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Intervertebral discs (IVDs) are the cartilaginous structures in the spine that 

connect adjacent vertebrae, absorb shock from daily activities, and allow for 

articulation of the spine. Unfortunately, IVDs are prone to degeneration and have little 

to no capacity for self-repair. IVD degeneration is estimated to affect more than 90% 

of individuals throughout their lifetime, leading to lower back pain, disability and a 

low quality of life. Early stage degeneration is characterized by lesions in the annulus 

fibrosus (AF), the outer fibrous ring of the IVD, which allow nucleus pulposus (NP), 

the gelatinous core, to herniate and impinge on surrounding neurological structures. 

Current surgical treatment options are unable to effectively repair the IVD, leading to 

further degeneration and reherniation. This work aims to develop and translate tissue-

engineered repair strategies with the long-term goal to treat patients with IVD 

herniations and prevent further degeneration. 

To bring tissue-engineered repair strategies to the clinic, it is imperative to 

understand what has already been investigated, what biomaterials and strategies are 

successful, and what challenges remain (Chapter 1). Individually, NP and AF repair 

strategies have been well-studied using a wide variety of biomaterials, biomolecules 

and cells; however, the IVD is a composite structure and therefore requires a 

composite repair strategy. Combined NP augmentation and AF repair strategies was 

first investigated in the rat-tail spine to restore IVD hydration and mechanical function 



 

ex vivo (Chapter 2). The combined repair strategy was then investigated in vivo in the 

sheep lumbar spine to prevent degeneration and maintain native hydration, 

morphology, and mechanical function over a six-week period (Chapter 3). While the 

biomaterials in both Chapters 2 and 3 were effective and showed positive results, they 

could still be optimized for improved performance. Mesenchymal stem cells were 

introduced into the AF repair strategy in order to improve the speed and quality of AF 

repair in vivo (Chapter 4). Chondroitinase ABC was investigated ex vivo as a 

pretreatment to improve adhesion of the AF repair strategy to native tissue (Chapter 

5). Lastly, Fourier transform infrared microscopy was utilized to quantitatively 

analyze the local biochemical composition of healthy and degenerated IVDs (Chapter 

6). 
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LIST OF FIGURES 
 
Figure 1.1: IVD Degeneration in the human intervertebral disc with and without 
annular repair. Disc herniation is symptomatically treated by removal of offending AF 
and NP tissue, however no treatment affects the underlying disease. When treated by 
annular repair, the IVD undergoes long term healing and regains intact disc 
morphology and function. 
 
Figure 1.2: Schematic overview of the stages of complete annular repair. Defects in 
the AF can be created surgically during a discectomy or accumulate through IVD 
degeneration. To return native function and morphology, the defect site must be filled 
and infiltrated with cells that will synthesize new ECM and develop organized tissue. 
 
Figure 1.3: Representative injury methods used to precipitate IVD degeneration in 
pre-clinical animal models in vivo. Puncture and slit injuries are the most simple and 
consistent injury methods, however the damage may not be severe enough to induce 
herniation noticeable through non-invasive imaging. Box annulotomy with or without 
nucleotomy is more likely to precipitate NP herniation, however the size and amount 
of tissue resected varies case by case. 

Figure 2.1: Schematic of the experimental design.  Segments were tested as intact, 
after damage via annulotomy/nucleotomy, and after receiving one of the three 
treatments. 
 
Figure 2.2: Representative gross images of the intact, damaged, and treatment groups.  
HYADD4® was mixed 60:1 with Trypan blue to differentiate the HA injection from 
native NP. Stars indicate the collagen AF patch, while arrows are pointing at injected 
HYADD4®. 
 
Figure 2.3: Representative IVDs from intact, damaged, and all treatment groups. 
Sagittal T2 weighted MRI shows NP hydration and morphology, where hyperintense 
regions correspond with greater relaxation time and hydration. The segmented NP 
colormaps are outputs of algorithmic segmentation in MATLAB, from which NP mid-
sectional volume and total relaxation time were calculated. Safranin-O histology 
shows native NP in red and native AF counter-stained with fast green. Trichrome 
histology shows native NP in purple and native AF in blue. The collagen AF patch as 
highlighted by black arrows stains like native AF but was damaged during histological 
processing. Injected HYADD4® is indicated by the white arrow, but is difficult to 
visualize and are not stained like native NP. NP morphology of IVDs with HA 
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injections are similar to intact IVDs, and AF repair alone discs are similar to damaged 
controls. 
 
Figure 2.4: Quantified sagittal mid-sectional NP volume and total T2 mapped NP 
relaxation time from MRI. Error bars are ± SD, n = 3-4 per group, and solid bars 
denote statistically significant differences between groups at p ≤ 0.05. 
 
Figure 2.5: Mechanical testing results of experimental motion segments. A) Effective 
equilibrium and B) effective instantaneous moduli normalized to paired intact 
controls. C) Effective hydraulic permeability normalized to paired intact controls. 
Error bars are ± SD, n = 10-11 per repair group, n = 32 for the damaged group (sum of 
all repair conditions), and solid bars denote statistically significant differences 
between groups at p ≤ 0.05. 

Figure 2.S1: Transverse safranin-O section of a representative collagen AF patch 
IVD, where the black arrow points to the collagen patch.  
 
Figure 2.S2: Transverse safranin-O section of a representative HA NP injection IVD, 
where the white arrow points to the injected HA.  
 
Figure 2.S3: Transverse safranin-O section of a representative combined AF and NP 
repair IVD, where the white arrow points to the injected HA and the black arrow 
points to the collagen patch.  
 
Figure 2.S4: Sagittal safranin-O section of a representative HA NP injection IVD, 
where the white arrow points to the injected HA.  
 
Figure 2.S5: Sagittal safranin-O section of a representative combined AF and NP 
repair IVD, where the white arrow points to the injected HA and the black arrow 
points to the collagen patch.  
 
Figure 2.S6: Sagittal trichrome section of a representative combined collagen AF 
patch IVD, where the black arrow points to the collagen patch.  
 
Figure 2.S7: Sagittal trichrome section of a representative combined AF and NP 
repair IVD, where the black arrow points to the collagen patch.  
 
Figure 2.S8: Representative stress curves over time obtained during the initial 5% 
compressive step applied to the motion segments. A model fit is placed over the intact 
segment to demonstrate our ability to capture the time-dependent nature of the IVDs. 
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Figure 3.1: Individual and combined nucleus pulposus (NP) and annulus fibrosus 
(AF) repair strategies in an in vivo sheep lumbar spine model.  Schematics and 
intra-operative images depicting the tissue-engineered approach to IVD repair. All 
intra-operative images are oriented with the cranial side of the sheep on the left, caudal 
on the right, ventral on the top and dorsal on the bottom. Through a pre-psoas lateral 
approach to the lumbar spine, IVDs were exposed (A) and those receiving the 
discectomy injury were subjected to a 3×10 mm box annulotomy followed by removal 
of ~200 mg of NP tissue (B). IVDs receiving the biomaterial repair strategies were 
injected with the modified HA into the NP space (C), had a collagen patch injected 
and cross-linked in the AF defect (D), or both treatments. X-linking, cross-linking. 
 
Figure 3.2: Six-week gross morphological and MRI assessment of individual and 
combined NP and AF repair. (A to E) Axial schematic diagrams of the intact, 
discectomy only, and treated IVDs. (F to J) Representative sagittal gross dissection 
images showing the AF at the site of discectomy and biomaterial injections (yellow 
arrows) after six weeks in vivo. (K to O) Representative axial T2 MR images of the 
IVDs obtained at 3 Tesla showing the AF, NP, and treatment site (yellow arrows). (P 
to T) Representative mid-sagittal T2 MR images showing differences in the NP across 
treatment groups. High-intensity regions in T2 MR images correlate with greater water 
content. (U) Pfirrmann grading of IVD degeneration and (V) disc height index from 
the T2 MR images compared between all groups; bars denote significance (P < 0.05). 
Pfirrmann grades are shown as median ± interquartile range, while disc height index is 
mean ± SD (n=8). Significant differences were assessed with a Kruskal-Wallis with 
Mann-Whitney U-tests for Pfirrmann grades, and a general linear mixed model with 
Tukey’s post-hoc tests for disc height index. 
 
Figure 3.3: Six-week histological evaluation of individual and combined NP and 
AF repair to show overall IVD morphology. (A to E) Axial schematic diagrams of 
the intact, discectomy only, and treated IVDs showing the approximate mid-coronal 
section through the IVD for histological analyses. (F to J) Representative alcian blue 
stained histological sections imaged with brightfield microscopy. Proteoglycans are 
stained blue and collage is stained pink. (K to O) Representative second harmonic 
generation (SHG) multiphoton images showing collagen orientation and alignment in 
the IVDs with higher magnification images to show AF lamellae (P to T). White 
arrows point to AF lamellae. 
 
Figure 3.4: Six-week histological evaluation of the discectomy site demonstrating 
herniation in IVDs without collagen AF repair. (A to E) Axial schematic diagrams 
of the intact, discectomy only, and treated IVDs showing the approximate section 
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through the defect location for histology. (F to J) Representative alcian blue stained 
histological sections through the defect location imaged with brightfield microscopy, 
with higher magnification images (K to O) showing the intact AF (K), vacuolated 
chondrocyte-like cells in herniated NP (L and M), and fibrous tissue where the 
collagen patch was injected (N and O). Alcian blue stains proteoglycans blue and 
collagen pink, black arrows show direction of collagen alignment in the AF, and white 
arrows point to chondrocyte-like cells in herniated regions.  
 
Figure 3.5: Six-week functional mechanical evaluation of the individual and 
combined NP and AF repairs. (A) The mechanical testing protocol encompassing 
cyclic compression/tension, compressive stress relaxation, and cyclic torsion 
performed to evaluate mechanical function of the intact, discectomy, and treated 
IVDs. (B to D) Photographs and schematics of the mechanical testing protocol. IVDs 
were excised from the spine, stripped of bony processes, potted in PMMA, and loaded 
into custom fixtures on a biaxial mechanical load frame. (E to I) Representative 
hysteresis curves for each experimental group obtained from the cyclic torsion loading 
after pre-conditioning. (J to L) Torsional stiffness and torque range were quantified 
from each hysteresis curve, normalized to the intact control from the same sheep, and 
compared between all groups; bars denote significance (P < 0.05). Quantitative data 
are shown as mean ± SD (n=3 to 4). Significant differences were assessed using a 
general linear mixed model with Tukey’s post-hoc tests. 
 
Figure 3.6: Six-week axial loading and stress relaxation mechanical evaluation. 
(A to E) Representative hysteresis curves for each experimental group obtained from 
the cyclic compressive/tensile loading after pre-conditioning. (F to I) Compressive 
stiffness, tensile stiffness, and range of motion were quantified from each hysteresis 
curve and compared between all groups; bars denote significance (P < 0.05). (J to M) 
Equilibrium modulus, instantaneous modulus, and hydraulic permeability were 
quantified from the stress relaxation steps using a poroelastic model fit and compared 
between all groups; bars denote significance (P < 0.05). Bar plots are shown as mean 
± SD (n=3 to 4). Significant differences were assessed using a general linear mixed 
model with Tukey’s post-hoc tests. 
 
Figure 3.S1: Safranin-O histology of individual and combined NP and AF repair. 
(A to E) Axial schematic diagrams of the intact, discectomy only, and treated IVDs 
showing the approximate mid-coronal section through the IVD for histological 
analyses. (F to J) Representative safranin-O stained histological sections imaged with 
brightfield microscopy, where proteoglycans are stained red and collage dark purple.  
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Figure 3.S2: Mid-coronal alcian blue histology of the most and least damaged 
IVDs from each experimental group. (A to E) Axial schematic diagrams of the 
intact, discectomy only, and treated IVDs showing the approximate section through 
the defect location for histology. Representative mid-coronal alcian blue stained 
histological sections of the least damaged (F to J) and most damaged (K to O) IVDs 
that show the range of degeneration for each treatment after 6 weeks in vivo. 
 
Figure 3.S3: Second harmonic generation imaging of the outer annulus fibrosus 
from mid-coronal histology sections. (A to E) High magnification second harmonic 
generation (SHG) multiphoton images of the outer annulus fibrosus showing collagen 
orientation and alignment in the IVDs from Fig. 4, K to O. 
 
Figure 3.S4: Alcian blue histology through the defect site of the most and least 
damaged IVDs from each experimental group. (A to E) Axial schematic diagrams 
of the intact, discectomy only, and treated IVDs showing the approximate section 
through the defect location for histology. Representative alcian blue stained 
histological sections through the defect site of the least damaged (F to J) and most 
damaged (K to O) IVDs that show the range of degeneration for each treatment after 6 
weeks in vivo. 
 
Figure 3.S5: Hematoxylin and eosin staining of the nucleus pulposus, annulus 
fibrosus, and endplate near the discectomy site. Representative histological sections 
of the nucleus pulposus (A to E), annulus fibrosus (F to J), and cartilage endplate (K to 
O) stained with hematoxylin and eosin.  
 
Figure 3.S6: Second harmonic generation imaging of histology sections through 
the defect site. (A to E) Axial schematic diagrams of the intact, discectomy only, and 
treated IVDs showing the approximate section through the defect location for 
histology. (F to J) Representative second harmonic generation multiphoton images 
showing collagen orientation and alignment, with higher magnification images (K to 
O) showing the annulus fibrosus near the discectomy site. 
 
Figure 4.1: A) High density collagen (HDC) gel with uncrosslinked riboflavin. B) 
Exposure to 480 nm blue light crosslinks the riboflavin in the HDC gel, which results 
in C) a color and consistency change, causing the gel to harden and conform in the 
shape of the cavity it is introduced into.  
 
Figure 4.2: A) Intraoperative photograph demonstrating the lateral, retroperitoneal, 
pre-psoas approach to the anterolateral aspect of the sheep lumbar spine. B) IVD 
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defect appearance after box-shaped annulotomy and discectomy. C) Defect after it has 
been filled with HDC gel and exposed to blue light which solidifies the gel in place.  
 
Figure 4.3: A) Disc height index (DHI) normalized to the intact control of each sheep, 
showing significantly higher DHI of MSC-seeded gel treated IVDs compared with 
negative controls, and the only group that was no significantly lower than intact 
controls. B) Pfirrmann grades compared across experimental groups, where MSC 
treated IVDs demonstrated significantly lower scores (thus less degenerative changes) 
than the other experimental groups. C) Quantified T2 relaxation time of the NP 
demonstrating increased time (thus more disc hydration) of the MSC-seeded HDC gel 
treated IVDs over other experimental groups. The difference in T2-RT of intact IVDs 
and the MSC-seeded group were not significantly different. D) Sagittal mid-sectional 
NP area of all experimental groups, with no significant differences between groups. 
Error bars are ± SD and bars above groups show statistically significant differences at 
P≤0.05. 
 
Figure 4.4: Representative histologic and radiographic images of all IVD groups. First 
and second columns: Injured IVDs demonstrate disruption and disorganization of the 
NP morphology, with loss of disc height, increased heterogeneity in staining intensity, 
and areas of vacuolization. There is also extrusion of NP tissue outside of the disc 
space (†), which represents a herniated disc fragment. Note that contralateral NP and 
AF in these images also have decreased staining intensity though were not 
manipulated during injury, suggesting that these discs have entered the early stages of 
terminal degeneration. The acellular and MSC-seeded gel groups however 
demonstrate a hypointense (in alcian blue) and hyperintese (with picrosirius red) 
buttress at the injury site (star), which has prevented extrusion of NP tissue and depicts 
the integration of the HDC gel with native tissue. These IVDs have better preserved 
disc height, and less vacuolization and disorganization than negative controls. 
However, when quantified by Han-grading, the differences between the groups were 
not significant. Third through fifth column: Axial, sagittal, and voxel-based color map 
cuts from T2 MRI through the IVD. Injury sites are denoted with red arrows. Injury 
only IVDs demonstrate loss of T2 hyperintensity and thus hydration, contributing to a 
contiguous bridge of NP tissue to the defect and loss of disc height. HDC gel treated 
IVDs have more preservation of the hypointense region of the AF and the 
hyperintense region of the NP which is more prominent in the MSC gel treatment 
group.  
 
Figure 4.5: Han grades compared across experimental groups, where intact segments 
demonstrated significantly lower scores (thus less degenerative changes) than the 
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other experimental groups. There are not significant differences in average Han grade 
between the experimental treatment groups. Error bars are ± SD and bars above 
groups show statistically significant differences at P≤0.05. 
 
Figure 5.1: Experimental Design. A) AF tissue was dissected from sheep lumbar 
spine, stripped of NP and bisected. B) One side was treated with either 10 U/ml 
ChABC or 1X DPBS for 10 minutes at 37˚C. C) The AF tissues were arranged in AF-
HDC gel-AF samples in either a lap-shear or no overhang configuration with HDC gel 
injected in the overlap region for mechanical analyses and microscopic evaluation 
respectively. The AF samples were sectioned and imaged using second harmonic 
generation (SHG) or were stained with Safranin-O and imaged with brightfield 
microscopy. 
 
Figure 5.2: A-B) Representative overview image of AF tissue that were digested with 
10 U/ml ChABC for 0 and 10 minutes, respectively, and stained with Safranin-O. 
Proteoglycans are stained red, and the fast-green counterstain is blue C) A DMMB 
assay was performed to measure the GAG content of AF slabs digested with 10 U/ml 
ChABC or treated with saline for 10 minutes at 37˚C. Error bars are ±STD, 6 samples 
per treatment group, and black bars denote statistical significance at p ≤ 0.05. D-H) 
Representative images of AF tissues that were digested in 10 U/ml ChABC for 0, 2, 5, 
10, or 15 minutes at 37˚C and stained with Safranin-O. Proteoglycans are stained red, 
and the fast-green counterstain is blue.  
 
