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ABSTRACT: The intervertebral disc (IVD) exhibits complex structure and biomechanical function, which supports the weight of
the body and permits motion. Surgical treatments for IVD degeneration (e.g., lumbar fusion, disc replacement) often disrupt the
mechanical environment of the spine which lead to adjacent segment disease. Alternatively, disc tissue engineering strategies, where
cell-seeded hydrogels or fibrous biomaterials are cultured in vitro to promote matrix deposition, do not recapitulate the complex IVD
mechanical properties. In this study, we use 3D printing of flexible polylactic acid (FPLA) to fabricate a viscoelastic scaffold with
tunable biomimetic mechanics for whole spine motion segment applications. We optimized the mechanical properties of the
scaffolds for equilibrium and dynamic moduli in compression and tension by varying fiber spacing or porosity, generating scaffolds
with de novo mechanical properties within the physiological range of spine motion segments. The biodegradation analysis of the 3D
printed scaffolds showed that FPLA exhibits lower degradation rate and thus has longer mechanical stability than standard PLA.
FPLA scaffolds were biocompatible, supporting viability of nucleus pulposus (NP) cells in 2D and in FPLA+hydrogel composites.
Composite scaffolds cultured with NP cells maintained baseline physiological mechanical properties and promoted matrix deposition
up to 8 weeks in culture. Mesenchymal stromal cells (MSCs) cultured on FPLA adhered to the scaffold and exhibited
fibrocartilaginous differentiation. These results demonstrate for the first time that 3D printed FPLA scaffolds have de novo
viscoelastic mechanical properties that match the native IVD motion segment in both tension and compression and have the
potential to be used as a mechanically stable and biocompatible biomaterial for engineered disc replacement.
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1. INTRODUCTION high axial compressive and osmotic stresses.”® Degradation of

Back pain, one of the most common reasons for doctor visits and the NP is characterized by elevated catabolic activity that
the leading cause of disability, has been associated with
degeneration of the intervertebral discs.' > The intervertebral
disc (IVD), the connective tissue between vertebral bodies, is a
complex load bearing composite tissue po4pulated by a relatively
low density of mechanosensitive cells.” The inner nucleus
pulposus (NP) region is surrounded by an outer annulus
fibrosus (AF) region (Figure la). The NP is composed of a
highly hydrated gelatinous matrix made up of negatively charged
proteoglycans, collagen, and noncollagen proteins, which bears

reduces proteoglycan levels and drives changes in the tissue
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Figure 1. (a) Schematic showing loading of the intervertebral disc. (b)
CAD render of an FPLA IVD shape. (c—e) Still images extracted from a
video showing (c) FPLA sheet, (d) bent FPLA sheet, and (e) twisted
FPLA sheet. (f) FPLA scaffolds with different fiber spacing (1, 1.5, 2,
2.5, and 3 mm). (g) Printed 1.5 mm FPLA scaffold filled with 1.2%
alginate and bovine NP cells.

structure, such as loss of disc height and reduced hydration.”””
The AF is comprised of aligned collagen fibers that resist high
expansion tensile stress in the radial direction.'

The multiaxis mechanical properties of the native IVD are
complex and require a delicate balance between the different
regions of the IVD.%"'~"* Briefly, body weight and spinal
motion cause longitudinal (axial) compression of the motion
segment, which promotes generation of hydrostatic pressure
within the NP. This is counterbalanced by radial tension and
circumferential shear within the AF.'*"*° Additionally, the tissue
is viscoelastic and therefore its response to loading is time
dependent.'”'%*' =3 While independent mechanical properties
of the NP and AF are known, for the purpose of designing
engineered replacement materials, motion segment mechanics
may be the more important functional unit, as they represent the
macroscopic tissue response.' When aiming to replace the
entire disc space, the goal is to match the physiological
mechanical environment of the IVD. Representative benchmark
properties from literature are shown in Table 1 and represent a
standard in the field for which biomaterials are assessed
against.11

Currently, the treatment paradigm for painful degenerated
disc is to perform a spinal fusion or total disc replacement.”” >’
In both approaches, the native disc tissue is removed and
replaced with either a metal cage containing bone grafts to

Table 1. Benchmark Mechanical Properties for Intervertebral
Disc Replacement

equilibrium dynamic

modulus modulus
compression (motion segment) 3—10 MPa"' ~30 MPa™*
tensile 10—45 MPa*"**  1-5 MPa’™®

(annulus fibrosus—multiple lamella)
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promote fusion, or with a motion preserving artificial disc
implant. Despite the vast differences in how these surgical
treatments work, both are associated with complications in the
surrounding tissues due to disruption of the mechanical
environment in the spine that can result in reoperation.’”’’
Adjacent segment disease, characterized by degeneration of IVD
segments adgacent to the fused spinal level, is commonly
observed.”*~

As an alternative to current surgical treatment approaches,
tissue engineering of the IVD has been an area of significant
research. The aim of most studies involving tissue engineering
biomaterials is to recapitulate the properties of either the AF or
the NP separately. Commonly used biomaterials for NP
replacement include soft hydrogels such as alginate or
hyaluronic acid,’*™* whereas AF replacement is typically
approximated using aligned fiber materials like electrospun
polycaprolactone (PCL) or collagen.””**~>* Additional param-
eters to be considered include degradation rates, biocompati-
bility, host tissue interaction, mechanical stability, optimal pore
size, surface area, protein coating, mechanical properties, and
diffusivity.””

