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ABSTRACT

Low back pain resulting from disc degeneration is a leading cause of disability worldwide. However, to
date few therapies target the cause and fail to repair the intervertebral disc (IVD). This study investigates
the ability of an injectable hydrogel (NPgel), to inhibit catabolic protein expression and promote matrix
expression in human nucleus pulposus (NP) cells within a tissue explant culture model isolated from
degenerate discs. Furthermore, the injection capacity of NPgel into naturally degenerate whole human
discs, effects on mechanical function, and resistance to extrusion during loading were investigated. Finally,
the induction of potential regenerative effects in a physiologically loaded human organ culture system
was investigated following injection of NPgel with or without bone marrow progenitor cells. Injection
of NPgel into naturally degenerate human IVDs increased disc height and Young’s modulus, and was
retained during extrusion testing. Injection into cadaveric discs followed by culture under physiological
loading increased MRI signal intensity, restored natural biomechanical properties and showed evidence
of increased anabolism and decreased catabolism with tissue integration observed. These results provide
essential proof of concept data supporting the use of NPgel as an injectable therapy for disc regeneration.

Statement of significance

Low back pain resulting from disc degeneration is a leading cause of disability worldwide. However, to
date few therapies target the cause and fail to repair the intervertebral disc. This study investigated the
potential regenerative properties of an injectable hydrogel system (NPgel) within human tissue samples.
To mimic the human in vivo conditions and the unique IVD niche, a dynamically loaded intact human
disc culture system was utilised. NPgel improved the biomechanical properties, increased MRI inten-
sity and decreased degree of degeneration. Furthermore, NPgel induced matrix production and decreased
catabolic factors by the native cells of the disc. This manuscript provides evidence for the potential use
of NPgel as a regenerative biomaterial for intervertebral disc degeneration.
© 2024 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Low back pain (LBP) is the leading cause of disability world-
wide, and it is projected that by 2050 > 800 million people will

* Data Availability: The raw/processed data required to reproduce these findings have LBP globally [1]. Yet current therapies mainly treat the symp-
cannot be shared at this time as the data also forms part of an ongoing study, but toms and do not target the cause. with low evidence of effective-

will be made available prior to final publication.
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ness [2]. Intervertebral disc (IVD) degeneration has been implicated
in around 40 % of all chronic LBP cases [3], with a stronger as-
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sociation seen in those individuals 50 years and under [4]. IVD
degeneration has a multifactorial aetiology, including interaction
of genetics, environmental factors, mechanical loading history and
lifestyle factors [5]. The IVD is composed of three main tissue re-
gions: the central gelatinous nucleus pulposus (NP); the surround-
ing concentric fibrous lamella of the annulus fibrosus (AF); and
the superior and inferior cartilaginous end plates (CEP), which con-
nect to the boney end plates of the adjacent vertebral bodies. Dur-
ing disc degeneration, the cells of the disc decrease anabolism
and increase catabolism [5]. Decreased synthesis of normal ma-
trix, particularly aggrecan and collagen type I within the NP, and
increased production of matrix-degrading enzymes including ma-
trix metalloproteinases (MMPs) and ADAMTS (A disintegrin and
metalloproteinase with thrombospondin motifs) [5-9] leading to
degradation of the matrix and increased fibrosis within the central
NP region, altering the biomechanical properties of the disc [10-
16]. These processes reduce the swell- re-swell properties of the
disc which are essential to aid in the support of nutritional sup-
ply and waste removal during normal daily loading [17-23]. These
changes in matrix synthesis and degradative enzyme production
are driven at least in part by the local production of the catabolic
cytokine interleukin-1 (IL-1), which is produced by the native NP
and AF cells and increases during disc degeneration [24,25]. In
addition to driving the changes in matrix synthesis and degrada-
tion, this cytokine also drives the production of a plethora of cy-
tokines and chemokines within the native disc cells [25-27], and
the production of angiogenic factors (e.g., VEGF) and neurotrophic
factors (e.g., NGF and substance P) [28]. The combination of re-
duced nerve inhibiting matrix, particularly aggrecan [29,30], and
decreased nerve inhibiting factors such as semaphorins [31,32], to-
gether with the increased production of neurotrophic and angio-
genic factors [28,33,34] leads to the ingrowth of blood vessels and
nerves into the normally aneural and avascular IVD [35-37]. These
nerve fibres particularly follow cracks and fissures within the de-
generate disc and can penetrate deep into the NP tissue [35,36],
which is thought to contribute to the pain experienced during IVD
degeneration. Furthermore, the IVD is an essential biomechanical
unit of the spine and loss of its normal mechanical function dur-
ing disc degeneration leads to altered mechanical stability and im-
pingement of local nerve roots [15,38,39], and facet joint degener-
ation [40,41].

Regeneration of the IVD is a topic of great interest and debate
[42-49], with a particular focus on the central region of the IVD,
the nucleus pulposus (NP). However, to successfully regenerate the
IVD and tackle the associated LBP it is essential to restore the
mechanical properties of the disc, restore matrix producing cells
to refill cracks and fissures, and decrease the catabolic cascade of
matrix degradation. While also reducing inflammatory cytokines,
angiogenic factors and neurotrophic factors within the degenerate
disc which are produced by native IVD cells. Only in combination
will such a regenerative therapy hope to tackle back pain associ-
ated with the degenerated disc. To date, several approaches have
been investigated including a range of potential regenerative cell
sources [49], with a number of these progressing to early clinical
trials [46]. Alternatively, cell free approaches such as biomaterial
implantation have been investigated [44], however these have suf-
fered to date from poor integration with the local tissues and often
lead to extrusion [50-53]. Whilst materials which are overly stiff
will lead to increased stress on the endplate and can lead to end-
plate subsidence [54,55]. Many biomaterial approaches require sur-
gical implantation or large-bore needle insertion [44,53,56], which
could lead to AF damage and subsequent acceleration of degener-
ation [57-59]. A key question that remains in the regeneration of
the IVD is whether a new cell source is required to induce regen-
eration, or indeed if such a cell source survives following implan-
tation [45,46,49].
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We have previously reported a thermally responsive hydrogel
(NPgel) [60,61], which remains liquid above body temperature due
to the maintenance of pNIPAM chains within a globule conforma-
tion upon the laponite® surface as described extensively within
Boyes et al. [60], within this unfolded coiled conformation the
polymer chains are hypothesized to form water-polymer interac-
tions via amide groups. Upon cooling the globular pNIPAM on the
Laponite® surface transform into a coli conformation at the lower
critical solution temperature (LCST) which is adjusted to 37 °C by
the inclusion of 13 % DMAC. During the transformation into the
coiled conformation the polymer chains extend into the aqueous
phase forming numerous physical interactions and entanglements
with neighbouring laponite®-pNIPAM particles resulting in the for-
mation of a gel. The final gelled NPgel system then mimics the me-
chanical properties of native NP tissue [62] and, following injec-
tion into a bovine degradation model, restored mechanical prop-
erties immediately after injection [62], where it was seen to fill
the fissures generated by enzyme degradation [62]. Furthermore,
we have previously demonstrated that NPgel induces the differ-
entiation of bone marrow derived mesenchymal progenitor cells
(BMPCs) into NP-like cells without the need for growth factors
[61]. NPgel can be easily injected into IVD tissues which has been
demonstrated using a bovine explant culture model [62], and more
recently in an ex vivo goat organ culture model [63], where BMPCs
were also successfully delivered to the tissues [62,63]. NPgel was
shown to integrate with local tissues and promote new matrix pro-
duction including aggrecan and collagen type II [62,63]. Interest-
ingly, using a goat organ culture model, where physiological load-
ing was maintained for a 3-week culture period, NPgel alone with-
out BMPCs was sufficient to induce the native cells of the disc to
increase matrix production with increases in aggrecan and collagen
type II immunopositivity [63]. Furthermore, NPgel injection inhib-
ited catabolic factors, including matrix degrading enzyme produc-
tion and cytokines within the loading culture model of degenera-
tion [63]. Within discs injected with NPgel together with BMPCs an
increase in cellularity was observed, and cells also expressed high
levels of aggrecan and collagen type II [63]. Decreased catabolic
factors were also observed, but such decreases were also seen with
NPgel injection alone, limiting observation of the possible addi-
tional effects of BMPC injection [63]. However, within this model,
goat discs were subjected to enzyme digestion and load-induced
degeneration over a short 1-week period, and thus these cells may
show a higher regenerative capacity than naturally degenerate hu-
man discs [63]. Clearly, it is essential to investigate whether NPgel
alone can induce a regenerative effect within naturally degener-
ate human IVD or whether the addition of a regenerative stem cell
source is needed to induce regenerative effects.