Figure 5.3: Representative images of saline-treated and ChABC-digested overlapped 
AF tissues with HDC gel injected in between. A-D) Sections were imaged using a 
confocal microscope with second harmonic generation (SHG) E-H) or were stained 
with Safranin-O (Saf-O) and imaged with brightfield microscopy at low and high 
magnifications. In the SHG images, the native collagen in AF is yellow, and the FITC-
HDC gel is green. In the Saf-O images, proteoglycans are stained red, and the fast-
green counterstain is blue. The HDC gel-AF interface is indicated by the white and 
black arrows in the SHG and Saf-O images, respectively. HDC gel penetration into the 
AF is indicated with red arrows. 
 
Figure 5.4: A-B) AF tissues arranged in a lap-shear configuration with HDC injected 
in the overlap area were attached to mechanical grips. The AF tissues were pulled 
apart over a total displacement of 10 mm, and the gauge length increased at a rate 
0.5% per second. C) Representative shear stress vs. shear strain graph of ChABC-
digested, saline-treated AF, and AF with no collagen or ChABC digestion. D) 
Representative shear stress vs. shear strain graph that was analyzed for the elastic 
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toughness, total shear energy, ultimate shear stress, and shear modulus of the HDC 
gel-AF interface E-H) Elastic toughness, total shear energy, ultimate shear stress, and 
shear modulus of HDC gel-AF interface. Error bars are ±STD, 7-9 samples per 
treatment group, and black bars denote statistical significance at p ≤ 0.05. 
 
Figure 5.5: Representative live/dead images of AF tissue immediately after A) saline 
treatment and B) ChABC digestion, and after seven days of culture following C) 
saline treatment and D) ChABC digestion. AF tissues were digested with 10 U/ml 
ChABC or 1x DPBS for 10 minutes at 37˚C. Live cells are stained green, and dead 
cells are stained red. E) Quantified cell viability of saline-treated and ChABC-digested 
AF. Error bars are ±STD, 4-9 samples were imaged 2-4 times per treatment group, 
black bars denote significance at p ≤ 0.05. 
 
Figure 5.S1:  Schematic of a cylindrical annular defect with a diameter of 3 mm and a 
height of 5 mm. The intradiscal pressure is assumed to be 0.5 MPa, typical of humans 
in a standing position.  
 
Figure 6.1: A schematic representation of the FTIR microscopy imaging setup and 
acquisition methods. IVD samples mounted on barium fluoride slides were imaged 
with a Hyperion 3000 FTIR microscope under a 15X IR-compatible objective. A 
brightfield overview image was obtained in order to visualize the region of interest of 
the scan. Then, hundreds of FTIR spectra were obtained across a rectangle containing 
the AF, NP, and cartilage endplates. The individual scans were obtained over a 
250µm2 area and spaced 500µm apart. 
 
Figure 6.2: Representative FTIR spectra obtained from A) pure type-I collagen and 
aggrecan (from a previous study[21]), B) AF tissue and C) NP tissue show unique 
spectral characteristics. Peak areas were obtained from the FTIR spectra by integrating 
between wavenumbers associated with the with the amide I, amide II, sulfate and 
sugar regions. D) Representative alcian blue histology of an intact IVD showing the 
location of where FTIR spectra in panels B and C were taken from. Proteoglycans are 
stained blue and collagen pink. E-H) Representative peak area maps of the amide I, 
amide II, sulfate and sugar peaks from the intact IVD in D. 
 
Figure 6.3: Representative alcian blue histology of intact and discectomized IVDs 
compared to amide II/sugar peak area maps from the same IVDs. A) An intact IVD 
that showed no signs of degeneration on MRI (Pfirrmann grade 1), has a homogenous 
NP that stains blue for proteoglycans, and an AF that stains mostly pink for collagen. 
B) A representative discectomized IVD with mild degeneration (Pfirrmann grade 2) 
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showing some fibrosity and disruption in the NP and C) a discectomized IVD with 
greater degeneration (Pfirrmann grade 4) with a heterogeneous NP and increased 
proteoglycan staining in the AF. D-F) Peak area maps of the combined amide II and 
sugar peak areas show the quantitative distribution of collagen (red) and proteoglycans 
(blue) from FTIR microscopy of each IVD from panels A-C. The intact IVD map 
shows homogenous proteoglycan distribution, while the discectomized IVD maps are 
more heterogeneous and show a reduction in proteoglycans on the ipsilateral side to 
the discectomy injury. Asterisks indicate the ipsilateral side to the discectomy injury. 
 
Figure 6.4: A) Peak area values were collected from line scans across the width of 
each IVD. IVD width was normalized to 1, and average peak area values were 
averaged together for intact and discectomized IVDs. B) Average normalized amide II 
and C) sugar peak area plots showing the average ± standard error of the mean across 
the width of the IVDs. Dotted lines show approximate borders of the outer AF, inner 
AF and NP. The sample size was 6-7 samples per group.  
 
Figure 6.5: A) Average peak area values were quantified from regions of interest in 
the NP and AF for intact and discectomized IVDs. The AF region of interest for 
discectomized IVDs was taken ipsilateral to the discectomy injury. Average peak area 
plots of B) amide II and C) sugar peaks. The sample size was 6-7 samples per group, 
error bars are ± standard deviation, and bars above groups denotes statistically 
significant differences at P ≤ 0.05. A 2-way ANOVA with two-tailed Tukey’s honest 
significant difference post hoc tests was used to assess statistical differences. 
 
Figure 6.6: A-D) Correlations comparing average peak areas from FTIR microscopy 
to IVD degeneration via Pfirrmann grading in the NP and AF. The strongest 
correlation was found between the average amide II peak area in the AF and 
Pfirrmann grade, with an R2 value of 0.459. The weakest correlation was found 
between average sugar peak area in the NP and Pfirrmann grade, with an R2 value of 
0.0003. The total sample size for each plot is 13 IVDs, and Pearson correlation 
coefficients were used to assess statistically significant differences at P ≤ 0.05 
 
Figure A1.1: Representative images showing implanted MSCs localized to the 
implanted collagen gel for annular repair after 2 weeks in vivo. Bone marrow-derived 
MSCs were transfected to express a red fluorescent protein (tdTomato) so that they 
could be tracked after being mixed into a collagen gel and injected into discectomized 
sheep lumbar IVDs. A) A second harmonic generation image taken of a coronal 
histology section through the discectomy site showing the defect and implanted 
collagen gel. Red fluorescence images taken at the A) collagen gel, B) native AF 
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adjacent to the defect site and C) the native AF on the contralateral side of the IVD. 
Red fluorescent cells can be seen in the collagen gel but not the native AF, suggesting 
the tdTomato MSCs are still present after 2 weeks in vivo. 
 
Figure A1.2: Representative images showing MSCs localized to the implanted 
collagen gel for annular repair after 2 weeks in vivo. A) A second harmonic generation 
image taken of a coronal histology section through the discectomy site showing the 
defect and implanted collagen gel. Hematoxylin and eosin (H&E) histology images of 
B-D) the collagen gel at the defect site and E-G) the annulus fibrosus at the 
contralateral side of the IVD to the defect. H&E stains cell nuclei dark purple, while 
cytoplasm and other matrix components are light purple/pink. It appears that many 
MSCs are distributed throughout the collagen gel, although this stain cannot provide 
information about the exact cell phenotype. These cells are identified through 
morphological features as MSCs due to their rounded shape and larger diameter than 
the native annulus fibrosus cells at the contralateral side of the IVD. The MSCs do not 
appear to be hypertrophic, and the nuclei in both cell types appear healthy. 
 
Figure A2.1: Cartoon representation of the first three generations of autologous 
chondrocyte implantation. 
 
Figure A3.1: Schema of spinal motion segment illustrating location of intervertebral 
disc between superior and inferior vertebral bodies. Image at left MRI appearance of 
immature lumbar disc with characteristic intense nucleus pulposus region. Images at 
right illustrate (top) gross appearance of non-degenerate lumbar disc and (bottom) 
histological appearance of immature disc in a stained section. Modified schema 
reprinted with permission from Columbia-Presbyterian Neurosurgery 
 

Figure A3.2: Schema of different zones and microstructures comprising the 
intervertebral disc. Annulus fibrosus insets of macroscopic appearance and stained 
section illustrate the lamellar structure of the tissue. The lamella are comprised of 
aligned collagen fiber bundles that are oriented with alternating angles of ±60°. 
Nucleus pulposus insets of a stained section and scanning electron micrograph 
illustrate the randomly organized network of fine collagen fibers and gelatinous nature 
of the tissue. Circular inset contains a schema of building blocks for these 
cartilaginous tissues that include banded type I and type II collagen fibrils, aggrecan 
and smaller proteoglycans, water and multiple ionic species. 
 
Figure A3.3: Axial compressive loading of the intervertebral disc gives rise to a radial 
deformation, or ‘outward bulge’, as the disc deforms in response to the compressive 
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load. The high tensile stiffness of the healthy annulus fibrosus in the circumferential 
direction acts to restrict this outwardly directed deformation. Tissues of the disc will 
be variably loaded and experience a combination of compression, tension and shear, as 
shown. Pressurization of the central and gelatinous nucleus pulposus is an important 
mechanism for load support and load transfer to the annulus fibrosus, and contributes 
to maintenance of disc height. 
 
Figure A3.4: A-B) Picrosirius red/alcian blue histology of fibrocartilage from juvenile 
and adult bovine menisci showing the development of proteoglycan-rich 
microdomains between bundles of collagen fibers. C-D)  A tissue-engineered strategy 
employing fibrochondrocytes and mesenchymal stem cells that recapitulates the 
heterogeneous proteoglycan distribution of fibrocartilage. E-H) Safranin-O histology 
16-weeks post-operation after implantation of a tissue-engineered (TE) IVD and the 
adjacent native IVD. The intact IVD shows rounded chondrocyte-like cells in the NP 
and elongated fibroblast-like cells in the AF, which is largely mimicked by the TE-
IVD after a 16 week period in vivo. A-D – adapted from [78], E-H adapted from [79]. 
 
Figure A3.5: Fabrication of fiber oriented AF tissue constructs. A) Scaffolds were 
excised 30° from the prevailing fiber direction of electrospun nanofibrous mats to 
replicate the oblique collagen orientation within a single lamella of the annulus 
fibrosus. Scale bar: 25 μm. B) At zero weeks, MSC-seeded scaffolds were formed into 
bilayers between pieces of porous polypropylene and wrapped with a foil sleeve. P: 
porous polypropylene; F: foil; L1/2: lamella 1/2. C) Bilayers were oriented with either 
parallel (+30°/+30°) or opposing (+30°/−30°) fiber alignment relative to the long axis 
of the scaffold. D) Sections were collected obliquely across lamellae, stained with 
Picrosirius Red, and viewed under polarized light microscopy to visualize collagen 
organization. When viewed under crossed polarizers, birefringent intensity indicates 
the degree of alignment of the specimen, and the hue of birefringence indicates the 
direction of alignment. L1/2: lamella 1/2; IL: inter-lamellar space. E) After 10 weeks 
of in vitro culture, parallel bilayers contained co-aligned intra-lamellar collagen within 
each lamella. Opposing bilayers contained intra-lamellar collagen aligned along two 
opposing directions (F), successfully replicating the gross fiber orientation of native 
bovine annulus fibrosus. G) In engineered bilayers, as well as the native annulus 
fibrosus, a thin layer of disorganized (non-birefringent) collagen was observed at the 
lamellar interface. The distribution of collagen fiber orientations was determined by 
quantitative polarized light analysis [45]. Scale bars: 200 µm (B,C), 100 µm (D). 
Figure modified with permission from Nerurkar et al. Nature Materials, 2009 
 
Figure A3.6: Histological appearance of in vitro-formed tissues showing newly 
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generated nucleus pulposus (NP) tissue. Histological appearance of (a) in vitro-formed 
cartilage at two weeks (time at which the NP cells would be seeded); (b) in vitro-
formed NP-cartilage–calcium pyrophosphate composite (triphasic construct) at eight 
weeks following seeding of chondrocytes; and (c) in vitro-formed cartilage tissue 
alone (biphasic construct) at eight weeks. Arrowheads indicate tissue growing within 
the pores of the CPP; arrow indicates interface between cartilage and NP tissue. 
(toluidine blue stain; original magnification ×50) (from Hamilton DJ et al. 
Biomaterials V27, 2006, pp. 397–405). 
 
Figure A3.7: Anatomical composite tissue-engineered IVD (TE-IVD), designed from 
MRI and CT, survives in disc space for six months. A) CT and MRI design procedure 
for obtaining TE-IVD dimensions. B) Fabrication of TE-IVD. (i) NP dimensions used 
to design injection molds via computer-aided design. (ii) Injection mold 3-D printed 
out of acrylonitrile butadiene styrene plastic. (iii) Cell-seeded alginate was injected 
into mold, removed, (iv) placed in center of 24 well plate, and cell-seeded collagen 
was poured around alginate NP. (v) After 2 wk of culture, cell-seeded collagen 
contracts around the NP to form composite TE-IVD. C) Intraoperative images 
showing exposed caudal 3/4 disc space and implanted TE-IVD. D) T2-weighted MRI 
of implanted disc space (marked by yellow arrows) and adjacent native levels 
immediately postoperative, at 1 month, and 6 month after implantation. E) History of 
TE-IVD in native disc space. Intraoperative photo showing explanted native IVD next 
to the TE-IVD (day 0) that was implanted in its place and TE-IVD after being 
implanted into native disc space for 6 mo. F) Size of engineered IVD compared to 
native IVD. Measurements were taken along the lateral and ventral-dorsal planes of 
the engineered and native IVD. Engineered IVD measurements were taken at day zero 
prior to implantation (n =12) and compared to explanted native discs (n = 12). 
Engineered IVD measurements were also taken after 6 months of implantation (n = 
12). (Reprinted with permission from Bowles et al. PNAS, 2011). 
 
Figure A3.8: Representative injury methods to precipitate IVD degeneration for in 
vivo animal models. A wide variety of injury methods have been used to initiate IVD 
degeneration in preclinical animal models. Needle and slit puncture are the most 
simple and consistent, however they may not be aggressive enough to initiate 
degeneration. More aggressive injuries such as annulotomy and nucleotomy have a 
greater chance of precipitating degenerative changes to the IVD, but are more difficult 
to employ and the amount of tissue removed is variable. Adapted from Sloan et al, 
Tissue Engineering Part B, 2018. 
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PREFACE 
 

The intervertebral disc (IVD) is an incredible cartilaginous tissue that connects 

adjacent vertebrae in the spine, allowing flexibility in the torso and absorbing shock 

from everyday movements. These discs allow Olympic weightlifters to lift hundreds 

of pounds over their heads while also providing contortionists the ability to bend their 

bodies into pretzels. The IVD’s unique mechanical properties stem from its composite 

structure, bearing resemblance to a jelly donut with a soft gelatinous core (nucleus 

pulposus, NP) and a rigid outer ring (annulus fibrosus, AF). Where the IVD differs 

from jelly donuts is that under high compressive loads, the NP pressurizes and is 

retained within the AF, creating a system that can handle megapascals of stress. A 

variety of other loads such as twisting and bending are well-tolerated due to the 

isotropic nature of the NP and the angle-ply architecture of the AF.  

As well-designed as it is, the IVD is not without its drawbacks. In adulthood, 

the IVD is hypoxic due to its low vascularity, and is sparsely cellularized by non-

regenerative populations. These factors limit the regenerative ability of the IVD, and 

the amalgamation of aging, genetics, traumatic injury and fatigue loading contribute to 

IVD degeneration. IVD degeneration is a broad description for a variety of conditions 

progressively affecting the IVD including the loss of hydration, mechanical properties, 

morphology and biological function. It is estimated that nearly 90% of individuals in 

the United States will experience IVD degeneration throughout their lifetime, costing 

the healthcare system upwards of $100 billion annually. Early stages of degeneration 

include accumulating lesions in the AF and herniation of the NP, leading to 
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compression of neurological structures, radiating pain and limited mobility. While 

late-stage disease involves total collapse of the disc and often requires spinal fusion, 

there is potential to treat early-stage degeneration with tissue-engineered strategies 

that restore function and prevent further degeneration. When symptomatic herniations 

are not effectively treated with conservative therapies, the current surgical intervention 

removes herniated tissue and damaged AF. This procedure, known as a discectomy, 

often relieves pain and disability short-term, but is reported to lead to reherniation in 

up to 25% of patients. It remains a clinical challenge to successfully restore IVD 

function and prevent degeneration after herniation. 

The objective of the research presented in this dissertation is to develop and 

translate therapies that restore IVD function and prevent further IVD degeneration 

after herniation. We focus on tissue-engineered repair strategies aimed at tissue 

regeneration, because purely mechanical and non-bioactive strategies lack the ability 

to modify the underlying disease or induce tissue healing. Inspired by the body’s own 

healing response, tissue engineering employs biomaterials, exogenous cells and 

signaling factors to repair or replace diseased tissues. This dissertation begins with an 

assessment of what currently exists for early-stage IVD degeneration with a focus on 

annular repair, then presents novel studies employing a combined therapy targeting the 

NP and AF, and next investigates methods to increase the efficacy of annular repair. 

