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ABSTRACT
Background: Chronic low back pain is a global socioeconomic crisis, and the majority of those treated for this condition fail 
to reach long-term remission. Intervertebral disc degeneration is the predominant associative factor in chronic low back pain. 
Degenerated discs present with mechanical instability, inflammation, and nerve sprouting. Patients treated with spinal stabiliz-
ing procedures often report pain alleviation indicating aberrant spinal mechanics, could be causative in the production of pain.
Methods: With this knowledge, a therapeutic was engineered from decellularized healthy porcine nucleus pulposus tissue 
mixed with type I collagen and a chemical crosslinker, genipin, to treat mechanical instability and pain.
Results: In vitro, this hydrogel, termed dNP+, was spontaneously fibrillogenic at 37°C and cytocompatible with primary human 
disc cells and exhibited the capacity to improve the intervertebral disc storage modulus after injury. In vivo, in a rat model of 
discogenic low back pain, dNP+ proved effective at restoring degenerated disc volume, decreasing axial hypersensitivity, and 
decreasing spontaneous pain-like behavior when administered 9 weeks after disc degeneration was initiated. However, dNP+ did 
not alter nerve presence or restore disc morphology when compared to injured discs.
Conclusion: Conclusion: Altogether, the data collected in this study concluded that dNP+ was an effective treatment for pain-
like behavior in a robust animal model of chronic disc-associated low back pain.

1   |   Introduction

Low back pain (LBP) is the leading contributor to disability 
worldwide [1]. The majority of those who suffer an episode of 
LBP recover, but for some, the pain persists and becomes debil-
itating [2]. Chronic LBP imposes a tremendous socioeconomic 
burden on the world by increasing the risk of unemployment, 
depression, insomnia, suicide, and healthcare expenditures 
[3–5]. The predominant etiology for this condition is pain aris-
ing from the intervertebral disc, termed disc-associated pain [6]. 
Patients suffering from disc-associated LBP exhibit pathological 
changes in their discs, including hypermobility, inflammation, 

and innervation [7–9]. Despite the understanding of these fun-
damental aspects of disc-associated pain, more than half of pa-
tients fail to achieve remission after treatment [2, 10–15].

The intervertebral disc is a viscoelastic tissue that sits between 
vertebral bodies of the spine and is predominantly aneural [16]. 
The disc consists of an inner nucleus pulposus (NP), outer annu-
lus fibrosus, and is flanked by two adjacent cartilaginous end-
plates [17]. In a healthy state, the disc provides an important role 
in dissipating loads [17]. Due to age, injury, environment, and/
or genetics, cells of the disc become stressed, upending tissue 
homeostasis into catabolism [7, 18]. Disc catabolism is defined 
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by a pro-inflammatory milieu consisting of cytokines, chemok-
ines, and enzymes such as tumor necrosis factor alpha (TNF-α), 
interleukin beta (IL-1β), interleukin 6 (IL-6), C-C motif ligand 2 
(CCL2), matrix metalloproteinases (MMPs), and aggrecanases 
[19–22]. These factors recruit and activate immune cells and 
break down the extracellular matrix, resulting in inflammatory 
persistence and biomechanical decline [23, 24]. Coinciding de-
generation, a loss of neuroinhibitory proteoglycans and forma-
tion of annular fissures create a neuro-permissive environment, 
allowing nerves to aberrantly penetrate the disc [25, 26]. While 
the presence of nerves within the degenerated disc is the basis 
for pain, there is considerable evidence that altered biomechan-
ics drives nociception, poising hypermobility as the primary 
causative agent in disc-associated pain [9, 27]. Historically, this 
notion has been supported by animal models of painful disc de-
generation induced by spinal destabilization [27–31]. Further, 
patients treated with disc stabilizing treatments like surgical 
fusion, which rotationally and translationally lock the disc, or 
spinal stability exercises which impart stronger musculature 
control over spinal movements, often report pain remission in 
the short term [14, 32–34]. These data suggest targeting aberrant 
mechanics may be a way to treat disc-associated pain.

Thus, the objective of this work was to develop a biomaterial 
capable of annealing macro- and microscopic defects in the de-
generated disc tissue to mechanically stabilize the degenerated 
disc and in turn lessen disc-associated LBP. Our lab has previ-
ously developed a novel biomaterial derived from decellularized 
healthy porcine NP tissue that is spontaneously fibrillogenic, 
cytocompatible, and neuroinhibitory [35]. We modified the con-
stituent concentrations of this biomaterial and added a collagen 
crosslinker, genipin, to create a robust hydrogel capable of in-
tegrating with degenerated disc tissue. Herein, we demonstrate 
that this biomaterial maintains cytocompatibility and is effec-
tive at restoring disc volume and disc mechanics and alleviating 
axial hypersensitivity 9 weeks after injury in a rat model of disc-
associated LBP.

2   |   Materials and Methods

2.1   |   Study Overview

The hypothesis of this work was that a painful degenerated disc 
could be transitioned to a painless state using a hydrogel fab-
ricated from decellularized tissue (Figure  1A). The success of 
this hypothesis hinged upon the delivery and maintenance of 
the hydrogel within the degenerated and painful disc. This cri-
terion motivated the inclusion of a tissue crosslinker, genipin. 
The first arm of this work focused on engineering a genipin 
crosslinked hydrogel derived from decellularized NP tissue and 
collagen type I (Figure 1B). Type I collagen was selected because 
stable painless degenerated discs transition from predominantly 
type II to type I collagen to stabilize this disc [36, 37]. Porcine 
cervical NPs were dissected, decellularized, comminuted, di-
gested, neutralized, and supplemented with 6 mg/mL collagen 
to form a dNP gel. Additionally, dNP gels were supplemented 
with 0–20 mM genipin to measure the variable effects of geni-
pin crosslinking on select outcomes. These outcomes consisted 
of gelation kinetics, rheological properties, cytotoxicity, and 
ex vivo capacity to augment disc mechanics. Work done in this 

first arm suggested a 6.0 mg/mL dNP + 6.0 mg/mL collagen 
I + 2.5 mM genipin hydrogel, termed dNP+, was the best candi-
date for in vivo evaluation. To test the therapeutic in vivo, disc 
degeneration was induced in female Sprague Dawley rats and 
progressed for 9 weeks (Figure 1C) using our previously estab-
lished model of disc-associated pain [37]. At 9 weeks, injured 
animals were treated with dNP+ or 1X PBS, and pain-like alle-
viation was measured over the following 6 weeks.

2.2   |   Whole Disc Decellularization 
and Preparation of Decellularized NP Gel

Whole disc decellularization was accomplished using a previ-
ously established protocol [35]. In short, cervical spines from 
a commercial line of Landrace/Yorkshire/Duroc young female 
pigs (~200 days of age) were aseptically collected and frozen 
(−80°C) following euthanasia at the United States Meat Animal 
Research Center Abattoir (Clay Center, NE, USA; USDA). After 
thawing, the spines were cleaned aseptically and the NP of the 
C2–C7 intervertebral discs was removed. NPs were decellular-
ized using a series of detergent and buffer washes as previously 
published [35]. Our previous publication found that 99% of DNA 
was removed and 74% of sulfated glycosaminoglycans were 
maintained, verifying a robust yet gentle process. Briefly, whole 
discs were washed in water for 7 h and then decellularized using 
a series of mild detergents (3% (w/v) SD/0.6 mM SB-16 in 50 mM 
sodium/10 mM phosphate buffer or 125 mM SB3-10 in 50 mM 
sodium/10 mM phosphate buffer) and buffered wash steps as 
outlined previously. After final washes, discs were treated with 
75 U/mL DNAse, washed in buffers, rinsed in PBS for 3 × 3 h, 
and finally washed in ddH20 for 3 × 15 min. After decellulariza-
tion, NPs were lyophilized and stored at −80°C until use.