Human IVD tissue can be obtained via two main routes for ex
vivo investigations, firstly through surgical procedures, for example
during discectomy surgery for nerve root compression. However,
here the tissue obtained is fragments of tissue and thus ex vivo cul-
ture is limited to explant culture studies, such as constrained tissue
explant cultures which can maintain normal tissue phenotype and
structure during culture [64,65]. However, to obtain whole IVDs for
investigation, cadaveric IVDs are required [66]. Such whole IVDs
can be utilised within organ culture systems [66], where physio-
logical loading can also be introduced to more closely mimic the
natural in vivo loading and nutritional environment and investi-
gate the potential of regenerative approaches [66]. Human organ
culture systems have been developed which can maintain the vi-
ability of human IVDs for up to 4 months, under static conditions
where the boney endplate is removed, but the cartilaginous end-
plate is retained prior to culture [67,68]. This has been successfully
applied to investigate the potential of senotherapeutics within the
IVD [68] under static culture conditions. The application of physi-
ological loading to these cultures enabled the maintenance under
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physiological conditions and retained viability of native and addi-
tionally injected NP cells delivered via a hyaluronan gel previously
[69]. Moreover, in human IVDs with intact cartilaginous endplates
cultured under simulated physiologic loads, NP and AF cells re-
mained viable (~80 %) for the entire culture period of 14 and 21
days [70]. However, to date no such human organ culture system
has been completed under physiological load where the boney end
plates are retained; this would enable a closer mimic of the nutri-
tional supply to the IVD, as the majority of the nutrients are deliv-
ered via diffusion through the cartilaginous and boney-endplates
[18]. Thus such a system would be useful to assess the viability of
such an approach within the large avascular human IVD [66].
Therefore, this study aimed to investigate several key ques-
tions essential to support translation to the clinic using human IVD
tissues. Initially within an explant culture system the efficacy of
NPgel, alone or in combination with BMPCs, to inhibit catabolism
and promote anabolism was investigated. Whole human IVDs were
further deployed to investigate injection capabilities of NPgel, and
its effects on disc height and biomechanical properties includ-
ing Young’s modulus, failure strength and extrusion during fail-
ure. Finally, naturally degenerate whole human IVDs with an in-
tact boney end plate were investigated over the course of 4-week
culture to determine the ability of NPgel with or without BMPCs
to promote anabolism, inhibit catabolism and restore mechanical
properties, as a potential regenerative strategy for the IVD.

2. Methods
2.1. Experimental design

This study utilised human IVD tissues from two sources, NP tis-
sue fragments from surgery and whole cadaveric IVDs, to investi-
gate several phases of research to address key translational ques-
tions (Supplementary Figure 1). Firstly, the efficacy of NPgel with
or without delivered BMPCs to inhibit catabolic and promote an-
abolic responses within degenerate human IVDs ex vivo, was in-
vestigated using NP tissue explants from NP tissue isolated dur-
ing surgery for nerve root compression resulting from disc bulging.
Tissue explants were cultured in a semi-constrained culture sys-
tem which maintains tissue integrity and phenotype, preventing
tissue swelling [65]. Tissue explants from matched patient sam-
ples were randomly assigned to non-injection control groups, or
injection with either NPgel alone or NPgel + BMPCs. Explants were
cultured for 6 weeks under 5 % 0,, 5 % CO, and following culture
fixed, embedded and histology and immunohistochemistry utilised
to investigate effects on anabolic and catabolic factors. Secondly,
the ability of NPgel to be injected into naturally degenerate whole
human IVDs and visualised during injection using the incorpora-
tion of a radio-opaque substance, enabling assessment of whether
NPgel injection would result in a bolus or was capable of fill-
ing cracks and fissures. Post-injection MRI was utilised to identify
NPgel location in addition to fluoroscopic imaging during injection.
Thirdly, the immediate effects of NPgel injection on disc height and
mechanical properties were investigated under simulated walking
loads. Fourthly, injected discs were subjected to failure testing to
determine whether NPgel was extruded. Finally, whole, naturally
degenerate human IVDs were prepared including a thin layer of
bone and maintained under physiological load. Following initial
validation of cell viability of whole organ cultures, discs were ei-
ther left untreated, injected with 500 nl of NPgel alone or 500 pl
NPgel containing 1 M BMPCs. MRI was undertaken post-injection
but pre-culture. Following the initial MRI imaging, injected discs
and controls were placed under static load (0.1 MPa) for 48 h
to enable equilibration, followed by dynamic, compressive load-
ing (sinusoidal 0.1 MPa —0.6 MPa at 0.1 Hz), for two periods of
2 h each. The dynamic compressive loading periods were inter-
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Table 1
Patient details for donated bone marrow used for extraction of bone marrow
progenitor cells (BMPC) utilised within tissue explant studies.

Patient no.  Patient ID  Sex Age Sample Type Pathology
1 P294 Male 67 Femoral head OA
2 P299 Female 70 Femoral head OA
3 P497 Female 72 Femoral head OA
4 P498 Female 71 Femoral head OA
5 P512 Female 57 Femoral head  OA

rupted by recovery periods of 6 h and 14 h respectively, main-
taining a low-static 0.1 MPa load. This 24 h loading protocol (2 h
dynamic, 6 h static, 2 h dynamic and 14 h static) mimics the phys-
iological loading during a daily sedentary routine [69]. The loading
scheme was repeated for 26 additional consecutive days, resulting
in a total loading period of 28 days (2 days static pre-load + 26
days physiological dynamic loading). Changes in disc height and
axial load data were sampled and quantified to determine in-line
mechanical properties of disc height difference, stiffness, modulus,
range of motion, dissipated energy and normalised creep. A fur-
ther MRI scan was performed post culture, discs were then fixed,
EDTA decalcified and embedded to paraffin wax. Sagittal sections
were taken, and tissue assessed by histology and immunohistology
to determine the potential influence on anabolic and catabolic fac-
tors.

2.2. NPgel formulation

As previously published [61], an exfoliated suspension of 0.1 g
Laponite® clay nanoparticles (25-30 nm diameter, <1 nm thick-
ness) (BYK Additives Ltd, Cheshire, UK) was prepared in 10 mL
ultra-pure water. 0.773 g N-isopropylacrylamide 99 % (NIPAM)
(Sigma, Gillingham, UK), 0.117 g N, N’ -dimethylacrylamide (DMACc)
(Sigma, Gillingham, UK) and 0.01 g 2-2’-azobisisobutyronitrile
(AIBN) (Sigma, Gillingham, UK) were added to the exfoliated
Laponite® suspension, mixed and filtered using 5-8 pum pore filter
paper. The suspension was polymerised at 80 °C for 24 h, stored
at 60 °C, and cooled to 38 - 40 °C prior to the addition of cells or
injection into tissue.

2.3. Bone marrow progenitor cell isolation and culture for human
IVD explant studies

Human femoral heads from 5 individuals (Table 1), following
hip replacement surgery for the treatment of osteoarthritis [Sam-
ples sourced with ethical approval from South Yorkshire and North
Derbyshire Musculoskeletal Biobank (REC approval 15/SC/0132,
HTA licence 12,182)], and were collected from Royal Hallamshire
Hospital, Sheffield, UK with full patient consent. Bone marrow
was extracted by mechanical force using a tissue biopsy punch,
and washed in cell culture media. Bone marrow aspirate was fil-
tered using a 100 pm cell strainer before being layered onto an
equal amount of Histopaque®-1077 (Sigma) and centrifuged at
400 g for 30 mins at room temperature. Mononuclear cells within
the opaque Histopaque-media interface were taken. The cells were
washed in media and centrifuged at 400 g for 5 mins, this process
was repeated twice. The cell pellet was finally resuspended in cell
culture media and cultured in T75 tissue culture flasks (Nunc) at
37 °C with 5 % (v/v) CO, in a humidified environment, where the
BMPC population adhered to the tissue culture plastic surface, BM-
PCs were utilised within tissue explant culture studies at passage
4 or less.
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Table 2

Sample details for samples used within NP tissue explant study, Tissue was graded
for degree of degeneration using NP features only as reported previously [71],
within a scale of 0-9.

Patient no. Patient ID Sex Age IVD level Grade of
degeneration
1 HD511 M 69 L4/5 6
2 HD523 F 74 L4/5 6
3 HD533 M 34 L5/S1 5
4 HD541 M 39 C4/5 4
5 HD547 M 69 C5/6 7
6 HD548 F 60 C5/6 8
7 HD560 M 51 L3/4 5

2.4. Human nucleus pulposus tissue explant isolation, NPgel injection
and culture

Human NP tissue was obtained from 7 patients from Sheffield
Teaching Hospitals following microdiscectomy surgery for the
treatment of nerve root compression resulting from IVD hernia-
tion with informed consent (Sheffield Research Ethics Committee
(09/H1308/70)) (Table 2). A sample of IVD tissue from each pa-
tient was taken, fresh fixed and paraffin-embedded for histologi-
cal grading of degeneration as previously reported [71]. Explants
of NP tissue (5 mm diameter) were isolated from samples and
placed within plastic rings to semi-constrain and reduce swelling
of the tissue during the culture period as reported previously [65].
Explants were injected with 50 pL NPgel, with or without in-
corporated patient derived BMPCs (Table 1) at a cell density of
4 x 108 cells/ml, and cultured in DMEM (Life Technologies, Cat.
No. 10,569,010) supplemented with 10 % (v/v) heat-inactivated FCS,
100 U/ml penicillin, 100 pg/ml streptomycin, 10 pg/ml ascorbic
acid (all Life Technologies) and 250 ng/ml amphotericin (Sigma),
at 37 °C in a humidified environment containing 5 % (v/v) O, and
5 % (v[v) CO, for 6 weeks, with media changed three times per
week. Non-injected explants served as controls. Following culture,
explants were washed in PBS and fixed for 48 hrs in 10 % neutral
buffered formalin (Leica Biosystems), and processed into paraffin
wax, prior to downstream analysis.

2.5. Human cadaveric disc radiographic grading and selection

Human spinal segments from T9/T10 to L5/S1 were obtained
after informed consent through the Transplant Quebec Organ Do-
nation Program (Tissue Biobank 2019-4896). Lateral lumbar spine
radiographs of each subject IVD levels available between T9-10
and L5/S1 were investigated and digitised. The quantitative as-
sessment for the presence and severity of disc degeneration was
based on Wilke’s grading system [72]. Radiographic assessments
were performed, and the grading system consists of three vari-
ables: “height loss”, “osteophyte formation”, and “endplate scle-
rosis”, each graded on a scale from O to 3. The overall degree
of degeneration for each IVD was then determined by summing
the three scores and classified as follows: Grade 0 (score 0, no
degeneration), Grade 1 (score 1-3, mild degeneration), Grade 2
(score 4-6, moderate degeneration) and Grade 3 (score 7-9, severe
degeneration). Anterior and posterior disc heights and IVD depth
were measured as previously reported [73]. Patient demograph-
ics and degeneration grade of each cadaveric disc utilised in this
manuscript are provided in Table 3.

