobe Illustrator and GraphPad Prism software.
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Fig. 4. Displacement testing and statistical charts of the biomimetic intervertebral disc spacer. (a—c) Distribution charts of dis-
placement values in the biomimetic spacer under the anterior flexion condition. (d—f) Distribution charts of displacement values in the
biomimetic spacer under the posterior extension condition. (g—i) Distribution charts of displacement values in the biomimetic spacer
under the left lateral bending condition. (j—1) Distribution charts of displacement values in the biomimetic spacer under the left rotation
condition. (m) Statistical chart of displacement values under various conditions. All tests were conducted three times. This image was
produced using ANSA and Origin software. LL, left lateral; LA, left axial.
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Fig. 5. Strain testing and statistical charts of the biomimetic intervertebral disc scaffold. (a—c) Distribution charts of strain values in
the biomimetic spacer under the anterior flexion condition. (d—f) Distribution charts of strain values in the biomimetic spacer under the
posterior extension condition. (g—i) Distribution charts of strain values in the biomimetic spacer under the left lateral bending condition.
(j-1) Distribution charts of strain values in the biomimetic spacer under the left rotation condition. (m) Statistical chart of strain values
under various conditions. All tests were conducted three times. This image was produced using ANSA and Origin software.
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Fig. 6. Stress testing and statistical charts of the biomimetic intervertebral disc scaffold. (a—c) Distribution charts of stress values in
the biomimetic spacer under the anterior flexion condition. (d—f) Distribution charts of stress values in the biomimetic spacer under the
posterior extension condition. (g—i) Distribution charts of stress values in the biomimetic spacer under the left lateral bending condition.
(j-1) Distribution charts of stress values in the biomimetic spacer under the left rotation condition. (m) Statistical chart of stress values
under various conditions. All tests were conducted three times. This image was produced using ANSA and Origin software.
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Fig. 7. Microscopic morphology of the intervertebral disc spacer and cell skeleton staining. (a—c) Scanning electron microscopy
(SEM) images of three points on the radial inner, middle, and outer parts of the bio-scaffold (scale bar: 100 pum). (d—f) Cell skeleton

staining images of three points on the radial inner, middle, and outer parts of the bio-scaffold (scale bar: 10 pm). (g) Schematic diagram
of point selection marking (scale bar: 1 cm). (h) Statistical chart of pore size at points A, B, and C. (i) Statistical chart of fluorescence
density at points A, B, and C. All tests were conducted three times. Symbols representing significance levels are indicated as follows:
***p < 0.001, and ****p < 0.0001. This image was produced using GraphPad Prism software.

Construction of Hydrogel Scaffolds Based on GE-DLP
Technology

Using GE-DLP technology, the 3D model was con-
verted into a series of 2D slices using slicing software,
which were utilized for 3D printing (Fig. 2a—c). The ex-
posure intensity required for the intervertebral disc scaf-
fold during the photopolymerization process was set ac-
cording to the grayscale values obtained from the previous
steps (Fig. 2d-f). During the DLP printing process, the
light of the corresponding intensity was adjusted and re-
flected based on the gray-scale value of each pixel point
using the digital micromirror device (DMD) or correspond-
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ing light modulation device. Areas with higher gray-scale
values received stronger light intensity, resulting in higher
crosslinking density and mechanical properties. Therefore,
the mechanical properties of the printed hydrogel scaffolds
demonstrated a gradual change radially from the outside to
the inside, mimicking that of natural IVD tissues (Fig. 2g).
After molding, the overall shape accurately replicated that
of the human intervertebral disc (Fig. 2h,i).
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Table 1. Experimental data of nanoindentation in different zones between intervertebral discs.

Elastic modulus (kPa)

Region

Point 1 Point 2 Point 3 Point 4 Point 5 Mean = standard deviation

NP 4.92 5.13 4.63 5.03 5.36 5.014 £0.24
AF 1 9.23 11.56 14.33 7.63 9.69 10.488 4+ 2.29
AF 2 12.96 9.37 11.85 16.51 15.31 132 £2.53

AF 3 18.19 35.96 23.66 11.58 16.22 21.122 + 8.37
AF 4 31.23 48.69 29.34 20.32 34.96 32.908 +9.24
AF 5 59.03 65.06 66.08 66.22 70.79 65.436 + 3.76
AF 6 78.33 89.65 77.36 76.33 81.36 80.606 £ 4.82
AF7 92.36 105.7 101.97 102.99 95.99 99.802 4+ 4.89

NP, nucleus pulposus; AF, annulus fibrosus.