Lyophilized decellularized NPs were comminuted via cryogenic 
pulverization using a steel mortar and pestle in a liquid nitro-
gen bath. 20 mg/mL of comminuted dNP was digested using 
1 mg/mL of pepsin (P6887, Sigma-Aldrich) in 0.05 N HCl for 
44 h at 300 rpm using a magnetic stir bar at room temperature. 
Following digestion, all steps for making the dNP hydrogel were 
performed on ice, until incubation at 37°C. dNP digest and type 
I collagen (Ibidi, 50201) were added to 10X PBS to reach a final 
concentration of 6 and 6 mg/mL, respectively. The digest was 
then neutralized with 5 M NaOH to achieve a pH ~7.4. Finally, 
genipin (TCI Chemicals, G0458-25MG) at a stock concentra-
tion of 400 mg/mL in dimethyl sulfoxide (DMSO, Chem-Impex 
International, 00635) was added to the neutralized dNP solution 
to yield final genipin concentrations ranging from 0 to 20 mM. 
The final formulation used in vivo, termed dNP+, consisted of: 
1X PBS, 6 mg/mL collagen, 6 mg/mL dNP, and 2.5 mM genipin.

2.3   |   Gelation Kinetics

The rate at which the dNP gels achieved collagen fibrillogene-
sis and genipin cross-linking was assessed using an absorbance 
assay. Collagen fibrillogenesis was measured using absorbance 
at 405 nm [35]. Genipin cross-linking was measured using ab-
sorbance at 610 nm [38]. To measure these two absorbances 
longitudinally, 50 μL of dNP gel with genipin ranged from 0 to 
20 mM was prepared and pipetted in duplicate into a 96-well 



3 of 17

plate. The plate was placed into a microplate reader and pre-
heated to 37°C, and the absorbance was read once every 2 min 
for 12 h at 405 and 610 nm. A total of n = 3 different preparations 
were evaluated.

2.4   |   Gel Rheological Characterization

Rheological analysis of the dNP gels was performed to evalu-
ate how genipin affected mechanical properties using an Anton 
Paar MCR 302 with sand blasted plates. Briefly, dNP gels were 
formed by pipetting 100 μL of the gel solutions into 8-mm diame-
ter silicone molds (666305, Grace Bio-Labs). The gels were sand-
wiched between glass slides within the molds and incubated at 
37°C for 24 h to allow for complete fibrillogenesis and crosslink-
ing. After gelation, the gels were soaked in 1X PBS for 30 min. 
An amplitude sweep was conducted to determine the storage 
and loss modulus across strains analogous to human movement 

[39], from 0.1% to 1.66% at an angular frequency of 5 Hz. The 
average storage and loss modulus from 0.137% to 0.477% strain 
was computed as the storage and loss modulus for each gel. Gels 
were fabricated and tested in duplicate, and this process was re-
peated three times (n = 3).

2.5   |   Ex Vivo Motion Segment Rheological 
Characterization

Rheological analysis of rat motion segments was performed 
to evaluate how treatment with dNP+ affects disc mechan-
ics after injury in an ex  vivo setting by testing undamaged 
motion segments, 6-scrape in  vitro injury motion segments, 
and injured + treatment motion segments. Briefly, motion 
segments were excised from cadavers and potted in custom 
3D printed pots using Loctite 401 (Grainger). After pot fixa-
tion, motion segments were allowed to equilibrate in 1X PBS 

FIGURE 1    |    Study overview. (A) The central proposal of this work was that a treatment for disc-associated pain could be fabricated from a mix-
ture of decellularized healthy porcine NP tissue, collagen, and genipin. This therapeutic would theoretically be tissue integrating, spontaneously 
fibrillogenic, cytocompatible, and biomechanically restorative, leading to pain-like behavior remission. (B) The first arm of this work entailed testing 
decellularized nucleus pulposus gels supplemented with 6.0 mg/mL collagen and genipin from 0 to 20 mM. Testing of these gels (dNPs) included ge-
lation kinetics, rheology, cytotoxicity, and ex vivo capacity to restore injured disc mechanics. (C) The outcomes of the first arm determined that the 
optimal formulation to test in vivo was 6.0 mg/mL dNP + 6.0 mg/mL collagen +2.5 mM genipin, referred to in this manuscript as dNP+. To test this 
therapeutic, disc degeneration was induced in female Sprague Dawley rats and allowed to progress for 8 weeks. At 9 weeks post-injury, half of the 
injured animals were treated with dNP+ and the other half with 1X PBS. Throughout the in vivo arm, disc volume and pain-like behavioral metrics 
were collected to monitor the effects of disc injury and treatment.



4 of 17 JOR Spine, 2025

with a protease inhibitor (PI78425, Thermo Scientific) at 4°C 
for 30 min. To induce the 6-scrape injury, lumbar motion seg-
ments (L3-L4, L4-L5 and L5-L6, L6-S1) were punctured bilat-
erally with a strong point dissecting needle (Roboz, RS-6066) 
with an O.D. of 0.5 mm set to a length of 2.75 mm and swept 
back and forth along a 90° arc six times in the transverse 
plane. A treatment of 2.5 μL was delivered to the motion seg-
ments using a 27-gauge needle, allowed to incubate overnight 
at 37°C, and again placed in 1X PBS with a protease inhibi-
tor at 4°C for 30 min. Undamaged controls were included at 
all time points. To analyze, motion segments were brought to 
room temperature and attached to the rheometer base plate 
and probe using labeling tape. An amplitude sweep was then 
conducted to determine the storage and loss modulus across 
a strain range from 0.1% to 1.66% at an angular frequency of 
5 Hz. The average storage and loss modulus from 0.137% to 
0.477% strain was computed as the storage and loss modulus 
for each motion segment. All data were normalized to pre-
injury baselines so that motion segments from L4 to S1 could 
be pooled without dramatically increasing the variability.

2.6   |   Cytotoxic Assessment of dNP+

To evaluate the cytotoxicity of dNP+ in vitro, human NP cells 
were cultured on top of dNP+ gels. This culture method al-
lowed for cells to be in contact with the gel and any free geni-
pin. In brief, passage 3 human NP cells (4800, ScienCell) were 
cultured in a T75 flask (CLS430641U, Sigma Aldrich) coated 
with 15 μg of poly-L-lysine (0413, ScienCell) using Complete 
Nucleus Pulposus Cell Media (4801, ScienCell) till confluent. 
48-well plates were prepared for treatment culture by coating 
with either nothing (PS) or with 10 μL of 6 mg/mL collagen 
gel (control), 6 mg/mL collagen + 6 mg/mL dNP gel (no geni-
pin), or 6 mg/mL collagen + 6 mg/mL dNP + 2.5 mM genipin 
gel (dNP+). The coatings were gelled for 8 h at 37°C in a hu-
midified incubator and then equilibrated for 12 h in 1X PBS. 
NP cells were plated on top of the treatments at a density of 
7500 cells/cm2 and cultured for 48 h in phenol-free Complete 
Nucleus Pulposus Cell Media (4801-prf, ScienCell). After 48 h, 
each well was washed three times with 1X PBS and incubated 
with 200 μL of 2 μM calcein AM (Thermo Fisher C3100MP) 
and 4 μM Eth-1 (ThermoFisher E1169) in 1X PBS for 30 min. 
The cells were then washed three times with 1X PBS and 
imaged on a Cytation 1 (BioTek) at 10X using GFP and RFP 
fluorescent cubes. Four images were taken from each well, 
deconvoluted, and analyzed using Gen 5 software to evalu-
ate cell number and size in each channel. Viability was cal-
culated using the following calculation: (#GFP objects/(#GFP 
objects + #RFP objects) × 100).