2.6. Human cadaveric disc isolation for injection testing and
mechanical analysis

Human IVDs were isolated as described previously [67,69] from
lumbar spine segments obtained after informed consent through
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the Transplant Quebec Organ Donation Program (IRB# A04-M53-
08B) (Table 3). Discs for initial injection and mechanical analysis
were isolated from frozen spines and prepared with intact verte-
bral bone, radiographs were captured from transverse and sagit-
tal planes together with a scale to calculate accurate disc heights.
Then, discs were pre-warmed to 37°C prior to testing.

2.7. Injection testing, mechanical analysis and failure testing in
cadaveric human discs

Radiographs were captured from transverse and sagittal planes
together with a scale to calculate accurate disc heights. Discs were
pre-warmed to 37°C prior to mechanical analysis, discs were pre-
loaded at 0.1 MPa for 30 s prior to 6 cycles at 0.53-0.65 MPa
1 Hz (simulated walking) which was repeated 3 times to calcu-
late Young’s Modulus during simulated walking. Following initial
mechanical testing, discs were injected with pre-warmed NPgel
(>37°C) containing Iohexol using fluoroscopy through a 25-gauge
needle to visualize injection until maximal filling pressure was
felt. The total injection volume was recorded for each IVD. Follow-
ing injection, radiographs were captured on transverse and sagittal
planes. Following pre-warming to 37°C for 30 mins post-injection,
discs were firstly re-analyzed using simulated walking to deter-
mine modulus following injection. Finally, discs underwent ulti-
mate strength testing by compression at a speed of 2 mm/min un-
til failure. Video capture was utilized to determine whether any
NPgel extruded. MRI measures were performed before loading for
pre-injected IVDs and after loading post-injection.

2.8. Human cadaveric disc isolation for live organ culture studies

Human IVDs were isolated as described previously [69] from
lumbar spine segments obtained after informed consent through
the Transplant Quebec Organ Donation Program (IRB# A04-M53-
08B) (Table 3). Within 4 h post-mortem, discs were radiographed
and those with degeneration grades of 2 (moderate degeneration),
(using the lumbar spine radiographic grading system of Wilke et al.
[72]) were selected. Live discs were isolated by parallel cuts close
to the endplates leaving approximately 0.5 mm bone on each
side of the discs. The disc height was measured, then the bony-
endplate thoroughly rinsed in PBS containing 200 pg/mL Primocin
(InvivoGen, San Diego, CA, USA) and 1 pg/mL Amphotericin B
(ThermoFisher Scientific, ON, CA), followed by 2 washes in Hanks’
balanced salt solution (HBSS, Sigma) also containing 200 pg/mL
Primocin (InvivoGen, San Diego, CA, USA) and 1 pg/mL Ampho-
tericin B (ThermoFisher Scientific, ON, CA to ensure all blood clots
were removed and processes were clear. Washed discs were then
placed in sterile polypropylene specimen containers (80 mL vol-
ume, STARPLEX Scientific, Etobicoke, ON) containing culture media
(Dulbecco’s Modified Eagle’s Medium, #D5030 and #D1152, Sigma,
ON, CA) supplemented with 2 mM GlutaMAX™, 5 % foetal bovine
serum (ThermoFisher Scientific, ON, CA), 100 pg/mL Primocin (cat.
Code: ant-pm-2, InvivoGen, San Diego, CA, USA), and 50 pg/mL
ascorbic acid (#A4403, Sigma, ON, CA) at a ratio of 3.5 mL of media
per gram of tissue weight [68,74]. Discs were maintained in cul-
ture media to equilibrate for about 16 h and were then prepared
for autologous injections and MRI scans.

2.9. Metabolic activity

An initial pilot study was performed to ensure the viability
of the organ cultures as prior validations have been completed
on whole discs without bone in the bioreactor system [67-69].
Thus, an initial pilot viability study was performed on non-injected
discs to evaluate metabolic cell activity following culture by Ala-
mar blue assay. Sixteen discs from 4 donors (Table 3) were cul-
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Table 3
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Donor demographics for cadaveric discs, and studies utilised for. Grade of degeneration determined radiographically and scored on

a scale of 0-3 [72].

Donor id. Sex Age IVD level Grade of Study component
degeneration
1 M 44 L1/2 1 Injection testing and Mechanical Analysis
M 44 L2/3 1
M 44 L3/4 2
2 M 52 T12/L1 1 Injection testing and Mechanical Analysis
M 52 L1/2 1
M 52 L2/3 1
M 52 L3/4 1
M 52 L4/5 1
3 M 69 L4/5 1 Injection testing and Mechanical Analysis
M 69 T9/10 1
4 F 38 T9/10 1 Viability testing - organ culture
F 38 L2/3 1
F 38 L3/4 2
F 38 L4/5 2
5 F 45 L1/2 1 Viability testing - organ culture
F 45 L2/3 1
F 45 L3/4 2
F 45 L4/5 2
6 M 47 L1/2 2 Viability testing - organ culture
M 47 L2/3 1
M 47 L3/4 1
M 47 L4/5 2
7 M 68 L1/2 2 Viability testing - organ culture
M 68 L2/3 1
M 68 L3/4 1
M 68 L4/5 2
8 F 45 L3/4 2 Organ culture - None-injected
9 F 68 L2/3 2 Organ culture - NPgel
L4/5 2 Organ culture - NPgel +BMPCs
10 M 47 L1/2 2 Organ culture - NPgel +BMPCs
M 47 L2/3 2 Organ culture - NPgel
11 M 78 L1/2 2 Organ culture - NPgel +BMPCs
12 F 78 L3/4 2 Organ culture - None-injected
13 F 53 L1/2 2 Organ culture - NPgel +BMPCs
F 53 L2/3 2 Organ culture - NPgel
F 53 L4/5 2 Organ culture - NPgel +BMPCs
14 F 69 L1/2 2 Organ culture - None-injected
F 69 L2/3 2 Organ culture - NPgel
F 69 L3/4 2 Organ culture - NPgel
15 M 54 L1/2 2 Organ culture - NPgel
L2/3 2 Organ culture - None-injected
L4/5 2 Organ culture - None-injected

tured under dynamic and static culture for a total of 28 days. Fol-
lowing 28 days of culture, 6 mm cores were taken from the NP
and inner AF (iAF) regions, using a biopsy punch (Acuderm Inc.,
Ft. Lauderdale, FL). The tissue core was weighed then incubated
in culture medium containing 10 % Alamar Blue® (Thermo Fisher,
Waltham, MA, USA) and incubated for 6 h at 37 °C as reported pre-
viously to measure metabolic activity [75]. After exposure, Fluores-
cence (Ex560/Em590) was measured by using a spectrophotometer
(Tecan Infinite T200, Mdnnedorf, Switzerland) equipped with Mag-
ellan software (Tecan, Mdnnedorf, Switzerland). Results are pre-
sented as an average fluorescence intensity per gram of tissue. Ex-
periments were performed in triplicates.

2.10. Injection of hydrogel and hBMPCs cell-suspension

NPgel was injected into native disc tissue with a 25 G needle
(REFs). To evaluate the feasibility of tissue repair strategies with
cell supplementation, human bone marrow mesenchymal progen-
itor cells (hBM-MSCs, RoosterBio, Inc. Cat. #MSC-001, Lot.#00,136
(20 yr-old female)) (BMPCs) (Utilised at passage 1, which had
been expanded in low (2.25 g/L) glucose DMEM supplemented
with 10 % FBS, 5 ng/mL fibroblast growth factor 2, 2 mM Gluta-
MAXTM, 50 pg/mL Gentamicin (ThermoFisher Scientific, ON, CA)),
suspended (1 million /500ul) in NPgel as described previously. The
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NPgel and BMPCs seeded in NPgel injection therapy was studied
using the bioreactor system and 16 human IVDs cultured ex vivo..
Discs were injected with either ~ 500 uL of NPgel or ~ 500 uL of
NPgel seeded with 1 x 105 hBMPCs, non-injected discs served as
controls (Table 3). The hydrogel was injected laterally into the cen-
tral NP region using a 25-Gague needle. Injected discs underwent
MRI immediately following injection. They were then placed under
static load (0.1 MPa) for 48 h and then dynamically loaded as de-
scribed below for 26 additional days. After loading was completed,
post-culture MRI scans were performed, and tissue was fixed and
processed for histopathological examination.