Several studies have combined two different biomaterials to
create an engineered whole disc replacement.””**~" One
composite whole disc replacement, using PLA mesh for the AF
and alginate gel for the NP, exhibited increased ECM over time
in vitro, some integration between the two regions after 12 weeks
in culture, an increase in mechanical properties over time, and
shows gromise in maintaining disc height in an animal
model.**®* Another composite whole disc replacement using
electrospun PCL for the AF and agarose for the NP*” observed
compressive stress relaxation behavior and an increase in
compressive modulus over weeks in culture. Additional animal
studies of this implant highlighted the need for integration into
the surrounding anatomy, so engineered end plates of an
additional material were added to the design.’>** These types of
complex tissue engineered whole disc approaches recapitulate
anatomical and some mechanical properties of the disc and show
promise for restoring disc height.”” Despite the progress on
tissue engineered whole disc replacements, these approaches are
limited translationally because of the required extensive
preimplantation duration needed for cell culture to promote
ECM synthesis and equilibrium mechanical properties that
approach biomimetic disc levels. Additional maturation for 10—
20 weeks in vivo was required in one study to reach native
equilibrium properties.”® Functional dynamic properties of the
engineered discs are not typically characterized, and it remains
unknown how closely engineered discs recapitulate the native
motion segment dynamic mechanical properties. Moreover, the
success of composite whole disc strategies is dependent on
successful integration between component regions. As failure
theory dictates, most failures occur at the interface of dissimilar
materials. In this context, the interfaces between the NP and AF
regions and the between the IVD and adjacent bones are critical
to minimize implant failure.”* Successful implantation of a
mechanically premature IVD scaffold has been achieved with the
use of external or internal fixators/plates to augment in vivo disc
repair in some preclinical studies partly to prevent disc height
collapse.’”®>®* Indeed, the need and use of fixator devices for
success of the whole disc tissue engineering implants diminishes
the value of having a biological motion preserving engineered
disc design.

There is a technical gap and a scientific need for scaffolds that
serve as a mechanical mimic of the spinal motion segment.
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Three-dimensional printing allows for spatial control of material
deposition as well as creation of complex shapes, enabling
printed structures that have varying material properties across
the structure. Within the IVD paradigm, this can allow for
differing properties in the AF region versus the NP region, as
well as structures for optimal integration all created in one
uniform process. However, conventional 3D printed materials
have nonphysiological material properties. Materials such as
ABS and PLA are too stiff compared to IVD tissues,” "’ and 3D
printed polyurethane or hydrogels are too soft.”*®” In this study,
we employ a novel polymer (FPLA) composed of polylactic acid
(PLA) and an elastomer for 3D printing scaffolds that mimic the
mechanical properties of the spine motion segment. The goal is
to create biocompatible flexible polymer scaffolds that will
mimic both the equilibrium and dynamic material properties de
novo without the need for extended culture time preimplanta-
tion. We hypothesize that 3D printing FPLA scaffolds will yield
tunable mechanical properties within the physiological range of
compressive mechanical properties of full IVD motion segments
and tensile mechanical properties of the AF. These mechanical
benchmarks were selected because the spinal motion segment is
subjected to compressive stress, while the AF is exposed mainly
to high levels of tensile stress. Therefore, they represent the
greatest demands from a material property perspective. In
addition to optimizing the equilibrium and dynamic mechanical
properties of FPLA 3D printed scaffolds in compression and in
tension, we also evaluated the degradation behavior of FPLA in
comparison to PLA, assessed biocompatibility, and demon-
strated the ability of FPLA scaffolds to promote fibrocartilagi-
nous differentiation. In some studies, composites of FPLA and
alginate were evaluated for proteoglycan-rich matrix deposition
and to determine contribution of the two components on
scaffold mechanics. We also produced 3D printed anatomical
IVDs containing an AF and NP region and evaluated their
biomechanical properties compared to native lumbar bovine
discs.

2. MATERIALS AND METHODS

2.1. Scaffolds. Scaffolds were printed from FlexiFil PLA (FPLA), a
thermoplastic copolyester elastomer/polymer blend (FormFutura)
with reported tensile modulus of 95 MPa, using a Makerbot Replicator
plus 3D printer (Makerbot) and a Makerbot Experimental Extruder
with 0.4 mm print nozzle. Tape was used to adhere the scaffold to the
bed of the printer during printing to avoid warping of the structure. In
pilot tests, we investigated a range of printing temperatures and speeds,
and ultimately employed an extrusion speed of 90 mm/s at an extruder
temperature of 245 °C. Scaffold strands were deposited layer by layer
with alternating 0°/90° lay-down pattern producing a continuously
interconnected scaffold with tetragon shaped pores. Scaffolds were
printed with varying fiber spacing of 1, 1.5, 2, 2.5, 3 mm (Figure 1b—f).
Scaffold sample geometry varied based on testing methods. Square
compression testing samples were used with cross section of 15 mm X
15 mm and 6 mm height to allow a large enough cross section for testing
all the fiber spacings used, but limited to fit under the stainless steel
compression platens. The height of 6 mm was chosen because it mimics
the height of large animal lumbar discs or human cervical discs.”””" For
tensile testing, rectangular samples 40 mm length X 15 mm width X 6
mm depth were used. While dogbone-shaped samples are commonly
used in tensile testing (particularly for failure analysis), their utility for
3D printed FPLA samples was limited because the dogbone geometry
would disrupt the rectilinear fiber alignment and fiber density pattern
used in the study, without providing significant additional testing
benefit in characterizing material properties of FPLA. Indeed straight
sided samples are commonly used in biomaterial mechanical character-
ization and this geometry is permitted in ASTM standards.”>”*
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The effective scaffold porosity was also quantified for the rectilinear
FPLA samples.”* Porosity (€) was computed as the ratio of the apparent
volume to the true volume, such that € = 1 — m/Vp X 100, where p is the
density of FPLA (p = 1.14 g/cm’, as reported by the manufacturer).
Sample volume (V) was calculated from sample dimensions measured
with digital calipers. Sample mass () was determined by weighing the
samples. N = 3 samples per fiber spacing were used to determine
porosity. The resulting effective porosity was analyzed as a function of
fiber spacing using nonlinear regression (log—log fit) using GraphPad
Prism, and the slope of the resulting power law was computed.

To evaluate resulting fiber dimensions of the 3D printed scaffolds,
samples were scanned using #CT and then analyzed. Scans were
performed on a SkyScan 1272 (Bruker) with a pixel size of 18 um,
power of 40 kV, image size of 1344 X 896, and no filter was used.
Frames were averaged three times to remove any background.
Reconstructions were performed using SkyScan NRecon, 3D models
were visualized in CTvol, and CTAn was used to select a representative
image from each scaffold. Image] was used to compute the fiber
diameter across an image from each scaffold and the mean diameter and
standard deviation were computed.

