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ABSTRACT

Purpose: Nucleus augmentation has been proposed as an early-stage intervention for intervertebral disc degeneration and in-
volves the injection of a biomaterial into the nucleus to restore disc height and functionality. The aim of this work was to identify
clinically relevant quantitative measures that indicate the mechanical performance of the disc following nucleus augmentation.
Method: Bovine tail bone-disc-bone units (n =22) were mechanically tested under cyclic loading sequentially in native, artifi-
cially degenerated, and treated states. Treatment involved injection of a peptide-glycosaminoglycan mixture into the degenerated
disc to a predetermined load using a syringe driver with an integrated force sensor. The stiffness restoration of the treatment was
determined by comparing the biomechanical behavior of the native state to the treated state of each disc. The stiffness restoration
was then compared against clinically quantifiable parameters.

Results: No significant biomechanical differences were observed between the native and treated states, but both were signifi-
cantly different from the degenerated state. The force delivered during injection was found to ramp to a steady state, followed by a
final rapid increase; however, all measures associated with injection force poorly correlated with the level of stiffness restoration.
Volume injected and change in disc height from injection had the strongest relationship to stiffness restoration.

Conclusion: This work showed that measuring the injection force for injectable treatments of the disc can provide lower and
upper limits for delivery, but direct measures are stronger indicators of disc stiffness restoration.

1 | Introduction biomaterials has also been evaluated through a range of in vitro

tests in cadaveric human and animal tissue, with some evidence

Nucleus augmentation, in which a biomaterial is injected into
the intervertebral disc, has been proposed as an early stage
intervention for disc degeneration [1]. A number of injectable
biomaterials are under development for nucleus augmentation,
and studies have reported on both their biological and me-
chanical characteristics [2, 3]. The biomechanical performance
of intervertebral disc specimens augmented with candidate

of the ability of the treatment to restore short-term biomechan-
ical function [4]. In these studies, the amount of biomaterial in-
jected in the nucleus augmentation procedure has been either to
a fixed volume or based on the haptic judgment of the researcher
[2], and there has been little investigation to date on the effects of
clinical variables such as the volume of injected material or the
force required to deliver it.
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In a clinical setting, if the volume of biomaterial injected
into the nucleus were too low, then there would be less res-
toration of disc height or biomechanical function, while too
great a volume could potentially increase the risk of hernia-
tion or end-plate fracture [5]. However, the optimum volume
to inject would likely be governed by the size, extracellular
constituents, and degenerative state of the disc. An alternative
may be to measure the mechanical resistance of the disc to
filling by monitoring the force required to deliver the bioma-
terial [6].

The aim of this study was to investigate the relationship be-
tween clinically quantifiable measures of biomaterial delivery
in nucleus augmentation and the resulting mechanical perfor-
mance of the augmented intervertebral disc. The study was
conducted using a bovine in vitro pre-clinical biomechanical
model to allow the greatest control of confounding factors over
a short testing duration and a previously developed peptide-
glycosaminoglycan (GAG) injectable hydrogel [7, 8].

2 | Materials and Methods
2.1 | Specimen Preparation

Bovine tails (sourced from a local abattoir—Penny & Sons,
UK) (C1-C4) (n=12) were imaged under microcomputed to-
mography (uCT), and sectioned into bone-disc-bone units
(BDBUs) retaining a consistent thickness of vertebral bone
[9]. The exposed bone was cleaned using a surgical water
pik (Pulsavac Plus Wound Debridement System, Zimmer
Biomet, USA) and the specimens were placed in an agitated

anticoagulant bath at 4°C for 24 h (sodium citrate, 20.5mM).
Specimens were rinsed and frozen to —80°C until the day of
testing.

2.2 | Overview

The prepared BDBUs were subjected to a sequential testing pro-
tocol, where the units were biomechanically tested in the native
state, subjected to a rapid enzymatic degeneration procedure,
tested in the artificially degenerated state, injected with a hydro-
gel, and finally tested in the treated state. A summary of the testing
isshown in Figure 1A. The testing protocol was carried out contin-
uously from Steps 1 to 7; then a freeze/thaw cycle was carried out
before the protocol was continued from Step 8 to the end.

2.3 | Biomechanical Testing and Imaging

Since each BDBU was biomechanically tested in the native, de-
generate, and treated states, it was important to ensure consis-
tency of hydration of the intervertebral disc tissue between tests.
The mechanical testing protocol was described in [10], with key
aspects summarized here. As part of the protocol, the BDBUs
were not potted to ensure maximum fluid flow through the tis-
sue to prevent dehydration during testing. To establish a phys-
iologically relevant osmotic equilibrium, the BDBUs were held
for a 24 h period in a phosphate buffer saline (PBS) bath under
a 40N load in a holding rig prior to each testing phase (steps
1, 6, and 8 in Figure 1A). This load corresponded to an intra-
discal pressure (IDP) of approximately 0.1 MPa for an average
sized bovine tail disc [11], which represented lying in a supine
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FIGURE1