2.11. Magnetic resonance imaging and analysis

T1p-weighted MRI directly correlates with proteoglycan content
in IVDs of intact human lumbar spine segments [69]. To determine
the effect of cell/gel therapy on degenerate intact human lumbar
discs, potential region of interest (ROI) in NP and AF areas were
identified as previously described [68] and the average of the T1p
values calculated within the ROIs of the control and injected discs
slices per image. Briefly, discs were sutured on one side (to mark
for MRI positioning) and were allowed to equilibrate for 24 h in
culture media pre-injection. They were subjected to pre-T1p MRI
scans and then cultured under dynamic loading for 28 days. Post-
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culture and after 24 h equilibration period, post-T1p MRI scans
were acquired. All isolated human discs were scanned in sagittal
and axial planes and images were obtained on a 7T Bruker BioSpec
70/30 USR (Bruker Biospin, Milton, ON, Canada) with the high-
performance mini-imaging kit gradient upgrade AVIII electronics
(Bruker) and a Bruker-issued T1p-RARE pulse sequence, as pre-
viously established [68,69]. Heat maps representing signal inten-
sity were created using the MIPAV software (NIH Center for Infor-
mation Technology, Bethesda, MD, USA). T1p values were calcu-
lated and quantified for all the axial slices using the MIPAV soft-
ware. T1p values of 'before’ and 'after’ scans of each disc were
normalized to the surrounding culture medium (strongest value)
using editing features in MIPAV software. Specific regions of in-
terest (ROIs) were drawn around regions indicating NP region of
the ’after’ images and superimposed onto the same region of the
'before’ image. This was performed in the axial plane of slices 3-7
(out of 8) for each sample. The T1p images were manually cropped
by a single user (DHR) around the perimeter of the IVDs. The av-
erage of the T1p values was calculated within the ROIs for the hy-
drogel alone and the cell-seeded hydrogels from 3 to 7 slices per
image in the axial plane. After MRI analysis, discs were fixed in
16% w|v periodate lysine paraformaldehyde (PLP) in PBS fixative
for 48 hrs prior to 10 % neutral Buffered formalin and EDTA decal-
cification, prior to histological processing.

2.12. Disc culture and loading regimes

The bioreactor system design and culture approach for human
lumbar IVDs has previously been described [68,69]. Briefly, non-
injected, NPgel and NPgel+BMPCs live discs were loaded statically
for 48 h at 0.1 MPa allowing the discs to creep, thereby equilibrat-
ing their water content to the external load and intrinsic swelling
properties. Dynamic, compressive loads were applied to the groups
cycling in a sinusoidal pattern between 0.1 MPa and 0.6 MPa at
0.1 Hz for two periods of 2 h each. The dynamic compressive load
periods were interrupted by recovery periods of 6 h and 14 h
respectively, maintaining a low-static 0.1 MPa load. The loading
scheme was repeated for 26 consecutive days and changes in disc
height and axial load data were sampled continuously at 0.2 Hz.
After loading was completed, discs were packed in a sterile bag
filled with 25 mL of culture medium, sealed, and taken for post-
treatment T1p MRI scans.

2.13. Biomechanical analysis

Changes in disc height and axial load data were sampled and
quantified as previously described [68] using MATLAB software.
For analysis of the biomechanical parameters of each cyclic dy-
namic and low-static loading, the daily loading data was divided
into 4 segments, which were laid between 4 points of interest at
2 h (POI-1), 8 h (POI-2), 10 h (POI-3), and 24 h (POI-4) respec-
tively. A MATLAB code was used to extract defined biomechanical
parameters from the raw force-displacement data in cyclic load-
ing or static loading corresponding to each point of interest as
previously described [76,77]. Stiffness was defined as the slope
of the force-displacement curve from the minimum to the maxi-
mum displacement region. Similarly, the modulus was determined
as the slope of the stress-strain curve. Here, these two param-
eters are characterized as homogenized “effective” linear elastic
stiffness and modulus of the entire disc. This type of measure-
ment characterizes the average linearized behavior of the entire
disc, treating it as a homogeneous elastic material. As previously
reported [78], this characterization simplifies the more complex
behavior of a real disc. However, it provides a single metric for
quantifying the mechanical behavior of the entire disc and facil-
itates comparison of disc behavior among each loading day, var-
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ious points of interest, and different experimental groups. Range
of motion (ROM) was the total displacement of the motion seg-
ment during a compression cyclic load. Dissipated energy was de-
fined as the area between loading and unloading curves in the
force-displacement response in the cyclic load. The preceding pa-
rameters are determined from the average of 5 test cycles where
the point of interest is located. In the low-static recovery periods
(POI-1 to POI-2, POI-3 to POI-4), the creep strain at POI-2 or POI-
4 along with time was normalized to the initial strain at POI-1
or POI-3 respectively. Specifically, strain (op) at a point is equal
to the disc height change (Hjygi-Hpt) divided by the initial disc
height (Hinitial)' that is GPtz(Hinitial'HPf)/(Hinitiul)' The normalized
strain at POI-2 (0 pormpr2) is calculated from the following equa-
tion: O yorm pr2=0 pe2/0 pe1, Where o o and o, represent the strain
at POI-1 and POI-2. Similar to normalized strain at POI-4, the cal-
culation is based on 0 ;1orm pra=0 pra/0 pe3 (Supplementary Figure 1).

2.14. Histological processing

Whole IVDs with intact BEPs were fixed in 10 % neutral
buffered formalin (Leica Biosystems, Nussloch, Germany) for 1
week, prior to EDTA decalcification in 20% w/v EDTA pH 7.4 on a
shaking platform at 4 °C for approximately 3 months, with EDTA
replenished twice weekly. Discs were then processed to paraf-
fin wax. Following processing tissue samples were cut sagittally.
Photographic images were captured to enable approximate macro-
scopic grading using Thompson grading [79], and embedded in
extra-large cassettes. Seven-micron sections were cut with the aid
of Sellotape™ sectioning and mounted onto positively charged
slides (Leica Biosystems, Newcastle, UK) and dried at 37 °C for at
least 2 weeks prior to staining.

2.15. Histological staining

Following an initial 30-minute incubation in chloroform to re-
move the Sellotape™ from sections, tissue sections were dewaxed
in Sub-X (3 x 5mins) and rehydrated in IMS (3 x 5mins) prior to
rehydration in running tap water for 5 mins. Sections were then
stained with Haematoxylin and Eosin, Masson Trichrome and Al-
cian Blue, as described previously [61]. Histological grade of degen-
eration was assessed across the whole disc using previously pub-
lished criteria, with separate grades calculated for NP, AF, CEP and
BEP regions [71] Note that, due to washing of bony end plates prior
to culture, the cellularity grading for BEPs was excluded from the
grading; as such the maximal grade of degeneration was 33 [71].
Histological images were also qualitatively assessed to investigate
tissue integration of NPgel, and identification of NPgel and cellu-
larity within NPgel.

2.16. Immunobhistological staining

Immunohistochemistry (IHC) was used to determine the cellu-
lar expression of key anabolic and catabolic features of disc degen-
eration within human tissue explants cultured for 6 weeks alone or
following injection of NPgel with or without BMPCs, and in whole
organ cultures of IVDs cultured for 4 weeks in a physiological load-
ing system. Extracellular matrix proteins characteristic of the IVD:
Aggrecan, Collagen type Il and Collagen type I were investigated
across the NP, AF and CEP tissue regions within organ cultures,
and Aggrecan and Collagen type II investigated within NP tissue
explants. Whilst expression of matrix degrading enzymes (MMP3,
MMP13 and ADAMTS4) was investigated within the NP tissue ex-
plants and MMP3 and ADAMTS4 investigated in the NP tissue re-
gion of the IVD organ cultures. Furthermore, within tissue explants
IL-1 expression was investigated as a key plethoric cytokine for
disc degeneration. IL-1 was also investigated alongside IL-8 within
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Table 4
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List of antibodies and methods used for immunohistochemistry (IHC) experiments in this study. All secondary antibodies used at a dilution

of 1:500. All antibodies purchased from Abcam.

Target Clonality Dilution Antigen retrieval method Secondary antibody
Collagen type II (ab34712) Rabbit polyclonal 1:200 Enzyme Goat anti rabbit (ab6720)
Aggrecan ab3778) Mouse monoclonal 1:100 Heat Rabbit anti mouse (ab6727)
Collagen Type I (ab90395) Mouse monoclonal 1:200 Enzyme Rabbit anti mouse (ab6727)
MMP3 (ab53015) Rabbit polyclonal 1:400 Enzyme Goat anti rabbit (ab6720)
MMP 13 (ab39012) Rabbit polyclonal 1:200 Heat Goat anti rabbit (ab6720)
ADAMTS4 (ab185722) Rabbit polyclonal 1:200 None Goat anti rabbit (ab6720)
IL-18 (ab9722) Rabbit polyclonal 1:100 Heat Goat anti rabbit (ab6720)
IL-8 (ab7747) Rabbit polyclonal 1:100 Heat Goat anti rabbit (ab6720)

the NP region of organ cultures. IHC was performed as previously
reported [80] using antibodies stated in Table 4. All cells within
the tissue region of interest (NP, AF or CEP) were counted as either
immunopositive (brown staining) or immunonegative (only pur-
ple nuclei staining) until a total of 200 cells per sample had been
counted. Counting was performed on cells throughout the entirety
of the tissue region irrespective of their locality within NPgel, to
determine the number of cells expressing each protein across the
whole NP region. The percentage of immunopositive NP cells (for
each target) was then determined.

2.17. Statistical analysis

All statistical analysis was performed using Prism 9.0 software
(GraphPad Software, Inc., La Jolla, CA). Normality testing was per-
formed to determine normality. For MRI quantification and biome-
chanical analysis, One-way ANOVA followed by Tukey multiple
comparisons posthoc tests were performed. Macroscopic and his-
tological grades of degeneration and immunohistochemical data
were assessed with the Kruskall Wallis and Dunns post hoc test.
Adjusted P values are reported to two decimal figures in all cases
and P < 0.05 were considered statistically significant. Data is pre-
sented as individual data points and median.