2.2. Mechanical Characterization of FPLA Scaffolds. For
evaluation of equilibrium mechanical properties in compression,
constructs were tested on a TA Electroforce DMA 3200 Mechanical
Tester, where the force and displacement data were recorded using the
accompanying WinTest software. For unconfined compression testing,
samples (15 mm X 15 mm X 6 mm) were compressed between two
stainless steel platens. A 0.SN preload was first applied, followed by a
stress relaxation test, where compression was applied at a rate of 1 mm/
min up to a maximum strain of 25% initial thickness (n = 4 per fiber
spacing). Equilibrium compressive modulus was computed as the ratio
of stress to strain at equlibrium. For tensile testing, samples were tested
using an Instron material test frame (Instron 5566), where the force and
displacement were recorded using the accompanying BlueHill software.
Constructs (40 mm X 15 mm X 6 mm) were clamped into tensile grips,
and a 0.5N preload was applied. A ramp stretch of 20% was then applied
at a rate of 1 mm/min. The tensile modulus was computed as the ratio
of stress to strain at equilibrium (n = 4 per fiber spacing). Additional
select evaluations of equilibrium tensile properties were performed
using the TA Electrofoce tester with the same protocol.

Compressive (n = 14) and tensile (n = 4) dynamic mechanical
analysis (DMA) testing was performed using a TA Electroforce DMA
3200 Mechanical Tester. A SN preload was applied to each sample. For
compressive testing, samples were then loaded between two stainless
steel platens first with a 10% static strain ramp followed by 10% cyclic
compression (ranging from 5% to 15% strain) applied with a frequency
sweep ranging from 0.1 to 10 Hz. For tensile testing, samples were
gripped in a vise grip at an initial length of 20 mm and subjected to a SN
preload. Samples were then loaded with a 15% tensile strain ramp
followed by 10% cyclic stretch (ranging from 10% to 20% strain)
applied with a frequency sweep from 0.1 to 10 Hz. Dynamic modulus
and phase angle were calculated using the DMA software. The dynamic
modulus is calculated as the ratio of the force to displacement over a
shape factor (rectangle = (length)(width)/height). The phase angle is
calculated as the shift offset between the displacement and force
curves.”

2.3. Biodegradation. To monitor the stability of the FPLA scaffold
over time, biodegradation tests were performed in conditions that
mimic in vivo setting. The primary mechanism of PLA degradation is
hydrolysis, and temperature increases the rate of degradation.”®
Samples with a fiber spacing of 1, 1.5, 2, 2.5, and 3 mm were evaluated
(n = 3 per spacing group). Samples were incubated in PBS at 37 °C for
up to 34 weeks. Every 2 weeks, the samples were removed from the PBS
bath, dried, weighed to determine mass loss. As a comparator, PLA
scaffolds with spacings of 1, 2, and 3 mm were also subjected to the
same degradation protocol and were analyzed for mass loss. FPLA
samples were also subjected to compressive DMA testing (as described
above), and scanned in a uCT to evaluate any mechanical degradation
or morphological changes over time, respectively. Scans were
performed as described above.

https://doi.org/10.1021/acsbiomaterials.1c01326
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Figure 2. Scaffold porosity and diameter characterization. (a) Log—log scale graph of porosity (¢) versus fiber spacing (s) scaling. (b) Representative
UCT of FPLA 3D printed scaffold with 1.5 mm fiber spacing. (c) Cross-sectional view of uCT scan of 3D printed FPLA fibers was used to measure fiber

diameter.

2.4. Bovine Ex Vivo Testing and Anatomical Disc Design.
Bovine lumbar spine motion segments (n = 4) were isolated and
individual bone—disc—bone motion segments were generated. Samples
were dissected down to remove all adjacent bone and end plates. The
segments were tested under unconfined compression in a PBS bath
using a testing protocol used to evaluate intradiscal pressure.”” Samples
were preloaded with SON force for 1S min, then a ramp to 250N was
applied with +20N applied cyclically (0.1 Hz) for 45 min. The
instantaneous modulus was computed as the loading ramp modulus
after preload and the equilibrium modulus was computed as the average
modulus after 45 min of cyclic loading.

On the basis of average bovine IVD dimensions, a CAD model was
designed for 3D printing in FPLA (Figure 1b) with a height of 5.5 mm,
lateral width of 41 mm, and cross-sectional area of 1185 mm? The NP
region lateral width was 27 mm which was created with 2.0 mm fiber
spacing. The width of the AF region was 8 mm, printed with 1.0 mm
fiber spacing. The outer edges of the biomimetic scaffold were rounded
in the design to follow a contour similar to a native IVD. The models
were printed using the same printing parameters described above. The
3D printed anatomical discs were mechanically tested using the same
physiological testing protocol used on bovine discs.

2.5. Biomechanics of FPLA Scaffolds with Alginate. To
determine the potential contribution and interaction between FPLA
scaffold and a hydrogel, FPLA scaffolds were tested with or without
alginate. To create the composites, 1.2% sterile-filtered alginate (in
NaCIl+HEPES solution) was placed within a circular 10 mm rubber
mold. FPLA scaffolds (1.5 mm spacing, 3 mm in height, and 10 mm in
diameter) were bathed in CaCl, solution then carefully transferred and
pressed into the alginate-filled mold; a small drop of CaCl, was placed
on top of the scaffolds to ensure even curing. Alginate only groups were
cured in the same size molds with a filter paper on top to promote even
dispersion of the CaCl, solution. Constructs were allowed to cure for 30
min before being transferred to a NaCI+HEPES bath to incubate
overnight.

To determine equilibrium modulus and instantaneous modulus,
FPLA scaffolds (1.5 mm spacing, 3 mm height, 10 mm diameter) with
and without alginate and alginate alone (n = 4) were subjected to a
multistep stress relaxation testing protocol. Samples were incrementally
compressed under unconfined compression from 5% strain to 25%
strain in steps of 5% strain. Instantaneous modulus was calculated by
determining the peak stress at each strain point and fitting a line
through the stress versus strain values. Equilibrium modulus was
determined using the same process for the equilibrium stress at each
step. Samples additionally underwent DMA testing consisting of 10%
cyclic compression at 1 Hz frequency. For failure testing, samples were
preloaded to 0.5 N and were then subjected to a compressive
displacement applied at 0.005 mm/s to 2.5 mm. Toughness was
calculated as the area under the stress—strain curve leading up to the
failure point. A failure criteria was used for ensuring consistency across
groups and was defined as the point when the stress rapidly dropped by
15 kPa or more with increasing compression.