| A) Summary flow chart of test procedure, black line shows point where specimens are frozen then thawed to continue process B) hold

period and biomechanical test compressive loading, and C) treatment injection fixture set up (not to scale).
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position [11-14]. After the hold period, the BDBUs were trans-
ferred to an electromechanical testing machine (ElectroPuls
E10000, 2527 Series 10kN Bi-axial Dynacell, Instron, USA).
The specimens were positioned in a PBS bath between bespoke
manufactured ventilated stainless steel fixtures to allow fluid
flow through the exposed bone surfaces; the PBS bath was held
at 37°C throughout testing. Each specimen was then subjected
to a 1000-cycle cyclic compression test at 1 Hz between 356N
and 744N as shown in Figure 1B (steps 2, 7, and 10). The upper
limit corresponded to an estimated IDP of 2.3 MPa, which repre-
sented carrying 20 kg of weight. The lower limit corresponded to
an estimated IDP of 1.1 MPa, which represented relaxed stand-
ing [12-14]. A test duration of 1000cycles has been used previ-
ously for similar biomechanical testing of spinal units [4, 15-18].
After each cyclic compression test, specimens were wrapped in
PBS soaked paper tissue to maintain hydration and then im-
aged using uCT (74 um cubic voxel size, 114 A, 70kV; uCT100,
Scanco Medical AG, Switzerland). From the uCT images, the
disc height was measured as the smallest distance between the
two endplates (EPs) in the mid-sagittal and mid-coronal planes.
This was usually close to the center of the disc in both planes.

2.4 | Enzymatic Degeneration

After the native state testing, the BDBUs were immediately
artificially degenerated by injecting 0.3mL papain (1.6kU/ml)
with a 30G needle to non-selectively break down the collagen
and proteoglycan structures within the nucleus [19]. The units
were then left to digest for a 24h hold period under 40N load
at 42°C (step 4) and then 0.3mL of a papain inhibitor, ebselen
(0.064umol), was injected, preventing further degeneration
and left for a 24h hold period under 40N load at 37°C (step 5).
Following biomechanical testing (steps 6 and 7), the units were
frozen to —80°C until ready for treatment.

2.5 | Nucleus Augmentation

Specimens were thawed and then left for a 24h hold period
under 40N load at 37°C (step 8). The nucleus augmentation
procedure was carried out between the hold period and the
cyclic compression test (Step 9). The augmentation was per-
formed using a peptide-GAG hybrid hydrogel (P,,-12 and chon-
droitin sulfate, 1:20 ratio [7, 8]). Lyophilised peptide (P ,-12,
Ac-SSRFOWOFESS-NH,) was weighed out (20mg, 0.014mol,
95% purity, CS Bio, CHEMGO Organica AG, Switzerland) into
glass vials and reconstituted in 130 mM NaCl aqueous solution
(500uL). Lyophilised chondroitin sulfate (CS) (MW ~50kDa,
ZPD, Zeria Pharmaceutical Co. Ltd., Denmark) was weighed
out (137mg) into glass vials and reconstituted in 130mM NacCl
aqueous solution (500puL). The samples were then vortexed
(30s) at 2500rpm on a vortex mixer. After early analysis of the
augmented discs, an additional step was added to sonicate the
peptide and GAG components to reduce the likelihood of mi-
crobubble formation. The peptide and GAG components were
injected separately via two 25G needles into the centre of the nu-
cleus pulposus, such that mixing and gelation occurred in situ.
To allow radiographic analysis of the injected material in the
post-test uCT scans, a radio-opaque agent (Ultravist) was added
to the gel components (50% dilution in 130mM NacCl aqueous

solution from stock solution—38.5% w/v, 185mg I/ml, 500 uL).
The injection was performed using a custom rig that connected
two syringes in parallel to a syringe driver such that both com-
ponents were delivered at a constant rate. A 40N axial com-
pressive load was applied to the BDBU during injection using
calibrated weights attached to a bespoke manufactured rig,
as shown in Figure 1C. A transducer (Flexiforce B201 series,
Tekscan Inc., USA) was inserted between the syringe driver and
the rear of the custom injection rig to measure the force applied
to the syringes (‘injection force’). The volume of hydrogel in-
jected was measured using the syringe markings. Injection was
stopped when a load of 80N was reached [20], the syringes were
empty, or if the syringe driver began to slip repeatedly. The pre-
and post-injection BDBU height were recorded using Vernier
calipers.

2.6 | Data Analysis

Specimens were excluded from the analysis if they presented
less than 10% change in stiffness following the degeneration
procedure, or if the post-test radiographic analysis revealed that
either the injections were not into the nucleus or there were ob-
servable coalesced air microbubbles.

