1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Biomech. Author manuscript; available in PMC 2021 December 02.

-, HHS Public Access
«

Published in final edited form as:
J Biomech. 2020 December 02; 113: 110100. doi:10.1016/j.jbiomech.2020.110100.

Ex-vivo biomechanics of repaired rat intervertebral discs using
genipin crosslinked fibrin adhesive hydrogel

Kengo FujiiP, Alon Lai2, Nimrod Korda?®, Warren W. Hom?, Thomas W. Evashwick-
RogleraC, Philip Nasser?, Andrew C. Hecht?, James C. latridis®"

aLeni & Peter W. May Department of Orthopaedics, Icahn School of Medicine at Mount Sinai,
New York, NY, United States

bDepartment of Orthopaedic Surgery, University of Tsukuba, Tsukuba, Japan

cUniversity of Pittsburgh School of Medicine, Pittsburgh, PA, United States

Abstract

Microdiscectomy is the current standard surgical treatment for intervertebral disc (1VVD)
herniation, however annulus fibrosus (AF) defects remain unrepaired which can alter IVD
biomechanical properties and lead to reherniation, I\VD degeneration and recurrent back pain.
Genipin-crosslinked fibrin (FibGen) hydrogel is an injectable AF sealant previously shown to
partially restore 1\VD motion segment biomechanical properties. A small animal model of
herniation and repair is needed to evaluate repair potential for early-stage screening of 1\VD repair
strategies prior to more costly large animal and eventual human studies. This study developed an
ex-vivo rat caudal IVD herniation model and characterized torsional, axial tension—compression
and stress relaxation biomechanical properties before and after herniation injury with or without
repair using FibGen. Injury group involved an annular defect followed by removal of nucleus
pulposus tissue to simulate a severe herniation while Repaired group involved FibGen injection.
Injury significantly altered axial range of motion, neutral zone, torsional stiffness, torque range
and stress-relaxation biomechanical parameters compared to Intact. FibGen repair restored the
stress-relaxation parameters including effective hydraulic permeability indicating it effectively
sealed the IVD defect, and there was a trend for improved tensile stiffness and axial neutral zone
length. This study demonstrated a model for studying I'VD herniation injury and repair strategies
using rat caudal 1VDs ex-vivo and demonstrated FibGen sealed IVDs to restore water retention
and IVD pressurization. This ex-vivo small animal model may be modified for future /n-vivo
studies to screen IVD repair strategies using FibGen and other 1D repair biomaterials as an
augment to additional large animal and human 1D testing.
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Introduction

Microdiscectomy is the current standard surgical treatment for intervertebral disc (1\VD)
herniation, which is directly associated with radicular pain, and has an annual Medicare cost
reported to be $300 million (Schoenfeld and Weiner, 2010). However, defects in the annulus
fibrosus (AF) remain unrepaired following microdiscectomy, which can lead to re-
herniation, accelerated degeneration and recurrent pain (Barth et al., 2008; McGirt et al.,
2009b, 2009a). As a consequence, 5-21% of patients suffer from re-herniation following
discectomy (Carragee et al., 2006). Poor innate VD healing makes developing I\VD repair
biomaterials capable of sealing 1VD defects and promoting repair a high priority (Buckley et
al., 2018; Guterl et al., 2013).