2.6. NP Cell Isolation and Culture in 2D Culture and on 3D
Composite Scaffolds. NP tissue was dissected from five healthy
bovine lumbar spines under sterile conditions. Tissue was digested with
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Collagenase-type I (0.3 mg/mL) and Collagenase-type II (0.3 mg/mL)
for 4 h under agitation to isolate NP cells. Primary NP cells were seeded
in scaffolds immediately after isolation. In some experiments (2D
cytotoxicity experiments and mechanical testing of cell seeded
scaffolds) primary NP cells were expanded in monolayer in DMEM
+10%FBS+1%AA up to passage 2 before use. In all other experiments,
primary NP cells were used.

For evaluating initial biocompatibility of the scaffolds, NP cells were
seeded into 24 well plates for 24 h. 3D printed scaffolds (15 mm X 15
mm X 6 mm, 2 mm spacing) were sterilized with an ethanol soak
followed by a saline rinse. Scaffolds were then added to each cell seeded
well for a duration of 3 weeks. NP cells cultured without scaffolds were
used a control group. After 3 weeks, scaffolds were removed and cell
viability was assessed with Live/Dead staining. Cells were stained with 4
UM Calcein AM (green) and 2 uM Ethidium Homodimer-1 (red) and
imaged on a confocal microscope to determine cytotoxicity with green
indicative of live cells and red representing the nuclei of dead cells (n = 3
samples per group with three images acquired per sample). In some
studies, bone marrow derived mesenchymal stem cells (MSCs) were
seeded on FPLA alone or FPLA+alginate up to 7 days in culture.
Viability was evaluated using Live/Dead staining at day 1 (see
Supporting Information). DNA content (PicoGreen dsDNA assay) and
fibrocartilaginous differentiation were evaluated using gene expression
analysis collagen-1 (COL1A), collagen-2 (COL2A), and aggrecan
(ACAN) (Figure S2).

For evaluating response of NP cells in 3D FPLA composites, bovine
NP cells (2 million cells/mL) were cast in 1.2% alginate in the FPLA
scaffolds. FPLA scaffolds (1.5 mm spacing) were sterilized by autoclave
prior to casting. 1.2% sterile-filtered alginate (in NaCl+HEPES
solution) was mixed with cells and cured following the above method.
FPLA-+alginate molds were incubated at 37 °C and 5% CO, for 30 min.
After 30 min, the cured scaffolds were removed from the molds and
washed three times in NaCl solution before being transferred to a 12
well plate with chondrogenic media, composed of high glucose DMEM
(Gibco) supplemented with 1% antibiotic/antimycotic (Corning), 1%
insulin-transferrin-selenous acid (ITS+3) liquid media supplement
(Sigma), 4 mM L-Glutamax (Gibco), 0.1 uM dexamethasone (Sigma),
50 pg/mL ascorbic acid (Sigma), 40 ug/mL L-proline (Sigma), and 10
ng/mL TGF-B3 (R&D Systems)).”® The final construct dimensions
were 3 mm height and 10 mm diameter.

2.9. Analysis of NP Cell-Seeded Scaffolds. To check cell viability
after 2 weeks in culture, cell-seeded scaffolds were collected from
culture and stained with Live/Dead stain (4 M Calcein AM (green)
and 2 yM Ethidium Homodimer-1 (red)) for 1 h and imaged on an
inverted fluorescent microscope. For biochemical assays, the alginate
was dissolved using sodium citrate; the cells were pelleted and digested
with papain. Glycosaminoglycan (GAG) content and DNA content
were measured using the DMMB assay (1.5 pH)79’80 and Pico Green
assay (Thermo Fisher), respectively (n = 6 for week 0 and 2 time points;
n = 8 for week 4 time point), and results are reported as GAG content
normalized to DNA content within each sample. For histology,
scaffolds were fixed with 4% paraformaldehyde (PFA) overnight,
transferred to 70% ethanol, embedded in paraflin, and sectioned at 7
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um. Sections were stained with either hematoxylin and eosin (H&E) or
Alcian Blue (pH = 1.0). To evaluate mechanical stability in culture,
FPLA-alginate scaffolds seeded with 1 million cells/mL (as described
above) underwent equilibrium compression testing and compressive
DMA testing at 2, 4, and 8 weeks in culture (n = 3 per time point)
following the same protocols as cell free scaffold testing described
above.

3. STATISTICAL METHODS

For testing the effect of spacing on equilibrium modulus, an ANOVA
was performed with Tukey’s multiple comparison post hoc test. For
testing effect of spacing and frequency on dynamic modulus and phase
angle, a two-way ANOVA was used with Fisher’s LSD post hoc test. For
testing effect of spacing and time on dynamic modulus and weight loss
in degradation studies, a two-way ANOVA was used with Fisher’s LSD
post hoc test. In NP-seeded FPLA/alginate composites, the change in
equilibrium modulus, dynamic modulus, phase angle, and GAG content
(per DNA) was compared to day 0 using Student ¢ tests. For comparing
differences between bovine discs and anatomically shaped 3D printed
FPLA discs, Student ¢ tests were performed. For comparing mechanics
of FPLA, alginate, and FPLA+alginate, an ANOVA with Tukey’s post
hoc test was performed. Student ¢ tests and ANOVAs were performed
in GraphPad Prism. Two-way ANOVAs were performed in
STATISTICA. In all analyses, p < 0.05 was considered significant.

4. RESULTS

4.1. Scaffold Properties. The effective porosity of FPLA
scaffolds increased nonlinearly with increasing fiber spacing,
with values ranging from approximately 60% to 85% porosity
(Figure 2a, 1 mm: 60.1 + 2.9%; 1.5 mm: 72.3 + 1.7%; 2 mm:
774 + 3.6%; 2.5 mm: 80.6 + 1.8%; 3.0 mm: 84.0 &+ 2.7%). The
nonlinear regression of porosity versus fiber spacing using a log—
log fit yielded a power law scaling relationship with power = 0.28
(R* = 0.958, Figure 2a). uCT analysis of FPLA scaffolds were
performed to quantify the resulting fiber diameter (Figure 2b).
Cross sectional area analysis of the #CT images using Image]
(Figure 2c) demonstrated that the effective fiber diameters were
458.2 + 35.6 um, when using an extruder with 400 ym nominal
print nozzle tip.