A total of 22 specimens were analyzed. Using an ad-hoc
script (MATLAB and Statistics Toolbox Release 2021a, The
MathWorks Inc., Natick, Massachusetts, United States), the
stiffness of each individual loading cycle was computed from a
linear fit of the load-displacement data, excluding 5 points of the
extreme values (corresponding to approximately 10% of the cycle
at the beginning and the end of the loading phase). From each
1000cycles of testing for each BDBU state, the mean stiffness
over the last ten cycles was extracted for comparison between
samples and states (hereafter referred to simply as “stiffness”™).
Stiffness restoration following treatment was defined as the dif-
ference between the native and treated stiffness.

Due to the paired and non-normal nature of the data, a Friedman
test was used to compare the different states (native, degenerate
and treated), with post hoc Wilcoxon signed-rank tests (o« =0.05).
All specimens were placed into two sets of groupings (for which
the limits were chosen to have even-sized groups) related to
the total volume of hydrogel injected (low <0.85mL, n=7;
0.85mL<medium <1.25mL, n="7; high >1.25mL, n=_8) and to
the maximum injection force achieved recorded during the de-
livery of the hydrogel to each degenerate sample as a treatment
(low <30N, n=7; 30N<medium <40N, n=7; high >40N,
n=238). Due to the small sample sizes in the subgroups and the
nature of the data, only the median, maximum, and minimum
values for these subgroups were investigated. Statistical analy-
sis was performed using the Statistics Toolbox in MATLAB (v
2021a).

The stiffness restoration was evaluated against the six measur-
able or calculable parameters using linear regressions: volume
injected, volume injected/disc cross-sectional area, injection
force, injection force/disc cross-sectional area, work done (inte-
gral of injection force-time plot), and recovery of BDBU height
following injection (post-injection height minus pre-injection
height).
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All data in this study is available open access at the Leeds data
repository [21].

3 | Results

In all specimens and states, the stiffness increased throughout the
duration of the cyclic loading. The stiffness in the degenerated state
was higher than in the native state for each specimen (Figure 2A).
Significant differences were found (Figure 2B) in stiffness values
between the degenerate and the native states (post hoc Wilcoxon
test, p<0.001) as well as between the degenerate and the treated
states (post hoc Wilcoxon test, p<0.001), while there was no sig-
nificant difference between the treated and native states (post hoc
Wilcoxon test, p=0.78). During the nucleus augmentation proce-
dure, there was an initial ramp in the injection force, followed by
a period where force remained relatively steady before it rose more
steeply (Figure 2C). The hydrogel was successfully injected into
the nucleus of each specimen. From the uCT images, the location
and distribution of the hydrogel were found to be consistent across
all samples, even those with low injection volumes (Figure 3). The
hydrogel was localized to the nucleus with some permeation into
the inner annulus. No hydrogel was visible in the outer annulus of
any specimen post-test, indicating no visible expulsion occurred
during cyclic testing.

The median (max, min) of the stiffness restoration for the low,
medium, and high volume groups was (Figure 4A): —41.3 (-13.4,

—52.7)%, 6.1 (21.6, —13.5)%, and 6.0 (25.7, —11.8)% respectively.
Similarly, the low, medium, and high injection force groups me-
dian (max, min) restoration values were: —11.8 (15.5, —52.7)%,
3.1(21.6, —45.1)%, and 3.8 (25.7, —13.5)% respectively.

Stiffness restoration correlated well with the injected volume
normalized by cross-section area and with the disc height re-
covery. The correlation was good but weaker for the injected
volume and was weak for maximum injection force or the work
done. The correlations and significance values are summarized
in Table 1.

4 | Discussion

The objective of this study was to explore how various measur-
able clinical factors relate to the mechanical performance of
the intervertebral disc after nucleus augmentation. Three key
variables were measured: the volume injected, the injection
force, and the change in disc height following augmentation.
The results showed that the nucleus augmentation procedure
was able to provide mechanical restoration by reducing the
disc stiffness from the degenerate state to that of the native
state, with no statistically significant difference found across
all the data between the native and treated states. When di-
vided into the subsets based on the volume injected, it was
found that a minimum volume was required to achieve stiff-
ness restoration (Figure 4A).
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FIGURE2 | (A)Typical plot of the specimen stiffness over each of the 1000 loading cycles for the three different states. (B) Comparison of stiffness
in different states for all specimen in box plot format. Red cross (+) indicates outliers in data analysis. Statistical significance between native—degen-

erated and degenerated—treated states, ***=p <0.001. (C) Typical plot of the force applied to the syringe during the injection.
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FIGURE 3 | Representative uCT micrographs of a bone-disc-bone specimen in a native, degenerated and treated state. The axial and sagittal

views of the specimen show the location and distribution of the hydrogel post-injection to the nucleus and inner annulus region.

The artificial degeneration model used had the advantage of en-
abling the same specimens to be tested sequentially in differ-
ent states and is similar to other work where either enzymatic
degeneration (protease-based [22-28] or chondroitinase-based
[29, 30]) has been used. However, the limitation of the approach
is that the degeneration was localized within the nucleus due to
the injection of the enzyme and does not represent degenerative
changes in the annulus such as tears and fissures that are ob-
served clinically [31, 32]. The model is therefore representative of
early degeneration with minimal annular pathology [33] which
would be a likely target for nucleus augmentation treatment.