Current repair strategies include nucleus pulposus (NP) repair, AF suture, AF closure
devices, and injectable hydrogels (Bailey et al., 2013; Buckley et al., 2018; Chiang et al.,
2011; Fujii et al., 2019; Guterl et al., 2013; Hom et al., 2019; latridis et al., 2013; Long et
al., 2016b; Sloan et al., 2017, 2018, 2020; Virk et al., 2020). Suture of AF incisions did not
significantly improve biomechanical properties of 1VD following discectomy in sheep in-
vivo (Ahlgren et al., 2000). The Barricaid AF closure device (Intrinsic Therapeutics,
Woburn, MA) lowered the risk of symptomatic recurrence and reoperation (KurSumovié et
al., 2020; Thomé et al., 2018; However, Barricaid requires vertebral anchoring with evidence
for endplate damage, device subsidence, and no repair potential. Multiple biomaterial
hydrogels are under development as AF repair strategies (Borem et al., 2019; Bowles and
Setton, 2017; Bron et al., 2010; D’Este et al., 2018; Guillaume et al., 2014; latridis et al.,
2013; Linetal., 2019; Long et al., 2018; Pennicooke et al., 2018; Sloan et al., 2018).
Structured biomaterials aim to emulate the native AF structure yet have limited integration
with native tissue and face a relatively high risk for herniation and therefore have also been
advanced for whole I'VVD replacement strategies (Gullbrand et al., 2018; Long et al., 2016b;
Martin et al., 2015). AF repair patches are also in development to reduce this reherniation
risk with mixed success (Borem et al., 2019; Long et al., 2016a). As these biomaterials are
developed, they require screening to assess their capacity for sealing AF defects, restoring
IVVD biomechanical properties, and promoting healing, considered critical design goals of
AF repair strategies (latridis et al., 2013).

Several injectable hydrogels for AF repair have been evaluated including alginate, agarose,
gelatin, and collagen, as well as sponges made from polyglycolic acid (PGA), polylactic
acid (PLA), poly(e-caprolactone), collagen, silk, hyaluronic acid, and/or gly-
cosaminoglycans, as reviewed by Bowles and Setton (Bowles and Setton, 2017). Injectable
hydrogels offer appeal because they can be applied during discectomy or other minimally
invasive procedures, fill void space and have been used with acellular and cellladen
biomaterials (Bron et al., 2010; Lin et al., 2019; Panebianco et al., 2020; Sloan et al., 2020).
Adhesive biomaterials can integrate with native 1'VD tissues in order to reduce herniation
risk and can be tuned to emulate multiple material properties of the native AF or NP tissues
yet as an injectable hydrogel, they do not succeed in matching tensile properties of the AF
(Bowles and Setton, 2017; Bron et al., 2010; DiStefano et al., 2020; Grunert et al., 2014a;
Lin et al., 2019; Panebianco et al., 2020). More recently, composite repair strategies have
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been developed including both NP and AF repair, with one advancing to large animal in vivo
studies (Hom et al., 2019; Sloan et al., 2020). In this study we investigate genipin-
crosslinked fibrin (FibGen) hydrogel, which is an adhesive, void filling AF repair sealant
(Likhitpanichkul et al., 2014). Fibrin is FDA approved for other indications and frequently
used in surgery. Genipin is a plant-based chemical crosslinker that enhances stiffness and
slows biomaterial resorption (Dare et al., 2009; Schek et al., 2011). FibGen can be tuned to
match native AF shear properties, and can partially restore VD motion segment
biomechanical properties in a bovine ex-vivo model (Hom et al., 2019; Likhitpanichkul et
al., 2014). One /n-vivo study evaluated FibGen in an ovine cervical spine model and found
FibGen integrated with surrounding AF tissue without herniation after one month and was
resorbed after 12 months (Long et al., 2019). However, FibGen did not significantly improve
repair compared to the injured control. Further /in-vivo studies are necessary to track short-
term healing and long-term repair to determine if FibGen can prevent IVD degeneration in a
more severe injury model. FibGen has also been modified for cell delivery, requiring further
evaluation (Cruz et al., 2018; Panebianco et al., 2020).

Models of large AF defects are required to assess the biomechanical and repair potential of
FibGen and other IVD repair biomaterials. A systematic review showed high variability in
the choice of AF repair models and selected output variables, making it difficult to compare
across studies and demonstrating a need to develop standardized biomechanical models that
can be repeatably applied across multiple laboratories in order to screen AF repair
biomaterials and devices (Virk et al., 2020). Large animal models are often preferred due to
the ability to apply high forces and greater similarity with the human spine in terms of size,
structure, loading environment (Reitmaier et al., 2013; Smit, 2002), but are costly and
consequently often involve relatively small sample sizes making their adaptation across
many labs more difficult.