2.7   |   Surgical Procedures

Our lab has previously described an animal model of disc-
associated LBP in rats that exhibits disc degeneration, disc 
innervation, and pain-like behavior under mechanical per-
turbation, thus providing an ideal model for testing [37]. 
Therefore, this model was used for this study. All animal 
studies herein were conducted under an approved Institute 
for Animal Care and Use (IACUC) protocol at the University 

of Nebraska-Lincoln. Thirty-six female, 15-week-old, Sprague 
Dawley rats were purchased from Envigo and housed with a 
12-h light/dark cycle and ad libitum access to food and water. 
On the day of surgery, the animals were split into three treat-
ment groups of equal size (n = 12): sham, 1X PBS, and dNP+ 
(Figure  2). Animal number per group was calculated based 
on the number of animals required to detect a 50% difference 
in grip strength at 0.8 power with α = 0.05. After surgery, all 
animals were weighed and assessed on a weekly basis for 
overall health. After the initial surgery, one sham animal 
had to be euthanized prematurely due to weight loss exceed-
ing 20%. After treatment surgery, one dNP+ animal was ex-
cluded due to incorrect treatment formulation and one sham 
animal was excluded due to weight loss exceeding 20%. All 
animal procedures and assays were in accordance with the 
National Institute of Health guidelines following PHS Policy 
on Humane Care and Use of Laboratory Animals and accord-
ing to a protocol approved by the Institutional Animal Care 
and Use Committee and the University of Nebraska–Lincoln.

Following baseline behavior collection, rats aged 19 weeks were 
anesthetized, and the lumbar spine was exposed ventrally by 
dissecting through the abdominal cavity and retroperitoneum. 
The iliac crest was used as a landmark to reliably dissect down 
to the L5-L6 disc. For sham animals, the L5-L6 was visualized 
only, and the surgical site was closed as outlined below. For PBS 
and dNP+ animals, the L5-L6 lumbar disc was punctured bilat-
erally with a strong point dissecting needle (Roboz, RS-6066) 
with an O.D. of 0.5 mm set to a length of 2.75 mm. While in the 
disc, the needle was swept back and forth along a 90° arc six 
times in the transverse plane. A simple continuous and subcu-
taneous suture pattern was used to close the abdominal wall 
and the skin, respectively. Buprenorphine SR (0.75 mg/kg) was 
administered once post-operatively for pain, and animals were 
rested for 2 weeks following surgery to enable healing. Animals 
were monitored every 12 h for 72 h post-operatively for activity 
level, porphyrin presence, gait disruption, and wound health. 
All animals displayed mild pica behavior after surgery, which 
is commonly seen in rodents [40], but this behavior resolved 
within 72 h.

On the day of surgery, rats were anesthetized, and the L5-
L6 disc was approached using the same method as the in-
jury surgery. For sham animals, the L5-L6 was visualized 
only, and the surgical site was closed in the same manner 
as treated animals. For PBS and dNP+ animals, the L5-L6 
lumbar disc was injected through the midline using a 30-
gauge needle (BD, 305106) with a rubber stopper (WidgetCo, 
7-R0000000-EPDM-RS) fixed at 2 mm attached to a 10 μL 
gastight microsyringe (Hamilton, 80001). The needle length 
was predetermined based on μCT data to increase the prob-
ability that the therapeutic was delivered to the NP space. 
PBS animals were injected with 2.5 μL of sterile 1X PBS, and 
dNP+ animals were injected with 2.5 μL of dNP+. The injec-
tion site was sealed with Vetbond (3 M, 1469c). The abdominal 
wall and skin were closed, and animals were administered 
Buprenorphine SR as noted above and rested for 2 weeks. 
Animals were monitored every 12 h for 72 h post-operatively 
for activity level, porphyrin presence, gait disruption, and 
wound health. All animals displayed mild pica behavior after 
surgery, but this behavior resolved within 72 h.
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2.8   |   Disc Volume Calculation

The L5-L6 disc volume was quantified using the Quantum GX2 
μCT Imaging System and Analyze 13.0 (Analyze Direct). In 
short, the rat lumbar spine was radiographed by placing anes-
thetized animals in the supine position and scanning for 2 min 
with 90 kV power, 88 μA tube current, 72 mm FOV, 144 μm voxel 
size, and a Cu 0.06 + Al 0.05 x-ray filter. VOX files were then 
removed from the μCT computer and analyzed in Analyze 13.0 
to determine volume as previously published from our lab by a 
blinded observer [41].

2.9   |   Behavioral Assessments

For all behavioral tests, animals were acclimated prior to the 
study commencement to experimenters daily for a minimum 
of 5 min per day over eight days. Following experimenter accli-
mation, animals were acclimated to the assay apparatuses for at 
least 2 h prior to any data collection. All assays were performed 
under red light to minimize animal stress. Two sets of baseline 
behavior measurements were collected and averaged together. 
Animals pain-like development was then assessed every 2 weeks 
using two evoked pain-like behavior assays: grip strength and 
pressure algometry, and one spontaneous pain-like behavior 
assay: the open field test. Experimenters were blinded to animal 

treatment, and all animals were randomly assigned to treatment 
groups.

2.9.1   |   Grip Strength Axial Hypersensitivity

Hypersensitivity to axial strain was quantified using a grip 
strength apparatus (Columbus Instruments, 1027SR). Animals 
were picked up by grasping the hind quarter and then allowed to 
grip a metal wire mesh attached to the grip strength force sensor. 
The experimenter's grip was then transitioned to the base of the 
tail, and the animal was gently pulled backward until it released 
the metal wire mesh. This process was repeated three times, 
and the average max force (N) was used as the grip strength. All 
withdraw grip strength thresholds were normalized to baseline 
values to reduce variability.

2.9.2   |   Pressure Algometry Deep Tissue 
Hypersensitivity

Pressure hypersensitivity around the L5-L6 motion segment 
was measured using an electronic von Frey aesthesiometer 
(IITC, 2391) with a blunt tip. All animals were allowed to accli-
mate to the testing room for at least 5 min prior to testing. Each 
animal was sequentially covered inside a clean cotton t-shirt. 

FIGURE 2    |    Animal study overview. (A) Timeline of the in vivo assessment of dNP+. Animals were acclimated for 3 weeks before a week of 
baseline behavior and μCT measurements. Injury surgery was performed on week 0 and disc degeneration was allowed to progress for 8 weeks 
before treatment surgery on week 9. Following treatment surgery, behavior and μCT measurements were collected for 6 weeks. (B) For this study, 
36, 19-week-old, female Sprague Dawley rats were split into three groups: Sham, PBS, and dNP+. One sham animal was terminated due to surgical 
complications and one dNP+ animal was excluded due to incorrect treatment injection. Final animal numbers are shown in bold in parenthesis. 
(C) Three assays were employed to measure the development and alleviated of pain-like behavior during the study. The open field test measured 
spontaneous pain-like behavior and grip strength and pressure algometry measured evoked pain-like behavior. (D) Graphical depiction of the injury 
surgery. The L5-L6 IVD was approached ventrally and injured using a microdissecting needle. (E) During treatment surgery, the L5-L6 disc was 
visualized in all animal groups. The disc can be seen at the tip of the black arrowhead. (F) Animals in the PBS group were injected with 1X PBS and 
animals in the dNP+ group were injected with dNP+.
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The animal was then loosely constrained by one experimenter 
while another experimenter applied the blunt probe to the dorsal 
L5-L6 skin and slowly increased the pressure until the animal 
exhibited a nocifensive response. Positive responses included 
rolling, rapid movement, and vocalization. Two measurements 
were collected for each animal and the average was recorded. 
All animal thresholds were normalized to baseline values to re-
duce variability.