Previous in vitro studies of nucleus augmentation have
stopped injection based either on reaching a given vol-
ume [7, 22, 25, 28, 30, 34-36] or on haptic feedback
[18, 24, 26, 27, 29, 37-41], but there is a lack of consistency in
how these measures have been reported. The current work
uniquely assessed both the volume and the force of injection,
using these measures as variables of interest for examining the
biomechanical restoration. Reporting both the injection vol-
ume and injection force allowed for preliminary conclusions
to be drawn about which variable has the potential as the bet-
ter clinical factor. For the biomaterial used in this work, the
relationship between the direct volume and height measure-
ments and the level of stiffness restoration was stronger than
for the measurements derived from the applied injection force.
Clinically, the volume of injected material can be monitored
directly on syringes and change in disc height may be approx-
imated with fluoroscopy or other available imaging modalities
during surgery. In this study, the change in disc height was
calculated in the centre of the disc where the endplates are
closest because this distance could be measured consistently.
Due to the curved nature of the endplates in the bovine model
and variances in the amount of curvature between specimens,

it was not possible to derive a consistent ‘average’ disc height
measurement across the cross-section. Similarly, although the
cross-sectional area could be measured from the uCT at the
midplane of the disc, it was difficult to identify the peripheral
annulus regions near the endplates and so the disc volume was
also not calculated. Consequently, only the disc cross-sectional
area rather than the disc volume was used to normalize the
injection volume, and the stiffness was not normalized (i.e., as
an apparent modulus) to the disc dimensions. Clinically, there
could be potential to better estimate all of the disc dimensions
from additional magnetic resonance imaging [42].

The injection force was monitored to provide a quantitative
measure of haptic feedback. It was found that, as the hydrogel
was injected, the injection force initially stabilized before rising
steeply. However, the maximum force did not correlate well with
biomechanical function restoration in this in vitro model. It is
likely that in vivo, the progressive degeneration of the disc and
remodeling of the surrounding tissues would provide greater re-
sistance to injection in the initial stages, and the injection force
would be more difficult to interpret. Further, the injection force
would depend on intervertebral disc (IVD) pressure, which var-
ies between patients and positions [12-14]. Thus, injection force
alone may not provide sufficient data to be a suitable real-time
clinical measurement tool. Nevertheless, when used in conjunc-
tion with the directly measured volume and height parameters,
the injection force could still provide a meaningful upper limit
measurement to prevent damage.

In this study, the biomaterial used for the nucleus augmentation
was a previously developed peptide-GAG hybrid hydrogel [7, 8].
The GAG component acts both to trigger rapid self-assembly of the
peptide and also to mimic the healthy nucleus tissue's ability to
imbibe water. By having a similar GAG composition to the native
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height recovery of treated specimens, D) Linear regression relationship between percentage of native stiffness and injection force.

TABLE 1 | Correlation and statistical significance of correlations
between stiffness restoration and various parameters.

Parameter r? p

Injected volume 0.63 1.20E-05
Volume/cross-section area 0.71 9.10E-07
Disc height recovery 0.79 3.50E-08
Maximum injection force 0.23 2.30E-02
Work done 0.31 6.70E-03

nucleus and a hydrogel with a high water content, the aim was
that the natural balance between the load and osmotic pressure
would reduce risks associated with overfilling. It should, therefore,
be noted that while the results of this study are applicable to other
nucleus augmentation materials, the ranges of the measured in-
jection parameters likely depend on the biomaterial used and its
properties. Materials with different osmotic potential, gelation
mechanisms, or mechanical properties could result in different
biomechanical outcomes for a given injected volume. The needle

gauge and length used for injection will also affect the applied
forces. Although the relationships between injection parameters
and resultant biomechanical performance may be unique to a
given material, the parameters and techniques developed in this
work could readily be applied to other biomaterials.

5 | Conclusions

This study clearly demonstrates that mechanical restorative out-
comes for nucleus augmentation vary with injection parameters.
Specifically, in this in vitro bovine model, the volume injected
and change in IVD height were found to be suitable predictors
of biomechanical outcome, while injection force may provide an
additional safety indication to prevent damage during a nucleus
augmentation.