3. Results

3.1. NPgel promotes matrix production and inhibits catabolic proteins
in degenerate human tissue explants

Immunopositive staining for Aggrecan was mainly observed as
cellular staining (Supplementary Figure 2), as seen previously for
this antigen [80], with increased staining particularly within peri-
cellular regions in those explants injected with NPgel and NPgel
with BMPCs (Supplementary Figure 2), with a significant increase
in Aggrecan immunopositive cells seen in explants injected with
NPgel together with BMPCs (P = 0.02) (Fig. 1). Whilst an increase
was also seen in NPgel alone injected explants this failed to reach
significance (P = 0.20) (Fig. 1). Immunopositive staining for Col-
lagen type II was seen within the tissue matrix and co-localised
to cells across all explant groups, an increase in percentage of im-
munopositive cells was seen in both NPgel and NPgel plus BMPCs
injected discs this only reached significance where BMPCs were in-
cluded (P = 0.03) (Fig. 1), where an increase in pericellular colla-
gen type Il was evident (Supplementary Figure 2). Immunoposi-
tive staining for IL-1 was observed in non-injected tissue explants,
which was decreased in explants injected with NPgel alone or
with NPgel in combination with BMPCs, although this only reached
significance in NPgel alone explants (P = 0.04) (Fig. 1& Supple-
mentary Figure 2). Matrix degrading enzymes MMP3, MMP13 and
ADAMTS4 were expressed within non-injected controls (Supple-
mentary Figure 2), percentage immunopositivity for all matrix de-
grading enzymes was decreased following injection of NPgel alone
or NPgel in combination with BMPCs, which was significant for
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MMP3 and ADAMTS4 (MMP 3: (NPgel P = 0.02; NPgel+-BMPCS
P = 0.03); ADAMTS4: NPgel P = 0.003; NPgel+BMPCs P = 0.002),
but failed to reach significance for MMP13 (NPgel P = 0.44;
NPgel+BMPCs P = 0.09) (Fig. 1).

3.2. NPgel can be injected into whole human IVDs ex vivo

Pre-warmed NPgel (~38-39 °C) was easily injected into whole
human IVDs using a 25 G needle, NPgel could be visualized to
fill cracks and fissures during injection via the use of lohexol and
fluoroscopic visualization (Supplementary Video 1). The total vol-
ume of NPgel injected across 8 discs ranged from 600 to 1000 pl
(Mean= 890 ul, SD=150). Following injection, NPgel could be visu-
alized to have filled natural cracks and fissures within the native
human IVDs, appearing white on MRI imaging (Fig. 2A).

3.3. NPgel increases disc height and improves mechanical strength

Previously frozen human IVDs were used to test the effect of
NPgel on immediate disc height change and mechanical proper-
ties of the disc. Injection of NPgel resulted in a significant increase
(up to 31 %, Mean=13 %) in disc height of post-injected discs
when compared to their height before the injections (P = 0.008)
(Fig. 2B). Young’s modulus was determined for each disc pre- and
post-injection during simulated walking. Young’s modulus was sig-
nificantly increased in 6 out of 8 of the IVDs injected with NPgel
with an increase in Young’s Modulus between 106 and 129 % mean
increase (P<0.05) (Fig. 2C). During failure testing, the maximum
compressive strength was between 2.3 MPa and 4.1 MPa (Fig. 2D),
with failure visible with a dip in the load readout (Fig. 2E). One
disc herniation was induced during failure testing, which resulted
in the lowest maximal compressive strength (Red point Fig. 2D&
Fig. 2F), although NPgel was not extruded in any IVD (Supplemen-
tal Videos 2-3).

3.4. Ex vivo organ culture of freshly extracted cadaveric IVDs with
intact boney end plates retains cell viability

For ex vivo study, intact freshly extracted cadaveric lumbar
spines were radiographed and discs with degeneration grade 1 or 2
were selected for this study (Table 3). Discs were excised together
with a thin layer of adjacent bony end plate, which prior to wash-
ing showed blockage of trabeculae (Supplementary Figure 3A). Ex-
tensive washing cleared the trabecular pores (Supplementary Fig-
ure 3B). Following 4 weeks of physiological loading, clear cells
were observed within the NP (Supplementary Figure 3C), the AF
(Supplementary Figure 3D) and within both the CEP and BEP (Sup-
plementary Figure 3E). Assessment of metabolic activity comparing
loaded and unloaded discs demonstrated higher metabolic activity
in both the NP (2559 + 498; p < 0.0001) and iAF (1873 + 498;
p = 0.002) in loaded compared to unloaded IVDs (Supplemental
Figure 3F).
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Fig. 1. Immunohistochemistry quantification for aggrecan, collagen type II, IL-1, MMP 3,

MMP 13 and ADAMTS 4 within human NP tissue explants following injection of

NPgel alone or in combination with BMPCs together with untreated control explants following culture for 6 weeks. Individual patient data shown as differential colours.

Grand Median shown for data sets. *Indicates P<0.05.

3.5. NPgel alone and BMPCs seeded within NPgel injection enhance
mechanical properties and maintain tissue stability of degenerate
human discs

Discs injected with NPgel or NPgel + BMPCs were compressed
to a greater extent during loading cycles which reached signifi-
cance for NPgel alone (NPgel 1st 2 hr load P = 0.001; 2nd 2 hr
load P = 0.002) (Fig. 3A). However, this change failed to reach sig-
nificance in discs injected with NPgel combined with BMPCS com-
pared to non-injected discs (1st 2 h load P = 0.06; 2nd 2 h load
P = 0.06)(Fig. 3A). Whilst during relaxation periods of 0.1 MPa
rest periods, discs injected with NPgel alone showed significantly
greater disc height recovery than control discs during both 6 h
(P = 0.006) and 14 h (P = 0.0001) rest periods (Fig. 3A). This
increased swelling effect was also seen for discs injected with
NPgel + BMPCs, which reached significance after the 14 h rest
period (P = 0.007), but failed to reach significance after the 6 h
rest period (P = 0.21) (Fig. 3A). The observed increase in loss and
gain in height (compression at 2 h and re-swell at 6 h and 14 h)
in the injected discs indicated that NPgel injection improved the
disc tissue swell/re-swell properties. Further analysis of IVD me-
chanical properties was assessed at various time points through-
out the culture. At an early culture period of 7 days, NPgel in-
jection increased the stiffness of the IVD. Although this failed to
reach significance to control discs (P = 0.25), a significant increase
was seen compared to discs injected with NPgel combined with
BMPCs (P = 0.01) (Fig. 3B). However, following 28 days in cul-
ture, the stiffness of NPgel injected discs was no different to non-
injected controls, whilst those discs injected with NPgel together
with BMPCs showed a significant decrease in stiffness compared
to control (P = 0.001) and NPgel alone injected discs (P = 0.02)
(Fig. 3C). Similarly, the modulus of discs injected with NPgel com-
bined with BMPCs was significantly decreased following 7 days in
culture, compared to control non-injected discs (P = 0.0003), and
discs injected with NPgel alone (P = 0.003) (Fig. 3D), which was
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maintained for the 28 days in culture (NPgel +BMPCs v/s control
P = 0.001; NPgel + BMPCs v/s NPgel P = 0.047) (Fig. 3E), whilst
discs injected with NPgel alone displayed a small non-significant
decrease in modulus at both time points (7 day P = 0.44) (Fig. 3D)
(28 day P = 0.20)(Fig. 3E). The range of motion was not affected by
the injection of NPgel alone or in combination with BMPCs (Fig-
ure 3F&G), a small but non-significant decrease in dissipated en-
ergy was seen following NPgel injection alone (7 day P = 0.11; 28
day P = 0.22) (Fig. 3H&I). However, the injection of both NPgel
alone or NPgel combined with BMPCs decreased the normalised
creep strain of discs following both 7 days (NPgel P = 0.025;
NPgel+BMPCs P = 0.025) (Fig. 3]) and 28 days of culture (NPgel
P = 0.003; NPgel+BMPCs P = 0.005) (Fig. 3K).

3.6. NPgel with or without the addition of BMPCs improved T1p MRI
scan values and increased matrix deposition in ex vivo culture of live
human degenerate discs

T1p-weighted MRI images showed darker regions with higher
red intensity in discs post NPgel and cell injection in NP and iAF
regions. Clear regions corresponding to proteoglycan loss were ob-
served in non-injected discs post-culture (Fig. 4A). Quantification
of the same pre- versus post-culture ROIs in the MRI scans of
NP area showed a significant increase in T1p value of injected
discs with NPgel alone from 14,378.7 4+ 59.3 to 15,805.7 4+ 295.7
(p = 0.017) (Fig. 4B) and with BMPCs- seeded NPgel from
14,313.9 + 1708.2 to 15,885.4 + 2070.5 (p = 0.02) (Fig. 4B). There
was a non-significant increase in T1p values when comparing the
same iAF ROI scans in the pre- to the post-culture scans in both
NPgel (from 9048.2 + 1000.3 to 9811.8 + 1280.6; p = 0.96) and
NPgel+BMPCs (from 8000.4 + 986.6 to 8728.2 &+ 1056.4; p = 0.95)
injected discs. The observed loss in average intensity, when we
compared the same ROIs in MRI scans before after the culture of
non-injected discs, was not significant in NP (pre 12,707.08 & 922.9
and post 11,734.21 + 1052.1; p = 0.11) and iAF (pre 8371.9 + 738.1
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Fig. 2. (A) MRI images showing pre and post-injection of NPgel into whole cadaveric human IVDs, scale bar = 5 mm. (B) Cadaveric human IVDs were examined via X-ray
to determine IVD height pre and post-injection of NPgel (600-1000u1) with a significant increase in disc height observed in the injected discs P = 0.0078. (C): Whole
discs were loaded under a compressive loading regime to mimic walking and Youngs moduli were calculated pre and post-injection with NPgel. NPgel injection resulted in
a significant increase in Youngs moduli of discs in 6 out of 8 discs injected (*indicates P<0.05). (D): Maximum compressive strength tested by compression (2 mm/min)
until failure. Discs failed at 2-4 times the maximal physiological load with a maximal failure strength of 4.09 MPa. (E): Failure testing data for the disc with the highest
compressive strength. (F) Failure testing data for the disc with the lowest compressive strength, where visible NP herniation occurred through the AF (although NPgel was

not extruded). (n = 8).