Material Assignment in the Finite Element
Three-Dimensional Model

Using the aforementioned methods, the elastic mod-
uli of eight different layers within the intervertebral disc
scaffold were obtained by nanoindentation testing (Table
1). The obtained elastic modulus values were input into
the previously established three-dimensional finite element
model (Fig. 3a,b). Thereafter, the discus grid model was
established using the ANSA software with a total of 17,504
elements, including 17,472 hexahedral elements. The final
grid model is shown in Fig. 3¢,d. To facilitate the loading
of mobility, a coupling point was established at the center
of the upper surface of the intervertebral disc and coupled
with the upper surface, as shown in the Figure below (Fig.
3e,f).

Biomechanical Analysis

The mechanical performance of the biomimetic scaf-
fold was further evaluated from three aspects, namely dis-
placement, strain, and stress, through finite element anal-
ysis. During the displacement simulation experiment, a
slight increase in the maximum displacement of the radial
hierarchical structures of the biomimetic intervertebral disc
scaffold was observed during various movements such as
flexion, extension, left bending, and left rotation. Signifi-
cant increases were observed during left bending extension
and left rotation, primarily concentrated on the upper sur-
face of the outer annulus fibrosus (Fig. 4). In the strain
and stress simulation experiments, a gradient change was
found from the nucleus pulposus region to the AF 6 layer
structure. In contrast, significantly higher strain and stress
were observed in the AF 7 layer (outermost layer) structure
(Figs. 5,6).

Morphology and Porosity of the Bio-Scaffold

The pore size of the bioscaffold microstructure is de-
termined by the cross-linking density within the hydrogel.
An appropriate pore size provides a suitable 3D microen-
vironment for seed cells. After the intervertebral disc hy-
drogel scaffold was printed and formed, three points were
randomly selected on the nucleus pulposus, inner annulus
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fibrosus, and outer annulus fibrosus for SEM observation
(Fig. 7a—c). The average pore sizes at the three positions
were 107.76 £ 22.22 yym, 49.65 £ 9.83 um, and 6.85 £ 1.6
pm, respectively (Fig. 7h). These findings indicate that the
hydrogel scaffold contained a network structure with pores
of different sizes in different areas, leading to different cell
morphologies at different biological positions (Fig. 7g).

Cytoskeleton Staining

The biomimetic intervertebral disc scaffold was
stained with phalloidin/DAPI, and three test points were se-
lected on the NP, inner annulus fibrosus, and outer annulus
fibrosus to observe the cytoskeleton morphology (Fig. 7d—
f). These findings indicate variations in the distribution and
morphology of cytoskeletal microtubules within the dif-
ferent regions of the intervertebral disc. Specifically, the
nucleus pulposus exhibited relatively sparse microtubules,
with cells displaying a well-spread, polygonal shape, and
high fluorescence density. Conversely, the inner annulus
fibrosus displayed more pronounced microtubules, with a
mix of well-spread and clustered cell shapes, and medium
fluorescence density. Denser microtubules were found in
the outer annulus fibrosus, with the majority of cells show-
ing a clustered shape and a lower fluorescence density. A
statistically significant difference in fluorescence density
was observed between the three areas (p < 0.01, n >3 (Fig.
7i).

Biocompatibility Assessment

The biocompatibility of the hydrogel was assessed us-
ing Calcein/PI cell viability and cytotoxicity assay kits (Fig.
8a). One day after incubation, the NPMSCs survival rate of
the BCN hydrogel was 99.035 £ 0.13 % (Fig. 8b). Further
incubation for four days resulted in a cell survival rate of
98.6518 + 0.08 % (Fig. 8c), while the cell survival rate
was 98.2584 + 0.24 % after seven days of incubation. Sta-
tistical analysis revealed significant differences in fluores-
cence density among the three time points (p < 0.01, n >3).
Procedures for the identification of relevant NPMSCs are
described in Supplementary Materials S1-S3.
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Fig. 8. Live/dead staining experiment. (a) Although the proportion of dead cells increases progressively from Day 1 to Day 7 (D1-D7)
(2D scale bar: 50 um, 3D scale bar: 100 pm), (b,c) the overall cell viability remains at a relatively high level, which confirms the good
biocompatibility of the intervertebral disc bio-scaffold. All tests were conducted three times. Symbols representing significance levels
are indicated as follows: **p < 0.01, ***p < 0.001. This image was produced using GraphPad Prism software. Calcein-AM, Calcein

acetoxymethyl; PI, propidium iodide.

Discussion

In this study, detailed analysis of grayscale MRI im-
ages provided accurate biomechanical parameters for dis-
tinguishing between different tissue types within the inter-
vertebral disc. This step is required for the precise design
of a biological scaffold as it allows simulation of the nat-
ural gradient structure of the intervertebral disc based on
variations in tissue grayscale values. The results from the

www.ecmjournal.org

ImagelJ software analysis further confirmed the radial gra-
dient changes in the MRI images of the intervertebral disc,
providing crucial data supporting the reverse calculation of
exposure intensity and subsequent biological scaffold man-
ufacturing.