Author Contributions

Conceptualization (A.R.D., J.P.W., M.M., R.K.W.); Data curation
(A.R.D., R.K.W.); Formal Analysis (A.R.D., J.P.W., M.M., R K.W.);

6 of 8

JOR Spine, 2025

a5UB017 SUOWIIOD) BAITESID) 3gedi|dde ay) Aq peusenoh ale sapoie YO ‘asn Jo SajnJ 10j Areld 1T auljuQ A3|IA UO (SUO N IPUOD-PUB-SWLISY WD AS [IM° Azeuq 1 pUTUO//:SANY) SUOIIPUOD PUe SWIB | 8Y1 89S *[GZ02/90/2T] uo AriqiTauluo AB|im ‘1s8.L Aq 1800, 2ds[/200T 0T/10p/wod A |Im: Azeiqiputuo//:sdny Wwouy pepeojumoq ‘Z ‘Se0z ‘SrTT2LS



Funding acquisition (R.K.W.); Investigation (A.R.D., J.P.W., M.P.C.);
Methodology(A.R.D.,J.P.W.,M.P.C.); Projectadministration (R.K.W.);
Supervision (M.M., R.K.W.); Visualization (The authors have nothing
to report); Writing — original draft (A.R.D., J.P.W.); Writing - review
and editing (A.R.D., J.P.W., M.P.C., A.K., M.M., R.K.W). A. Dixon
and J. P. Warren contributed equally to this paper. For the purpose of
open access, the authors have applied a Creative Commons Attribution
(CC BY) license to any Author Accepted Manuscript version arising
from this submission.

Acknowledgments

The authors would like to acknowledge Dr. Nagitha Wijayathunga for
his help with the uCT imaging during this study.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data associated with this paper are openly available from the
University of Leeds Data Repository at https://doi.org/10.5518/1712 [21].

References

1.J. C. Iatridis, S. B. Nicoll, A. J. Michalek, B. A. Walter, and M. S.
Gupta, “Role of Biomechanics in Intervertebral Disc Degeneration and
Regenerative Therapies: What Needs Repairing in the Disc and What
Are Promising Biomaterials for Its Repair?,” Spine Journal 13 (2013):
243-262, https://doi.org/10.1016/j.spinee.2012.12.002.

2.T. C. Schmitz, E. Salzer, J. F. Crispim, et al., “Characterization of
Biomaterials Intended for Use in the Nucleus Pulposus of Degenerated
Intervertebral Discs,” Acta Biomaterialia 114 (2020): 1-15.

3. M. P. Culbert, J. P. Warren, A. R. Dixon, H. L. Fermor, P. A. Beales,
and R. K. Wilcox, “Evaluation of Injectable Nucleus Augmentation Ma-
terials for the Treatment of Intervertebral Disc Degeneration,” Biomate-
rials Science 10 (2022): 874-891, https://doi.org/10.1039/D1BM01589C.

4. A. R. Dixon, J. P. Warren, M. P. Culbert, M. Mengoni, and R. K. Wil-
cox, “Review of In Vitro Mechanical Testing for Intervertebral Disc
Injectable Biomaterials,” Journal of the Mechanical Behavior of Biomed-
ical Materials 123 (2021): 104703, https://doi.org/10.1016/j.jmbbm.2021.
104703.

5. H. Hebelka, A. Nilsson, and T. Hansson, “Pressure Increase in Adja-
cent Discs During Clinical Discography Questions the Methods Valid-
ity,” Spine (Phila Pa 1976) 39 (2014): 893-899, https://doi.org/10.1097/
BRS.0000000000000166.

6. T. E. Robinson, E. A. B. Hughes, A. Bose, et al., “Filling the Gap: A
Correlation Between Objective and Subjective Measures of Injectabil-
ity,” Advanced Healthcare Materials 9 (2020): €1901521, https://doi.org/
10.1002/adhm.201901521.

7.D. E. Miles, E. A. Mitchell, N. Kapur, P. A. Beales, and R. K. Wilcox,
“Peptide:Glycosaminoglycan Hybrid Hydrogels as an Injectable Inter-
vention for Spinal Disc Degeneration,” Journal of Materials Chemistry B
4(2016): 3225-3231, https://doi.org/10.1039/C6TBO0121A.

8.J. P. Warren, D. E. Miles, N. Kapur, R. K. Wilcox, and P. A. Beales,
“Hydrodynamic Mixing Tunes the Stiffness of Proteoglycan-Mimicking
Physical Hydrogels,” Advanced Healthcare Materials 10 (2021): 2001998,
https://doi.org/10.1002/adhm.202001998.

9.S. N. F. Sikora, D. E. Miles, S. Tarsuslugil, S. N. Sikora, M. Mengoni,
and R. K. Wilcox, “Examination of an In Vitro Methodology to Evalu-
ate the Biomechanical Performance of Nucleus Augmentation in Axial
Compression,” Proceedings of the Institution of Mechanical Engineers,
Part H: Journal of Engineering in Medicine 232 (2018): 230-240, https://
doi.org/10.1177/0954411917752027.

10.J. P. Warren, R. H. Coe, M. P. Culbert, et al., “Injectable Peptide-
Glycosaminoglycan Hydrogels for Soft Tissue Repair: In Vitro As-
sessment for Nucleus Augmentation,” Materials Advances 5 (2024):
8665-8672, https://doi.org/10.1039/D4M A00613E.

11. L. A. Monaco, S. J. DeWitte-Orr, and D. E. Gregory, “A Comparison
Between Porcine, Ovine, and Bovine Intervertebral Disc Anatomy and
Single Lamella Annulus Fibrosus Tensile Properties,” Journal of Mor-
phology 277 (2016): 244-251, https://doi.org/10.1002/jmor.20492.