and post 7361.59 + 735.7; p = 0.75) ROIs (Fig. 4B-C). The gain
of percentage in MRI signal (red color intensity) following culture
was significant in the NP area of NPgel (9.91 + 1.82 %; p = 0.015)
and NPgel+BMPCs (10.75 + 3.89 %; p = 0.016) injected discs when
compared the same ROIs before the culture (Fig. 4D). MRI of non-
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injected control discs following the culture showed a decrease
(=799 + 2.12 %) when compared to the same NP region of inter-
est before the culture, but significance was not reached (Fig. 4D).
Comparison of the T1p values in the same ROI of iAF MRI scans
showed non-significant differences between before and after cul-



H. Cherif, L. Li, J. Snuggs et al. Acta Biomaterialia 176 (2024) 201-220

%%k
A 1
%k ok %k k% k% k% %k
— 2o 1 i i i
E °
E °
g AT
€ ‘ ° e Control
S od 8 o NPgel
-
S . ® NPgel + BMPCs
2 °
£ 4 - X5
©
2 L
o
-2 T T T T
2hr Load 6hr Rest 2hr Load 14hr Rest
Day 28
B Day 7 C
* *
2500 — 2500 5 |:1
o© o
g 2000 Q92 % g 2000- + 90 o, .o
£ . £ b of Post Loadin
Z 1500 0,40 0reyvid 009,440 > 15004 —~o9- A — S o 9
g 0g %® 098 2 od* O @ Post Rest Period
£ 1000 208 ° v £ 10007 Qo o .o
@ 500 €? 500
T T T T T T
Control NPgel NPgel + BMPCs Control NPgel NPgel + BMPCs
D Treatment regime E Treatment regime
Day 7 Day 28
40+ * 40+ I * I:l
_
0O
T 30 . T 30 + o :
o *
g B 8 £ R © Post Loading
4 20+ o o 8 20+ o i
2 —o5o (2] & E e : S0 0000t & Post Rest Period
3 3Bse¥d 82835 2 #4308 ol
2104 Loo0e e =104 ,040 O
T T T T T T
Control NPgel NPgel + BMPCs Control NPgel NPgel + BMPCs
F Treatment regime G Treatment regime
1.0- Day 7 1.0- Day 28
£ €
£ 0.8+ . € 0.3
H s 0 T o 0 _
S o6 08 , 0 Soed oo *con ° Q Post Loading
g ’9959 % 000‘80 E° :Oa' © .
5 0.4- ° W $ge co % 04 A %«; St & Post Rest Period
® +400 © ° ® Y @
-2 o 2 0.2 8 g°
5 02 ° oo 5 0- °
© [
0. 0.

T T
NPgel NPgel + BMPCs
Treatment regime

A T T
NPgel NPgel + BMPCs Control

Treatment regime

)
Control

I

3 Day 7 3 Day 28
€ %
o
= . S 5
> > 2
B2 B2 . S Q Post Loading
c . c .
= 3o ' - = & Post Rest Period
5.4 0 o*'o 8 9 oo
21 -2 S0 20,200 21 . +8
3 °g5d Oy 38 2 0Q¢ se0t, 988
a % 0%0 @ oo
@ 4 8 a %50 +0p
a a a °
T T T 1 T T
Control NPgel NPgel + BMPCs Control NPgel NPgel + BMPCs
Treatment regime Treatment regime
J Day 7 K Day 28
P P
100 * 100 *
| — —
)
£ 80 +10 £ 80 0%, *0
o
g .0 ¢ g = 8 O 6hr Rest
5 60 3 83 o 5 60 B0
ki . _ X ki . o & 14hr Rest
® 40 *eo 9 ) o s
E * Ol g E o
S S o4
Z 20 . Z 20 . °
*
*
T T T T T T
Control NPgel NPgel + BMPCs Control NPgel NPgel + BMPCs

Treatment regime Treatment regime

Fig. 3. Biomechanical analysis of organ culture of whole human IVDs either left uninjected (control), or injected with NPgel alone or in combination with BMPCs. Whole
discs were cultured under physiological loading for 28days, with in line biomechanical analysis performed. (A) Disc height change in mm from pre-culture disc height
following 2 hrs dynamic loading 0.1MPa-0.6 MPa 0.1 Hz, 6hr rest at 0.1 MPa static culture, 2 hrs dynamic loading 0.1MPa-0.6 MPa 0.1 Hz, and a final 14hr rest period. Data
shown is the averaged disc height changes over the 28days of culture during each loading cycle. (B) Stiffness (N/mm) following 7days of culture measured post 2hr loading
cycles (circles) and rest periods (6 &14hr) (diamonds). (C) Stiffness (N/mm) following 28days of culture measured post 2hr loading cycles (circles) and rest periods (6 &14hr)
(diamonds). (D) Modulus (MPa) following 7days of culture measured post 2hr loading cycles (circles) and rest periods (6 &14hr) (diamonds). (E) Modulus (MPa) following
28days of culture measured post 2hr loading cycles (circles) and rest periods (6 &14hr) (diamonds). (F) Range of Motion (mm) following 7days of culture measured post 2hr
loading cycles (circles) and rest periods (6 &14hr) (diamonds). (G) Range of Motion (mm) following 28days of culture measured post 2hr loading cycles (circles) and rest
periods (6 &14hr) (diamonds). (H) Dissipated energy (J/m?) following 7days of culture measured post 2hr loading cycles (circles) and rest periods (6 &14hr) (diamonds). (I)
Dissipated energy (J/m?) following 28days of culture measured post 2hr loading cycles (circles) and rest periods (6 &14hr) (diamonds). (J) Normalised strain (%) following
7days of culture measured post 2hr loading cycles (circles) and rest periods (6 &14hr) (diamonds). (K) Normalised strain (%) following 28days of culture measured post 2hr
loading cycles (circles) and rest periods (6 &14hr) (diamonds). B-K each disc shown in differential colours. * indicates P<0.05.
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Fig. 4. (A): Representative images of mid-axial T1p slices pre-culture and the same location after 28 days in non-injected (CTRL), NPgel, or NPgel+hMSCs injected discs.
The heatmap correlates the red color with the highest and the blue color with the lowest T1p values, scale bar = 5 mm. (B) Quantification of ROIs for NP (Average Voxel
intensity) and (C) AF regions (Average voxel intensity) in the three groups showed significant enhancement in the ROIs of NP area for the NP gel and NPgel+hMSCs injected
discs following the culture. (C) Summary graph showing percentage change in T1p values post-normalized to their respective pre-culture scans in injected and non-injected
discs. (E) Macroscopic images of whole human IVDs following 28days culture within non-injected controls, discs injected with NPgel alone and NPGel +BMPCs. Discs were
fixed, EDTA decalcified and embedded to paraffin wax prior to transverse sectioning and macroscopic images captured of whole discs. NPgel can be clearly seen in discs
injected with NPgel. (F) Macroscopic grade of degeneration (Thompson grading scheme). (G) Overall histological grade of degeneration (Le Maitre grading scheme) and (H)
sub grades for each disc region across the IVD. Note each region is scored out of 9 except the BEP where cellularity score was not possible and thus total score for BEP is 6.
* indicates P<0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ture in all discs (Fig. 4D). These results indicated that treatment of
human IVDs with BMPCs-seeded NPgel and NPgel alone increased
the T1p values within NP area of human IVDs following 28 days of
dynamic culture.

3.7. NPgel with or without the addition of BMPCs decreases
macroscopic and microscopic grade of degeneration

Macroscopic visualization of cadaveric human IVDs following 4
weeks in culture within the loaded disc culture system demon-
strated clear cracks and fissures within untreated controls (Fig. 4E).
Within discs where NPgel had been injected, visible regions of
gel could be visualised particularly within cracks and fissures in
the NP region (Fig. 4E). Discs injected with NPgel either with or
without BMPCs appeared similar (Fig. 4E). Macroscopic grading
of discs demonstrated a significant decrease in macroscopic de-
generation within discs injected with NPgel together with BMPCs
(P = 0.04) (Fig. 4F). A decrease was also seen for NPgel alone, al-
though this failed to reach significance (P = 0.14) (Fig. 4F). Fol-
lowing histological staining of discs and grading according to the
standardized histological grading scheme for human discs[71], with
the exclusion of BEP cellularity due to the washing performed on
discs prior to culture, a significant decrease in histological grade of
degeneration could be seen following both NPgel injection alone
(P = 0.0006), and when NPgel was injected together with BMPCs
(P<0.0001) (Fig. 4G), with a decrease in grade of degeneration seen
across all regions of the disc (Fig. 4G), reaching significance within
the AF for NPgel where BMPCs were injected together (P = 0.03)
(Fig. 4H). Within non-injected control discs, histological staining
demonstrated fissures within the NP (Fig. 5A) along with the pres-
ence of granulation tissue (Fig. 5B). Fissures were also seen within
the AF tissue regions (Fig. 5C). NP cells appeared as multicellular
clusters with weak Masson trichrome collagen staining (Fig. 5D),
whilst the CEP cells were evenly distributed through the endplate
with proteoglycan staining with alcian blue localized to the cells
(Fig. 5E). Within IVDs injected with NPgel, some fissures within
the NP tissue remained void (Fig. 5F), whilst others contained clear
NPgel within the fissures (Fig. 5G). Fissures within the AF were also
seen to contain NPgel (Fig. 5H), which stained strongly for alcian
blue (Figure 5I&J). In discs injected with NPgel with BMPCs, again
fissures within the NP tissue were filled by gel, with both small
(Fig. 5K), and large fissures (Fig. 5L) demonstrating the presence
of NPgel. An increase in cellularity was observed around NPgel in
NPgel + BMPCs injected discs adjacent to fissures across the tis-
sue (Fig. 5M). Strong alcian blue staining was seen in NPgel filled
regions in the NP and AF (Fig. 5N &O).