2.9.3   |   Open Field Test

Movement-evoked pain-like behavior was evaluated using the 
open field test with custom built acrylic 2′ × 2′ × 2′ black plexi-
glass, opaque arenas. All animals were allowed to acclimate to 
the testing room for 15 min prior to testing. Animals were indi-
vidually placed in arenas illuminated by overhead red lighting 
and allowed to explore for 30 min while recorded by an overhead 
low-light camera (ALPCAM). The middle 20 min of each video 
was analyzed using EthoVision (Noldus) for total distance trav-
eled, time spent rearing unsupported, time spent rearing sup-
ported, time spent grooming, max velocity, average turn angle, 
and max turn angle.

2.10   |   Diclofenac Treatment

Diclofenac was administered to all animals at 15 weeks to 
verify the predictive validity of the animal model. Diclofenac 
was selected because it can be used to treat acute LBP in hu-
mans [42, 43]. To accomplish this, diclofenac (MilliporeSigma, 
1188800-200MG) was dissolved in 1X PBS at 5 mg/mL and 
administered intraperitoneally at 10 mg/kg by an unblinded 
observer that did not participate in behavioral assessment. 
Animals were allowed to absorb the diclofenac for 30 min before 
grip strength evaluation. No signs of toxicity were observed in 
any animals.

2.11   |   Motion Segment Processing and Tissue 
Processing

2.11.1   |   Motion Segment Processing

Following the end of the study, animals were humanely eu-
thanized via CO2 inhalation followed by bilateral pneumo-
thorax puncture. The L5-L6 motion segments were isolated 
from each animal and cleaned before fixation in 3 mL of 4% 
paraformaldehyde (PFA) (Sigma Aldrich, 441244-1KG) for 
24 h at room temperature with constant agitation (180 rpm) on 
an orbital shaker. Following fixation, motion segments were 
washed 3 × 15 min with 1X PBS and then placed in 3 mL of 
Immuonocal (Fisher Scientific, NC9044643) for decalcifica-
tion. Decalcification was carried out for 18 h at room tempera-
ture accompanied by constant agitation (180 rpm) on an orbital 
shaker. Motion segments were again washed 3 × 15 min with 
1X PBS and soaked in 30% wt/v sucrose prepared in 1X PBS 
for 24 h at 4°C. Lastly, motion segments were cryoembedded 
in Optimal Cutting Temperature Compound (Scigen 4586), 
frozen at −80°C, and sectioned in the sagittal plane in 15 and 

40 μm sections. Due to incorrect identification of motion seg-
ment levels, one PBS animal and two dNP+ animals had to 
be excluded from post-processing analysis. Thus, the follow-
ing assays used the following animal numbers: sham = 10, 
PBS = 11, & dNP+ = 9.

2.11.2   |   Histological Processing

Hematoxylin and eosin (H&E) staining is a standard method 
used to assess disc histology [37, 44]. First, three 15 μm thick L5-
L6 motion segment sections from each animal were post-fixed 
in 4% PFA for 10 min followed by 3 × 5 min washes in 1X PBS 
and 1 × 1 min wash in MQH2O. Slides were stained for 3 min in 
Ehrlich's Hematoxylin (EMS, 26753-01) and washed 4 × 30 s with 
MQH2O. Slides were then dipped in an acid alcohol solution 12 
times. Next, slides were blued in a sodium acetate solution for 
2 min. Slides were washed again for 3 × 1 min in MQH2O and 
counterstained with eosin (EMS, 26762-02) for 20 s and dehy-
drated in ethanol. This dehydration process included 2 s in 70% 
ethanol, 2 × 2 min in 95% ethanol, and 2 × 2 min in 100% ethanol. 
Lastly, in the fume hood, slides were dehydrated with xylene 
for 1 min (Sigma Aldrich, 214736) and mounted with Permount 
mounting solution (Fisher Scientific, SP15-100). H&E images 
were collected using brightfield on a Zeiss Axioscan 7 slide scan-
ner at a 5× objective (Carl Zeiss Microscopy). A standardized his-
topathology scoring system previously utilized was implemented 
to score all H&E images by a group of three blinded observers 
[37, 44]. The scoring system evaluated each category on a 0–2 
scale with a lower score indicative of a healthy phenotype. The 
categories of NP cell morphology and endplate were omitted due 
to difficulties in section clarity in grading these categories.

2.11.3   |   Immunohistochemistry

Three 40 μm thick sections of the L5-L6 motion segments 
from each animal were post-fixed in 4% PFA for 15 min, fol-
lowed by 2 × 5 min washes in 1X PBS and one 5 min wash in 
1X PBST. Slides were then blocked for 1 h in blocking buffer 
composed of 1X PBST, 3% goat serum (Sigma-Aldrich, G9023), 
and 0.01% Tween-20 (Fisher Scientific, BP337-100). After block-
ing, slides were incubated for 16 h with 1:100 mouse-derived 
anti-calcitonin gene-related peptide (CGRP) (abcam, Ab81887) 
and 1:100 rabbit-derived anti-protein gene product 9.5 (PGP9.5) 
(abcam, Ab108896) in blocking buffer. Then, slides were 
washed 3 × 15 min with PBST and incubated for 2 h with 1:500 
goat-derived anti-mouse AF488 (abcam, Ab150117) and 1:500 
goat-derived anti-rabbit AF555 (abcam, Ab150086) in blocking 
buffer. Sections were again washed 3 × 15 min with PBST and 
incubated with 1:1000 4′,6-diamidino-2-phenylindole (DAPI, 
ThermoFisher, D1306) in 1X PBS for 10 min. Finally, slides 
were mounted using Prolong Gold (ThermoFisher, P36930). 
Slides were imaged on a Zeiss Confocal Microscope LSM 800 
(Carl Zeiss Microscopy) with a 10X objective. Whole motion 
segments were imaged using the tiling feature and z-stacks to 
capture the entire section thickness. Brightfield images were 
captured along with fluorescence with the following emission/
excitations: 353/465 (DAPI), 493/517 (AF488), and 553/568 
(AF555).
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2.12   |   Image Analysis

All immunohistochemistry (IHC) images were imported into 
ZENBlue (Carl Zeiss Microscopy), and Z-stack max projections 
were created and saved as .czi files. Files were then imported 
into QuPath-0.4.3 (Pete Bankhead) for analysis and region 
drawing. The wand tool and brush tool were used to draw anno-
tations on each section to represent the dorsal annulus fibrosus 
(AF), NP, inner 2/3 of the ventral AF, outer 1/3 of the ventral 
AF, and granulation tissue. After the annotations were drawn, 
the “Pixel Classifier” tool was used to threshold PGP9.5 and 
CGRP positive staining in each region. The total area of positive 
staining in each region was then normalized to the total area of 
that region to obtain a percentage of positivity for each region. 
To identify cell nuclei using positive DAPI staining, the “Cell 
Detection” tool was used with a cell background radius = 8 μm 
and threshold = 25. The number of cells in each region was then 
normalized to the area of each region for analysis.