12. A. L. Nachemson, “Disc Pressure Measurements,” Spine (Phila Pa
1976) 6 (1981): 93-97, https://doi.org/10.1097/00007632-198101000-
00020.

13. M. Dreischarf, A. Rohlmann, F. Graichen, G. Bergmann, and H.
Schmidt, “In Vivo Loads on a Vertebral Body Replacement During Dif-
ferent Lifting Techniques,” Journal of Biomechanics 49 (2016): 890-895,
https://doi.org/10.1016/j.jbiomech.2015.09.034.

14. H. J. Wilke, P. Neef, M. Caimi, T. Hoogland, and L. E. Claes, “New
In Vivo Measurements of Pressures in the Intervertebral Disc in Daily
Life,” Spine (Phila Pa 1976) 24 (1999): 755-762, https://doi.org/10.1097/
00007632-199904150-00005.

15. P. Brinckmann and R. W. Porter, “A Laboratory Model of Lumbar
Disc Protrusion: Fissure and Fragment,” Spine (Phila Pa 1976) 19, no.
2(1994): 228-235.

16. S.J. Gordon, K. H. Yang, P. J. Mayer, et al., “Mechanism of Disc Rup-
ture. A Preliminary Report,” Spine (Phila Pa 1976) 16 (1991): 450-456,
https://doi.org/10.1097/00007632-199104000-00011.

17. M. M. Panjabi, J. S. Duranceau, T. R. Oxland, and C. E. Bowen, “Mul-
tidirectional Instabilities of Traumatic Cervical Spine Injuries in a Por-
cine Model,” Spine (Phila Pa 1976) 14 (1989): 1111-1115.

18. T. Tsujimoto, H. Sudo, M. Todoh, et al., “An Acellular Bioresorbable
Ultra-Purified Alginate Gel Promotes Intervertebral Disc Repair: A
Preclinical Proof-Of-Concept Study,” eBioMedicine 37 (2018): 521-534,
https://doi.org/10.1016/j.ebiom.2018.10.055.

19. E. Amri and F. Mamboya, “Papain, a Plant Enzyme of Biological
Importance: A Review,” American Journal of Biochemistry and Biotech-
nology 8 (2012): 99-104.

20. A. Vo, M. Doumit, and G. Rockwell, “The Biomechanics and Op-
timization of the Needle-Syringe System for Injecting Triamcinolone
Acetonide Into Keloids,” Journal of Medical Engineering and Techonol-
ogy 2016 (2016): 5162394, https://doi.org/10.1155/2016/5162394.

21. A. R. Dixon, J. P. Warren, M. P. Culbert, A. Khan, and M. W. R.
Mengoni, “Dataset: Bovine Intervertebral Disc Longitudinal In Vitro
Study: Biomechanical Effect of Volume and Pressure of Hydro-
gel Injection Into Intervertebral Discs.” (2023), https://doi.org/10.
5518/1712.

22.S. C. W. Chan, A. Biirki, H. M. Bonél, et al., “Papain-Induced In-
Vitro Disc Degeneration Model for the Study of Injectable Nucleus Pul-
posus Therapy,” Spine Journal 13 (2013): 273-283, https://doi.org/10.
1016/j.spinee.2012.12.007.

23. T.J. Freemont and B. R. Saunders, “pH-Responsive Microgel Disper-
sions for Repairing Damaged Load-Bearing Soft Tissue,” Soft Matter 4
(2008): 919-924, https://doi.org/10.1039/B718441G.

24.C. Malonzo, S. C. W. Chan, A. Kabiri, et al., “A Papain-Induced
Disc Degeneration Model for the Assessment of Thermo-Reversible
Hydrogel-Cells Therapeutic Approach,” Journal of Tissue Engineering
and Regenerative Medicine 9 (2015): E167-E176, https://doi.org/10.1002/
term.1667.

25.J. M. Saunders, T. Tong, C. L. Le Maitre, et al., “A Study of pH-
Responsive Microgel Dispersions: From Fluid-To-Gel Transitions to
Mechanical Property Restoration for Load-Bearing Tissue,” Soft Matter
3(2007): 486-494, https://doi.org/10.1039/b613943d.