3.8. NPgel with or without BMPCs promotes production of matrix
synthesis and decreases catabolism within whole human IVDs
following 4 weeks of organ culture

Collagen type | immunopositive staining was predominantly
found within the AF and CEP of all discs and no difference was
seen following injection of NPgel alone or in combination with
BMPCs (P>0.05) (Supplementary Figure 4 & Fig. 6). Collagen type
Il immunopositive staining was seen within the NP at low levels
in two out of the three control non-injected discs, but at high
levels in one control non-injected disc with an apparent increase
seen in the NP region following NPgel injection either alone or
in combination with BMPCs although this failed to reach signifi-
cance (P>0.05) (Fig. 6& Supplementary Figure 5). Collagen type II
immunopositivity was also slightly increased within the AF tissue
of NPgel and NPgel +BMPC injected discs, although this failed to
reach significance (P>0.05) (Fig. 6& Supplementary Figure 5). Col-
lagen type Il immunopositivity was high in all discs within the CEP
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region (Fig. 6& Supplementary Figure 5). Aggrecan immunopositiv-
ity was expressed at low levels across all regions of the disc in
control non-injected discs, whilst within the NP region of NPgel
injected with or without BMPCs an apparent increase in num-
ber of cells immunopositive for Aggrecan was seen compared to
control discs, although this failed to reach significance (P>0.05)
(Fig. 6& Supplementary Figure 6). The catabolic matrix degrading
enzymes MMP 3 and ADAMTS 4 were expressed within the NP
region of the control non-injected discs and the number of im-
munopositive cells were significantly decreased following NPgel in-
jection ((MMP 3 P = 0.005), (ADAMTS 4 P = 0.02)) (Fig. 7& Sup-
plementary Figure 7). A similar trend of decreased immunoposi-
tivity staining for MMP 3 and ADAMTS 4 was also seen following
NPgel injection with BMPCS although this failed to reach signifi-
cance ((MMP3 P = 0.41), (ADAMTS4 P = 0.10)) (Fig. 7& Supplemen-
tary Figure 7). Immunopositive staining was also seen in control
non-injected discs for IL-1 and IL-8, with expression decreased fol-
lowing injection of NPgel and NPgel + BMPCs which reached sig-
nificance following NPgel injection for IL-1 (P = 0.006), and IL-8
for NPgel + BMPCs (P = 0.01) (Fig. 7& Supplementary Figure 7).
Whilst the decreases seen in IL-1 in NPgel + BMPCs failed to reach
significance (P = 0.33), or IL-8 in NPgel injected discs (P = 0.20)
(Fig. 7& Supplementary Figure 7).

4. Discussion

Regeneration of the IVD is an attractive prospect for the treat-
ment of LBP associated with disc degeneration. Several approaches
have been proposed to date, yet the development of new therapies
for the regeneration of the degenerate IVD is complicated by the
lack of validated large bipedal animal models that mimic the hu-
man spinal anatomy, the naturally occurring IVD degeneration, and
the human genetic background [59]. Long-term organ culture mod-
els can bridge this gap and provide human in vivo-like conditions
for studying therapeutic candidates [64,66,81]. Here, several key
questions essential to support translation to the clinic of a prospec-
tive regenerative injectable biomaterial (NPgel) were investigated
using human IVD tissues. NPgel could be easily injected into natu-
rally degenerate human IVDs, filling natural cracks and fissures and
leading to an immediate increase in disc height and Young’s mod-
ulus. Furthermore, NPgel was retained both during failure testing
of previously frozen discs and during long term 4-week culture
in an organ culture system under physiological load. Injection of
NPgel alone or in combination with BMPCs increased MRI signal
intensity, decreased macroscopic and microscopic grade of degen-
eration and promoted normal matrix protein expression and inhib-
ited catabolic cytokines and matrix degrading enzymes. Further-
more, biomechanical properties were improved in NPgel injected
discs with restoration of compression and swelling capabilities dur-
ing diurnal loading and decreased creep strains, with effects seen
early in the culture cycle and maintained for the 28 days investi-
gated. These results provide essential proof of concept data sup-
porting the use of NPgel as an injectable therapy for disc regener-
ation.

Using whole human discs this study was able to demonstrate
the facile injection of NPgel through a 25 G needle, where the
biomaterial flowed easily into natural cracks and fissures within
the disc, due to the low viscosity of NPgel prior to gelation [60].
The injection through a fine bore needle shows a major advan-
tage over other more viscous gel systems which require wider
bore needle injection [56,82-85], or nuclectomy prior to applica-
tion [86]. Furthermore, viscous gel systems often appear as a bolus
within discs following injection [51], which can also lead to fail-
ure under load [51,52,86]. The use of fine bore needles for injec-
tion into the IVD is also essential to prevent damage to the annu-
lus fibrosus and the potential induction of degeneration|[59]. The
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NPgel+BMPCs

Fig. 5. Histological staining of intervertebral discs cultured for 28days under physiological load within A-E: Non-injected control discs, F-]J: NPgel alone injected discs and
K-O: Discs injected with NPgel in combination with BMPCs. Key features indicated images demonstrating A: Fissures within the NP; B: Granulation tissue; C: AF fissures; D
multicellular clusters and E: CEP within non-injected controls. F: Non filled and G Filled fissures within the NP and H,I & ] the AF filled with NPgel in NPgel injected discs. K:
Small filled and L large filled fissures with regions of high cellularity around fissures (M) and regions of disc filled with NPgel and cells within cracks (N) and large voids (O)
of the disc. Histological stains included Haematoxylin and Eosin (H&E), Masson Trichrome (MT) and Alcian Blue (AB). Scale bars as indicated on images. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Percentage of immunopositive cells for collagen type I, collagen type Il and aggrecan within the NP, AF and CEP regions of the disc either left untreated, or injected
with NPgel alone or in combination with BMPCS and cultured in organ culture under physiological load for 28days. * indicates P<0.05.

use of a 25 G needle did not induce disc degeneration in smaller
discs isolated from goats, beagles and bovine caudal IVDs [87-89].
Moreover, in a prospective uncontrolled clinical study, insertion of
a 18 G needle into the central NP did not accelerate degenera-
tion [90]. In the current study initial investigations using previ-
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ously frozen human discs demonstrated that naturally degenerate
discs were able to be injected with volumes of between 600 and
1000 pl of NPgel, this is similar to that seen in a clinical study
where 900 ul of an ethanol gel (DiscoGel) which was injected into
the NP of degenerated discs [90]. Within the current study an im-
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Fig. 7. Percentage of immunopositive cells for MMP 3, ADAMTS 4, IL-1 and IL-8 within the NP region of the discs either left untreated, or injected with NPgel alone or in
combination with BMPCS and cultured in organ culture under physiological load for 28days. * indicates P<0.05.

mediate increase in disc height was observed following injection of
NPgel, which is likely due to the filling of cracks and fissures and
increased disc volume following injection as seen in other stud-
ies [56,85]. Although these studies were performed on non-loaded
discs they were performed within whole motion segments at at-
mospheric pressure which is 0.1 MPa, and as loads during supine
have been reported to be 0.1MPa [14] this would mimic injection
whilst supine and thus additional load application was not neces-
sary during injection. Within the organ culture investigation, the
volume injected was limited to 500 pl to ensure a standardised
volume was included in all discs, however this did result in in-
complete filling of void spaces evident with macroscopic and mi-
croscopic imaging of discs following harvest. However, for clinical
application it would be envisaged that NPgel would be injected un-
til there was a back pressure, thus filling all the cracks and fissures
within the disc. As NPgel has mechanical properties which matches
that of native NP tissue [60]. Thus, the filling of the cracks within
the degenerate disc which result in the heterogeneous distribution
of load bearing forces across the disc, negatively impacting on cell
behaviour would be corrected resulting in a more homogeneous
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distribution of load across the disc once cracks and fissures have
been filled.