The final research presented is a new method for quantitatively imaging the local 

biochemical content of the IVD. The dissertation is closed with comments on how this 

research will affect the field of IVD repair and future directions to ultimately bring 

new therapies to the clinic.  
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CHAPTER 1 
 

Biologic Annulus Fibrosus Repair: A Review of Preclinical In Vivo Investigations 
 
Abstract 
 

Lower back pain, the leading cause of workplace absences and disability, is 

often attributed to intervertebral disc (IVD) degeneration in which nucleus pulposus 

(NP) herniates through lesions in the annulus fibrosus (AF) and impinges on the spinal 

cord and surrounding nerves. Surgeons remove extruded NP via discectomy when 

indicated by local/radicular pain supported by radiographic evidence, however current 

interventions do not alter the underlying disease or seal the AF. The reported rates of 

recurrent herniation or pain following discectomy cases range from 5-25%, which has 

pushed spine research in recent years towards annular repair and closure strategies.  

Synthetic implants designed to mechanically seal the AF have been subject to large 

animal and clinical trials, with limited success in preventing recurrent herniation. Like 

gold standard interventions, purely mechanical devices fail to promote tissue 

integration, long term healing, or restore native biomechanical function to the spine. 

Biological repair strategies utilizing principles of tissue engineering have 

demonstrated success in overcoming the inadequacies of current interventions and 

mechanical implants, yet none have reached clinical or proof-of-concept trials in 

humans. In this review, we will discuss annular repair strategies promoting biological 

healing that have been implemented in small and large animal models in vivo, and 

ways to enhance the efficacy of these treatments. 

 

S.R. Sloan Jr., M. Lintz, I. Hussain, R. Hartl, L.J. Bonassar, Biologic Annulus Fibrosus Repair: A 
Review of Preclinical In Vivo Investigations, Tissue Engineering Part B: Reviews 24(3) (2018) 179-
190. 
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Introduction 
 

Intervertebral discs (IVDs) are the cartilaginous structures in between 

vertebrae that provide articulation to the spine and support a variety of loads 

throughout daily activities. Healthy IVDs are composed of a collagen-rich annulus 

fibrosus (AF) that encloses the proteoglycan-rich nucleus pulposus (NP), where the 

AF acts as a composite pressure vessel surrounding the NP to generate hydrostatic 

pressure and resist loads [1]. Intradiscal pressure varies as a function of spinal posture 

and activity, ranging from less than 1 MPa while sitting and standing to over 2.3 MPa 

during heavy lifting [2, 3]. Structurally, the AF is composed of circumferentially 

aligned fibers that form an angle-ply laminate, while the NP imbibes water and has a 

more fluid characteristic [4]. IVD degeneration alters both the structure and function 

of the NP and AF, and degeneration is highly correlated with lower back pain, the 

leading cause of workplace absences and disability [5, 6]. In 2005, the total healthcare 

costs for lower back pain were estimated to be over $100 billion per year in the United 

States [7]. 

IVD degeneration is a complex disease with roots in genetics, mechanical 

loading and traumatic injury, and is highly correlated with aging [8]. Both the AF and 

NP lose collagen and proteoglycans with age, and the AF becomes more stiff and 

brittle due to non-enzymatic glycation and crosslinking [9, 10]. As the NP dehydrates 

with the loss of proteoglycans, intradiscal hydrostatic pressure decreases and places 

greater compressive loads on the AF. The IVD progressively degenerates to a state 

where NP herniates through lesions in the AF and impinges on the spinal cord and 

surrounding nerves, causing radicular pain and/or focal neurologic deficits (Figure 1). 



 

35 

Surgical intervention (microdiscectomy) may be required to remove extruded NP 

fragments in order to alleviate symptoms, however the current clinical practice does 

not alter the underlying pathology or seal AF defects [2, 11, 12]. Since the IVD has 

poor innate healing potential due to low vascularity and cellularity, untreated lesions 

in the AF are potential sites for recurrent herniation. Rates of recurrent herniation or 

pain following discectomy range from 5-25%, which means reherniation could affect 

over 75,000 patients of the estimated 300,000 undergoing discectomy annually in the 

United States [13-15]. All this evidence signifies the need for annular repair that will 

yield native disc function through containment of the NP within the IVD and 

regeneration of native biomechanics.   

 

Figure 1: IVD Degeneration in the human intervertebral disc with and without 
annular repair. Disc herniation is symptomatically treated by removal of offending AF 
and NP tissue, however no treatment affects the underlying disease. When treated by 
annular repair, the IVD undergoes long term healing and regains intact disc 
morphology and function. 
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Annular repair strategies have been investigated in pre-clinical studies using a 

variety of materials and methods. Mechanical annular repair strategies administer 

biologically inert materials such as sutures and synthetic polymers to close or 

barricade AF lesions [16-20]. When tested in vivo, mechanical repairs fail to promote 

tissue integration, long term healing, or restore native biomechanical function to the 

spine. Needle puncture injuries induce degeneration by damaging the full thickness of 

the AF, but it is unclear how suturing the AF effects the degenerative cascade [21-24]. 

While not as severe as a needle puncture injury, the effects of AF damage due to 

suturing has not been explored. Annular injuries have been shown to have varying 

acute effects on spinal motion segment biomechanics relative to the size of the injury 

[22, 25]. While needle puncture and slit injuries result in limited alterations to motion 

segment mechanics, defects greater than 40% of the disc height induce significant 

changes in compressive, torsional, and bending mechanics. The collective failure of 

mechanical annular repair strategies in addition to the limited mechanical effects of 

small annular defects suggest that mechanically repairing the AF should not be the 

exclusive focus of annular repair interventions, but should rather include approaches 

to enhance long-term healing and regeneration. Achieving persistent repair and 

prevention of degeneration requires long-term remodeling (host cell infiltration, 

extracellular matrix (ECM) degradation and synthesis, inflammation), which is 

achieved in vivo through a combination of the host immune response, biomaterials and 

cells.  

Biologic annular repair strategies comprising exogenous biomolecules, cells, 

natural biomaterials, and bioactive synthetic materials utilize the principles of tissue 
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engineering to overcome the inadequacies of current interventions and mechanical 

implants. Common approaches involve both natural and synthetic biomaterials 

attempting to mimic the AF’s native fibrous structure, some with the addition of 

primary disc cells or stem cells. There are a vast number of biomaterial development, 

in vitro screening, and ex vivo biomechanical investigations that have informed the 

field on promising repair strategies [26-44]. These innovations are critical to the 

continued progress of the regenerative medicine field, as ex vivo and in vitro 

investigations are valuable to initially screen and characterize novel repair methods. 

Prior to use in humans, however, a gold standard for assessing safety and efficacy of 

experimental repair strategies is to employ the strategies in vivo in animal spines that 

model human IVD pathophysiology and mechanics. Preclinical in vivo studies 

conducted in both small and large animal models have shown promising results with 

regards to long term tissue repair and integration, yet none have reached clinical or 

proof-of-concept trials in humans. In this review, we will discuss biologic annular 

repair strategies that have been implemented preclinical in vivo models and the 

remaining scientific challenges of successful annular repair. 

 

Literature Review Methods 
 

PubMed and Google Scholar were used to find full length, peer-reviewed 

research articles available as of July 2017. These search engines were queried for 

original research studies pertaining to biologic annular repair strategies in large and 

small animal models, including searches using combinations of keywords such as 

annulus fibrosus, intervertebral disc, repair, regeneration, and in vivo. Inclusion 
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criteria for this review comprise repair strategies specifically targeting the AF and 

written in the English language. Exclusion criteria include investigations of purely 

mechanical annular repair, NP regeneration, and total disc replacement.  

While outcome measures varied across the reviewed studies, repair strategies 

were assessed for their ability to successfully repair AF based on the following (if 

measured): seal of annular injury, restoration of intact mechanical properties, NP 

hydration and hyperintense NP MRI signal, normal disc height index (DHI), 

deposition and organization of ECM components (collagen, proteoglycans, etc.), and 

healthy IVD morphology including distinct NP-AF border, lamellar angle-ply AF 

structure, and intact endplates. Partial success could include sealing annular defects 

but with unorganized scar tissue and atypical IVD morphology, or improving disc 

properties over untreated controls but failing to achieve healthy disc properties.  

 

Biologic Annular Repair in Small Animal Models 
 

As of July 2017 there are five published studies meeting our criteria reporting 

in vivo annulus fibrosus repair in small animal models, where four investigated natural 

biomaterial scaffolds and one employed stem cell based repair (Table I). Three of the 

studies were performed in a caudal rat-tail model, while the other two were performed 

in the rabbit lumbar spine. Injury conditions in the small animal models included 

needle puncture alone, needle puncture with NP removal, and box annulotomy. Li et 

al. injected allogeneic bone marrow derived mesenchymal stem cells (BMSCs) in a 

dexamethasone sodium phosphate (DSP) solution into rabbit lumbar IVDs 2 weeks 

after needle puncture with a nucleotomy [37]. DSP is a synthetic glucocorticoid with  
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Table I. In vivo studies of biologic annular repair in preclinical animal models 
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anti-inflammatory effects used to treat a wide variety of diseases including arthritis, 

autoimmune disorders, and respiratory conditions.  The BMSC therapy improved disc 

height, collagen content, and AF architecture over DSP treatment alone at all time 

points ranging from 2 to 12 weeks after surgery. While this cellular treatment is easily 

translatable to the clinic, DHI and collagen content were significantly higher in intact 

controls than treated discs, thus improvements to the repair strategy are necessary 

prior to translation to humans. Another limitation of this study is the use of a 

proprietary grading system for AF tissue architecture that has not been well referenced 

or explained in detail. 

The remaining annular repair strategies investigated in small animal models 

are both cell-laden and acellular biomaterial strategies implanted/injected in AF 

defects. Sato et al. inserted an AF cell-laden atelocollagen honeycomb scaffold with a 

membrane seal (ACHMS) into the AF of lumbar rabbit IVDs immediately following 

needle puncture and nucleotomy [36]. After 12 weeks post-operatively, damaged, 

untreated discs and those treated with acellular ACHMS lost up to 50% of the native 

disc height, while the allogenic AF cell-laden scaffold lost <20% of native disc height. 

Histological sections of the acellular scaffold exhibited minor cell infiltration and 

ECM production, while sections of the cell-laden scaffolds showed that AF cells were 

able to proliferate and produce ECM at the implant site, bearing ECM content similar 

to intact controls. The cell-laden therapy did not properly align and reorganize the 

repaired ECM however, as repaired tissue lacked an organized lamellar structure. 

Grunert et al. published two investigations using injectable high-density 

collagen photocrosslinked with riboflavin in situ to repair needle puncture annular 
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defects in caudal rat-tail IVDs [34, 45]. The therapy inhibited degenerative changes 

compared with damaged, untreated controls up to 18 weeks post-operatively by 

containing NP within the IVD and preserving mechanical properties of intact discs. 

The acellular collagen injections were infiltrated by host IVD cells and became 

intertwined with host tissue in a “zipper-like” fashion as shown in histological 

sections, and recovered intact NP hydration measured through MRI T2 relaxation 

time. Total repair of the AF was not observed however, as the inner AF did not show 

evidence of repair and only the outer AF was remodeled. 

Wu et al. employed a decellularized porcine AF to repair a box annulotomy 

defect in rat-tail IVDs [35]. The study utilized a novel decellularizing protocol that 

removed DNA content and immunogenic agents from healthy disc tissue while 

preserving ECM and mechanical properties. Defects repaired with the decellularized 

tissue exhibited greater collagen and proteoglycan content, collagen organization, and 

host cell infiltration than damaged, untreated controls 2 weeks post-operatively. Both 

the treated and untreated discs were covered with scar tissue, indicating signs of an 

immune response and the inability of the strategy to regenerate the highly organized 

structure of native AF. This study solely used histological sectioning to qualify 

immunological responses to the repair strategy, and likely did not observe significant 

annular repair due to the short length of time in vivo. 

The in vivo investigations in small animal models described above have been 

integral to the development of tissue engineering and regenerative medicine for the 

spine. While each employed different materials in varying animal models, collectively 

the studies demonstrate the importance of scaffold biomaterials, cells, and long-term 
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timepoints. Filling AF defects with scaffold materials allows host cells to infiltrate the 

injury and integrate implanted materials with native tissue. Furthermore, scaffolds 

must penetrate the full thickness of the AF in order to facilitate total annular repair, as 

promoting ECM production, alignment and organization in the inner AF proves more 

difficult than remodeling the outer AF. While not all strategies employed cells, those 

that compared acellular to cell-laden repair found significant increases in the 

regenerative potential of their therapy with the addition of cells. Lastly, these small 

animal in vivo investigations demonstrate the importance of monitoring annular repair 

over a period of many weeks, as cell infiltration and other healing responses will not 

occur on the order of 1-2 weeks. 

 

Biologic Annular Repair in Large Animal Models 
 

There are seven in vivo studies published in large animal models, each 

employed varying biomolecular and biomaterial strategies (Table I). Six of the studies 

were conducted in ovine lumbar spine models, with a sole study conducted in a 

porcine lumbar spine model. Four of the studies involved a box annulotomy to induce 

IVD degeneration, while the other three involved varying degrees of a puncture injury 

to the AF. One study focused on biomolecular therapy, where Wei et al. injected 300 

µg bone morphogenetic protein 13 (BMP-13) into the AF following a slit injury in an 

ovine model [26]. This treatment provided no acute method to prevent recurrent 

herniation, but relied on long-term tissue healing. BMP-13 has been shown to function 

in spinal column development, and in vitro studies suggest BMP-13 promotes 

expression of chondrogenic genes in bovine AF cells while inhibiting osteogenic 
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differentiation [46-48]. The study found that at 4, 8, and 12 months after BMP-13 

injections there was no quantitative difference in DHI between treated discs and 

healthy controls [26]. Qualitatively, NP T2 signal of treated discs was identical to 

healthy controls, and NP cell numbers and ECM production were increased from 

damaged, untreated controls. BMP-13 appeared to induce healing by promoting matrix 

production and collagen organization, and immunohistochemistry showed 

upregulation of type II collagen in treated IVDs. However, after 12 months in vivo, 

histological sections of treated discs showed persistent damage and disorganization in 

the AF lamellae. 

 The six other studies found during the literature review implemented 

biomaterial methods to induce AF tissue healing, relying on varying degrees of acute 

mechanical repair. Hegewald et al. used a bioactive, biphasic implant to repair a box 

annulotomy in ovine lumbar spine [30]. The implant was composed of nonwoven, 

absorbable poly(glycolic acid) (PGA) and warp knitted, non-absorbable 

poly(vinylidene fluoride) (PVDF), dipped in autologous blood serum prior to 

implantation, and secured into the defect site with sutures. Suturing the PGA/PVDF 

implant caused additional damage to the AF adjacent to the box annulotomy; however, 

no persistent damage was observed after 6 weeks. The PGA/PVDF implant provided 

immediate prevention of recurrent herniation compared to damaged, untreated controls 

when dissected at 2 weeks post-op. At 6 and 12 weeks, progressive cell infiltration and 

directional matrix accumulation was observed through the full thickness of the AF, as 

well as integration between native tissue and the implant. No inflammatory reaction or 

scar tissue formation was apparent in treated discs, however repaired AF tissue lacked 
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the fibrous and lamellar organization of native AF. 

 Ledet et. al repaired a box annulotomy in ovine lumbar spine with a small 

intestinal submucosa (SIS) patch and plug to provide initial mechanical AF closure 

and promote long term AF repair [28]. SIS is a resorbable extracellular matrix graft 

containing collagen, glycoproteins, and growth factors, which has been reported to 

induce site-specific soft tissue healing in other musculoskeletal applications [49, 50]. 

After 26 weeks, SIS treated discs exhibited de novo tissue formation integrated with 

native AF, however new tissue bore little resemblance to native AF organization. SIS 

treated discs did not restore NP MRI signal to intensities of healthy controls, but had 

greater signal intensity than damaged, untreated controls. When testing maximum 

intradiscal pressure of experimental discs, SIS treated discs regained capacity to 

withstand a modest 2/3 maximum intradiscal pressure of healthy controls, versus ¼ for 

damaged, untreated controls. 

 Pennicooke et al. repaired drill puncture AF defects in ovine lumbar spine, 

injecting type-I collagen/riboflavin solution and photo-crosslinking with blue light in 

situ [31]. The photo-crosslinked collagen patch provided a compliant seal to the 

damaged AF as supported by in vitro biomechanical studies, and was infiltrated and 

underwent lamellar reorganization by host AF cells over time in vivo [34, 45, 51]. The 

large animal investigation showed collagen patched discs increased NP T2 relaxation 

time over damaged, untreated discs, but the average healthy relaxation time was 

significantly greater than treated [31]. Histological examinations revealed collagen 

treated discs resembled healthy IVD morphology, whereas damaged, untreated discs 

exhibited endplate damage and loss of proteoglycans. Treated discs had greater 
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lamellar organization than the damaged, untreated controls, but not as uniform 

structure as intact controls. 

 Lin et al. repaired a needle puncture injury in porcine lumbar spine, injecting 

0.33% genipin dissolved in phosphate buffered saline (PBS) to exogenously cross-link 

AF [27]. Genipin is an herbal extract able to crosslink amino acid groups in collagen 

and collagenous tissue, with dose dependent cytotoxicity [52]. After one week in vivo, 

genipin treated discs had significantly greater maximum intradiscal pressure than 

damaged, untreated discs. Genipin restored select mechanical properties of injured 

IVDs to healthy values, however no histological, radiographic or biochemical studies 

were performed to confirm tissue healing the regenerative capacity of genipin repair. 