26. A. Schmocker, A. Khoushabi, D. A. Frauchiger, et al., “A Photo-
polymerized Composite Hydrogel and Surgical Implanting Tool for

7 of 8

85UB0| 7 SUOLLLIOD BAIER. B|deotdde au Aq peusenob are saplife YO ‘88N Jo S9N 10} Areiq1auljuO AB|1/W UO (SUORIPUOD-PUR-SWBY/LLIOD A8 |IM" ARe.q1BuUO//SaY) SUORIPUOD Pue S | 8U3 88S *[5202/90/2T] Uo ARiqiauliuo A8|Im ‘88 L Aq 18002 2ds(/200T 0T/10p/LI00 A8 | im" Afeiq iUl |uo// SRy WoJ} papeojumoq ‘Z ‘520z ‘evTTZ.SE


https://doi.org/10.5518/1712
https://doi.org/10.1016/j.spinee.2012.12.002
https://doi.org/10.1039/D1BM01589C
https://doi.org/10.1016/j.jmbbm.2021.104703
https://doi.org/10.1016/j.jmbbm.2021.104703
https://doi.org/10.1097/BRS.0000000000000166
https://doi.org/10.1097/BRS.0000000000000166
https://doi.org/10.1002/adhm.201901521
https://doi.org/10.1002/adhm.201901521
https://doi.org/10.1039/C6TB00121A
https://doi.org/10.1002/adhm.202001998
https://doi.org/10.1177/0954411917752027
https://doi.org/10.1177/0954411917752027
https://doi.org/10.1039/D4MA00613E
https://doi.org/10.1002/jmor.20492
https://doi.org/10.1097/00007632-198101000-00020
https://doi.org/10.1097/00007632-198101000-00020
https://doi.org/10.1016/j.jbiomech.2015.09.034
https://doi.org/10.1097/00007632-199904150-00005
https://doi.org/10.1097/00007632-199904150-00005
https://doi.org/10.1097/00007632-199104000-00011
https://doi.org/10.1016/j.ebiom.2018.10.055
https://doi.org/10.1155/2016/5162394
https://doi.org/10.5518/1712
https://doi.org/10.5518/1712
https://doi.org/10.1016/j.spinee.2012.12.007
https://doi.org/10.1016/j.spinee.2012.12.007
https://doi.org/10.1039/B718441G
https://doi.org/10.1002/term.1667
https://doi.org/10.1002/term.1667
https://doi.org/10.1039/b613943d

a Nucleus Pulposus Replacement,” Biomaterials 88 (2016): 110-119,
https://doi.org/10.1016/j.biomaterials.2016.02.015.

27. A. A. Thorpe, V. L. Boyes, C. Sammon, and C. L. Le Maitre, “Ther-
mally Triggered Injectable Hydrogel, Which Induces Mesenchymal
Stem Cell Differentiation to Nucleus Pulposus Cells: Potential for Re-
generation of the Intervertebral Disc,” Acta Biomaterialia 36 (2016):
99-111, https://doi.org/10.1016/j.actbio.2016.03.029.

28. K. Khalaf, M. Nikkhoo, Y. W. Kuo, et al., “Recovering the Mechani-
cal Properties of Denatured Intervertebral Discs Through Platelet-Rich
Plasma Therapy,” in Proceedings of the Annual International Conference
of the IEEE Engineering in Medicine and Biology Society (EMBS, 2015),
933-936.

29.S. E. Gullbrand, T. P. Schaer, P. Agarwal, et al., “Translation of an
Injectable Triple-Interpenetrating-Network Hydrogel for Intervertebral
Disc Regeneration in a Goat Model,” Acta Biomaterialia 60 (2017): 201-
209, https://doi.org/10.1016/j.actbio.2017.07.025.

30. A. E. Leckie, M. K. Akens, K. A. Woodhouse, A. J. M. Yee, and C.
M. Whyne, “Evaluation of Thiol-Modified Hyaluronan and Elastin-
Like Polypeptide Composite Augmentation in Early-Stage Disc Degen-
eration: Comparing 2 Minimally Invasive Techniques,” Spine (Phila
Pa 1976) 37 (2012): 66ecea, https://doi.org/10.1097/BRS.0b013e3182
66ecea.

31. A. Sharma, T. Pilgram, and F. J. Wippold, “Association Between An-
nular Tears and Disk Degeneration: A Longitudinal Study,” American
Journal of Neuroradiology 30 (2009): 500, https://doi.org/10.3174/AINR.
Al411.

32.T. Videman and M. Nurminen, “The Occurrence of Anular Tears
and Their Relation to Lifetime Back Pain History: A Cadaveric Study
Using Barium Sulfate Discography,” Spine (Phila Pa 1976) 29 (2004):
2668-2676.

33. L. Jin, G. Balian, and X. J. Li, “Animal Models for Disc Degener-
ation-An Update,” Histology and Histopathology 33 (2018): 543-554,
https://doi.org/10.14670/HH-11-910.

34.S. C. W. Chan, B. Gantenbein-Ritter, V. Y. L. Leung, D. Chan, K.
M. C. Cheung, and K. Ito, “Cryopreserved Intervertebral Disc With In-
jected Bone Marrow-Derived Stromal Cells: A Feasibility Study Using
Organ Culture,” Spine Journal 10 (2010): 486-496, https://doi.org/10.
1016/j.spinee.2009.12.019.

35. M. Peroglio, L. S. Douma, T. S. Caprez, et al., “Intervertebral Disc
Response to Stem Cell Treatment Is Conditioned by Disc State and Cell
Carrier: An Ex Vivo Study,” Journal of Orthopaedic Translation 9 (2017):
43-51, https://doi.org/10.1016/j.,jot.2017.03.003.