4.2. Compressive Properties. The compressive equili-
brium modulus of FPLA scaffolds significantly decreased with
increasing fiber spacing. Compressive equilibrium moduli
ranged from 0.29 + 0.009 MPa (3 mm spacing) to 4.5 + 04
MPa (1.0 mm spacing, Figure 3a). The equilibrium compressive
modulus exhibited a significant inverse relationship with scaffold
porosity (R* = 0.9572, p = 0.0038, Figure Sla). Equilibrium
compression testing of standard PLA scaffolds at 2 mm spacing
yielded a compressive modulus of 80.1 + 4.2 MPa, which was
significantly stiffer than FPLA scaffolds of the same spacing
(0.65 + 0.16 MPa, p < 107%, Figure 3a). For dynamic
compressive modulus, all spacings resulted in significantly
different moduli from one another ranging from a mean of 8.8 +
1.1 MPa (1 mm spacing) to 0.8 + 0.2 MPa (3 mm spacing) when
averaged across all frequencies tested (p < 107°, Figure 3b). The
dynamic compressive modulus for 2, 2.5, 3 mm spacings had a
similar magnitude across the tested frequencies (p > 0.2);
whereas scaffolds with 1 mm and 1.5 mm spacings exhibited
changes in dynamic compressive modulus with increasing
frequency (Figure 3b) (p < 0.0001). The increases in dynamic
modulus over the three frequency decades were 23% and 4% for
1 mm and 3 mm scaffolds, respectively. The phase angle was also
measured during the dynamic compressive testing, which ranged
between S and 10° (Figure 3c). Overall, the compressive phase
angle had a U-shape pattern with increasing frequency, and
phase angle magnitudes increased with increasing fiber spacing.
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Figure 3. Compressive mechanical properties of FPLA scaffolds. (a)
Equilibrium compressive modulus of FPLA and PLA scaffolds with
varying fiber spacing. The same letter indicates data points are
comparable (p > 0.05) and * = significant difference between all FPLA
spacings and PLA. (b) Dynamic compressive modulus and (c) phase
angle of FPLA scaffolds of varying spacing over a physiological range of
frequencies. The same letter indicates data points that are comparable
(p > 0.05) across either spacing or frequency.

Scaffolds with 3 mm spacing had a significantly higher phase
angle than all other spacings (p < 107°), while the 1 and 1.5 mm
spacings had the lowest phase angle.

4.3. Tensile Properties. Equilibrium tensile properties
showed significant decrease (p < 107°) with increasing fiber
spacing between 1, 1.5, 2, and 2.5 mm scaffolds (Figure 4a).
Three millimeter scaffolds showed a decreasing trend from 2.5
mm scaffolds (p = 0.17). The 1 and 1.5 mm spacings were within
the physiological range for multilamellar AF (10—45 MPa) with
moduli of 15.8 + 1.2 and 13.8 + 0.8 MPa, respectively,m’25 while
the 2 mm (8.0 + 0.3 MPa), 2.5 mm (4.7 + 0.8 MPa), and 3 mm
(3.9 + 0.5 MPa) spacings had tensile moduli within an order of
magnitude of the physiological range. The equilibrium tensile
modulus exhibited a significant inverse relationship with scaffold
porosity (R* = 0.8757, p = 0.019, Figure S1b). The dynamic
tensile modulus, which ranged between 3 and 11 MPa, was
highly dependent on fiber spacing, and the modulus from each
fiber spacing was statistically significant from all other spacings
(p < 107°). At frequencies <1 Hz, the modulus of 2 mm and 2.5
mm fiber spacing scaffolds were comparable. All fiber spacings
showed increasing dynamic modulus with increasing frequency
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Figure 4. Tensile mechanical properties of FPLA scaffolds. (a)
Equilibrium tensile modulus of FPLA scaffolds with varying fiber
spacing. The same letter indicates data points that have comparable
values (p > 0.05) (b) Dynamic tensile modulus and (c) phase angle of
FPLA scaffolds of varying spacing over a physiological range of
frequencies. The same letter indicates data points that are comparable
(p > 0.05) across either spacing or frequency. For the phase angle, all
spacings were comparable (p > 0.05) across frequencies except for 1.5
mm and 3 mm at 0.1 and 0.5 Hz and 1 mm at 10 Hz (statistically
different from 1.5, 2, and 2.5 at 10 Hz) as denoted with “+”.

(Figure 4b). The 1.5 mm spacing exhibited an increase of 32% in
modulus, the greatest increase over three decades of frequency,
whereas the 1 mm scaffolds showed the smallest increase of 15%.
All phase angles measured were between 6 and 10° (Figure 4c).
Spacing was found to be a statistically significant variable
contributing to phase angle (p = 0.007). In post hoc
comparisons, the 1.5 mm and 3 mm spacings were significantly
different at lower frequencies (0.1 and 0.5 Hz) and the 1 mm
spacing was statistically different than the 1.5, 2, and 2.5 mm
spacings at 10 Hz. The five spacings tested all exhibited a similar
trend: the phase angle was similar for 0.1, 0.5, and 1 Hz
frequency, followed by an increase in phase angle between 1 and
10 Hz (Figure 4). All spacings had a significantly different phase
angle for frequencies <1 Hz compared to measurements made at
>1 Hz (p < 0.05).

4.4. Degradation Properties. To assess potential degra-
dation of the FPLA scaffolds, scaffold mass loss was measured
over 34 weeks in conditions mimicking in vivo (hydrated, ionic
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environment at 37 °C), and found little change (<2%) in the
weight of the FPLA scaffolds (Figure Sa). Scaffolds from all fiber
spacings showed an average decrease in weight of 1.35 + 1.03%
at 34 weeks. In post hoc test, no spacing showed significant
differences over time. Greater mass loss and measurement
variation (i.e., standard deviation) were observed at later time
points due to the loss of an entire fiber in a single scaffold sample.
As a comparator, weight loss of PLA scaffolds was also evaluated
and we found little change in weight of the PLA scaffolds up to
23 weeks. However, at 26 weeks PLA scaffolds had a brittle
catastrophic failure (Figure Sb), whereas the FPLA scaffolds
maintained their integrity until the end of the experimental
duration (34 weeks).