Upon gross examination of treated discs, the injected genipin was observed to have 

reacted with tissues surrounding the disc such as the anterior longitudinal ligament. 

Additionally, needle puncture injury produces the smallest defect amongst all methods 

in this review, and would have issue cross-linking tissue across larger lesions. 

Oehme et al. employed a commercially available fibrin glue tissue sealant to 

repair box annulotomy defects in the ovine lumbar spine [29]. Fibrin glue was applied 

to defect sites both as an acellular therapy and a combination therapy including 

mesenchymal progenitor cells (MPCs) and pentosane polysulfate (PPS). PPS is a 

biomolecule known to be a chondrogenic agent, and is also used to treat osteoarthritis 

due to its anti-inflammatory effects [53]. MPCs were previously shown to produce 

cartilaginous matrix when combined with PPS, and in this study reduced degenerative 

changes up to 24 weeks post-operatively. Surprisingly, damaged IVDs treated with the 

acellular therapy were more degenerated than the damaged, untreated controls, with 
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acellular treated discs exhibiting the greatest reduction in disc height and most 

degenerative Pfirrmann scores. 

Fuller et al. filled slit puncture AF defects with collagen sponges soaked with 

hyaluronan oligosaccharides to facilitate ECM remodeling and annular repair [44]. 

Hyaluronan oligosaccharides were chosen for their anti-angiogenic, anti-

inflammatory, and immunosuppressive properties that arise when the large 

glycosaminoglycans coat cell surfaces and prevent ligand binding [54]. Additionally, 

hyaluronan is degraded by hyaluronidases, pro-inflammatory cytokines, and non-

enzymatic mediators in the progression of IVD degeneration [55]. Hyaluronan 

oligosaccharides were found in this study to induce regrowth of annular lamellae 

around the slit puncture site, with reorganization of collagen and increased 

proteoglycan content over untreated controls. While there was strong evidence of 

tissue healing, the response was contained to the outer AF and there was no evidence 

of repair in the inner AF. 

 The in vivo investigations described above collectively demonstrate that 

successful annular repair can be achieved in a large animal model using biologic repair 

strategies. While mechanical properties are largely understudied in large animals, the 

investigations that assessed mechanics showed intact properties can be restored with 

annular repair. All studies that used histological sectioning to evaluate tissue 

architecture and disc morphology demonstrated ECM remodeling via de novo ECM 

synthesis and directed collagen organization within AF tissue after time in vivo. Not 

all studies, however, noted IVD architecture similar to intact IVDs, as investigators 

reported atypical “fibrous caps” sealing the AF. All but one investigation employed 
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their annular repair strategy in an ovine lumbar spine model, with the other reporting 

outcomes in a porcine lumbar spine. The method of injury to precipitate disc 

degeneration varied widely, with some studies reporting changes in disc health shortly 

after injury, but others reporting no changes until months later. In the next section, we 

will discuss with greater detail the mechanism of annular repair, choice of animal 

model/injury method, and methods to enhance current annular repair strategies. 

 

Discussion 
 

After analyzing the published literature on in vivo AF repair, it is apparent 

there are multiple stages in healing degenerated AF, and each repair strategy achieves 

different facets of this repair scheme (Figure 2). We have numbered the stages in order 

to easily reference the stage of healing each repair strategy achieved, and listed the 

results in Table I. The stages of annular repair bear great similarity to general stages of 

wound healing: inflammation/migration of cells, proliferation, and maturation. The 

ideal outcome of biologic annular repair is to regenerate a fully functioning IVD, 

where NP is contained within a uniform AF with continuous, aligned fibers. ECM 

remodeling can only be accomplished through cell-mediated processes, via native or 

delivered cells, yet neither cell type can remodel across fissures in the AF. Thus, the 

first step in repair is to fill the defect and bridge existing tissue, as two interfaces 

cannot be joined together unless they are connected. Filling AF defects may be 

accomplished through biomaterial scaffolds or spontaneous tissue ingrowth guided by 

exogenous means such as gene therapy or signaling factors. After defects in the AF 

have been filled, cell migration to the defect site can occur. Host cells will naturally 
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infiltrate cytocompatible biomaterials, but repair strategies can be designed to improve 

and expedite the cellularization process. Allogenic and autologous cells can be seeded 

onto biomaterial scaffolds to avoid waiting for host cells to migrate to the defect site. 

Also, exogenous signaling factors can act as local chemoattractants for cell infiltration, 

in addition to directing the cells’ biologic activity. 

 

Figure 2: Schematic overview of the stages of complete annular repair. Defects in the 
AF can be created surgically during a discectomy or accumulate through IVD 
degeneration. To return native function and morphology, the defect site must be filled 
and infiltrated with cells that will synthesize new ECM and develop organized tissue. 
 

The final stages of successful annular repair include cell-mediated processes to 

synthesize, organize, and align ECM components. De novo synthesis of AF ECM 

components such as proteoglycans, collagen, and elastin is necessary to lay the 

foundation for a mechanically sound and functional IVD. Stimuli from signaling 

factors, cell-material interactions, or genetic alterations may be required to initiate 

cells to produce key proteins. Many studies discussed in this review reported increased 

proteoglycan and collagen synthesis, however, successful AF repair requires 
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organizing and aligning these components in vivo to generate fibrous, anisotropic 

tissue that mimics the lamellar, angle-ply structure of native AF [41]. There are a host 

of signaling factors to promote matrix remodeling and alter fiber characteristics such 

as diameter, alignment and orientation, but their effectiveness for successful annular 

repair in vivo are unknown [56]. Mechanical cues such as cyclic loading have also 

been shown to cultivate oriented fibers and generate tissues with superior mechanical 

properties [57]. AF cells are sensitive to both the frequency and magnitude of 

mechanical loading, and the loading scheme can significantly alter AF cell phenotype 

to differentially express catabolic or anabolic mediators [58, 59]. Precisely controlling 

the spine’s mechanical environment in vivo is quite a challenge, thus novel animal 

models and devices need to be developed to further characterize the effects of 

mechanical loading on annular repair. In summary, fibrillary and lamellar organization 

is the most critical step in obtaining long-term AF repair, however it is the most 

challenging and difficult to orchestrate. 

Cells are necessary to mediate ECM synthesis and remodeling if long-term 

annular repair is to be achieved. Delivering cells introduces complexity to a repair 

strategy; however, cell-based treatments show improved ECM deposition, 

organization, and tissue integration over acellular treatments [29, 36, 37]. Direct cell 

delivery requires either an initial procedure to harvest autologous cells, or utilizing 

allogenic sources. There are various cell lines that may be used for annular repair, 

such as AF fibrochondrocytes, MSCs, fibroblasts, or chondrocytes. Direct 

experimental comparisons have not been made to elucidate differences in potency 

between these cell types, but each offers certain advantages. AF fibrochondrocytes are 
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native to the AF and are excellent at synthesizing the necessary ECM components for 

repair, however they are relatively senescent and may not migrate or proliferate as 

well as the other sources [60]. MSCs are known to be great at proliferation and 

migration, and are amenable to signaling factors to guide cellular activity, but they 

may not be as competent at ECM synthesis [61]. Chondrocytes have the ability to 

synthesize necessary collagen and proteoglycans, but may not migrate or proliferate as 

well as MSCs [62]. Fibroblasts cannot synthesize proteoglycans as well as 

chondrocytes, but are superior with regard to proliferation and migration [63]. There 

are also logistic issues to consider when designing cell-based repair strategies. 

Autologous AF cells are difficult to obtain without inducing degeneration in harvested 

discs, as damaging healthy AF induces degeneration [29]. Also, cells from discs that 

show signs of degeneration may exhibit diseased and undesirable phenotypes for 

tissue engineered repair. Stem and progenitor cells are more readily available and 

easily accessible, however their ability to repair IVD tissue is not well characterized in 

vivo. Fibroblasts and chondrocytes are readily available as well, however they have 

not been studied in applications for in vivo annular repair. Federal regulation of the 

chosen cell type depends on the source and degree of manipulation of the cells, where 

autologous and minimally manipulated cells have less regulatory hurdles than 

allogenic and cultured cells. 

Biomaterials for annular repair range from synthetic polymers to naturally 

derived hydrogels to decellularized xenogenic AF. It does not appear there is a 

superior material, but rather superior material properties that promote improved AF 

repair. Biomaterials should have excellent cytocompatibility and promote cell 
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infiltration to enable ECM remodeling and integration with native IVD tissue. The 

ability to deliver cells and growth factors into the material appears to be a favorable 

feature to enable more rapid healing and improved ECM constituents. There is a wide 

variety of biomaterial mechanical properties able to achieve successful annular repair, 

as proven by the materials reviewed in this manuscript. The choice of material 

influences motion segment mechanics, but functional outcomes should decide whether 

or not a material is suitable for further study [2]. While most studies in this review 

implemented homogenous implants, biphasic implants are able to mimic the 

heterogeneity of the AF and may improve healing over homogenous materials. 

Using biomolecules such as enzymes, cytokines, growth factors and other 

signaling factors have been understudied for annular repair in vivo. The studies that 

implemented biomolecules appear to upregulate the production of critical ECM 

components such as collagen and proteoglycans, proving that degenerated tissue can 

salvage a somewhat healthy phenotype [26, 29, 44]. Biomolecules may be necessary 

to achieve sufficient de novo ECM synthesis, as current biomaterial and cell-based 

repair strategies do not completely restore healthy disc morphology upon histological 

evaluation. These strategies could easily be augmented by the addition of signaling 

factors, and may be able to provide sustained release of the therapeutic biomolecule 

through tethering or matrix dissolution. 

Annular repair strategies comprised of one or more cell types, biomaterials and 

biomolecules must obviously promote successful annular repair, but at the same time 

avoid or limit host immune response. Host immune systems may initiate a response 

directly against the cells or biomaterials through foreign antigen recognition or foreign 
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body response, but structural injury and chemical irritation can also elicit a response 

[64, 65]. Inflammation is a contributor to and hallmark of disc degeneration, and in the 

AF is characterized by the presence of matrix proteases, inflammatory cytokines, 

degradation products, immune cells, and increased vascularity [45, 58, 65]. The 

presence of immune cells and other migrating fibroblasts may help fill unrepaired 

annular defects with fibrous scar tissue, however scar tissue lacks the highly organized 

and aligned structure of native AF [45, 66, 67]. Only a handful of the reviewed studies 

explicitly examined injured or repaired IVDs for the presence of macrophages and 

foreign body giant cells [28, 30, 34, 35, 45]. While these studies did not find evidence 

of a chronic foreign body response, they reported scar tissue formation typical of acute 

inflammation. The lack of chronic inflammation in all the reviewed studies confirms 

evidence that the IVD is an immune-privileged tissue, and will accept transplants of 

allogenic cells and a wide variety of biomaterials [64]. Future studies should note the 

effects of the host immune response to annular repair strategies, and attempt to reduce 

inflammation and differentiate reparative treatment effects from inflammatory action. 

The design of an animal study to investigate in vivo biologic annular repair 

should be given equal attention as the repair strategy itself, as animal selection and 

method of injury to precipitate IVD degeneration are non-trivial choices that influence 

therapeutic success. Small animal models are valuable for initial screening of novel 

biologics for therapeutic effects and the immune response [68]. However, further 

characterization in large animal models is necessary prior to clinical translation due to 

mechanical and anatomical differences from humans. Considerations for large animal 

investigations include IVD size, fibrosity of the NP, lumbar access, mechanical 
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loading, spinal curvature, and presence of notochordal cells. While primates are an 

intuitive choice due to their bipedal nature, discs of sheep and other quadrupeds 

experience similar loading to humans and thus are excellent animal models [69, 70]. 

The large animal studies included in this review all employed their repair strategies in 

either ovine or porcine lumbar spine models. While the two animal models are similar 

with most regards, notochordal cells persist in porcine adults, and porcine NP is more 

fluid than the fibrous NP of sheep [71-73]. Ovine models mimic humans’ loss of 

notochordal cells into skeletal maturity, and thus more accurately simulate the healing 

response of a human IVD [72]. Notochordal cells may confound studies on IVD repair 

due to their regenerative potential; thus porcine models are better suited for ex-vivo or 

short-term studies on mechanical properties [72, 73]. The fibrosity of the NP will 

greatly affect repair outcomes depending on the mechanism of action of the strategy 

and severity of the injury method. While the authors found no studies directly 

comparing the fluidity/fibrosity of different species’ NP, needle puncture has been 

reported to induce NP leakage in porcine, rat, and rabbit models, while studies 

removing ovine NP required mechanical tools (rongeurs, shavers) to remove the NP 

[20, 27, 34, 45, 74-76]. Liquid NP may be more favorable for investigations of repair 

strategies that provide a mechanical seal to the AF upon delivery and can immediately 

prevent NP herniation. Models with fibrous NP, such as the sheep, are better suited for 

repair strategies that seal the AF over time such that limited herniation will occur 

during the initial period of tissue healing. Aging also increase the fibrous nature of 

NP, hence young, but skeletally mature animals should be used if fluid NP is desired 

[10, 77].  
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The method of injury to precipitate IVD degeneration is also a critical aspect of 

conducting an in vivo study of biologic annular repair. In the studies discussed in this 

review, injuries were inflicted to healthy discs to provoke IVD degeneration since 

none of the listed animal models naturally develop IVD degeneration. Physical injury 

methods to compromise the structural integrity of the AF have been reported in all 

reviewed annular repair studies, including puncture injury, annulotomy, and partial 

nucleotomy (Figure 3) [68]. These methods do not mimic human degeneration at the 

point of injury, but rather the injury initiates the progression of degeneration over time 

in vivo. Each method has its merits in mimicking human IVD degeneration. Puncture 

injuries reproducibly introduce small defects, mimic early AF lesions, and are most 

supportive of tissue healing. This injury method may be sufficient to induce T2 signal 

changes in animals with liquid NP, however the injury may not be aggressive enough 

to induce degenerative changes in animals with fibrous NP. Annulotomies are similar 

to puncture injuries, but have greater capability to initiate MRI signal changes due to 

greater structural damage to the AF. Investigators have found success recapitulating 

IVD degeneration by removing relatively small amounts of AF, but risk damaging the 

endplate with the larger tools necessary to remove tissue [68]. Performing a partial 

nucleotomy is a reliable method to induce T2 signal changes, however these injuries 

are more difficult to rescue and may not correctly model human degeneration [78].  

Since animal models and outcome measures varied across each study, it is 

difficult to accurately determine how much degeneration is induced by each of the 

injury methods, and how the injury relates to human degeneration. Among the sheep 

models, a drill puncture injury after 16 weeks in vivo reduced disc height to about 90% 
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of intact segments, while a slit puncture injury resulted in 60% disc height [26, 31]. 

No disc height data was gathered in sheep studies employing a box annulotomy or 

nucleotomy injury. However, a drill injury reduced T2 relaxation time to ~75% of an 

intact disc after 16 weeks in vivo, while a box annulotomy reduced the NP T2 

relaxation time of a sheep IVD to ~35% of an intact disc after 24 weeks in vivo [28, 

31]. These data demonstrate that the less severe injury methods are better models of 

early degeneration exhibiting minimal changes to disc height and T2 MRI signal, 

while more aggressive injuries model late stage degeneration when the disc space is 

narrowing and losing T2 MRI signal. 

Other means of precipitating IVD degeneration include injection of chemolytic 

agents into the disc such as enzymes chondroitinase ABC and chymopapain [79, 80]. 

These proteolytic enzymes cleave specific bonds in sulfated proteoglycans with the 

intention to digest proteoglycans in the NP and AF [81, 82]. Investigators have 

reported that varying degrees of IVD degeneration can be achieved by tuning the 

dosage of the injected enzyme [83]. Disadvantages of using proteolytic enzymes, 

however, include immune and inflammatory reactions that may cause undesired side-

effects such as alterations to the cartilaginous endplates and vertebral body [83]. While 

there are currently no large animal investigations of biologic annular repair using 

chemolytic agents to precipitate IVD degeneration, there are opportunities to use these 

methods to achieve a tunable level of degeneration. Investigators must take all the 

above into consideration when selecting a large animal model to study annular repair 

in vivo. 
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Figure 3: Representative injury methods used to precipitate IVD degeneration in pre-
clinical animal models in vivo. Puncture and slit injuries are the most simple and 
consistent injury methods, however the damage may not be severe enough to induce 
herniation noticeable through non-invasive imaging. Box annulotomy with or without 
nucleotomy is more likely to precipitate NP herniation, however the size and amount 
of tissue resected varies case by case. 

 

There remain opportunities to enhance the efficacy of published strategies for 

biologic annular repair. Current strategies demonstrate success in vivo, but do not 

completely restore native structure and function to a degenerated IVD. A number of 

the investigations reported achieving successful repair of the outer AF, but the inner 

AF remained fissured and unorganized following injury and time in vivo [31, 34, 44, 

45]. Investigators may not have implanted/injected their repair strategy through the 

full thickness of the AF, but it is also known that the inner and outer AF have 
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contrasting composition and biological activity. Specifically, the outer AF is 

constructed fibroblast-like cells in a collagen type-I rich matrix, while the inner AF 

bears resemblance to the NP and is composed of rounded cells in a collagen type-II 

and proteoglycan matrix [84]. Injection of BMP-13 increased the production of 

collagen type-II in the inner AF, and was one of the few treatments that showed 

regenerative effects through the full thickness of the AF [26]. Greater effort should be 

focused on healing the inner AF, which may require biphasic repair strategies that 

target both the inner and outer AF. 