36.Z. Zhou, M. Gao, F. Wei, et al., “Shock Absorbing Function Study
on Denucleated Intervertebral Disc With or Without Hydrogel Injection
Through Static and Dynamic Biomechanical Tests In Vitro,” BioMed
Research International 2014 (2014): 461724, https://doi.org/10.1155/
2014/461724.

37. C. Balkovec, J. Vernengo, and S. M. McGill, “The Use of a Novel
Injectable Hydrogel Nucleus Pulposus Replacement in Restoring the
Mechanical Properties of Cyclically Fatigued Porcine Intervertebral
Discs,” Journal of Biomechanical Engineering 135, no. 6 (2013): 61004-
61005, https://doi.org/10.1115/1.4024285.

38. M. H. Pelletier, C. S. Cohen, P. Ducheyne, and W. R. Walsh, “Restor-
ing Segmental Biomechanics Through Nucleus Augmentation,” Clini-
cal Spine Surgery: A Spine Publication 29 (2016): 461-467, https://doi.
org/10.1097/BSD.0b013e3182aa6841.

39. W. W. Hom, M. Tschopp, H. A. Lin, et al., “Composite Biomaterial
Repair Strategy to Restore Biomechanical Function and Reduce Hernia-
tion Risk in an Ex Vivo Large Animal Model of Intervertebral Disc Her-
niation With Varying Injury Severity,” PLoS One 14 (2019): e0217357.

40.D. M. Varma, H. A. Lin, R. G. Long, et al., “Thermoresponsive,
Redox-Polymerized Cellulosic Hydrogels Undergo In Situ Gelation and
Restore Intervertebral Disc Biomechanics Post Discectomy,” European

Cells and Materials 35 (2018): 300-317, https://doi.org/10.22203/eCM.
v035a21.

41. B. Borde, P. Grunert, R. Hirtl, and L. J. Bonassar, “Injectable, High-
Density Collagen Gels for Annulus Fibrosus Repair: An In Vitro Rat
Tail Model,” Journal of Biomedical Materials Research. Part A 103
(2015): 2571-2581, https://doi.org/10.1002/jbm.a.35388.

42.]. P. Deneuville, M. Yushchenko, T. Vendeuvre, et al., “Quantitative
MRI to Characterize the Nucleus Pulposus Morphological and Biome-
chanical Variation According to Sagittal Bending Load and Radial Fis-
sure, an Ex Vivo Ovine Specimen Proof-Of-Concept Study,” Frontiers
in Bioengineering and Biotechnology 9 (2021): 6003, https://doi.org/10.
3389/fbioe.2021.676003.

8 of 8

JOR Spine, 2025

85UB0| 7 SUOLLLIOD BAIER. B|deotdde au Aq peusenob are saplife YO ‘88N Jo S9N 10} Areiq1auljuO AB|1/W UO (SUORIPUOD-PUR-SWBY/LLIOD A8 |IM" ARe.q1BuUO//SaY) SUORIPUOD Pue S | 8U3 88S *[5202/90/2T] Uo ARiqiauliuo A8|Im ‘88 L Aq 18002 2ds(/200T 0T/10p/LI00 A8 | im" Afeiq iUl |uo// SRy WoJ} papeojumoq ‘Z ‘520z ‘evTTZ.SE


https://doi.org/10.1016/j.biomaterials.2016.02.015
https://doi.org/10.1016/j.actbio.2016.03.029
https://doi.org/10.1016/j.actbio.2017.07.025
https://doi.org/10.1097/BRS.0b013e318266ecea
https://doi.org/10.1097/BRS.0b013e318266ecea
https://doi.org/10.3174/AJNR.A1411
https://doi.org/10.3174/AJNR.A1411
https://doi.org/10.14670/HH-11-910
https://doi.org/10.1016/j.spinee.2009.12.019
https://doi.org/10.1016/j.spinee.2009.12.019
https://doi.org/10.1016/j.jot.2017.03.003
https://doi.org/10.1155/2014/461724
https://doi.org/10.1155/2014/461724
https://doi.org/10.1115/1.4024285
https://doi.org/10.1097/BSD.0b013e3182aa6841
https://doi.org/10.1097/BSD.0b013e3182aa6841
https://doi.org/10.22203/eCM.v035a21
https://doi.org/10.22203/eCM.v035a21
https://doi.org/10.1002/jbm.a.35388
https://doi.org/10.3389/fbioe.2021.676003
https://doi.org/10.3389/fbioe.2021.676003

	Injection Volume Is a Better Predictor of Stiffness Restoration Than Injection Force in an In Vitro Study of Nucleus Augmentation of the Intervertebral Disc
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Specimen Preparation
	2.2   |   Overview
	2.3   |   Biomechanical Testing and Imaging
	2.4   |   Enzymatic Degeneration
	2.5   |   Nucleus Augmentation
	2.6   |   Data Analysis

	3   |   Results
	4   |   Discussion
	5   |   Conclusions
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