GE-DLP enables precise control of the exposure inten-
sity during the 3D printing process based on the grayscale
values of the MRI images, playing an essential role in
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simulating the complex structure of the intervertebral disc.
The spatial distribution of light intensity was digitally en-
coded and precisely controlled during the DLP printing pro-
cess, and a biomimetic scaffold with a gradient structure
was prepared using a biocompatible BCN hydrogel as the
bio-ink. Subsequently, the matrix hardness and nanostruc-
ture of the biomimetic scaffold were examined from a mi-
croscopic perspective through nanoindentation experiments
and SEM. The results suggested that the elastic modulus
and pore size of the biomimetic scaffold exhibited a clear
gradient change from the inside to the outside in the radial
direction, which is highly consistent with the ultrastructure
and biomechanical characteristics of the natural interverte-
bral disc [33-35].

The dynamic mechanical properties of the biomimetic
intervertebral disc scaffold were evaluated, and the nanoin-
dentation experimental data obtained from the aforemen-
tioned steps were imported into the constructed three-
dimensional finite element model of the intervertebral disc
for thresholding and material assignment. Subsequently,
the displacement changes and stress-strain distribution of
the scaffold were simulated and verified under four condi-
tions: flexion, extension, left rotation, and left lateral bend-
ing. The FEA results revealed that the biomimetic inter-
vertebral disc scaffold exhibited a similar response to the
biomechanical characteristics of the actual intervertebral
disc in terms of displacement, strain, and stress, particularly
during the simulation of left rotation and left lateral bending
movements, where the strain and stress of the outer annulus
fibers significantly increased, which is consistent with the
clinically observed injury patterns [36,37].

To further verify the biocompatibility of the interver-
tebral disc biomimetic scaffold, NPMSCs were cultured ex
vivo and resuspended in BCN hydrogel bio-ink for 3D bio-
printing. First, specific staining of F-actin filaments was
marked in the NPMSC-laden intervertebral disc scaffold us-
ing phalloidin staining. Combined with the SEM observa-
tion of the scaffold’s porous structure, the biological scaf-
folds in different regions adopted a network structure of
pores of different sizes, playing a crucial role in cell ad-
hesion, growth, and tissue regeneration. Quantitative anal-
ysis of porosity showed significant differences in pore size
among different regions, with the size of the pores display-
ing a positive correlation with the fluorescence density of
cytoskeleton staining, further revealing differences in the
distribution of cell microtubules and cell morphology in
different regions. These findings may be attributed to the
biomechanical functions of cells in different regions of the
intervertebral disc [38].

The viability and cytotoxicity of the NPMSC-laden in-
tervertebral disc scaffold were assessed by live-dead stain-
ing, exploring the safety and effectiveness of biological
scaffolds in clinical applications. The results of the cal-
cein/PI cell activity and cytotoxicity assays revealed that
although the cell survival rate slightly decreased as the in-
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cubation time was prolonged, a high level was generally
maintained, indicating good biocompatibility of the hydro-
gel scaffold.

Nevertheless, the limitations of the present study
should be acknowledged. In this study, an intervertebral
disc biomimetic scaffold was constructed but was only eval-
uated by in vitro experiments, lacking in vivo validation
through animal experiments. Future studies should focus
on conducting in vivo experiments to verify the findings.

In summary, our study has endeavored to develop a
biomimetic intervertebral disc scaffold that respectfully at-
tempts to emulate the natural gradient structure, biome-
chanical properties, cellular morphology, and biocompat-
ibility of the intervertebral discs. We hope that this scaffold
may offer a promising approach for the repair and regener-
ation of degenerated IVDs. The combination of MRI image
processing and GE-DLP technology provides a new method
for the precise construction of biological scaffolds. Mul-
tifaceted evaluations such as finite element analysis, mi-
croscopic structural observation, cytoskeleton staining, and
biocompatibility assessment further verify the clinical ap-
plication potential of the scaffold. These results not only
provide new strategies for the treatment of intervertebral
disc diseases but also offer valuable experience and insights
for the development of tissue engineering and biomaterials.

Conclusions

In this study, MRI original grayscale images were
combined with GE-DLP technology to construct a
biomimetic biological scaffold that closely resembles a
natural intervertebral disc in terms of both microstructure
and mechanical properties. = The biomimetic scaffold
was evaluated and validated through in vitro studies,
including biomechanical analysis, microscopic structural
observation, and biocompatibility assessment. The results
revealed that the intervertebral disc biomimetic scaffold
fabricated using this method possessed excellent static
structural integrity and biomechanical performance.
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