2.13   |   Statistical Analysis

All data are presented as mean ± standard deviation except for 
behavioral data, which are presented as the mean ± 95% CI. 
Data were analyzed using GraphPad Prism 10. Normality was 
assessed using the Shapiro–Wilk test, and subsequent analy-
sis was performed. Cytotoxicity, cell area, and cell count were 
analyzed using a one-way ANOVA with Tukey's post hoc test. 
Behavioral and disc volume data were analyzed using a repeated 
measures two-way ANOVA with Dunnett's post hoc test. Motion 
segment rheology was evaluated using Student's t-test. H&E 
scoring, nerve IHC, and cellularity IHC were analyzed using the 
Kruskal–Wallis test with Dunn's post hoc test. Correlations were 
calculated using the Pearson correlation coefficient. Results were 
considered statistically different when p < 0.05.

3   |   Results

3.1   |   dNP Hydrogels with and without 
Genepin Spontaneously Gel and Crosslink In Vitro

dNP gels completed collagen fibrillogenesis in under 15 min 
(Figure S1A,B). Crosslinking mediated by genipin took consid-
erably longer than collagen fibrillogenesis, with most formula-
tions hitting 75% max 610 nm absorbance by 4 h (Figure S1C,D). 
All gels were homogenous in appearance and did not desiccate 
during the 12-h collection window (Figure  S1E). These data 
showed that genipin hydrogels completed collagen fibrillogene-
sis in under 15 min and that the majority of genipin crosslinking 
activity completed in 4 h in all formulations.

3.2   |   Genipin Increases dNP Rheological 
Properties

Next, each dNP formulation was measured using a rheometer 
for storage and loss moduli (Figure  3A). The average storage 
and loss modulus for 0 mM genipin gels were 709.81 ± 44.0 Pa 
and 118.19 ± 8.68 Pa, respectively (Figure  3B,C). The addition 
of genipin markedly increased storage and loss moduli, with 

20 mM genipin increasing the storage modulus more than 
10-fold (11 271 ± 3248.0 Pa) compared to 0 mM gels. The av-
erage storage and loss modulus for the 2.5 mM genipin dNP 
gel were 2244.6 ± 208.60 Pa and 210 ± 30.976 Pa, respectively. 
Interestingly, the dNP hydrogels exhibited increasing variability 
at genipin concentrations of ≥ 5 mM. Overall, these data con-
firmed that genipin increased dNP mechanical properties and 
that 2.5 mM genipin was the highest concentration usable to 
maintain replicable properties.

3.3   |   dNP+ Increases Ex Vivo Injured Motion 
Segment Rheological Properties

Two additional necessities for dNP+ were injectability and ca-
pacity to alter disc mechanics. These two aspects were tested 
ex  vivo using motion segments excised from female Sprague 
Dawley rat cadavers. The injection process is overviewed on a 
potted motion segment in Figure 3D. Injury decreased the stor-
age modulus of motion segments by around 50% compared to 
undamaged controls. Treatment with dNP+ significantly re-
stored the modulus to 65% of undamaged controls (p < 0.05) 
(Figure 3F). These data confirmed dNP+ alone could increase 
disc mechanical properties after injury.

3.4   |   dNP+ Is Cytocompatible With Human 
NP Cells

To understand if the dNP+ hydrogel was cytotoxic, human NP 
cells were cultured on top of dNP+ for 48 h and viability was 
determined. Polystyrene, collagen, collagen + dNP, and dNP+ 
substrates all exhibited minimal cell death as noted by the ab-
sence of Eth-1 fluorescence (Figure  4A–D). When quantified, 
the viability for polystyrene, collagen, collagen + dNP, and 
dNP+ treatments was 96.3% ± 1.9%, 96.5% ± 1.6%, 96.1% ± 0.9%, 
and 94.7% ± 5.6%, respectively (Figure  4E). Cell size was also 
quantified to assess how each substrate impacted cellular mor-
phology. Cells grown on collagen + dNP adopted a significantly 
smaller cell size than cells grown on polystyrene (Figure 4C,F, 
p < 0.05). Cells grown on the dNP+ exhibited a more elongated 
morphology (Figure 4D,F). Analysis of the cell counts indicated 
that dNP+ proliferation was 76% of the collagen control and it 
did not significantly decrease cellular proliferation compared to 
collagen + dNP, although there was a trend toward significance 
(p < 0.052, Figure 4G). These results demonstrated that dNP+ is 
not cytotoxic to human NP cells.

3.5   |   dNP+ Restores Disc Volume In Vivo

Intervertebral disc volume was quantified as a real-time mea-
surement of disc degeneration (Figure  5A,B). After injury 
from weeks 2–8, both PBS and dNP+ groups exhibited sig-
nificantly decreased disc volume compared to sham animals. 
After treatment, dNP+ disc volume returned to baseline and 
was not significantly different from sham at any time point 
from week 11 till study conclusion. Conversely, discs injected 
with PBS remained at a sub-baseline volume and were sig-
nificantly different from sham and dNP+ at all time points 
post-injury (p < 0.05). These data demonstrated that dNP+ 
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treatment restored disc volume when injected 9 weeks after 
degeneration was initiated.

3.6   |   dNP+ and Diclofenac Alleviate Axial 
Hypersensitivity In Vivo

Evoked behaviors were measured during the study to assess how 
pain-like behavior developed after injury and how dNP+ treatment 
affected pain-like behavior. From week 6–8, PBS animals and in 
week 8 dNP+ animal groups exhibited significantly decreased grip 
strength compared to sham animals (Figure 6A, p < 0.05). After 
treatment surgery, this decrease in grip strength was ameliorated 
in animals injected with dNP+, whereas grip strength continued 
to decline in animals injected with 1X PBS. At weeks 13 and 15, 
dNP+ animals displayed significantly increased grip strengths 
compared to PBS animals (p < 0.05) and were not significantly 

different from sham (Figure 6A). These data indicate that dNP+ 
reduced axial hypersensitivity to sham levels.

The pressure algometry assay detected differences between 
sham and dNP+ groups only at week 2 (Figure 6B). However, 
this assay was successful in detecting differences between PBS 
and sham animal groups at weeks 4, 8, 11, 13, and 15 (Figure 6B). 
Also, animals in the PBS group displayed significantly decreased 
thresholds compared to dNP+ animals at week 13, 4 weeks after 
treatment surgery (Figure 6B, p < 0.05).

The open field test measured changes in movement-evoked 
pain-like behavior. The open field test failed to detect differences 
between any groups prior to the treatment surgery. However, at 
week 11, 2 weeks after treatment surgery, dNP+ animals traveled 
significantly further than both PBS and sham groups (Figure 6C, 
p < 0.05).