Small animal models are commonly used to study IVD degeneration and regeneration
(Grunert et al., 2014b; Sloan et al., 2017; Sobajima et al., 2005; Boxberger et al., 2009;
Singh et al., 2005), and to evaluate the biomaterials for I\VD repair (Grunert et al., 2014a;
Ishiguro et al., 2019; Martin et al., 2015, 2014; Takeoka et al., 2020). Rats are larger than
mice facilitating surgical intervention and smaller and less costly than rabbits. Compared to
lumbar 1VDs, rat caudal 1VDs have improved access for surgical interventions and are
relatively larger, which improves the ability to more accurately induce injury, inject
biomaterials, and prepare the specimens for biomechanical testing. Therefore, there is a need
for an additional pre-clinical IVD repair screening model in small animals that would
augment large animal and human studies. This study therefore developed an 1D herniation
model in rat caudal I\VVDs with FibGen repair and biomechanical evaluation to determine
whether small animal models may be used to screen repair strategies. A large 1'VD defect
injury with AF injury and NP herniation was created to ensure sufficient space for
biomaterial injection. This ex-vivorat caudal VD biomechanical study: 1) developed an
IVD herniation model that was repaired with FibGen injection, and 2) determined whether
FibGen could restore biomechanical properties to the intact conditions. We believe this
important step demonstrates the possibility to use the rat model as a pre-clinical screening
tool to evaluate the repair potential of FibGen and other 1\VVD repair biomaterials in future
small and large animals in vivo, and potentially human studies.
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2. Methods
2.1. Study design

Skeletally mature Sprague Dawley male rat coccygeal motion segments (c4-5, ¢6-7 and
¢8-9) were isolated and randomly assigned into experimental groups: (1) Intact, (2) Injury,
and (3) Repaired (n = 10/group) (Fig. 1A). Biomechanical properties of all specimens were
initially tested intact. Specimens in Injury and Repaired groups were then injured to simulate
microdiscectomy with the Injury group untreated and the Repaired group injected with
FibGen. Specimens were biomechanically tested again. Intact group was tested twice with
no injury or repair to identify the effects of two biomechanical tests. All samples were
incubated at 37 °C in PBS for 3 h prior to the post-injury biomechanical measurement
following similar procedures that ensure full FibGen polymerization (Cruz et al., 2017).

No live animals were used. All rat tails were obtained by tissue share from studies approved
by Institutional Animal Care and Use Committee.

2.2. Preparation and potting of rat motion segment

Preparation and potting of rat motion segments were previously described (Lai et al., 2019;
Mosley et al., 2019; Torre et al., 2019). Briefly, all surrounding tissues including vertebral
processes were removed under a dissection microscope. Motion segments were dissected
and stored in 1X phosphate-buffered saline (PBS) (Fisher Scientific, Hampton, NH) with
protease inhibitor (complete cocktail tablet, Roche Diagnostics Corporation, Indianapolis,
IN), at —20 °C until the day before testing. Motion segments were potted in two 10-mm
custom stainless steel pots with an instant adhesive (Loctite 401, Henkel, Dusseldorf,
Germany) and an accelerant (Loctite 712, Henkel, Dusseldorf, Germany). A custom clamp
and plumb line confirmed motion segments were aligned along the axis of loading. Potted
motion segments were submerged in 1X PBS with protease inhibitor, at 4 °C overnight to
allow full hydration prior to testing. On the day of testing, the potted motion segments were
thawed in 1X PBS at room temperature for 2 h.