Biologic annular repair can also be enhanced by increasing the number of 

outcome measures obtained during in vivo investigations. Added outcome measures 

will direct future studies and better inform investigators on the strengths and 

weaknesses of experimental strategies. Most studies discussed in this review employed 

histological sectioning and staining to qualitatively assess tissue composition and 

architecture, about half used radiographic techniques to assess clinically relevant 

outcomes of AF repair, but mechanical properties and quantitative biochemistry were 

largely understudied. Only a minority of the reviewed studies published mechanical 

testing data, even though the spine is one of the most mechanically demanding 

environments in the body. Mechanical properties of both implanted materials and 

repaired motion segments are of interest; Long et al. describe in detail the precise 

mechanical requirements for annular repair strategies [2]. In short, comprehensive 

mechanical testing should include range of motion and stiffness assessments under the 

spectrum of loads seen in the spine including torsion, bending, tension, and 

compression. Quantifying biochemical composition of repaired IVDs is pivotal in 
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understanding cellular activity and localizing specific ECM components. For example, 

standard histological staining does not reveal the type of collagen present, but 

immunohistochemistry can differentiate between multiple types, such as type-I and 

type-II found in different regions of the AF. Assessing additional outcome measures 

will better inform the field about the efficacy and specific mechanism of each 

treatment, which will ultimately produce more effective and robust annular repair 

strategies. 

Tissue engineering and regenerative medicine strategies from other fields have 

untapped potential as annular repair treatments. One example includes mild enzymatic 

degradation to “loosen” degenerated matrix to promote greater cell infiltration and 

ECM remodeling [85]. Mild enzymatic degradation has shown promise for repairing 

articular cartilage, however this may exacerbate IVD degeneration if local cell 

populations cannot synthesize sufficient matrix [86]. Another potential repair strategy 

includes gene therapy, which is largely understudied for applications in repairing the 

AF, but has great potential to facilitate superior ECM synthesis and reorganization. 

Lentiviral vectors have been used to transduce TGF-b, CTGF, and TIMP-1 into 

lumbar rabbit IVD in vivo to induce proteoglycan synthesis in the NP, which resulted 

in decreased signs of degeneration [87]. Other target genes of interest under 

investigation for IVD repair include miR-221, IGF-1, IL-1, Sox9 for their role in disc 

degeneration and ability to regulate metabolic processes such as endochondral 

ossification, collagen production, and matrix remodeling [88-90]. Borrowing 

successful regenerative medicine techniques from similar biological niches has the 

potential to enhance and augment current annular repair strategies.  
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Conclusions 
 

The objective of this review is to discuss the current state of in vivo 

investigations of biologic AF repair strategies in preclinical animal models. As found 

through systematic review, there are seven published in vivo annular repair 

investigations in large animal models and five in small animal models. The original 

research articles collectively demonstrate that successful annular repair can be 

achieved using biological approaches, and there are distinct stages of repair that must 

be overcome to fully heal the AF. All but one biologic therapy, in some capacity, 

prevented degenerative changes to injured discs in comparison to injured, untreated 

discs. Biomaterial scaffolds, both acellular and cell-laden, promoted ECM remodeling 

that integrated the implanted biomaterial and host AF tissue, leading to preservation of 

NP material, disc mechanical properties, and general disc architecture over untreated 

controls. Exogenous biomolecules appear to positively influence AF repair, however 

studies frequently lacked negative biomolecule controls and hence these treatments are 

less characterized than scaffolds and cells. There are a number of high quality 

investigations of annular repair using biologics that show promise, but there are 

additional opportunities to enhance these repair strategies through novel discoveries 

and testing in animal models. 
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CHAPTER 2 
 

Initial Investigation of Individual and Combined Annulus Fibrosus and Nucleus 
Pulposus Repair Ex Vivo 

 
Abstract 
 

Novel tissue engineered and biomaterial approaches to treat intervertebral disc 

(IVD) degeneration focus on single aspects of the progressive disease and hence are 

insufficient repair strategies. In this study, annulus fibrosus (AF) and nucleus pulposus 

(NP) biomaterial repair strategies were used individually and combined to treat IVD 

degeneration modeled in ex vivo rat-tail motion segments by annulotomy and 

nucleotomy. An injectable riboflavin cross-linked high-density collagen gel patched 

defects in the AF, while NP repair consisted of injections of a modified hyaluronic 

acid (HA) hydrogel. Qualitative imaging showed the annulotomy and nucleotomy 

successfully herniated NP material, while the HA NP injections restored intact NP 

morphology and the collagen AF patches sealed AF defects. Assessed by quantitative 

T2 magnetic resonance imaging, combined repair treatments yielded disc hydration 

not significantly different than intact hydration, while AF and NP repairs alone only 

restored ~1/3 of intact hydration. Mechanical testing showed NP injections alone 

recovered on average ~35% and ~40% of the effective instantaneous and equilibrium 

moduli. The combined treatment comprising biomaterial AF and NP repair was 

effective at increasing NP hydration from NP repair alone, however HA injections 

alone are sufficient to improve mechanical properties. 

S.R. Sloan, Jr., D. Galesso, C. Secchieri, C. Berlin, R. Hartl, L.J. Bonassar, Initial investigation of 
individual and combined annulus fibrosus and nucleus pulposus repair ex vivo, Acta biomaterialia 59 
(2017) 192-199. 
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Introduction 
 

Intervertebral discs (IVDs) are the cartilaginous structures between adjacent 

vertebrae critical to the mechanical stability and articulation of the spine. Each IVD is 

a composite tissue of a fibrous ring of annulus fibrosus (AF) that encompasses the 

proteoglycan-rich nucleus pulposus (NP). Progressive disc degeneration including 

IVD degradation, collapse, and herniation is estimated to affect 90% of the United 

States population throughout their lifetime, and chronic back pain is the leading cause 

of workplace absences [1]. Lesions in the AF result in herniation of the NP, leading to 

radicular pain from impingement of surrounding nerves. The innate healing ability of 

IVDs is poor as they lack a direct blood supply and have low cell density [2].  

The interventional standard of care for degenerated discs involves partial or 

complete removal of the pathologic disc, with possible fusion of adjacent vertebrae 

through fixation, graft material, and/or device implant. Current interventions are 

inadequate as they impair the flexibility and mechanical environment of the spine, 

leading to further degeneration in adjacent discs [3]. Studies have applied mechanical 

repair techniques such as suturing to the AF, however these fail to improve healing in 

long-term studies [4-6]. Recent efforts focused on developing biological and tissue 

engineered solutions include annular repair, NP replacement/rehydration, and whole 

IVD replacement [2, 7-17]. 

Biomaterials for annular repair must seal AF defects, prevent further herniation 

of the NP, restore biomechanical properties of native IVDs, and promote tissue 

healing [2, 12, 18, 19]. Promising annular repair strategies have involved injectable 

biomaterials, able to fill irregular defects with favorable tissue adhesion and cell 
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infiltration [18, 20]. In vivo investigations have shown annular repair strategies 

maintain IVD morphology and proteoglycan content in damaged discs over time 

compared with untreated controls [20-25]. Collagen was the chosen biomaterial for 

annular repair in this study due to its past success in vivo, biocompatibility and 

mechanical properties [12, 20, 25]. 

NP replacement and rehydration techniques using injectable biomaterials have 

been shown to improve mechanical properties over untreated controls, restore NP 

hydration, and restore proteoglycan production, however the necessary needle 

puncture delivery through the AF can precipitate disc degeneration [13, 26-38]. In 

native NP, hyaluronic acid (HA) attracts and retains water, which allows the NP to 

pressurize inside the disc and resist mechanical loads. In this study, a modified HA 

(HYADD4®) was chosen for NP repair to mimic native HA and restore NP hydration. 

HYADD4® and similar HA derivatives have excellent cytocompatibility and low 

toxicity both in vitro and in vivo [26, 37, 39, 40]. HYADD3® has previously been 

used for in vivo investigations of NP replacement, where HA injections into injured 

IVDs supported host cell infiltration, ECM remodeling, and preserved disc height 

compared to injured, untreated controls [26]. 

Recent advancements in biological repair strategies have shown successful 

preclinical outcomes ex vivo and in vivo, however they only target one aspect of IVD 

degeneration. AF repair alone is not sufficient to rehydrate and pressurize the NP, 

while NP replacement leaves discs prone to further herniation without healing the AF 

[7, 20, 41]. The objective of this initial screening study is to assess the efficacy of 

individual and combined biomaterial AF and NP repairs to restore proper disc 
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mechanical properties and NP hydration in an ex vivo rat-tail model. 

The caudal rat-tail IVD is an appropriate model for this initial investigation of 

individual and combined repair strategies as it is an adequate size to study disc surgery 

and AF puncture has been robustly established as a method to provoke disc 

degeneration [42-46]. Repair strategies that improve mechanical properties in the rat-

tail ex vivo model correlate well with improved mechanical and radiographic outcomes 

in vivo [20, 25, 41]. Many novel repair therapies were initially investigated in the rat-

tail model, which yielded insightful screening results to guide biomaterial 

development and characterization [14, 20, 41, 47-49]. 

 

Materials and Methods 
 
Collagen Gel for AF Repair 

AF repair was performed using a high-density collagen gel, known to preserve 

mechanical properties and morphology of punctured IVDs in vivo and ex vivo [20, 41]. 

Collagen fibers were harvested from rat-tail tendons as previously described [41, 50, 

51]. The collagen injection used to patch AF defects was prepared at 15mg/mL by 

mixing 20mg/mL collagen in 0.1% acetic acid with a working solution of 10X 

Dulbecco’s Phosphate Buffered Saline (DPBS), 1N sodium hydroxide, and a 

riboflavin 1X DPBS solution. Riboflavin was prepared with 1X DPBS to create a final 

injection concentration of 0.06 mM. Upon injection of the final mixture into the defect 

location, the collagen gel was exposed to 468 nm blue light for 40 seconds to cross-

link the gel into the shape of the defect in-situ. 
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Modified Hyaluronic Acid for NP Repair 

NP repair was performed via injection of HYADD4® (Fidia Farmaceutici 

S.p.A., Abano Terme, Italy) as packaged by the manufacturer through an AF defect 

into the NP space. HYADD4® is non-crosslinked HA modified with C16 repeating 

side chains at a degree of substitution of ~3%, with similar charge density and 

swelling ability as natural HA [52]. The grafted alkyl side chains increase hydrophobic 

interactions within the polymer, resulting in a stable hydrogel at 10 times lower 

concentrations than natural HA, with enhanced resistance to degradation in vivo. The 

safety and efficacy of HYADD4® has already been proven for clinical use in joint 

therapies in the US and for spine therapies in Europe [39]. HYADD4® exhibits 

excellent cytocompatibility, and has been shown to promote chondrocyte proliferation 

and function in vivo. HYADD4® hydrogels were used as manufactured for clinical 

applications, where the polymer was dissolved in phosphate-buffered saline at a 

concentration of 8 mg/mL [52]. The clear, homogenous hydrogel was stable at room 

temperature. 

 

Mechanical Testing 

A total of 32 caudal rat-tail IVDs were used in this preclinical investigation for 

their well-established disc degeneration model and excellent screening ability for IVD 

repair strategies [14, 20, 42-49]. Frozen Sprague-Dawley rat-tails were thawed in 

room temperature DPBS for 15 minutes, dissected for their most proximal full motion 

segment (vertebra-IVD-vertebra) and loaded into an Enduratec ELF 3200 mechanical 

testing frame (Bose, Eden Prairie, MN) using custom grips (McMaster-Carr, Aurora, 
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OH) as previously described [41]. Each motion segment was wrapped in a DPBS-

soaked wipe to prevent sample dehydration, and the initial gauge length was recorded 

after 10 minutes of relaxation in the testing grips at 0N load to equilibrate transient 

effects. Segments were subjected to a uniaxial stress-relaxation protocol comprising 

steps of 5% compressive strain to a total displacement of 20% initial disc height. An 

annulotomy and nucleotomy was then performed on each motion segment at the initial 

gauge length, where each IVD was incised with a #11 scalpel to create a ~1mm2 

window in the AF, followed by 40% compression to herniate the NP. Smooth 

stress/strain curves during the application of the 40% strain and histological slices of 

compressed motion segments did not show signs of endplate damage or internal 

fracture (data not shown). After nucleotomy, an identical mechanical testing protocol 

was performed. Damaged motions segments were then treated with either A) collagen 

AF patch as described previously [20, 41], B) HYADD4® injection into the NP or C) 

combined AF and NP repair strategies (Figure 1). Motion segments were equilibrated 

at the initial recorded gauge length for 30 minutes following treatment, and then a 

third round of identical mechanical testing was performed on the treated segments. 

Time between dissection and the end of the three rounds of mechanical testing was 

~2.5 hours per sample. 
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Figure 1. Schematic of the experimental design.  Segments were tested as intact, after 
damage via annulotomy/nucleotomy, and after receiving one of the three treatments. 
 

The raw load data from mechanical testing was fit to a poroelastic model using 

a custom MATLAB script (Mathworks, Natick, MA) to determine effective 

equilibrium modulus, effective instantaneous modulus, and time constant of 

relaxation[41, 51, 53, 54]. This analytical model has been used to understand rat-tail 

disc mechanics in both ex vivo and in vivo studies [20, 41]. Effective hydraulic 

permeability was calculated from the equilibrium modulus, AF outer diameter, and 

measured time constant as previously reported [51]. Owing to the paired nature of the 

experiments, all mechanical analysis results were normalized to the intact segment 

from each rat-tail by dividing the damaged and treated values by the intact value for a 

given property. 

 

Histology 

Motion segments from the mechanical testing study were processed for both 

paraffin-embedded and OCT-embedded histological sectioning. Additional intact and 

damaged segments were prepared for histological sectioning to serve as controls to the 
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treatment groups. Segments to be paraffin-embedded were fixed in 10% buffered 

formalin for 48 hours before transfer to 70% ethanol. The segments were then 

embedded in paraffin wax and sectioned parallel to the sagittal plane. Segments to be 

cryosectioned were immediately frozen in OCT over dry ice after mechanical testing, 

sectioned parallel to the transverse plane, and fixed with 10% buffered formalin for 10 

minutes after sectioning. Sections were stained with either Safranin-O with a fast 

green counterstain or Masson’s trichrome, for proteoglycan content and general tissue 

architecture. Transmitted light brightfield microscopy was used to view the stained 

slides for NP content and IVD architecture. 

 

Magnetic Resonance Imaging 

The ability of individual and combined repairs to restore NP hydration and size 

was assessed via magnetic resonance imaging (MRI) [20, 47]. T2 relaxation time has 

been significantly correlated to NP water content, and was used in conjunction with 

mid-sectional volume measurements to assess IVD repair [55]. Four additional 

samples of intact, damaged, and the three treatment groups were prepared as described 

for mechanical testing, but were not submitted to the testing protocol and were instead 

frozen while wrapped in DPBS soaked gauze. Thawed segments were then imaged on 

a 7T MRI (Bruker 7T USR Preclinical MRI System, Billerica, MA) with a sagittal 

multi-slice multi-echo pulse sequence (TR = 2000 ms, TE = 12 ms, NEX = 2, number 

of echoes = 12, echo spacing = 12 ms, slice thickness = 1 mm and matrix size = 

320x320, resolution: 125µm x 125µm x 1mm). As previously described, T2 maps 

were generated based on the T2 signals from the multiple echoes, and NP was 
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analyzed for average T2 relaxation time and sagittal mid-sectional volume[47]. Total 

T2 mapped relaxation time was calculated by multiplying the sagittal mid-sectional 

volume by the average T2 relaxation time for each segment.  

 

Statistical Methods 

For the mechanical testing study, a repeated measures linear mixed model 

followed by Tukey’s HSD post-hoc tests was used to determine statistical significance 

between treatments. Equilibrium modulus, instantaneous modulus, and hydraulic 

permeability of the damaged and treated IVDs were normalized to intact prior to 

statistical analyses. The sample size for the mechanical testing study was 10-11 per 

treatment group, with a total of 32 for the damaged group since each IVD was tested 

as damaged prior to the repair treatment. For the quantitative MRI study, a linear 

mixed model followed by Tukey’s HSD post-hoc tests was used to determine 

statistical significance between treatments. The sample size for each treatment group 

in the MRI study was 3-4 motion segments. All statistical analyses were performed in 

R (RStudio, Boston, MA) with guidance from the Cornell Statistical Consulting Unit.  

 

Results 
 
IVD Hydration and Morphology 
 

Gross images of the experimental groups showed intact motion segments 

displayed typical IVD morphology and continuous AF, while the nucleotomy damage 

condition disrupted the AF and caused loss of NP material (Figure 2). The collagen 

AF patch filled the annular injury and covered the outside of the disc with excess 



 

83 

material as described previously, and stayed localized to the defect area after 

crosslinking and handling [20, 25, 41, 56]. This strategy did not restore NP material 

nor return intact disc morphology. IVDs that received HA injections displayed 

increased NP hydration over damaged discs without HA injections, and had NP 

morphology and size more similar to intact IVDs. The combined treatment of the 

collagen patch with HA injections rehydrated the NP in addition to patching the AF 

defect.  

Figure 2. Representative gross images of the intact, damaged, and treatment groups.  
HYADD4® was mixed 60:1 with Trypan blue to differentiate the HA injection from 
native NP. Stars indicate the collagen AF patch, while arrows are pointing at injected 
HYADD4®. 
 

T2 weighted MRI showed intact discs displayed hyperintense, homogeneous 

NP as compared to the hypointense, heterogeneous NP of the damaged discs receiving 

nucleotomies (Figure 3). The NP repair biomaterial mimicked the MRI signature of 

native NP, however the collagen AF patch was not detectable in T2 weighted MRI. 