FIGURE 3    |    Genipin increases dNP rheological properties and dNP+ increases injured motion segment rheological properties. (A) Image of a dNP 
hydrogel on the rheometer. Scale bar = 4 mm. (B) Storage moduli of the dNP with various concentrations of genipin. These values represent the elastic 
resistance to torsional strain. The variability increased dramatically with genipin concentrations greater than 5 mM. (C) Loss moduli of the dNP with 
various concentrations of genipin. These values represent the viscous resistance to torsional strain. Like the storage moduli, variability increased dra-
matically when genipin concentrations exceeded 5 mM. (D) Overview of the injection process. In the top image, the 30-gauge needle is shown with 
a rubber stopper set at 2 mm from the needle tip. The rubber stopper was fixed to the needle to make injection into the NP space easier. The middle 
image shows a potted motion segment injected with dNP gel dyed green. Evidence of injection can be seen by the faint green dye on the surface of the 
annulus fibrosus. In the bottom image, an injected motion segment was transected to display the presence of dyed dNP hydrogel injected in the disc. 
(E) An image of a potted motion segment fixed to the rheometer. (F) Motion segment storage moduli from undamaged, injured, and dNP+ treated 
motion segments. The average storage modulus of undamaged control motion segments did not change over the course of the experiment. Injury de-
creased the average storage modulus by 50%. Treatment with dNP+ significantly rescued the storage modulus by 15% compared to post-injury. Data 
are shown as mean with SD (n = 3 per group). * = p < 0.05.
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After diclofenac administration, PBS animal grip strengths 
returned to baseline and were significantly different from 
week 15 pre-diclofenac grip strength values and no longer 

significantly different from sham (Figure 6D). Post diclofenac 
administration, sham and dNP+ animals grip strength val-
ues did not significantly differ from pre-diclofenac values 

FIGURE 4    |    dNP+ is not cytotoxic. Representative images from the NP cell viability experiments (A–D). NP cells exhibited a more elongated 
morphology on polystyrene compared to collagen, collagen + dNP, and dNP+ substrates. (E) Quantification of treatment cytotoxicity. All treatments 
exhibited minimal cytotoxicity, with the lowest average viability occurring in the dNP+ treatment at 94.75%. (F) Quantification of cell size. Cells 
plated on polystyrene had a significantly larger average area than those plated on collagen + dNP. (G) Quantification of total cell proliferation over 
the 48 h of culture. No significant differences were detected between any treatment group. The average dNP+ treatment cell count was 66% that of 
collagen + dNP, but this difference narrowly missed significance (p < 0.052). Data are shown as mean with SD. Experiments consisted of three unique 
donors plated in triplicate (n = 3). Eth-1 images brightness-contrast enhanced for viewing. * = p < 0.05.
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FIGURE 6    |    dNP+ and diclofenac alleviate axial hypersensitivity. (A) Normalized grip strength data that measured axial hypersensitivity. Both 
PBS and dNP+ animal groups exhibited significantly decreased grip strength in weeks 6 and 8 compared to sham animals. After treatment surgery, 
grip strength increased in dNP+ animals and was not significantly different from sham animals for the remainder of the study. The grip strength 
of PBS animals continued to decline from week 11 onward and was significantly different from sham at all time points post-treatment surgery. PBS 
animals also exhibited significantly decreased grip strength compared to dNP+ treated animals at weeks 13 and 15. (B) Normalized pressure algom-
etry that measures deep pressure hypersensitivity. PBS animals exhibited decreased pressure thresholds at weeks 4, 8, 13, and 15 compared to sham 
animals. Also, PBS animals exhibited lower thresholds compared to dNP+ animals at week 13. At no point did the dNP+ animal group significantly 
differ from sham animals. (C) Distance traveled was a measure of spontaneous pain-like behavior. The only significant difference measured was 
at week 11 between dNP+ animals and sham animals. (D) 15-week grip strength before and after treating with diclofenac. Diclofenac was effective 
at suppressing axial hypersensitivity as noted by the highly significant increase in animal grip strength after drug administration in PBS animals. 
(n = 11–12 per group). For longitudinal data, significant differences between groups were assessed using a two-way ANOVA. Drug treatment data 
were analyzed using a one-way ANOVA. # = p < 0.05 sham versus dNP+. * = p < 0.05 sham versus PBS. & = p < 0.05 dNP+ versus PBS.

FIGURE 5    |    dNP+ restores disc volume. (A) 3D rendering of a rat spine from L5 to S1. The L5-L6 IVD is colored blue. (B) L5-L6 intervertebral 
disc volumes calculated from μCT data. The disc volume in both dNP+ and PBS animals significantly decreased after injury compared to sham an-
imals. After treatment surgery, dNP+ treated animal disc volumes returned to baseline and were no longer significantly different from sham. Data 
are shown as mean with standard deviation (n = 11–12 per group). # = p < 0.05 sham versus dNP+. * = p < 0.05 sham versus PBS. & = p < 0.05 dNP+ 
versus PBS.
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(Figure 6D). These data confirmed that pain-like hypersensi-
tivity in this model could be alleviated via approaches used in 
humans.

Altogether these pain-like measurements indicated that dNP+ 
was effective at alleviating pain-like axial hypersensitivity, and 
the effect of dNP+ was sustained for 6 weeks after treatment.

3.7   |   dNP+ Does Not Restore Disc Morphology

H&E image analysis revealed that sham animals displayed 
large, rounded NPs with an organized, outward-bulging AF. 
Injured animals treated with 1X PBS displayed smaller NPs 
with fewer cells. PBS animals also exhibited a loss in cellular-
ity around the needle tract, disorganized lamellae, and granu-
lar stabilizing tissue. dNP+ animals exhibited disc morphology 
not significantly different from PBS animals (Figure 7A,B). The 
formation of granulation tissue between the ventral ligament 
and ventral AF is present in almost all PBS and dNP+ animals 
(Figure  7A). Additionally, no PBS or dNP+ animals exhibited 

signs of herniation. When the scores for each individual H&E 
category were summed, there was a significant increase in score 
for the PBS and dNP+ groups compared to sham (Figure 7B,C, 
p < 0.05). Together this indicates that injury significantly 
changes disc morphology that is not returned to sham morphol-
ogy with dNP+ treatment.

3.8   |   dNP+ Maintains Disc Hypocellularity

In sham animals, high cellularity was observed in the NP, and 
cells formed a linear pattern in the AF (Figure  8). PBS and 
dNP+ animals displayed a significant decrease in cellularity in 
both the NP and the AF. In these groups, cells in the NP formed 
lacunae, and there was almost a complete elimination of cells 
around the site of the needle tract in the AF. PBS and dNP+ ani-
mals had a significant reduction in cellularity in the outer 1/3 of 
the ventral AF, inner 2/3 of the ventral AF, NP, and dorsal AF in 
comparison to sham animals (Figure 8A). Additionally, all PBS 
and dNP+ animals formed highly cellular granulation tissue be-
tween the ventral AF and ventral ligament (Figure 8A,B). There 

FIGURE 7    |    dNP+ does not restore disc morphology. (A) Representative images of L5-L6 motion segments stained with H&E. Sham discs exhib-
ited large, circular, and highly cellular NPs and AF with organized collagen lamellae. PBS and dNP+ groups showed less cellular and distorted NPs 
with disrupted and distorted collagen lamellae in the NP (scale bar = 500 μm). (B) Combined H&E scores across all categories. Significant differences 
were detected between the PBS and sham group and the dNP+ and sham group. (C) H&E scores by category. Significant differences were detected 
between the PBS and sham group and the dNP+ and sham group in most categories. Three images from each disc were scored and averaged together 
(sham: N = 10, PBS: N = 11, dNP+ n = 9). H&E category data were analyzed using the Kruskal–Wallis test and Dunn's post hoc test. Combined H&E 
score data were analyzed using a one-way ANOVA with Tukey's post hoc test. * = p < 0.05.