2.3. IVDinjury

After the pre-injury tests, potted specimens were fixed to a custom made compression-
distraction tool attached to a digital caliper (Mitsutoyo, Kanagawa, Japan) to control
compression-distraction distances. An 1 mm x 2 mm annular defect in the posterolateral
region of IVDs was box cut by scalpel with removal of NP tissue in Injury and Repaired
groups (Fig. 1A). NP tissue extrusion for removal by micro-forceps was achieved by
compressing the IVD using the caliper system by 0.90 mm which repeatedly induced NP
tissue herniation. This distance approaches the average rat tail disc height, although
substantial deflection occurs in both vertebrae and 1VVDs during tail motion segments
compression (MacLean et al., 2007; O’Connell et al., 2007).

2.4. Hydrogel preparation and injection

FibGen was prepared as previously described (Guterl et al., 2014; Hom et al., 2019). Briefly,
200 mg of bovine fibrinogen (Sigma-Aldrich, St. Louis, MO) was dissolved in 1140 L of
PBS and mixed with 40 U of thrombin (Sigma-Aldrich, St. Louis, MO) and 8 mg of genipin
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(FUJIFILM Wako Chemicals U.S.A. Corporation, Richmond, VVA) using a 4:1 dual barrel
syringe, a mixing tip (Pac-Dent, Brea, CA) and a 10 yL micropipette tip. The process of
intradiscal injection was performed with potted motion segment attached to the custom made
compression-distraction tool and under dissecting microscope. The specimen was initially
compressed to remove the air from injured 1VVD. The micropipette tip of the syringe was
then placed into the injured IVVD through the annular defect. FibGen was slowly injected into
the 1VD while the motion segment was slowly distracted back to its original height. This
procedure generated a negative pressure which allowed the injected FibGen to fill up the
intradiscal space without generating air bubbles during. FibGen was injected into the defect
until a small amount of excess FibGen was injected outside the AF to ensure the VD was
entirely filled with FibGen, as might be expected in a surgical repair setting.

2.5. Biomechanical testing

Changes in motion segment biomechanical properties before and after annular injury with/
without repair were measured using torsional, axial tension-compression, and stress
relaxation tests (Fig. 1B) (Mosley et al., 2019; Torre et al., 2019). Firstly, torsional
biomechanical testing was performed using an AR2000ex rheometer (TA instruments, New
Castle, DE). An angular displacement-controlled cyclic testing protocol was used: samples
were rotated to £10° for 20 cycles at 1 Hz and the last complete cycle was used for data
analyses. After torsional testing, motion segments were submerged in 1X PBS with protease
inhibitor to rehydrate for 30 min.

Axial tension-compression biomechanical testing and stress relaxation testing were then
performed using an Enduratec ELF 3200 (TA Instruments, New Castle, DE). Specimens
were loaded cyclically in force control at +0.5 MPa for 20 cycles at 0.5 Hz. Finally, stress
relaxation tests were performed with ramp displacement applied until the force equivalent of
0.15 MPa compression was achieved, whereupon and the actuator was held at a constant
position for 10 min.

All biomechanical testing was performed at room temperature.

2.6. Analysis of biomechanical testing

Biomechanical properties of torsional stiffness, torque range, compressive stiffness, tensile
stiffness, range of motion (ROM), and torsional and axial neutral zone (NZ) length were
determined from the torsional and axial tests (Fig. 2 & Fig. 3). Percent relaxation, time
constant (<) and effective hydraulic permeability were calculated from stress relaxation tests
(Fig. 4) (Borde et al., 2015).

Custom MATLAB (Mathworks, Natrick, MA, USA) code was used to determine
biomechanical parameters from torsional and axial data. Axial and torsional NZ length and
stiffness were determined from the last complete test cycle as described (Di Pauli von
Treuheim et al., 2020; Torre et al., 2019). Torsional stiffness values were defined as the slope
of the top 20% of the loading portion of the torque-rotation curve then averaged from
clockwise and counterclockwise rotation values. Torque range was the difference in peak
values developed in £10° rotation. NZ was calculated using the Stiffness Threshold method
(Di Pauli von Treuheim et al., 2020). Compressive and tensile stiffness were calculated as
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the slope of the linear upper 20% regions of the force-displacement curve. ROM was the
total displacement from maximum compression to maximum tension. The axial
displacement and slope of the NZ region were defined as the axial NZ length and NZ
stiffness, respectively. Axial NZ length and stiffness were calculated using the Stiffness
Threshold method (Di Pauli von Treuheim et al., 2020).