IVDs that received HA injections into the NP recovered intact size and intensity, while 

IVDs that received only the AF collagen patch had hypointense NP with morphology 

similar to the damaged discs. IVD morphology trends seen in the T2 weighted MRIs 

were complemented by similar trends observed in histological sections (Figure 3, 

Figures S1-S7 for images with arrows). In both the sagittal and transverse IVD 
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sections, intact IVDs exhibit a continuous AF with lamellar fibers under tension, and a 

proteoglycan rich NP. The repaired and damaged IVDs lack most of the proteoglycans 

present in the intact NP due to the nucleotomy, and the AF is disrupted at the injury 

site. While the injury site is not visible in the damaged disc due to sectioning in a 

different plane, the nucleotomy is still apparent by the lack of NP proteoglycans. IVDs 

treated with the AF repair show remnants of the collagen patch, however the patch 

appears smaller than when applied due to sectioning artifact. IVDs injected with HA 

show considerably larger cross-sectional area than the damaged and AF repair alone 

IVDs, yet the modified HA is not easily seen due to its solubility in fixing and staining 

solutions. While all the damaged and repaired discs showed some evidence of AF 

fiber compression and buckling in the sagittal sections, discs injected with HA showed 

a lesser extent of buckling and more fibers in tension than the damaged, untreated 

discs. IVDs that received HA injections were morphologically similar to the intact 

controls in contrast with the damaged IVDs and AF repair alone. 
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Figure 3. Representative IVDs from intact, damaged, and all treatment groups. 
Sagittal T2 weighted MRI shows NP hydration and morphology, where hyperintense 
regions correspond with greater relaxation time and hydration. The segmented NP 
colormaps are outputs of algorithmic segmentation in MATLAB, from which NP mid-
sectional volume and total relaxation time were calculated. Safranin-O histology 
shows native NP in red and native AF counter-stained with fast green. Trichrome 
histology shows native NP in purple and native AF in blue. The collagen AF patch as 
highlighted by black arrows stains like native AF but was damaged during histological 
processing. Injected HYADD4® is indicated by the white arrow, but is difficult to 
visualize and are not stained like native NP. NP morphology of IVDs with HA 
injections are similar to intact IVDs, and AF repair alone discs are similar to damaged 
controls. 

Quantitative analyses of the T2 mapped MRIs showed that IVDs receiving HA 

injections had increased NP size and hydration (Figure 4). While all of the 

experimental groups had significantly different sagittal mid-sectional NP volume from 
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intact NP (p ≤ 0.05), IVDs with HA injections recovered NP volume compared to 

damaged IVDs and discs with AF repair alone (Figure 4). IVDs that were treated with 

HA injections alone displayed significantly increased NP volume over damaged discs 

(p ≤ 0.05), where the injections restored ~1/2 of the intact NP volume. IVDs that 

received both NP and AF repair displayed significantly increased NP volume over 

damaged IVDs (p ≤ 0.05) and those receiving only AF repair (p ≤ 0.05), where the NP 

was ~2/3 of the intact volume. IVDs receiving the AF patch alone displayed NP 

volume at levels ~1/3 of the intact IVD, and were not significantly different in volume 

than damaged IVDs without any repair. Total NP relaxation time is the product of an 

IVD’s average NP relaxation time and mid-sectional volume, and describes the NP 

hydration with influence of the NP volume. Similar trends were observed for total NP 

relaxation time compared to the mid-sectional volume, however the total NP 

relaxation time of IVDs treated with both NP and AF repair were not significantly 

different than intact controls. 
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Figure 4. Quantified sagittal mid-sectional NP volume and total T2 mapped NP 
relaxation time from MRI. Error bars are ± SD, n = 3-4 per group, and solid bars 
denote statistically significant differences between groups at p ≤ 0.05. 

 

Mechanical Testing 

Motion segments from all experimental groups displayed a time-dependent 
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response to application of compressive strain steps. IVDs resisted larger stresses 

immediately following steps of compression due to friction arising between interstitial 

fluid and the ECM, which dissipated over time leading to a lower equilibrium stress 

reflecting the elastic components of the disc in absence of viscous forces (Figure S8). 

Collectively the AF and NP repairs improved effective mechanical properties of 

damaged IVDs (Figure 5). Normalized to intact controls, IVDs repaired with HA 

injections significantly improved both effective equilibrium and instantaneous moduli 

compared to damaged IVDs (p ≤ 0.05, Figure 5A, 5B). The addition of the collagen 

patch to the HA injection did not improve mechanical properties. IVDs treated with 

HA injections alone recovered ~35% of the effective instantaneous modulus of intact 

controls, which is more than 2 times the damaged effective instantaneous modulus. 

The difference in effective equilibrium modulus between NP repair alone and 

damaged IVDs is not as great as the instantaneous modulus, however HA injections 

were able to recover ~40% of the intact equilibrium modulus. While the standard 

deviation is large within some of the experimental groups, significant differences are 

present due to the repeated measures statistical testing used to evaluate differences. 

Treatment did not have as much of an effect on hydraulic permeability, and all 

treatment groups behaved similarly with average values close to 5 times intact controls 

(Figure 5C). Treatment of any kind, however, improved hydraulic permeability over 

the damaged, untreated discs (p = 0.049). 
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Figure 5. Mechanical testing results of experimental motion segments. A) Effective 
equilibrium and B) effective instantaneous moduli normalized to paired intact 
controls. C) Effective hydraulic permeability normalized to paired intact controls. 
Error bars are ± SD, n = 10-11 per repair group, n = 32 for the damaged group (sum of 
all repair conditions), and solid bars denote statistically significant differences 
between groups at p ≤ 0.05. 

 
Discussion 
 

The objective of this study was to evaluate the efficacy of individual and 

combined biomaterial NP and AF repairs to restore IVD hydration and mechanical 

properties in an ex vivo rat-tail model. The data from these studies show that NP repair 

using an injectable HA hydrogel can restore native NP hydration, disc morphology, 

and effective mechanical properties in damaged IVDs. The NP repair technique 

applied in these experiments acts to rehydrate the NP space with modified HA 

(HYADD4®), where the biomaterial fills the voids from disc herniation and mimics 

the mechanical and hydrating properties of native NP. The AF repair strategy 

comprises a high-density collagen gel that patches the AF and prevents further NP 
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herniation. In vivo studies performed in both rat-tail and sheep lumbar spine models 

have shown this AF repair strategy is successful at containing the NP within the disc, 

promoting formation of fibrous tissue which restores structural integrity to the AF, and 

avoiding negative immunological or neurological side-effects [20, 25, 56]. A 

combined treatment comprising both AF and NP repair was effective at increasing NP 

hydration from NP repair alone, however HA injections alone are sufficient to 

improve mechanical properties. 

 The present study demonstrated through gross observations, T2 weighted MRI, 

and histology that HA injections restore native morphology and hydration to IVDs 

damaged by nucleotomy. Literature studies investigating NP replacement using 

similar HA biomaterials found NP replacement somewhat rescued native IVD 

morphology and prevented degenerative changes compared with damaged, untreated 

controls, yet the AF was left injured and disorganized. Damaged IVDs that were 

injected with HYADD4® showed greater NP volume compared with damaged 

controls and AF repair alone. Literature studies have also shown greater preserved disc 

height index when using AF or NP repairs [20, 26, 29, 40, 57]. There was a slight 

increase in NP T2 relaxation time from damaged controls to AF repair alone, which is 

consistent with previous studies showing how this collagen gel acts to patch the AF 

and prevent further NP herniation. NP material could have been extruded or dissolved 

from damaged, untreated IVDs during handling prior to T2 MRI, where discs 

receiving AF repair retained greater NP material. 

 For the AF to contain the internal hydrostatic pressure of the NP and support 

mechanical loads, the lamellar fibers must be in tension and generate radial hoop 
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stresses. Though sagittal histological sections showed intact IVDs exhibited lamellar 

AF fibers in tension, and the damaged and repaired IVDs showed compression and 

fiber buckling, it is expected that fibers in tension would be seen in the HA injected 

discs during compressive loading. Histological sections do not well represent a 

physiologic mechanical environment, as samples were not under external load during 

processing and sectioning. Mechanical testing revealed the ability of the discs 

receiving HA injections to resist greater compressive loads than damaged, untreated 

discs, thus it is reasonable to expect hoop stresses and tension in the AF fibers of HA 

injected discs to contain the NP hydrostatic pressure. 

The poroelastic model used to calculate the effective equilibrium modulus, 

instantaneous modulus, and hydraulic permeability of the motion segments has been 

widely used to investigate mechanical properties of tissues with time-dependent 

behavior including articular cartilage and IVD motion segments [20, 41, 54, 58, 59]. 

The effective instantaneous modulus captures the dynamic response of IVD’s viscous 

components to high frequency compressive strain, when frictional forces between the 

ECM and interstitial fluid prevent flow. Instantaneous modulus can be used to 

describe how a well an IVD will resist high frequency loading that might occur during 

exercise or a traumatic impact. The effective equilibrium modulus describes the 

effective material response to low frequency compression when fluid flow has ceased 

and solely elastic components resist mechanical loads. Effective hydraulic 

permeability describes the transition between the elastic and viscous states and the 

ease at which interstitial fluid flows through the ECM. 

Filling the NP appeared to affect both moduli and permeability, while the AF 
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patch had minimal effect on moduli but more effect on permeability. Since the IVD’s 

ability to resist compressive loads depends on the NP to pressurize within the AF, it is 

logical that discs receiving HA injections displayed better mechanical properties than 

those without HA injections. Effective hydraulic permeability is a measure of how 

well the IVD retains fluid under compression. Previous studies found that the collagen 

AF patch decreased effective hydraulic permeability compared to the damaged, 

untreated segments [20, 41]. This finding was broadened to both NP and AF repairs in 

this study, however no differences in hydraulic permeability were found amongst the 

treatment groups. While the current ex vivo study does not show any statistical 

differences in mechanical properties of the combined therapy over HA injections 

alone, in vivo studies have demonstrated equal effective hydraulic permeabilities 

between AF repair and intact discs [20]. These observed differences can be attributed 

to the cell infiltration, tissue integration, and fibrous tissue formation that occurs in 

vivo [21].  

While this study was an effective screening investigation, there are a few 

limitations that must be considered when evaluating the efficacy of the individual and 

combined treatments. First, the ex vivo environment of this investigation limited the 

repair capacity of the AF and NP biomaterials, as these acellular strategies are known 

to promote cell infiltration in vivo that would lead to ECM production and remodeling 

[20].  Implementing these biomaterials in vivo would likely lead to increased 

mechanical properties dependent on de novo proteoglycan production in the NP and 

collagen remodeling in the AF. Second, this study had no effective sham or placebo 

for the treatment groups. Saline injections did not alter mechanical properties (data not 
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shown), and their effect on NP hydration is expected to be negligible since MR images 

were acquired with motion segments immersed in saline. Also, NP volume and T2 

mapped relaxation time may not be identical to values obtained if implemented in 

vivo, however previous investigations have shown the trends seen ex vivo correlate 

well with in vivo outcomes [20, 25, 41, 56]. Samples for the MRI study were 

immersed in DPBS, however the ionic character of native body fluid may influence 

both native and repaired NP hydration.  

The target interventional stage of IVD degeneration for the proposed 

combination repair strategy presented in this study would be a disc with largely intact 

AF with a small amount of NP loss. The IVD should still have a hyperintense NP via 

MRI and minimal NP material herniated from the disc. The degenerative cascade 

deteriorates IVD tissue progressively, in a positive feedback loop involving biological 

and mechanical factors. IVDs with substantial lack of NP and a highly disrupted AF 

would be degenerated beyond the point of tissue engineered repair, and would be a 

better candidate for whole IVD replacement. In vivo studies employing individual AF 

and NP repairs have rescued IVD morphology and NP hydration long-term compared 

with damaged, untreated controls and purely mechanical repairs [7, 60]. Also, IVDs 

with damaged and pathologic endplates would likely not respond well to tissue 

engineered repair. Studies show endplates are richly innervated, and endplate damage 

causes lower back pain that will not be influenced by AF or NP repair [61]. While 

surgical repair is ultimately the decision of a surgeon and their patient, our 

recommendation for successful AF and NP repair is a disc with an intact endplate, 

minimal NP herniation, and small lesions in the AF. 
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There are also limitations associated with the mechanical testing presented in 

this study, including the testing methods and reported values. In terms of the testing 

protocol, only uniaxial compression was considered, whereas IVDs are known to 

experience six degrees of motion in vivo [62]. The biomaterial repairs were not studied 

under torsion and bending, but the compressive tests were chosen such that the ability 

of repaired discs to resist fluid flow out of the disc was measured. Additionally, our 

mechanical testing protocol did not apply cyclic loading, which may induce failure of 

the repair strategies such as delamination of the AF patch. Previous studies have 

shown the collagen patch stays localized to the AF defect site in vivo at least 18 weeks 

in a rat tail and 16 weeks in a sheep lumber spine, providing evidence that the repairs 

will remain effective after cyclic loading [20, 25, 56]. Lastly, the mechanical testing 

results in this study were reported as effective material properties, assuming the IVD 

motion segments are a homogenous material. While motion segments are clearly 

multi-component tissues with multiple material properties, quantifying effective 

material properties enabled comparisons between treatment groups as to how they 

affect whole IVD function within the spine.  

 The methods of this study accomplished their goal of screening IVD repair 

strategies to guide the development and translation of novel biomaterials. The rat-tail 

motion segment model in this study allowed for the analysis of individual and 

combined IVD repairs using both quantitative and qualitative approaches in a 

surgically and anatomically relevant organism. Repair strategies that improved 

mechanical properties in the ex vivo rat-tail model have correlated well with long term 

repair and prevention of recurrent herniation in both small and large animal models in 
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vivo [20, 25, 41]. Future work includes in vivo study of the individual and combined 

repair strategies in a small animal model to determine annular repair efficacy over 

time and determine the effects of cell-mediated ECM remodeling. While large animal 

studies will likely be necessary prior to use in humans, this study yielded critical data 

to progress spinal health care. 

 
Conclusions 
 

The concept of injecting biomaterials into an IVD to treat disc degeneration is 

not novel, however the combination of biomaterial AF and NP repair has not been 

reported previously. The combination of two approaches for treating IVD 

degeneration is more promising than individual approaches, as lost material is 

replaced and compromised tissue is repaired. Combining NP repair via HYADD4® 

injection with AF repair via a collagen patch had the greatest improvement on NP 

hydration, while the effects on mechanical properties are similar to HA injections 

alone. 
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Supplemental Materials 
 

 
Figure S1: Transverse safranin-O 
section of a representative collagen AF 
patch IVD, where the black arrow 
points to the collagen patch.  
 
 
 
 
 
 

 
 
Figure S2: Transverse safranin-O 
section of a representative HA NP 
injection IVD, where the white arrow 
points to the injected HA.  
 
 
 
 
 
 
 
Figure S3: Transverse safranin-O 
section of a representative combined 
AF and NP repair IVD, where the white 
arrow points to the injected HA and the 
black arrow points to the collagen 
patch.  
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Figure S4: Sagittal safranin-O section 
of a representative HA NP injection 
IVD, where the white arrow points to 
the injected HA.  
 
 
 
 
 
 
 
Figure S5: Sagittal safranin-O section 
of a representative combined AF and 
NP repair IVD, where the white arrow 
points to the injected HA and the black 
arrow points to the collagen patch.  
 
 
 
 
 
 
Figure S6: Sagittal trichrome section 
of a representative combined collagen 
AF patch IVD, where the black arrow 
points to the collagen patch.  
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Figure S7: Sagittal trichrome section of 
a representative combined AF and NP 
repair IVD, where the black arrow 
points to the collagen patch.  
 
 
 
 
 
 

 
Figure S8: Representative stress curves over time obtained during the initial 5% 
compressive step applied to the motion segments. A model fit is placed over the intact 
segment to demonstrate our ability to capture the time-dependent nature of the IVDs. 
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CHAPTER 3 
 
Combined Nucleus Pulposus Augmentation and Annulus Fibrosus Repair to Prevent 

Acute Intervertebral Disc Degeneration after Discectomy 
 
Abstract 

Tissue-engineered approaches for the treatment of early-stage intervertebral 

disc degeneration have shown promise in preclinical studies. However, none of these 

therapies has been approved for clinical use in part because each therapy targets only 

one aspect of the intervertebral disc’s composite structure. At present, there is no 

reliable method to prevent intervertebral disc degeneration after herniation and 

subsequent discectomy. Here we demonstrate the prevention of degeneration and 

maintenance of mechanical function in the ovine lumbar spine after discectomy by 

combining strategies for nucleus pulposus augmentation using hyaluronic acid 

injection and repair of the annulus fibrosus using a photo-crosslinked collagen patch. 

This combined approach healed annulus fibrosus defects, restored nucleus pulposus 

hydration, and maintained native torsional and compressive stiffness up to six weeks 

after injury. These data demonstrate the necessity of a combined strategy for arresting 

intervertebral disc degeneration and support further translation of combinatorial 

interventions to treat herniations in the human spine. 
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Introduction 
 

Intervertebral disc (IVD) degeneration has an estimated lifetime prevalence of 

90% in the United States, and is largely implicated as the cause of back and neck pain 

[1]. IVD degeneration is a broad definition encompassing multiple graded conditions 

affecting the IVD [2], the cartilaginous tissue connecting adjacent vertebrae in the 

spine that cushions loads and allows movements such as bending and twisting [3]. 