Dynamic modulus measurements showed no significant
change over a period of 34 weeks in degradation conditions
(Figure Sc). Results show that there are no significant effects of
degradation time on the dynamic compressive modulus (p =
0.45). In a pairwise test of spacing on dynamic modulus, all
spacings remained significantly different from one another at
each time point (p < 0.005), confirming that the fiber spacing
dependence of the dynamic modulus is maintained up to 34
weeks. Reconstructions from yCT also show little qualitative
morphological change in the structure of the scaffolds (Figure
5d). Light regions around the interfaces of the scaffold were
observed and may be due to salt deposition from the PBS on the
surface of the scaffold. Scaffolds, however showed no structural
or mechanical changes over time.

4.5. Comparison of 3D Printed Anatomical IVD
Biomechanics to Bovine Lumbar IVDs. Anatomically
shaped and sized IVDs were 3D printed using FPLA, and their
biomechanical properties under physiologically relevant dy-
namic testing was performed and compared to the properties of
native bovine lumbar IVDs (Figure 6a,b). The mean
compressive equilibrium moduli of 3D printed anatomical
IVDs (0.94 + 0.03 MPa) were comparable to the equilibrium
modulus of bovine lumbar IVDs (1.01 + 0.27 MPa, p = 0.57,
Figure 6¢). Mean instantaneous modulus values obtained from
the bovine disc were 1.70 £+ 0.44 MPa for native IVD, whereas
the mean instantaneous modulus obtained from the 3D printed
anatomical discs was 1.07 + 0.03 MPa, which was slightly, but
significantly, lower than the native bovine disc (p = 0.031).

4.6. Contribution of Alginate to FPLA Biomechanics.
To evaluate contribution of a hydrogel to the FPLA scaffold
properties, 3D printed scaffolds with and without alginate were
tested and compared to alginate alone. Results show no
significant difference in the equilibrium (1.36 + 0.42 MPa,
Figure 7a) or instantaneous (2.29 = 0.76 MPa, Figure 7b)
moduli of FPLA+ alginate compared to FPLA scaffold alone
(1.60 + 0.23 MPa, 2.49 + 0.76 MPa, respectively, p > 0.05). Not
surprisingly, alginate alone had considerably lower equilibrium
(0.05 + 0.026 MPa) and instantaneous (0.11 + 0.05 MPa)
moduli compared to both groups of 3D printed scaffolds (p <
0.0001, Figure 7ab). Interestingly, the dynamic modulus
(determined at 1 Hz) of the FPLA alone (1.48 + 0.23 MPa)
was greater than FPLA +alginate (0.87 #+ 0.29 MPa), though this
was significantly greater than the dynamic modulus of alginate
alone (0.01 & 0.003 MPa). The phase angle of FPLA+alginate
(2.81 +0.17°) was significantly lower than FPLA alone (6.53 +
0.55° p < 0.0001) or alginate alone (7.56 + 0.24°, p < 0.0001,
Figure 7c,d). Results from failure testing show that FPLA
+alginate has a greater toughness than FPLA alone (87.41 +
16.55 and 59.76 + 7.87 kJ/m?, respectively, p < 0.0S, Figure 7e)
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as well as a greater failure strain (0.78 % 0.02 and 0.70 + 0.03,
respectively, p < 0.005, Figure 7f).

4.7. Response of NP Cells: 2D Cytotoxicity and 3D
Seeding in FPLA/Alginate Composites. FPLA scaffolds did
not elicit a cytotoxic effect on NP cells cultured in monolayer for
21 days. At Day 1, control cells and FPLA cultured cells had 98.2
+0.1% and 98.3 =+ 4.1% viability, respectively. At day 21, control
samples had 98.2 + 0.1% viability and FPLA samples had 98.2 +
1.3% viability (Figure 8a,b).

To assess the biocompatibility of FPLA scaffold in 3D, NP
cells were encapsulated in 1.2% alginate and cast into the pores
of 1.5 mm FPLA scaffolds (Figure 1g). This scaffold spacing was
selected because it was within the physiological range for both
motion segment compression (Figure 3a) and AF tension
(Figure 4a). After 2 weeks in culture, NP cells seeded in an
FPLA/alginate composite maintained a high level of cell viability
when evaluated with fluorescence microscopy, with no major
cytotoxic effects observed (Figure 8c). GAG content of the
FPLA/alginate composites significantly increased from 0 to 2
weeks in culture (0.16 + 0.30 to 3.4 + 1.7 ug/ug, p = 0.0011),
and then remained at a similar level after 4 weeks in culture (2.5
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+ 1.4 ug/pug, p = 0.0014 between 0 to 4 weeks, p = 0.3 between 2
and 4 weeks, Figure 8d).

H&E staining of the scaffolds exhibited evidence of cell
division over the course of the culture duration, where increasing
numbers of cell clusters were seen over the 4 weeks in culture
(Figure 8e—g). Alcian blue staining showed increased GAG
deposition by the cells at 4 weeks in composite culture (Figure
8h—j). GAG deposition was primarily limited to the pericellular
environment of the cells with low levels of interterritorial
staining observed at 4 weeks in culture.

Biomechanical properties of the engineered scaffolds were
tested over time in culture. Results showed that the equilibrium
(1.3 = 0.2 MPa) and dynamic (4.3 + 0.6 MPa) compressive
moduli that were measured at 2 weeks in culture were
maintained in scaffolds cultured up to 8 weeks (equilibrium,
1.1 +£0.2 MPa, p > 0.8 versus 2 weeks; dynamic, 4.4 + 0.6 MPa; p
> 0.5 versus 2 weeks). Phase angle was also similar in scaffolds
evaluated after 2 weeks in culture (5.5 + 0.3°) compared to 8
weeks in culture (5.8 + 0.1°) (Figure 8k—m).
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5. DISCUSSION