For stress relaxation testing, the stress vs time curve was fitted using a poroelastic model
(Fig. 4B) as described (Borde et al., 2015). The relaxation time constant (), force constants
(A & B), and the effective equilibrium modulus (E) were obtained from the curve fit, while
the 1VD radius (r) for all samples was taken as the average of posterior-anterior and lateral
widths from previous study (Beckstein et al., 2008). The relaxation magnitude
(%Relaxation) and the effective hydraulic permeability (k) of each IVD were calculated
(Fig. 4B).

2.7. Radiographic measurement

IVVD height was assessed using radiographs obtained prior to both pre-injury and post-injury
biomechanical tests. Faxitron (Bioptics, LLC, Tucson, AZ) was used to obtain an anterior-
posterior view radiograph image. Superior and inferior borders of the IVD were manually
identified using ImageJ, and their coordinates were used to calculate the average distance
between the borders using a custom MATLAB script. Disc height ratio was calculated as
post-op disc height/pre-op disc height, as described (Evashwick-Rogler et al., 2018; Lai et
al., 2019, 2016).

2.8. Statistical analysis

All post-injury data were normalized to their pre-injury values to eliminate variations
between samples, and analyzed using Oneway ANOVA with Tukey’s post-hoc tests.
Statistical analyses were performed using Prism (GraphPad, San Diego, CA), and
significance level p < 0.05.

3. Results

Torsional testing results showed significantly decreased torsional torque range, torsional
stiffness following 1VD injury as compared to Intact group (p < 0.0001) (Fig. 2) with
relative and absolute values of all parameters and their statistical comparisons presented
(Tables 1 and 2). None of the torsional parameters showed biomechanical restoration after
repair. Axial tension-compression testing results showed significantly increased axial ROM
and axial NZ length in injured 1VDs when compared with intact IVDs (p = 0.02 for axial
ROM and p = 0.04 for axial NZ length) (Fig. 3).

Decreased axial NZ length and tensile stiffness in Repaired group in comparison with Intact
group suggests biomechanical restoration after I\VVD repair with FibGen, but there were no
significant differences between Injured group and Repaired Group (p= 0.77 for NZ length
and p = 0.30 for tensile stiffness, Injured group vs Repaired group).

Stress relaxation testing results showed significantly smaller % Relaxation in Injured group
than in Intact group (p = 0.03), while there was no significant difference between Injured
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and Repaired groups (p = 0.38) and Intact and Repaired groups (o = 0.39), which suggests
that FibGen repair partially restores viscoelasticity of injured 1VVDs (Fig. 4). Furthermore, <t
was lower in Injured group in both Intact and Repaired groups (p = 0.0008 for Intact vs
Injured, p=0.002 for Injured vs Repaired), while the effective hydraulic permeability was
significantly higher in Injured group than in both Intact and Repaired groups (p = 0.002 for
Intact vs Injured, p=0.005 for Injured vs Repaired), which suggests that FibGen repair
improves water retention within injured 1VVDs under stress.

No significant difference in disc height was observed between Intact, Injured and Repaired
groups (p=0.15) (Fig. 4).