12 of 17 JOR Spine, 2025

was a significant decrease in total cellularity between PBS and 
sham animals and between dNP+ and sham animals, both with 
and without the inclusion of granulation tissue (Figure  8B,C, 
p < 0.05). Together, these results showed that injury resulted in a 
decrease in disc cellularity that was not restored with the dNP+ 
treatment.

3.9   |   dNP+ Does Not Alleviate Nerve Sprouting in 
the Disc

IHC was used to determine if motion segment sections exhib-
ited aberrant nerve growth. Sham animals displayed minimal 
positive nerve staining in the disc region, with most nerves 
present in the outer 1/3 of the ventral AF indicated by both 
PGP9.5 and CGRP staining (Figure  9A,B). PBS animals had 
a significant amount of PGP9.5 staining only in the dorsal 
AF when compared to sham (Figure 9C). Comparatively, PBS 
animals exhibited a significant amount of CGRP staining 

in the inner 2/3 of the ventral AF, the NP, and in the dorsal 
AF when compared to sham (Figure 9E). dNP+ animals had 
a significant amount of PGP9.5 and CGRP positive stain-
ing in the inner 2/3 of the ventral AF and dorsal AF when 
compared to sham (Figure  9C,E, p < 0.05). When assessing 
the total innervation of all regions, PBS animals displayed a 
significant increase in both PGP9.5 and CGRP positive stain-
ing (Figure 9D,F). In contrast, dNP+ animals only displayed 
a significant increase in PGP9.5 staining when compared to 
sham (Figure 9D,F). Together, these results indicate that in-
jury increases the amount of innervation in the disc that is not 
alleviated by dNP+ treatment.

3.10   |   dNP+ μCT Is Correlated With Pain-Like 
Behavior

Correlation analyses were performed to assess the relation-
ship between week 15 normalized disc volume and week 15 

FIGURE 8    |    dNP+ maintains disc hypocellularity. (A) Representative images of motion segments stained with DAPI. Regions are as follows: 
1 = dorsal AF, 2 = NP, 3 = inner 2/3 ventral AF, 4 = outer 1/3 ventral AF, and 5 = granulation tissue. Sham discs were highly cellular in the NP and 
AF. PBS and dNP+ discs displayed cell clustering in the NP forming lacunae and less cellularity in the AF, especially along the needle tract. PBS and 
dNP+ discs also formed highly cellular granulation tissue between the ventral ligament and ventral AF (scale bar = 500 μm). (B) Combined cellular-
ity scores. There was a significant decrease in cellularity between the sham and PBS group and between the sham and dNP+ group. (C) Combined 
cellularity scores without the inclusion of granulation tissue. There was a significant decrease in cellularity between the sham and PBS group and 
between the sham and dNP+ group. (D) DAPI cellularity by region. Disc images were manually broken out into groups as described above. There 
were significant differences in all regions between sham & PBS and sham & dNP+ groups. Three images from each disc were quantified (sham: 
N = 10, PBS: N = 11, dNP+ n = 9). Cellularity region data were analyzed with the Kruskal–Wallis test and Dunn's post hoc test. Combined cellularity 
data were analyzed with a one-way ANOVA with Tukey's post hoc test. * = p < 0.05.
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normalized grip strength values, both with and without the 
dNP+ group (Figure  10A,B). Analysis with the dNP+ group 
resulted in a significant positive relationship between disc 

volume and pain-like behavior (Figure  10A). Additionally, 
when the dNP+ group was removed, the relationship remained 
significant.

FIGURE 9    |    PBS and dNP+ treatment results in an increase in aberrant nerve growth. (A) Brightness-enhanced representative images of motion 
segments stained with PGP9.5. ROIs focus on nerve growth in the ventral AF (VAF). Sham animals display little positivity in the disc region. PBS 
and dNP+ animals display more positive staining in the disc region compared to sham (entire disc scale bar = 500 μm & ROI scale bar = 100 μm). (B) 
Representative images of motion segments stained with CGRP. ROIs highlight peptidergic nerve growth in the ventral AF. CGRP staining in sham 
animals appears dark across the entire disc. PBS and dNP+ groups display increased CGRP positivity across many regions in the disc (entire disc 
scale bar = 500 μm & ROI scale bar = 100 μm). (C) PGP9.5 positive staining by region. Discs were manually broken up into regions, as done for DAPI 
staining. PBS and dNP+ animals had a significant increase in staining in the dorsal AF (DAF) compared to sham animals. dNP+ animals had a sig-
nificant increase in PGP9.5 staining in the inner 2/3 of the ventral AF compared to sham animals. (D) Combined PGP9.5 positive staining across the 
entire disc. There was a significant increase in PGP9.5 staining in the PBS and dNP+ groups when compared to sham. (E) CGRP positive staining by 
disc region. There is a significant increase in CGRP positivity in the inner 2/3 of the VAF, NP, and DAF in the PBS group compared to sham. dNP+ 
animals displayed an increase in CGRP positive staining in the inner 2/3 of the ventral AF and dorsal AF compared to sham. (F) Combined CGRP 
positive staining across the entire disc. There was a significant increase in CGRP staining in the PBS group when compared to sham. PGP and CGRP 
positivity were analyzed with the Kruskal–Wallis test and Dunn's post hoc test. * = p < 0.05.
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3.11   |   dNP+ Nerve Staining Is Not Correlated With 
Pain-Like Behavior

A correlation analysis was performed to assess the relationship 
between nerve staining and week 15 normalized grip strength 
values (Figure S2). This analysis revealed a non-significant rela-
tionship between nerve staining and pain-like behavior when all 
groups were assessed together (Figure S2A,B). However, when 
the dNP+ group was removed from the analysis, there was a 
significantly negative relationship between total CGRP+ area 
and normalized grip strength values (Figure  S2D). Similarly, 
the relationship between total PGP+ area and normalized 
grip strength values narrowly missed significance (p = 0.067) 
(Figure S2C).

3.12   |   dNP+ Confounds Several Relationships 
Between Assessed Metrics

A correlation matrix was created to identify significant re-
lationships existing between study metrics for all animals 
(sham, injured, dNP+) or just sham and injured animals 
(Figure S3A,B). Both correlation matrices showed significant 
relationships between PGP+ and CGRP+ staining, between 
disc volume and grip strength, between disc volume and pres-
sure algometry, as well as several relationships with H&E 
scores (Figure S3A,B). The dNP+ correlation matrix also ex-
hibited significant relationships between PGP+ area and disc 
cellularity and between CGRP+ area and distance traveled 
(Figure  S3A). The correlation matrix without the dNP+ re-
sulted in a greater number of significant relationships. These 
relationships include between PGP+ area and disc volume, 
between CGRP+ area and grip strength, between CGRP+ and 
pressure algometry, between CGRP+ area and disc volume, 
between grip strength and disc cellularity, between pressure 
algometry and disc volume, and between disc volume and dis-
tance traveled (Figure S3B).

4   |   Discussion

This work provides evidence that a biomaterial composed of 
decellularized healthy porcine NP, type I collagen, and geni-
pin can be an effective therapeutic for disc-associated LBP. 
In our rat model, dNP+ treatment restored degenerated disc 
volume to baseline, and this effect was maintained at all time 
points measured after treatment. Further, animals treated 
with dNP+ displayed remarkably diminished axial hyper-
sensitivity, which was maintained at all time points after the 
treatment surgery.