The goal of this study was to investigate the biomechanical
properties of 3D printed FPLA as a tunable mechanical
biomimetic scaffold for use as an intervertebral disc scaffold.
Specifically, we aim to create FPLA scaffolds that exhibit tensile
and compressive properties on the same order of magnitude as
native IVD motion segments de novo and that are stable,
biocompatible, and permissive of ECM deposition. Our results
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show that 3D printed FPLA scaffolds exhibit a tunable
biomimetic compressive modulus that is sensitive to variation
in scaffold porosity due to changes in fiber spacing during 3D
printing (Figure S1). With a fiber spacing of 1.0 mm, scaffolds
exhibited an equilibrium compressive modulus that was within
the physiological range for spine motion segments (3—10
MPa)."" Increasing the spacing between fibers decreased the
compressive moduli; however, magnitudes remain within the
same order of magnitude as the physiological range. The 3D
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Figure 8. Biological characterization of FPLA scaffolds. Monolayer bovine NP cells cultured (a) without scaffold (control) and (b) with FPLA
scaffolds. (c) Live/Dead image of bovine NP cells after 1 week in culture in 1.5 mm FPLA/alginate composite scaffolds. Cells are stained with ethidium
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culture. (e—g) H&E staining of cell-seeded 1.5 mm composite scaffolds. (h—j) Alcian blue staining of cell-seeded 1.5 mm composite scaffolds. (k—m)
Compressive mechanical properties (k, equilibrium modulus; 1, dynamic modulus; m, phase angle) of cell-seeded 1.5 mm composite scaffolds over 8

weeks.

printed FPLA scaffolds also exhibited tunable tensile equili-
brium properties (4—15 MPa), which are within the range of
multilamellar AF tensile benchmark moduli (10—45 MPa).”"**
Interestingly, the tensile modulus had a greater dependence on
porosity than the compressive modulus with a regression
coefficient of —0.538 versus —0.182, respectively (Figure S1). In
dynamic testing, both compressive and tensile properties were
dependent on fiber spacing, though frequency dependence was
more prominent in dynamic tension rather than in compression.
Dynamic modulus of FPLA scaffolds in tension ranged from 3 to
10 MPa, which closely matches the range of AF dynamic moduli
(1—5 MPa).*®

The properties of FPLA also exhibited several advantages to
standard 3D printed PLA. FPLA properties were closer to the
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physiological range of IVD tissue mechanics than standard PLA
scaffolds, whose compressive equilibrium properties (80 MPa)
were an order of magnitude stiffer than the physiological range.
Moreover, degradation studies showed virtually no change in the
FPLA scaffold mass or compressive mechanical properties up to
34 weeks, demonstrating superior stability of 3D printed FPLA
against hydrolysis in comparison to 3D printed PLA, which had
brittle failure at 26 weeks.

The IVD exhibits complex mechanical behaviors representa-
tive of composite structures and materials. The study of disc
mechanics is commonly assessed by measuring material
properties of individual anatomical components under con-
trolled loading configurations in compression, tension, and shear
that together make up and inform the composite behaviors of
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the disc. The material properties of the individual disc
components are essential to the biomechanics of a composite
disc (e.g, Newell et al.'*). The approach used in this study
investigates the tensile and compressive material properties of
3D printed FPLA the same way that native disc tissue
components are evaluated mechanically using human cadaveric
spines or large animal spines, which exhibit similar properties to
human tissue (e.g, bovine lumbar spine). Moreover, we
compare the properties of FPLA 3D printed scaffolds to
benchmarks established in the literature for disc anatomical
tissues tested under the same type of loading configurations.
These benchmarks represent the standards in the field against
which new disc replacement biomaterials are evaluated.
Accordingly, the results show that 3D FPLA meets or exceeds
many of these mechanical benchmarks. Of note, there is no
preferred fiber orientation in the samples used in the current
study. The fiber orientation in our tensile test samples are both
along the length of the strip as well perpendicular to the length.
Because our samples do not have a preferred fiber orientation,
we chose to compare the properties of FPLA strips to bulk AF
tensile properties, which are representative of composite
multilamellar materials with a heterogeneous fiber direction.
Of the functional properties we evaluated for FPLA samples,
the dynamic compressive modulus varied appreciably from that
of natural IVD motion segment. The dynamic compressive
modulus of IVD motion segments are reported to be ~30 MPa,
whereas FPLA scaffolds exhibited a range of 0.5 to 10 MPa.
While FPLA scaffolds were not as stiff in dynamic compression
as native motion segment, FPLA properties represent
significantly better biomimetic properties than materials that
are currently being developed (e.g., hydrogel materials) in the
context of IVD tissue engineering or that are used for disc
replacement (e.g, titanium cages). Biomedical grade titanium
has a modulus on the order of 100 GPa, which is several orders of
magnitude higher than the modulus of the native motion
segment,”’ which can lead to stress shielding. However,
hydrogels used for biomedical applications have moduli in the
kPa range,é8 which are orders of magnitude below tissue level
and are likely to fail under physiological loading conditions. In
the native disc, the apparent dynamic compressive properties are
dependent on fluid pressurization within the NP'® and therefore
represent contributions of a solid matrix and an interacting fluid
phase. In the absence of a dense hydrated ECM, the dynamic
mechanical properties of FPLA are more representative of the
flow-independent viscoelastic solid matrix. Interestingly, the
phase angle of FPLA scaffold was similar to that of human IVD
motion segments tested in dynamic compression (ranging from
5.7 t0 9°).”* Both IVD motion segments and FPLA phase angles
are relatively small (i.e, < 10°) indicating that the scaffolds
behave predominantly as an elastic structure across all
frequencies tested, just as has been observed for human IVDs.**
To further demonstrate the utility of 3D printed FPLA, we
produced an anatomically biomimetic IVD scaffolds and
evaluated their mechanical properties relative to lumbar native
disc isolated from bovine spine using a physiologically relevant
loading protocol. The anatomical 3D printed IVD was modeled
to exhibit dimension similar to bovine IVD, with height of 5.5
mm and a lateral width of 41 mm. The equilibrium modulus was
comparable between bovine lumbar IVDs and anatomical 3D
printed IVDs (Figure 6), suggesting that the 3D printed
anatomical disc mimic the mechanical properties of a bovine
IVD in compression and is therefore a promising material for
whole disc scaffolding. While the equilibrium modulus of the 3D
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printed anatomical discs were remarkably similar to native IVD
samples under unconfined compression, the observed lower
instantaneous moduli suggest that fluid pressurization in native
IVD remains higher than porous 3D printed scaffolds with
biomimetic equilibrium mechanical properties. Future efforts
will explore engineering approaches to for enhance fluid
pressurization of 3D printed FPLA scaffolds.