4. Discussion

There is an unmet clinical need to develop IVD repair strategies capable of sealing IVD
defects that remain unrepaired after herniation and discectomy procedures, and small animal
models provide an additional early pre-clinical screening tool that can help accelerate
translation. This study characterized biomechanical changes of rat caudal motion segments
following discectomy and evaluated whether the changes could be restored by injectable
FibGen hydrogel. The simulated discectomy injury significantly increased axial ROM, axial
NZ length and hydraulic permeability, and significantly decreased torsional torque range,
torsional stiffness, %relaxation and T when compared to intact samples (p < 0.05; Figs. 2-4).
IVD repair with intradiscal FibGen injection restored the altered viscoelasticity (i.e.
%relaxation, p> 0.05 and <, p < 0.05) and hydraulic permeability (p < 0.05) induced by 1\VD
injury (Fig. 4) indicating that the hydrogel successfully sealed the large AF defects, and
there was a trend for improved IVD height, tensile stiffness and axial NZ length.

Rat caudal 1VDs have commonly been used to study 1D degeneration (Han et al., 2008; Hu
et al., 2018; latridis et al., 1999; Lai et al., 2008; MacLean et al., 2003; Rousseau et al.,
2007; Wuertz et al., 2009) and AF repair strategies (Borde et al., 2015; Grunert et al., 20143;
Kazezian et al., 2017; Nukaga et al., 2019). However, few rat studies (Sloan et al., 2017)
have focused on modeling the large 1VVD defect that remains after discectomy. Caudal 1\VDs
were chosen for this study since they are much more accessible than lumbar IVVDs insofar as
not requiring a transperitoneal or posterior percutaneous approach for injury, which makes
caudal 1VDs more advantageous for future /n-vivo studies. In this study, we induced
discectomy injury by making a box cut of 1 mm x 2 mm in AF followed by a compression
to extrude NP tissue. This injury was relatively larger than previous studies inducing annular
injury by stab or needle puncture (Beckstein et al., 2008; Elliott et al., 2008; Showalter et al.,
2012; Torre et al., 2019). This larger injury was created to enable filling the defect with a
viscous hydrogel, FibGen in this case. The box cut defect spanned >80% of the IVD height,
although the decreased torque range and torsional stiffness measured in this study was
similar to those from prior studies inducing the annular defect by needle puncture which
spanned approximately 40% of the IVD height (Elliott et al., 2008; Torre et al., 2019). This
suggests that the addition of NP removal did not have a significant impact on torsional
parameters, which is not surprising since torsional testing is known to be most strongly
affected by AF fiber integrity (latridis et al., 2013). Injury impacted axial NZ and ROM
without significant changes in compressive or tensile stiffness, consistent with our previous
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study (Torre et al., 2019). These observations differ from (Elliott et al., 2008) with decreased
compression, tension and NZ stiffnesses, as well as increased NZ length. These differences
may result from differences in test protocol. Overall, the discectomy injury in this study
induced large and significant changes in viscoelasticity, hydraulic permeability, and several
axial and torsional parameters and may serve as an additional pre-clinical tool to evaluate
repair strategies.

FibGen has previously been evaluated using large animal injury models and shown
promising results to integrate with surrounding AF tissue without herniation and partially
restore IVD biomechanical properties (Likhitpanichkul et al., 2014; Long et al., 2016a;
“Unable to find information for 6447834,” n.d.). Further evaluation of FibGen is required to
evaluate IVD healing, and refinements to enable delivery of cells and therapeutics in FibGen
(Cruz et al., 2018; Hom et al., 2019; Long et al., 2019; Panebianco et al., 2020) also require
screening. This rat discectomy model may be useful to allow biomechanical screening of
biomaterials as a first step prior to in-vivotesting.