Genipin was selected as the crosslinker for dNP+ because it 
provided a dramatic increase in storage modulus (+216%) com-
pared to dNP alone. Geneipin was compared to lysyl oxidase, 
which only increased the storage modulus by 7%. Further, the 
timeframe in which genipin crosslinked our hydrogels aligned 
with previously existing literature [38], indicating that this pro-
cess would occur during surgical recovery in the animal model. 
However, some previous work demonstrated genipin can be 
cytotoxic [45]. These data indicated that 2.5 mM genipin was a 
conservative concentration to use to avoid the presence of free 
genipin and in turn cytotoxicity. Furthermore, our direct testing 
of dNP+ for cytotoxicity in human NP cells revealed that the 
dNP+ hydrogel did not have any cytotoxic effects.

Ex vivo characterization of injured motion segments treated 
with dNP+ exhibited significantly increased mechanical prop-
erties compared to pre-treatment values. The 15% increase in 
storage modulus represented around a 200 000 Pa increase, 
which was multiple orders of magnitude greater than the dNP+ 
gel alone. We believe this increase was a combination of the ef-
fect of genipin on the existing tissue and annealing of the injury 
defect by dNP+.

Directly after injury, the disc volume of injured animals dra-
matically declined herein and in our previous work [37]. After 

FIGURE 10    |    Disc volume and grip strength exhibit significant relationships both with and without dNP+. (A) Correlation between normalized 
disc volume and normalized grip strength shows a significant relationship. (B) Correlation between normalized disc volume and normalized grip 
strength without dNP+ shows a significant relationship. Correlations calculated using the Pearson correlation coefficient. The solid black line shows 
a linear regression line. One animal from the dNP+ group due to its normalized disc volume is an outlier.
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treatment surgery, dNP+ treated disc volumes returned to base-
line while PBS-treated discs remained significantly lower than 
sham- and dNP+ treated disc volumes. Both injured + PBS and 
injured + dNP+ exhibited similar amounts of granulation tissue, 
which is common in injury models and thought to help stabilize 
the disc. These data provided compelling evidence that dNP+ 
successfully entered and remained in the disc throughout the 
time course of the study.

Similar to prior work, injured animals displayed a gradual decline 
in grip strength from week 2 to week 8, indicative of axial hyper-
sensitivity  [46, 47]. Further, PBS-treated animals' grip strength 
continued to decline after treatment surgery. Conversely, dNP+ 
treated animals grip strength increased after treatment surgery, 
suggesting that the treatment alleviated axial hypersensitivity. At 
week 15, the dNP+ grip strength was 26% higher than PBS-treated 
animals. This difference is more than double the minimal clini-
cally important difference (MCID) that has been recommended 
for LBP treatment outcome measures [48]. The grip strength data 
provide strong evidence that dNP+ could be an effective treat-
ment for axial pain caused by disc degeneration.

The pressure algometry data proved more difficult to interpret as 
dNP+ animals significantly differed from sham animals only at 
week 2. The failure to develop deep pressure hypersensitivity prior 
to the treatment surgery limited our understanding of the effect 
of dNP+ on deep pressure hypersensitivity. On the contrary, PBS 
animal thresholds were significantly lower than sham at mul-
tiple time points before and after surgery. Also, at week 13, PBS 
thresholds were 16% lower than dNP+ animals, which exceeded 
the MCID. These data indicated that injury did produce deep pres-
sure hypersensitivity, but the variability of the assay, especially in 
dNP+ animals, limited our interpretation of the treatment effect.

The movement-evoked pain-like behavior, as measured in the 
open field test, provided additional evidence that dNP+ treat-
ment had an analgesic effect. This effect manifested in week 
11, 2 weeks after treatment surgery. Similar to week 2, which 
was 2 weeks after injury surgery, sham and PBS animals trav-
eled less distance. Intriguingly, dNP+ animals traveled signifi-
cantly more than both PBS and sham animals, and this effect 
was highly significant (p < 0.0029 dNP+ vs. sham, p < 0.0006 
dNP+ vs. PBS). We reason that dNP+ may have provided an an-
algesic effect that was greater than the inhibitory action of post-
surgical effects causing the animals to roam more. Regardless 
of the cause, the increase in distance traveled did not continue 
into weeks 13 and 15. This data mirrors clinical interventions 
in humans for disc-associated LBP, where pain relief, as mea-
sured by the visual analog scale (VAS), is highest immediately 
after surgery and lessens as time goes on [49]. The open field test 
confirmed that dNP+ had an effect on spontaneous pain-like 
behavior, but this effect was not significantly maintained.

Diclofenac was administered in week 15 primarily to verify the 
predictive validity of this model. Diclofenac is a non-steroidal 
anti-inflammatory drug (NSAID) that acts as an analgesic by 
inhibiting cyclooxygenase 1 and 2 (COX-1 and COX-2) [50]. 
This drug has proven efficacious in humans suffering acute 
episodes of non-radicular LBP and in animal models which ex-
hibit mechanical hypersensitivity and decreased motor ability 
[42, 43, 51, 52]. Additionally, NSAIDs such as diclofenac have 

exhibited efficacy in some populations of chronic LBP patients 
[53, 54]. Similarly, diclofenac effectively reduced axial hyper-
sensitivity in our model. This outcome confirmed that disc-
associated pain in our model could be alleviated via mechanistic 
approaches applied in humans and that dNP+ likely worked in 
a similar manner.

Analysis of disc morphology and nerve sprouting revealed 
no changes between the dNP+ group and PBS group. When 
assessed in conjunction with pain-like behavior data, these 
changes suggest that dNP+ likely mechanically stabilized the 
disc but did not remove or prevent the growth of nerve fibers. 
This notion may be supported by the significant correlation be-
tween normalized disc volume and pain-like behavior. These 
results showed a significant positive relationship between disc 
volume and normalized grip strength values. Additionally, the 
correlation matrix indicated a significant relationship between 
disc volume and pressure algometry. This stabilization would 
prevent mechanical perturbations from stimulating nerve fi-
bers in the disc and thus prevent pain-like behavior in dNP+ 
animals. The dNP+ group not only had a level of nerve staining 
similar to the PBS group but also had relief of their pain-like 
behavior, resulting in a non-significant correlation between 
nerve staining and normalized grip strength. However, when 
the correlation was conducted without the dNP+ group, there 
was a significant relationship between CGRP+ area and nor-
malized grip strength values. This indicates that the presence 
of peptidergic nerve fibers may play a role in the pain-like be-
havior displayed in the PBS group. However, other factors may 
be preventing the stimulation of these fibers in the dNP+ group, 
resulting in alleviation of the pain-like behavior. Additionally, 
since histological outcomes between dNP+ and PBS groups 
were not significantly different, these data indicated that dNP+ 
treatment did not promote tissue repair and again likely served 
as a mechanical stabilizer.

This work has a few limitations in addition to those already 
mentioned. First, only female animals were used, disallowing 
any insight into the role of sexual dimorphism on treatment ef-
fects. Second, the mechanical stability of the disc was not veri-
fied after explant of in vivo samples. Therefore, further work is 
needed to characterize the mechanics of treated discs to verify 
that they are truly more mechanically stable.

Chronic LBP is a tremendous burden on modern society. There 
is a great need for therapeutics which address the fundamental 
cause of pain. It has become increasingly clear in recent years 
that a reliance on central or systemic medicines like opioids and 
NSAIDs has only increased the societal burden of chronic LBP. 
To this end, we have engineered a non-invasive, spontaneously 
assembling, therapeutic derived from healthy disc tissue that 
remarkably decreases pain-like behavior in animals suffering 
from disc-associated LBP. We hope this work will provide the 
basis of a next generation therapy for LBP and will assist other 
research groups in developing similar treatments.
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