Early stages of degeneration involve the loss of proteoglycans in the nucleus pulposus 

(NP), leading to reduced hydration of the IVD [4], as well as disorganization of the 

lamellar collagen fiber network within the annulus fibrosus (AF) [5]. As degeneration 

progresses, micro-fissures and subsequent tears accumulate in the AF, enabling the 

gelatinous NP to herniate and compress neighboring structures such as spinal nerve 

roots, leading to pain and motor and sensory deficits [2, 6]. Commonly known as 

herniated or slipped discs, IVD herniations are a global cause of morbidity and 

disability, and are often associated with chronic pain, limited mobility, and a 

decreased quality of life [7-10]. Discectomy is effective in relieving symptoms arising 

from nerve root compression, but it does not replenish the NP lost from herniation and 

often leaves a large defect though which the NP can continue to herniate [11]. As 

such, in the estimated 480,000 lumbar discectomy cases occurring annually [12, 13], 

reherniation rates from 5-26% have been reported [14-17]. Even in the absence of 

reherniation, discectomized IVDs are highly likely to progress to a degenerative state 

[18]. 

There is an obvious unmet goal of successfully repairing the IVD following 

herniation, yet clinical treatments have been relatively stagnant over the past decade 
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[19]. Recent work has demonstrated the potential for biomaterials and tissue 

engineering strategies to treat late-stage IVD degeneration [20-22]. However, the 

application of these approaches to target early stage disease and prevention of 

degeneration has not been effectively demonstrated. Discectomy is the current 

standard intervention for early-stage disease, which relieves clinical symptoms but 

does not address the underlying disease. Likewise, attempts using sutures or rigid 

implants to prevent reherniation after discectomy have shown success over acute time 

periods, yet these devices do not promote tissue healing and thus are unable to prevent 

degeneration in long-term clinical trials [23-26]. Consequently, with the goal of 

preventing further herniation after discectomy and promoting healing and remodeling 

of the degenerated IVD, tissue-engineered and biomaterial approaches are of interest 

[27-31]. Injectable hydrogels for AF repair have been shown in large animal models to 

successfully patch AF defects after discectomy, but do not restore lost hydration to the 

NP [27, 28, 32, 33]. NP hydration is critical for the mechanical function of the IVD, 

thus multiple injectable biomaterial and cell-based therapies have been developed to 

restore NP hydration in degenerated IVDs [34-40]. NP augmentation therapies have 

restored hydration and biochemical content to degenerated IVDs in clinical trials, but 

without a method of healing the AF after injection these methods are prone to 

reherniation and further degeneration [41, 42]. As such, long term prevention of 

degeneration has yet to be achieved after discectomy. 

To address these challenges, we developed an injectable repair strategy 

comprised of two distinct biomaterials to target both the NP and AF following 

discectomy. To rehydrate and restore herniated material to the NP, a modified 
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hyaluronic acid (HA) is injected into the NP space [43, 44]. Following the HA NP 

injection, a high-density collagen patch is injected into the AF lesion and photo-

crosslinked in situ to fill the size and shape of the defect [30, 32, 33, 45-47]. We have 

previously shown the efficacy of the collagen AF patch in small [30, 47-49] and large 

animal models in vivo [32, 33], and evaluated the combined repair strategy in an ex 

vivo rat-tail spine model [50]. These results demonstrated that in vivo the collagen AF 

patch becomes infiltrated by host cells and integrates with the surrounding AF to 

prevent further herniation. Additionally, the combined repair strategy improved IVD 

hydration and mechanics following discectomy compared to individual repairs applied 

alone. This and other similar approaches demonstrate the potential immediate benefit 

of combined NP augmentation and AF repair ex vivo [31, 50], but the ability of such 

an approach to provide enduring benefit in vivo has not been investigated. 

Here we demonstrate the prevention of IVD degeneration and maintenance of 

mechanical function in the ovine lumbar spine after discectomy by combining 

strategies for NP augmentation using hyaluronic acid injection and repair of the AF 

using a photo-crosslinked collagen patch. This combined approach healed defects in 

the AF, restored water content to the NP, and maintained native mechanical properties 

out to six weeks after injury. The results presented here demonstrate that a combined 

repair strategy is necessary to prevent IVD degeneration after discectomy, and support 

further translation of combinatorial interventions to treat IVD herniations in the human 

spine. 
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Results  
 
Combined NP augmentation and AF repair in the ovine lumbar spine 
 

To assess the efficacy of combined NP and AF therapies, injections of 

modified HA and photo-crosslinked collagen were delivered to the ovine lumbar spine 

after discectomy and followed for six weeks. With the intent to ultimately translate 

this technology to humans, the sheep lumbar spine was chosen for this study due to its 

similar size, range of motion, and intradiscal pressure as the human lumbar spine [51-

53]. Sheep do not share the upright nature of the human spine, however the 

musculature of sheep provides adequate tension such that the pressure within lumbar 

IVDs has been reported to be equal to if not slightly higher than human intradiscal 

pressure [54].  

A total of 40 IVDs in 8 sheep were used in the study, with 5 lumbar IVDs in 

each spine subjected in a randomized fashion to various treatments as described 

below. To model clinical discectomy, IVDs were subjected to a large (3 mm × 10 mm) 

annular defect and removal of NP tissue (~200 mg). IVDs receiving discectomy were 

treated with either NP augmentation, AF repair, combined NP augmentation and AF 

repair, or no treatment (Fig. 1). One IVD per animal served as an intact control which 

did not receive discectomy or treatment. NP augmentation involved injection of 

modified HA (8 mg/mL dissolved in PBS) into the NP void to restore hydration and 

lost material [43, 44]. The HA is a formulation modified with C16 repeating side 

chains at a degree of substitution of ~3%, with similar charge density and swelling 

ability as natural HA. The hydrophobic side chains create a stable hydrogel at 10X 

lower concentrations than native HA [44]. The modified HA is approved for clinical 
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use as injections into the knee and other joints to prevent osteoarthritis [55-57]. AF 

repair consisted of 15 mg/mL collagen gel mixed with 0.06 mM riboflavin that was 

photo-crosslinked in situ with blue light to patch the discectomy defect and prevent 

further herniation.  

 

Fig. 1. Individual and combined nucleus pulposus (NP) and annulus fibrosus 
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(AF) repair strategies in an in vivo sheep lumbar spine model.  Schematics and 
intra-operative images depicting the tissue-engineered approach to IVD repair. All 
intra-operative images are oriented with the cranial side of the sheep on the left, caudal 
on the right, ventral on the top and dorsal on the bottom. Through a pre-psoas lateral 
approach to the lumbar spine, IVDs were exposed (A) and those receiving the 
discectomy injury were subjected to a 3×10 mm box annulotomy followed by removal 
of ~200 mg of NP tissue (B). IVDs receiving the biomaterial repair strategies were 
injected with the modified HA into the NP space (C), had a collagen patch injected 
and cross-linked in the AF defect (D), or both treatments. X-linking, cross-linking. 

Through a lateral approach between the psoas and peritoneum, the sheep 

lumbar spine was amenable to both the partial discectomy and biomaterial injections 

(Fig. 1, A to D). All injected biomaterials remained localized to their target sites upon 

surgical closing (Fig. 1, C and D). Four adjacent IVDs in each sheep underwent 

discectomies, however previous sheep lumbar spine studies evaluated over longer time 

points have shown that there are negligible or no effects of injury on adjacent 

segments [28, 32, 33].  The entire cohort successfully survived to the defined six-week 

endpoint and showed no signs of pain or neurological deficits as determined by 

veterinary care staff. 

 

Combined NP and AF repair prevented clinical signs of degeneration 
 

Upon inspection of the lumbar spine during harvest six weeks after surgery, 

there were observable differences in gross appearance of the IVDs that had received 

discectomy alone versus those treated with the biomaterial repairs (Fig. 2, A to J). 

Whereas the AF appeared white and homogenous in the intact controls (Fig. 2F), those 

IVDs that had received discectomy with no treatment showed disrupted AF with 

persistent defects leaving the inside of the IVD exposed (Fig. 2G). Such persistent 
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defects resemble those seen clinically in discectomy patients [51, 58]. All three 

treatment groups showed improved healing via tissue infill at the discectomy site (Fig. 

2, H to J). IVDs that had received the HA NP injections alone had visible tissue in the 

defect, but the defect boundaries were still clear. IVDs that had received the collagen 

AF patch with or without HA NP injections had robust tissue ingrowth resulting in a 

more continuous covering at the defect site. 

 
Fig. 2. Six-week gross morphological and MRI assessment of individual and 
combined NP and AF repair. (A to E) Axial schematic diagrams of the intact, 
discectomy only, and treated IVDs. (F to J) Representative sagittal gross dissection 
images showing the AF at the site of discectomy and biomaterial injections (yellow 
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arrows) after six weeks in vivo. (K to O) Representative axial T2 MR images of the 
IVDs obtained at 3 Tesla showing the AF, NP, and treatment site (yellow arrows). (P 
to T) Representative mid-sagittal T2 MR images showing differences in the NP across 
treatment groups. High-intensity regions in T2 MR images correlate with greater water 
content. (U) Pfirrmann grading of IVD degeneration and (V) disc height index from 
the T2 MR images compared between all groups; bars denote significance (P < 0.05). 
Pfirrmann grades are shown as median ± interquartile range, while disc height index is 
mean ± SD (n=8). Significant differences were assessed with a Kruskal-Wallis with 
Mann-Whitney U-tests for Pfirrmann grades, and a general linear mixed model with 
Tukey’s post-hoc tests for disc height index. 

T2-weighted magnetic resonance imaging (MRI) is the clinical imaging 

modality frequently used to evaluate IVD health in human patients. This modality 

probes the structure and hydration of the IVD: higher intensity regions correlate with 

greater water content and tissue hydration [59]. In this study, axial sections of T2 MRI 

allowed for the visualization of the AF and NP, including the defect site and effects of 

the injected biomaterials (Fig. 2, K to O). T2 MRI revealed that the discectomized 

IVDs without treatment had severely disrupted morphology including decreased 

hydration and heterogeneity in the NP region compared with the intact controls (Fig. 

2, K and L). The discectomy group showed lesions present in the AF, and the border 

between the AF and the NP was not well defined (Fig. 2L). Treatment with the HA NP 

injection alone or in combination with the collagen AF patch appeared to restore the 

hydration of the NP and preserve the native NP geometry (Fig. 2, M to O). The 

collagen AF patch alone did little to improve NP morphology over the discectomy 

control (Fig. 2N), but in combination with the HA NP injection resulted in IVDs with 

the most similar morphology to the intact controls (Fig. 2O). Mid-sagittal cross-

sections of the T2 MRI similarly demonstrated that discectomy disrupted the 

homogeneity of the intact NP, and the collagen AF patch with the HA NP injection 
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preserved native NP hydration and morphology (Fig. 2, P to T). The mid-sagittal T2 

MR images were reviewed for injury and changes to the intervertebral endplates, but 

no evidence of alterations from the intact IVDs was observed. 

Quantitative image analyses further supported the qualitative MRI outcomes. 

Pfirrmann grading is a rank-based approach that evaluates the severity of IVD 

degeneration using axial and sagittal T2 MR images [60]. Pfirrmann grade considers 

the NP intensity, NP homogeneity, distinction of the NP/AF border, and disc height to 

rank IVD degeneration from 1 to 5. All intact controls showed no signs of 

degeneration and received Pfirrmann grades of 1, whereas the discectomy-only 

controls showed significantly increased degeneration from intact controls (P < 0.01) 

with a median grade of 3 and an interquartile range of 1 (Fig. 2U). The individual 

repairs showed increased Pfirrmann grades from the intact controls, with the HA NP 

injection leading to significantly increased degeneration (P < 0.05). The Pfirrmann 

grades of IVDs that had received the combined therapy were significantly lower than 

the discectomy group (1 ± 1, P < 0.01) and were similar to intact controls (P = 0.86). 

Similar trends were observed in the disc height index, a measure of disc height relative 

to the adjacent vertebrae, quantified from the MR images (Fig. 2V) [61]. In the clinic, 

degenerating IVDs are observed to lose disc height over time as hydration and tissue is 

lost from the NP, resulting in a reduced capacity to resist compressive loads in the 

spine. Discectomy without treatment and HA NP injection alone yielded a lower disc 

height index than the intact controls (P < 0.01, P < 0.01). IVDs that received the 

collagen AF patch with or without the HA NP injection had a similar disc height index 

to the intact controls (P = 0.50, P = 0.10). 
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These clinically relevant outcome measures indicate the combined NP 

augmentation and AF repair reduced degeneration after injury over the six-week 

period in vivo. The HA NP injection is critical to restoring lost hydration and T2 MRI 

signal, while the collagen AF patch is necessary to maintain integrity of the AF and 

retain tissue inside of the IVD. Discectomy without treatment is akin to the current 

standard intervention for symptomatic IVD herniations, which leaves the IVD prone to 

further degeneration and herniation. All treatment groups showed fewer signs of 

degeneration than discectomy only, with the combined NP and AF repair best 

preserving native IVD morphology. 

 

Combined NP and AF repair preserved native IVD morphology after discectomy 
 

The outcomes observed through clinically relevant methods of measuring IVD 

health were supported by histological analyses. Alcian blue histology of the IVDs 

sectioned through a mid-coronal plane enabled visualization of IVD morphology and 

tissue health (Fig. 3, A to J). The intact control IVDs demonstrated typical native 

morphology, with a homogenous NP that was rich in proteoglycans and intact lamellar 

bundles in the AF that were rich in collagen (Fig. 3F). Six weeks after discectomy, 

IVDs that had not received treatment showed heterogeneity in the NP, lesions in the 

AF, and increased proteoglycan staining in the AF (Fig. 3G). The HA NP injections 

resulted in healthy AF lamellar bundles but a distinct and disrupted NP morphology 

(Fig. 3H). The collagen AF patch showed disrupted NP morphology similar to the 

discectomy alone, but had less proteoglycan staining in the AF than discectomy alone 

(Fig. 3I). The combined NP and AF repair resulted in a disrupted NP with healthy AF 
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lamellae (Fig. 3J). Although some gaps were observed between the AF and NP, this is 

seen in other histological sections and may be an artifact from histological sectioning. 

The mid-coronal histological sections were evaluated for injury and changes to the 

endplates, but there was no evidence of alterations compared to the intact condition. 

Additional Safranin-O histology (fig. S1) and alcian blue histology of the most and 

least damaged IVDs can be found in the supplement to better illustrate the range of 

degeneration associated with each treatment (fig. S2). 

 
Fig. 3. Six-week histological evaluation of individual and combined NP and AF 
repair to show overall IVD morphology. (A to E) Axial schematic diagrams of the 
intact, discectomy only, and treated IVDs showing the approximate mid-coronal 
section through the IVD for histological analyses. (F to J) Representative alcian blue 
stained histological sections imaged with brightfield microscopy. Proteoglycans are 
stained blue and collage is stained pink. (K to O) Representative second harmonic 
generation (SHG) multiphoton images showing collagen orientation and alignment in 
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the IVDs with higher magnification images to show AF lamellae (P to T). White 
arrows point to AF lamellae. 

Second harmonic generation (SHG) microscopy is a multiphoton imaging 

modality that enables visualization of collagen structure and alignment, and was 

performed on unstained mid-coronal histology sections to further evaluate IVD 

morphology (Fig. 3, K to T). SHG confirmed the morphological differences observed 

through safranin-O histology, with greater detail observable in the lamellar structure 

of the AF. In intact IVDs, the NP was fully pressurized within the AF and thus AF 

lamellae were curved around the NP (Fig. 3, K and P). Discectomy led to buckling and 

inversion of the AF lamellae (Fig. 3, L and Q), which was improved with the collagen 

AF patch (Fig. 3, N and S) and to a greater extent with HA NP injections (Fig. 3, M 

and R). Combined NP augmentation and AF repair resulted in AF lamellae that curved 

around the NP and did not show signs of buckling or inversion (Fig. 3, O and T). 

While the AF lamellar bundles in Fig. 3O appear similar to the native control, there is 

visible increased fibrosity on the contralateral side of the IVD that may be due to the 

repair strategies. High magnification images of the outer AF showed similar 

morphology in all experimental conditions (fig. S3). 

 

Combined repair locally restored NP content and prevented herniation 
 

Histological sections were also taken through the defect site in order to assess 

reherniation and evaluate the local effects of each treatment (Fig. 4, A to E). Alcian 

blue histology showed intense proteoglycan staining in the NP region and collagen in 

the AF and vertebrae of the intact control IVDs, as expected (Fig. 4F). Under high 



 

123 

magnification, native AF appeared as aligned, fibrous collagen with little observable 

cellularity (Fig. 4K). After six weeks in vivo, the discectomy defect was still present 

without treatment (Fig. 4G), allowing herniation of the NP as demonstrated by 

proteoglycan staining outside the AF with vacuolated chondrocyte-like cells in the 

herniated tissue (Fig. 4L). The HA NP injections resulted in IVDs with a 

proteoglycan-rich NP showing the injected HA material (Fig. 4H), but because the AF 

was not repaired there was a persistent defect in the AF and evidence of NP 

herniation, as demonstrated by proteoglycans and vacuolated chondrocyte-like cells 

outside of the IVD (Fig. 4M). The collagen AF patch resulted in IVDs with newly 

remodeled tissue in the defect site staining for both proteoglycans and collagen (Fig. 