One possible approach for enhancing pressurization of the
porous scaffold is to incorporate a hydrogel into a composite. In
FPLA+alginate structures, the equilibrium and instantaneous
modulus of FPLA with and without alginate were comparable
and were significantly greater than alginate alone. This suggests
that under subfailure strains (up to 25%) the alginate does not
pull away from the FPLA, yet it does not offer significant
contribution to scaffold stiffness. Under physiological dynamic
loading, interactions between FPLA and alginate resulted in
slightly lower dynamic modulus than FPLA alone. The
composite also exhibited a lower phase angle than either
component alone, demonstrating that interactions between the
two polymer systems led to less energy dissipation. Moreover,
our results show that FPLA+alginate has a significantly greater
toughness and failure strain compared to FPLA alone. These
findings suggest that in some conditions, the FPLA+alginate
composite has enhanced mechanical function compared to
FPLA alone, which may be further optimized with use of other
hydrogels designed to withstand IVD stress and strains.

The mechanical characterization of cell-seeded FPLA
composite scaffolds over 8 weeks in culture also showed no
significant changes in the equilibrium modulus, dynamic
modulus, and phase angle, demonstrating the stability of these
scaffolds in cell culture. Not surprisingly, the addition of cell-
deposited ECM did not induce further increases in the
mechanical properties because the contributions of cell-
deposited ECM are small (likely in kPa range) compared to
the de novo properties of the FPLA (shown here to be in MPa
range). The compressive equilibrium mechanical properties of
the FPLA scaffolds are superior to prior tissue engineered whole
disc replacements which typically have a compressive equili-
brium modulus on the order of 50 kPa at the end of culture, a
level below the target physiological range.37’55 Indeed, addi-
tional maturation for 10 to 20 weeks in vivo was needed in one
study to reach native equilibrium properties.>*

While cell seeding of FPLA is not necessary for creating
mechanically strong constructs for implantation, the addition of
cells may aid in the deposition of a native ECM and in the
integration of the scaffolds to the surrounding tissues.
Importantly, no cytotoxic effects were observed for NP cell
2D monolayer culture or in the 3D composite cultures.
Moreover, both histological staining (alcian blue) and GAG
production assays showed that there is an increase in GAG
deposition over time, however this was not necessary for
maintenance of mechanical integrity of the scaffold in culture.
The histological observations of the current study are consistent
with prior studies; Nerurkar et al. and Nesti et al. both observed
increased proteoglycan staining in their respective hydrogel-
based whole disc constructs over a period of weeks in culture
with patterns of pericellular proteoglycan staining.’”** We
observed an initial increase in GAG content followed by
maintenance at the 4 week time point. It is important to note
that overall DNA content was also increasing over time, though
the GAG content appeared to plateau compared to DNA
content. While most whole disc replacement studies observe a
steady increase in GAG production®”>>**=** in vitro, some
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observe decreases in GAG content that could be attributed to
degradation of the alginate.***

We choose NP cells for biocompatibility as a representative
differentiated IVD cell; however, biocompatibility is expected to
be the same for both AF and NP cells on the FPLA material.
With regard to matrix production, NP cells were chosen for their
ability to deposit proteoglycan rich matrix. Cells were seeded in a
hydrogel in 3D as opposed to directly on the scaffold to avoid
cell elongation on the fibers and potential dedifferentiation of
NP cells. To further evaluate the potential of FPLA for
fibrocartilaginous differentiation, we investigated the response
of bone marrow derived mesenchymal stem cells (MSCs) to
seeding on FPLA alone or FPLA+alginate up to day 7 in culture
(Figure S2). MSCs cultured on FPLA were viable and the
scaffold promoted a fibrocartilaginous phenotype in MSC laden
constructs with robust expression of COL1A, COL2A, and
ACAN, mirroring the expression of native AF.

The use of 3D printed FPLA scaffolds offers an alternative “oft
the shelf” scaffold for tissue engineering or implantion; FPLA
scaffolds exhibit biomimetic properties of the spine motion
segment de novo without the addition of cells. FPLA is also a
high-melting temperature material, that is printed at 240 °C and
melts at 180 °C; therefore, it can be sterilized in an autoclave at
121 °C (250 °F) and dried at 132 °C (270 °F) like traditional
surgical materials. Additionally, 3D printing has the potential for
customized scaffolds to meet patient spinal anatomy, such as
disc height, volume, and ratio of NP to AF cross sectional area.
Indeed, personalized 3D printed metal implants have been
shown to reduce the risk of implant failure by ensuring improved
matching with the patient vertebrae dimension and morphol-
ogy.”” Future studies will investigate the use of 3D printing for
tuning of shape, size, and integration components into animal
spines in vivo.

Our findings of biomimetic tensile and compressive,
equilibrium, and dynamic properties of 3D printed FPLA
demonstrate its potential in disc replacement applications. This
study is the first step toward an anatomical 3D printed disc
replacement. But many additional questions remain, and some
limitations exist. One limitation is that this study did not
evaluate the torsional properties of 3D printed FPLA. Shear due
to bending or rotation causes very high stresses at the disc
interfaces that may also create high stresses between the FPLA—
alginate interfaces that would be important to consider. Future
studies will also evaluate the response of scaffold composites to
fatigue loading. These studies were performed with NP cells (as
a representative IVD differentiated cell type) and MSCs for
assessing short-term gene expression changes. Future studies
should evaluate either a combination of NP and AF cells for
regional responses on 3D FPLA and/or MSCs in long-term
culture for translational potential into an in vivo model. The cell
density used within the scaffolds was lower than that of native
IVD, which was in part restricted by the number of cells acquired
from fresh bovine IVD isolation. The expectation is that with
increased cell density, greater ECM deposition within the
construct may provide additional dynamic contributions to
matrix pressurization, although some studies suggest that
nutrient limitations with very high cell seeding density may
occur in cell-seeded hydrogels.*® However, since these scaffolds
have de novo mechanical properties without the need for ECM
deposition, the addition of cells may be beneficial for integration
or molecular signaling with surrounding tissue but is not
required for maintaining mechanical function. Although the
primary mechanism of PLA degradation is hydrolysis of the
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ester-bond backbone, future studies may evaluate degradation
under loading or in vivo conditions.”®

6. CONCLUSIONS

This study demonstrates the novelty and versatility of flexible
3D printed FPLA in generating tunable viscoelastic scaffolds
that mimic the native mechanical properties of human
intervertebral disc motion segments. These scaffolds were also
stable and biocompatible and are permissive of both
fibrocartilaginous matrix expression by MSCs and proteoglycan
rich extracellular matrix deposition by NP cells.
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