This study demonstrated FibGen could be directly injected into rat caudal 1VDs following
annular defect and NP removal. Injected FibGen was maintained in the 1VVDs following the
mechanical tests. FibGen was able to partially restore %relaxation and fully restore < and
hydraulic permeability of the IVVDs following injury, which indicated that the injected
FibGen sealed the defects and restored I'VD pressurization. The finding that the large AF
injury had highly significant effects on viscoelastic behaviors (especially effective hydraulic
permeability) that were restored with FibGen sealant, are very similar to the finding from
Borde et al. that identified similar effects of the defect that were restored with collagen
hydrogels (Borde et al., 2015). Together these 2 studies identify the high sensitivity of
permeability to AF defects which result in loss of VD pressurization. However, similar to
results of our previous study using a large bovine caudal injury model (Hom et al., 2019),
FibGen was unable to restore axial or torsional parameters back to intact levels. Importantly,
the agreement between the large animal model and the current model suggests the rat VD
model may be useful in performing early studies to further investigate and optimize
injectable hydrogels in a high-throughput manner. The lack of effect of FibGen on torsional
parameters is not unexpected, since FibGen is an amorphous hydrogel that, while easily
injectable, does not recapitulate the fiber structure of the native AF. Consequently,
evaluations of healing with FibGen are particularly important and warrant further
investigation. FibGen has demonstrated the ability to prevent IVD height loss in a previous
long-term bovine organ culture study (Likhitpanichkul et al., 2014), and we believe these
differences relate to differences in pre-loading condition prior to disc height measurements.
However some of the lack of repair potential may be due to the relatively large defects
created. Most importantly, FibGen restored stress relaxation parameters most effectively
highlighting its capacity to seal I\VVD defects.

This study had some limitations. Operating on the small rat caudal 1\VDs was technically
challenging and is a potential source of variance in Injured and Repaired samples. The use of
our large injury was needed to enable direct injection of a highly viscous hydrogel into the
small VD space of the rat. This large size is a limitation since it would be relatively larger
than injuries expected in large animal or herniated human 1VDs, yet also provides greater
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challenge to repair biomaterials. Some lack of biomechanical restoration from FibGen in this
study as compared with prior studies in the literature (Likhitpanichkul et al., 2014; Long et
al., 2016a) may be attributed to the relatively large defect in this study that might be near the
limit of biomechanical improvements for FibGen, which suggests this model would not fully
replicate the biomechanical conditions of injuries in large animal models and herniated
human IVVDs. We believe the large injury was justified since it enabled hydrogel repair
within the IVD space of this small animal to offer another less expensive pre-clinical
screening tool. Technically, generating negative pressure during the injection process was
necessary to avoid the formation of air bubbles during the injection in this model. In large
animal models or human trials, this technical problem would not be present provided FibGen
is injected from the bottom of the defect. Following injection and biomechanical testing,
selected samples were visually inspected under the dissecting microscope to confirm FibGen
was still there and filled the void spaces. FibGen has adhesive strength of 20-70 kPa
determined by pushout-testing which is similar to or greater than that of collagen gels (3-6
kPa) and a novel two part repair strategy involving dual modified glycosaminoglycan of with
poly (ethylene glycol) diacrylate (8-15 kPa) determined by lap-shear testing (Cruz et al.,
2017; DiStefano et al., 2020; Guterl et al., 2014; Jiang et al., 2019), yet adhesive strength
values can vary with test protocol and other experimental conditions. Intact samples had
some parameters with mean less than 1 when normalized (post/pre) suggesting that testing
or storage could have some effects. While these reductions were not significantly reduced
from 1, all experimental groups were similarly tested 2 times so any effects of testing
protocol or storage conditions are not expected to affect relative comparisons between
groups. To control for uniformity in the amount of NP tissue volume removed, we
consistently compressed the same distance from the neutral condition using a digital caliper
attached to the custom made pot clamp, thereby forcing a similar volume of NP tissue out of
the annular defect for all samples. We considered a direct measurement of NP volume
removed to be impossible to repeatedly perform accurately due to the ‘sticky’ and soft tissue
and very small-volume of rat NP tissue.

We conclude that this herniation model of IVD injury and repair with ex-vivorat caudal
IVDs provides a model system to assess biomechanical performance and facilitates future
pre-clinical /n-vivo studies in a small animal 1VD repair model. Intradiscal injection of
FibGen successfully sealed IVVD defects and partially restored multiple biomechanical
properties altered with injury. Future /n-vivo investigations are warranted for further
evaluation of FibGen and other bioactive biomaterials for repair potential.
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