The IVD is an important load-bearing joint where the aggrecan
rich NP, within a healthy IVD, provides a high fixed charge density
creating high osmotic pressure within the tissue, which is essen-
tial for normal biomechanical function of the IVD [10,11,91]. Dur-
ing axial compression during diurnal loading the external loads are
higher than the internal swelling stress provided by the osmotic
pressure of the NP tissue, resulting in the flow of water out of
the disc and a subsequent decrease in disc height. Whilst during
night-time rest the external axial compression is reduced and the
internal swelling stress exceeds the external stress, and thus fluid
flows back into the disc [11,13]. This fluid flow during diurnal load-
ing of the IVD is essential to maintain nutrient supply to the disc
and the removal of waste products [11]; during disc degeneration
the reduction in proteoglycans, results in decreased fixed charge
density and swelling pressure results in abnormal solute diffusiv-
ity [11,92]. Within the current study naturally degenerate whole
human IVDs displayed decreased disc height during dynamic load-
ing which increased again during rest periods, with a greater re-
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covery rate seen during 14 h recovery v/s 6 h recovery, mimicking
the disc height changes seen in vivo during normal diurnal load-
ing. Injection of either NPgel alone or in combination with BMPCs
resulted in an increased compression of the disc during dynamic
loading and significantly greater disc swelling during 14 h recov-
ery mimicking disc height increase seen during night-time rest.
This was further confirmed with the decreased normalised creep
strain seen in NPgel +/- BMPCs injected discs to non-injected de-
generate discs. Normalised creep strain has been seen previously
to increase within degeneration [93], and nucleotomy models in-
creased creep strain by over 40 %[94], sham treated discs further
increased creep strain [95], whilst injection of a triple interpene-
trating network hydrogel (which is composed of chitosan, dextran
and teleostean) reduced creep strain by 3 % compared to nuclec-
tomy alone [95]. Whilst in the current study we saw a reduction in
creep strain of ~70 % from non-injected degenerate human IVDs,
demonstrating a substantial reduction in creep strain following in-
jection of NPgel either alone or in combination with BMPCs. The
decreased creep strain, increased swell/re-swell properties and in-
creased disc height seen in the current study following NPgel in-
jection suggests restoration of key biomechanical features essen-
tial to restore spinal motion which is essential to tackle low back
pain [96]. An increase in Young's modulus was also seen in the cur-
rent study when discs were injected with NPgel to fill the natural
voids and fissures seen during the mechanical testing of previously
frozen discs, suggesting a restoration of compressive strain which
is also essential for normal spinal function [96]. The molecular
mechanisms underpinning IVD tissue stiffening and degeneration
is unclear because there is no direct correlation between changes
in mechanical properties and structural/molecular tissue changes
[97,98]. IVD mechanical responses are also sensitive to the testing
environment (humidity, temperature), the methods of storage, the
mechanical properties of each spinal level, the nucleus pulposus,
and annulus fibrosis at varying strain rates and levels of degen-
eration. The compressive Young’s modulus of IVDs decreases with
degeneration [99,100].

However, in the discs used for the organ culture study where
the implantation volume was limited to 500 pl, such an effect was
not observed. Within organ culture discs, injection of 500 ul of
NPgel failed to completely fill cracks and fissures as seen macro-
scopically following processing and histology. This incomplete fill-
ing may explain the lack of an increase in modulus of the discs and
indicates the clinical requirement to ensure cracks and fissures are
filled during injection. This could be aided with the use of a pres-
sure sensor to measure internal pressure increases during injection
as has been used in a goat model during injection of a triple inter-
penetrating network hydrogel [56], and the use of C-arm fluoro-
scopic guidance during injection, as used during the injection of
previously frozen discs in the current study. In contrast, injection
of NPgel together with BMPCs resulted in a significant decrease in
Young's modulus and stiffness of whole human IVDs cultured un-
der physiological loading, this decrease could have been a result
of slightly higher matrix production, particularly aggrecan, which
would result in higher water content, which was seen in discs in-
jected with BMPCs compared to NPgel alone (although this failed
to reach significance). NPgel injection however did not affect the
range of motion (single plane) of the whole discs, whilst a small
but nonsignificant decrease in dissipated energy was observed in
discs following NPgel injection alone but not when combined with
BMPCs. A decrease in dissipated energy has been observed previ-
ously following needle puncture of discs [62], whilst others have
shown that needle puncture did not affect dissipated energy [101],
thus this decrease may indicate some loss of dissipated energy
during injection [62]. Human IVDs are known to show a decrease
in energy dissipation capacity during degeneration due to matrix
degradation and presence of fissures [93,102-104], and thus for
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complete restoration of biomechanical function one would expect
an increase in dissipated energy. Although some studies have sug-
gested an increase in energy dissipation with increased degener-
ation during lateral bending [105], therefore further research is
needed to understand the implications of these findings. Further-
more, given that the volume of NPgel injected into discs which
were used for organ culture and physiological loading was limited
to 500 pl, which failed to completely fill the cracks and fissures,
energy dissipation may have been increased if all void spaces were
completely filled by injecting a larger volume of NPgel. In addi-
tion, organ cultures were limited to 4 weeks and whilst an increase
was seen in matrix deposition, this did not reach significance, al-
though MRI intensity was significantly increased within discs in-
jected with NPgel alone or in combination with BMPCs. In vivo the
restoration of dissipated energy could be expected to follow with
increased matrix deposition which is likely to take a longer time
than the 4 weeks investigated within the ex vivo organ culture sys-
tem used here.

Interestingly, although organ cultures were limited to 4 weeks
a significant decrease in both macroscopic and microscopic degen-
eration, which was accompanied by an increase in MRI intensity,
were observed following injection of NPgel alone or in combina-
tion with BMPCs. Within human explant cultures a significant in-
crease in both aggrecan and collagen type Il immunopositive cells
were seen in those explants injected with NPgel in combination
with BMPCs, and whilst an increase was also seen in NPgel alone,
although this failed to reach significance. Demonstrating that even
BMPCs isolated from elderly individuals were able to increase ma-
trix production following injection via NPgel into disc tissue ex-
plants. Similarly, within organ cultures an increase was seen in col-
lagen type Il and aggrecan but not collagen type I immunopositiv-
ity, although this failed to reach significance. Although it could not
be determined whether the BMPCs injected via NPgel survived as
it was not possible to pre label the cells for these studies. However
increased cellularity was observed within regions injected with
NPgel + BMPCs compared to control non-injected discs and those
injected with NPgel alone, although it was not possible to quan-
tify this cellularity. Similar increases in aggrecan and collagen type
Il expression have been observed following the injection of NPgel
into a caprine organ culture degeneration model [63], demonstrat-
ing that the cells from native degenerate IVDs do still have the ca-
pacity to produce appropriate NP matrix. Whilst the effects seen in
organ culture failed to reach significance these findings are promis-
ing at this early time course of 4 weeks. Interestingly, in a clinical
trial study to assess the safety and the efficacy of a hydrogel (dou-
ble cross-link microgel - DXM) injection into the intervertebral disc
(IVD) space in patients with painful lumbar degenerative disc dis-
ease, has proposed that 24 to 48 weeks will be needed to evaluate
the effect of the injected gel [106]. Furthermore, the current study
was limited by the number of discs which could be investigated;
sourcing cadaveric discs for live organ culture is limited, which was
further restricted by the prior selection of grade 2 discs only for
these studies. Thus, the expansion on human explants enabled in-
creased donors to be investigated, with patient matching possible
for explant culture, removing individual variability as a potential
confounding factor.

In addition to effects on anabolic factors, the current study
demonstrated that the catabolic cell phenotype, a characteristic of
human disc degeneration [5] was inhibited in both the human ex-
plant culture system and whole organ culture. This demonstrated
that NPgel injection decreased the catabolic phenotype of NP cells;
this inhibition of catabolism was also observed when NPgel was
injected into a degenerate caprine organ culture model which was
maintained under physiological loading [63]. Whilst the inhibition
of catabolic factors within both the caprine system previously [63],
and the human organ culture system here could have been a re-
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sult of the restoration of mechanical loading, a similar decrease
in catabolic factors was also seen in the human explant culture
system, suggesting that the effects are a direct result of the in-
clusion of NPgel, and could be due to the increased hydration and
potential osmotic effect on the local cells. Whilst both NPgel alone
and NPgel + BMPCs showed a decrease in catabolic factors, the
effects were greater with NPgel alone, suggesting that NPgel en-
ables the inhibition of the production of catabolic factors in na-
tive disc cells, without the need of an additional regenerative cell
source. Limited studies have investigated the potential of biomate-
rials to inhibit the catabolic environment of the native disc, with
most focusing purely on promoting matrix production [81,107-
111]. Previous studies targeting the inflammatory cytokine profile
of the degenerate disc have involved functionalization of hydro-
gels with inhibitory agents such as fucoidan within dextran hy-
drogels [85], epigallocatechin 3-gallate into gelatin microparticles
[112], whilst Han et al., (2023) targeted reactive oxygen species to
reduce inflammatory factors via incorporation of metal nanopar-
ticles into methacrylated gelatin and hyaluronic acid [113]. Cross-
linked HA systems have also been shown to inhibit neurotrophic
factor expression within an IL-1 induced model of degeneration
[114], and Teixeira et al., inhibited the action of COX-2 by load-
ing diclofenac into chitosan poly y-glutamic acid nanoparticles,
decreasing catabolism [115]. Whilst there are several approaches
investigated to date, targeted at inhibiting the catabolic signalling
within the degenerate disc [116], none aim to restore biomechan-
ics, inhibit catabolism and induce anabolism within the same sys-
tem. Most have only been investigated with animal cells in vitro
and have not considered approaches within human cells or within
model systems more representative of native disc degeneration.

5. Conclusions

To mimic the human in vivo conditions and the unique IVD
niche, we used an intact human disc culture model allowing
for dynamic loading and cell viability for extended periods [67-
69,107,117]. The intact disc organ culture system maintains the
cells in their unique microenvironment, making their response to
therapeutic strategies physiologically relevant. Our human disc cul-
ture system bridges the gap between in vitro and in vivo and pro-
vides useful proof of concept and valuable insights into the regen-
erative potential of NPgel for nucleus pulposus repair. This system
demonstrated promising results within a short time frame, with
improved biomechanics, increased MRI intensity, matrix produc-
tion and decreased catabolic factors following NPgel injection. In-
terestingly the addition of BMPCs did not appear to provide a sub-
stantial advantage to NPgel injection alone, apart from potentially
increased matrix production. Thus, longer term in vivo animal and
clinical studies are now required to identify whether NPgel alone is
sufficient to inhibit the degenerative cascade, restore biomechanics
and induce long-lasting regeneration of the disc which tackles low
back pain.
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