4I). Under higher magnification this tissue appeared fibrous with little cellularity, 

similar to intact controls (Fig. 4N). Combined NP augmentation and AF repair led to 

rich proteoglycan content in the NP and tissue infill at the defect site, which under 

higher magnification appeared as aligned, fibrous tissue. Additional alcian blue 

histology of the most and least damaged IVDs can be found in the supplement (fig. 

S4). Most histological sections of the endplates in the defect sites appeared similar to 

intact IVDs, except for a few samples which showed minor endplate thinning near the 

defect that was not a result of direct injury during surgery. The histological sections of 

the defect site were also evaluated for signs of chronic inflammation and immune 

reaction to the implanted materials through hematoxylin and eosin staining (fig. S5). 

There was no evidence of immune infiltrate in the NP, AF, or endplate at the injury 

site or adjacent regions in any of the treatment groups. Histological sections through 

the defect site yielded information about the local effects of each treatment group and 
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showed how the collagen gel prevented herniation whereas groups without the 

collagen gel had persistent lesions in the AF. 

 
Fig. 4. Six-week histological evaluation of the discectomy site demonstrating 
herniation in IVDs without collagen AF repair. (A to E) Axial schematic diagrams 
of the intact, discectomy only, and treated IVDs showing the approximate section 
through the defect location for histology. (F to J) Representative alcian blue stained 
histological sections through the defect location imaged with brightfield microscopy, 
with higher magnification images (K to O) showing the intact AF (K), vacuolated 
chondrocyte-like cells in herniated NP (L and M), and fibrous tissue where the 
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collagen patch was injected (N and O). Alcian blue stains proteoglycans blue and 
collagen pink, black arrows show direction of collagen alignment in the AF, and white 
arrows point to chondrocyte-like cells in herniated regions. 

SHG multiphoton imaging was performed on the defect site histology to better 

understand the AF collagen structure and alignment near the defect site (fig. S6). SHG 

imaging showed that the discectomy group and the HA NP injection group had 

reduced collagen alignment in the AF compared to the intact controls, with no 

apparent lamellar structure. The collagen AF patch and combined treatment IVDs did 

not show lamellar collagen, but had increased aligned collagen in the direction of 

native lamellar bundles.  

 

Combined repair maintained IVD functional mechanical properties 
 

To assess the functional impact of the treatments, half of the IVDs was 

subjected to mechanical testing to evaluate torsional, compressive, and tensile 

properties (Fig. 5A). Ideal repair after discectomy should restore native mechanical 

properties to maintain proper spine function and reduce the risk of degeneration in 

adjacent IVDs. Full motion segments comprised of vertebra-IVD-vertebra were 

isolated, stripped of the spinous and transverse processes, and potted in polymethyl 

methacrylate (PMMA) for a consistent grip (Fig. 5, B to D) [62, 63]. To evaluate 

compressive and tensile properties, a cyclic axial loading protocol was applied (25 

cycles of compression/tension, 0.1 Hz, -0.5 to 0.25 MPa) followed by a stress 

relaxation protocol (4 steps of 5% compressive strain, for 45 minutes). Torsional 

properties were then investigated through a cyclic torsion protocol while maintaining a 

0.5 MPa compressive stress (25 cycles of torsion, 0.1 Hz, from -4° to +4°). The peak 
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compressive stress during the imposed cyclic loading is equivalent to loads measured 

in the human lumbar spine during unsupported standing, while ±4° torsion is a typical 

range of twisting seen by human IVDs under voluntary motion [64, 65].  

 
Fig. 5. Six-week functional mechanical evaluation of the individual and combined 
NP and AF repairs. (A) The mechanical testing protocol encompassing cyclic 
compression/tension, compressive stress relaxation, and cyclic torsion performed to 
evaluate mechanical function of the intact, discectomy, and treated IVDs. (B to D) 
Photographs and schematics of the mechanical testing protocol. IVDs were excised 
from the spine, stripped of bony processes, potted in PMMA, and loaded into custom 
fixtures on a biaxial mechanical load frame. (E to I) Representative hysteresis curves 
for each experimental group obtained from the cyclic torsion loading after pre-
conditioning. (J to L) Torsional stiffness and torque range were quantified from each 
hysteresis curve, normalized to the intact control from the same sheep, and compared 
between all groups; bars denote significance (P < 0.05). Quantitative data are shown 
as mean ± SD (n=3 to 4). Significant differences were assessed using a general linear 
mixed model with Tukey’s post-hoc tests. 
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Torsional testing yielded hysteresis curves that showed clear effects of injury 

and treatment (Fig. 5, E to L). Qualitatively, injury caused torsional loading curves to 

be shallower in slope with less energy dissipation per cycle. NP augmentation or AF 

repair alone did not change this loading pattern, but combined repair generated curves 

that were similar to the intact controls. To quantify these effects, torsional stiffness 

was calculated as the average slope of the upper and lower 20% of the loading curves, 

and torque range was evaluated as the torque difference measured over the +4 to -4° 

angular displacement (Fig. 5J). IVDs that received discectomy alone had significantly 

reduced torsional stiffness and torque range relative to the intact control from the same 

spine (P < 0.05, P < 0.05, Fig. 5, K to L). Similarly, individual NP and AF repairs 

resulted in significantly decreased torsional mechanics (P < 0.05, P < 0.05). 

Collectively, these torsion mechanics indicate that after discectomy or individual 

repair IVDs are more compliant than intact controls and have more freedom to 

displace, which may lead to further degeneration. IVDs treated with combined NP and 

AF repair had similar torsional stiffness and torque range to the intact controls (P > 

0.05, P > 0.05). Furthermore, the combined repair group had significantly greater 

torsional stiffness than the collagen AF patch alone (P < 0.05), indicating the key role 

of NP hydration in IVD torsional mechanics. Torsional mechanical properties are 

highly sensitive to IVD injury, making them an important indicator of function for 

IVD repair [62, 66, 67].  

IVD function under compression was not significantly impaired by discectomy 

or the biomaterial injections (P > 0.05). Hysteresis curves obtained from 

tensile/compressive loading showed similar trends to the torsional hysteresis curves, 
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wherein the tensile regimen of the injury and repair groups had shallower slopes than 

the intact control (Fig. 6, A to E). Compressive stiffness and range of motion did not 

vary across the treatment groups, however all experimental groups had significantly 

lower tensile stiffness compared to the intact controls (P > 0.05, P > 0.05, P < 0.05, 

Fig. 6, F to I). Equilibrium and instantaneous moduli, which measure the elastic and 

viscoelastic responses, respectively, of the IVD under compressive stress relaxation 

did not show differences across treatment groups (P > 0.05, P > 0.05, Fig. 6, J to L). 

Hydraulic permeability was increased in IVDs receiving the HA NP injection with or 

without the collagen AF patch (P < 0.05, Fig. 6M), which is not desired but may be 

due to the difference in viscosity between the sheep NP and the modified HA. 

Cumulatively, the mechanical results support that the combined NP and AF repair 

restored healthy IVD function after discectomy, which was not achieved by individual 

repairs. 

 

Discussion  
 

Individual NP and AF repair therapies have previously been explored as means 

to prevent IVD degeneration and promote healing after discectomy. Both therapies 

effectively treated their respective target tissue, however the composite nature of the 

IVD makes a single treatment approach for IVD degeneration inadequate. The present 

study demonstrates the efficacy of a combined NP and AF repair strategy in a sheep 

lumbar spine model of IVD degeneration. Simultaneously targeting the NP and AF 

preserved native morphology and mechanical function after six weeks in vivo by both 
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restoring hydration to the IVD and preventing herniation through tissue remodeling at 

the discectomy site. 

 
Fig. 6. Six-week axial loading and stress relaxation mechanical evaluation. (A to 
E) Representative hysteresis curves for each experimental group obtained from the 
cyclic compressive/tensile loading after pre-conditioning. (F to I) Compressive 
stiffness, tensile stiffness, and range of motion were quantified from each hysteresis 
curve and compared between all groups; bars denote significance (P < 0.05). (J to M) 
Equilibrium modulus, instantaneous modulus, and hydraulic permeability were 
quantified from the stress relaxation steps using a poroelastic model fit and compared 
between all groups; bars denote significance (P < 0.05). Bar plots are shown as mean 
± SD (n=3 to 4). Significant differences were assessed using a general linear mixed 
model with Tukey’s post-hoc tests. 

Discectomy without treatment, the current clinical standard of care for IVD 

herniations, led to degeneration over the six-week period including loss of disc height 

and NP hydration, persistent lesions in the AF, NP herniation, and decreases in IVD 

mechanical properties. Individual repairs targeting the NP or AF successfully treated 

their respective tissue, where the HA NP injection restored hydration to the NP and the 
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collagen AF patch prevented herniation through new tissue formation at the defect 

site. However, since neither of the individual repairs addressed both the hydration of 

the NP and the integrity of the AF, only treatment with the combined therapy resulted 

in IVDs similar to the intact controls. The combined therapy filled defects in the AF, 

restored water content to the NP, maintained disc height and native IVD morphology, 

and yielded functional mechanical properties similar to intact controls. 

The results from this study support the translation of combined strategies for 

IVD repair. None of the treated animals showed signs of pain or neurological deficits 

as assessed by the veterinary care staff, nor was there histological evidence of chronic 

inflammation at the site of the biomaterial repairs. The sheep lumbar spine model was 

chosen for this study because sheep have comparable lumbar IVD biomechanics and 

geometry to humans [51, 54], progressive degeneration can be induced with IVD 

injury [33], and sheep spines are amenable to clinical analyses such as Pfirrmann 

grading and disc height analysis. Other large animal models have been used for 

preclinical studies of IVD repair and regeneration including pigs [25, 68], goats [22], 

and dogs [21, 69], all of which have potential merit for modeling specific disease 

processes. The sheep spine is particularly amenable to simulating the human spine 

after discectomy. Notably, intradiscal pressure of sheep lumbar spines has been 

reported to be 0.7 MPa while standing, slightly greater than the 0.5 MPa measured in 

human lumbar spines [54]. None of the collagen AF patches were observed to herniate 

in the 16 treated IVDs even at these high pressures. Furthermore, no animal showed 

neurologic deficits, consistent with the observation that these patches did not migrate 

over the course of the study. Unlike defects observed clinically, the lateral approach 
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used here is not in proximity to nerve roots, and thus impingement of such structures 

is not likely.  

The discectomy used in this study has been extensively validated to 

approximate the state of human IVDs after discectomy [28, 32, 33, 41, 70]. Previous 

work has demonstrated the need for an aggressive annulotomy with removal of NP to 

induce measureable and consistent degeneration in vivo [32, 33, 71]. The amount of 

injury to facilitate degeneration depends on features of the animal model including 

disc height, NP fibrosity, and presence of notochordal cells [41, 72, 73]. Due to the 

similarities of discectomy in sheep lumbar spine model and the human lumbar spine, 

we anticipate that the AF collagen patch and NP HA injection will have reparative 

effects similar to those observed in this study when applied to human patients after 

discectomy.  

Critical to the function of the spine is its ability to respond under complex and 

varied mechanical loads. As mentioned above, sheep are excellent models to evaluate 

mechanics after repair since sheep lumbar IVDs experience similar loads to those seen 

in human lumbar IVDs. When individual NP and AF repairs were applied after 

discectomy, they somewhat prevented degenerative changes as seen through MRI, 

histology, and biochemical analyses; however, the individual repairs did not preserve 

native IVD mechanical properties. Similar outcomes have been observed through in 

vivo studies with different materials for both NP and AF repair [27, 28, 35, 64, 74]. 

Proper IVD mechanical function cannot be achieved with dehydrated NP tissue and 

lesions present in the AF, since in healthy IVDs compressive loads pressurize the NP 

that is contained within an intact AF. The combined NP augmentation and AF repair 
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restored hydration to the NP and filled lesions in the AF. Thus when the combined 

strategy was applied after discectomy, native IVD morphology and functional 

mechanical properties were maintained after six weeks in vivo. The torsional stiffness 

and torque range were similar to intact values. Torsional mechanical properties have 

been shown to be highly sensitive to discectomy injuries and difficult to restore with 

biomaterial repair strategies [31, 62, 66]. Also, the hydraulic permeability data suggest 

that the collagen patch functionally heals AF lesions, at least in part. These results 

collectively demonstrate the need to both restore hydration to the NP and heal the AF 

after discectomy to prevent degenerative changes that lead to altered IVD morphology 

and mechanical function. 

To understand the potential impact of combined NP augmentation and AF 

repair, the proper context must be given in terms of the clinical and healthcare impact. 

Current state of the art treatment for lumbar disc herniations is microdiscectomy. This 

procedure’s goal is to remove the herniated NP to decompress the impinged 

surrounding neural structures. Although this provides temporary symptomatic relief, 

the AF defect remains untreated and the underlying degenerative process is not 

affected. Each year in the US there are an estimated 480,000 lumbar discectomies 

[12], with each operation costing an average of $24,000 [17]. It is also estimated that 

for every 100 lumbar discectomy operations, about $300,000 is spent on revision 

surgeries due to recurrent pain and reherniation [17]. Thus, the economic burden on 

the US healthcare system each year for revision surgeries after lumbar discectomy can 

be conservatively estimated as $1.4 billion. Discectomy procedures provide a potential 

therapeutic window for intervention that arrests the process of IVD degeneration. The 
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injectable nature of HA and collagen therapies can be rapidly applied in a non-

invasive manner during a discectomy procedure. This is in contrast to barrier devices 

that require invasive implantation procedures that have been shown to induce endplate 

lesions and osteolysis in vertebrae [75]. Further, the HA formulation used here is 

approved for treatment in the knee in the United States. Collagen hydrogels have been 

approved for various therapeutic applications and the riboflavin crosslinker is used 

clinically for the treatment of keratoconus [76]. Collectively these attributes suggest 

that this approach could be rapidly translated to the clinic. 

The NP augmentation and AF repair therapies in this study were shown to be 

effective as used, however the chosen biomaterials are also platforms amenable to 

delivery of cells and signaling factors. Cell delivery for NP regeneration is in clinical 

trials with multiple studies supporting the safety and feasibility of cellular injections 

into the NP [77, 78]. These therapies attempt to restore biological and mechanical 

function to degenerated IVDs by augmenting native cell populations with stem cells 

and other potent cell types that will synthesize proteoglycans to rehydrate the NP. 

Most of the reported clinical trials injected cells suspended in aqueous solutions; 

however, without scaffold materials for localization, the cell suspensions are free to 

migrate away from the injection site [77]. Notably injectable HA formulations have 

been widely used as cell carriers and would be amendable for the process for IVDs as 

well [79-81]. In addition to its hydrating and mechanical benefits, the modified HA 

used in this study can deliver cells to the NP in a localized fashion. The collagen patch 

used to treat AF defects in this study can also be laden with cells [33, 47]. Although 

there are no clinical studies attempting to repair AF defects with cell delivery, our 
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group and others have demonstrated in preclinical models how cell-laden collagen gels 

can heal AF defects more quickly and in a more robust manner than acellular scaffolds 

[33, 47]. Cells were not administered with the biomaterial repairs in the present study 

because they would introduce another source of variability to the data, and acellular 

materials have a clearer regulatory pathway that is more amenable to human 

translation. Lastly, growth factors have been shown to lead to new extracellular matrix 

production and tissue remodeling in AF defects [82]. Thus, the combined NP and AF 

approach demonstrated here represents a platform technology that can serve to deliver 

other regenerative therapies.  

This study yielded valuable insight for the translation of injectable IVD repair, 

however, there are limitations we must address. The sheep lumbar spine is an excellent 

animal model that has been used for a number of investigations on IVD degeneration 

and repair, yet discoveries in this model must be contextualized to understand how 

therapies can be applied to humans. Although sheep lumbar IVDs have been reported 

to have similar intradiscal pressure to humans, the IVD size is slightly smaller than 

human lumbar IVDs and sheep NP is more fibrous. The present study evaluated 

coronal histology sections though the middle of the IVD and the defect site to assess 

repair strategies and overall disc morphology. Based on the anatomy and curvature of 

the sheep IVD, coronal sections may not necessarily sample both the AF and NP 

defects or repair biomaterials. As such, it was difficult to directly visualize the repair 

process in both the AF and NP simultaneously. In terms of our analytical methods, 

six-axis mechanical loading may yield useful insight into the function of the injured 

and repaired IVDs, however we chose biaxial loading since it yields straightforward 
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results that can be more easily interpreted and compared to previous work. 

Additionally, our functional analyses focused on motion segment mechanical 

properties, not whole spine kinematics that might indicate how repairs affect adjacent 

IVDs. Evaluating our study design, time points longer than six weeks would enable us 

to determine how IVD health is affected long-term.  

In summary, we demonstrated that combined NP augmentation and AF repair 

successfully prevented degeneration after discectomy in vivo. As such, this approach 

has great potential to maintain IVD health and prevent subsequent progressive 

degeneration in the spine. The results from this study warrant further investigation of 

combined repair strategies to fully characterize their effects prior to human 

application. 
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Materials and Methods 
 
Study design 
 

The objectives of this study were (i) to prevent IVD degeneration following 

discectomy in a large animal model by injecting a combined NP augmentation and AF 

repair into discectomized IVDs, (ii) to demonstrate the feasibility of the injectable 

repair strategy in a pre-clinical large animal model, and (iii) to demonstrate a 

combined repair strategy is superior to individual repairs alone. We hypothesized that 

a combined repair strategy would maintain healthy IVD morphology and mechanical 

function after discectomy compared to individual AF or NP repair, and discectomy 

alone. The in vivo study was approved by the Cornell University and the Barton West 

End Farms Institutional Animal Care and Use Committee and was performed 

according to the guidelines recommended by these committees. The lumbar spine in 

female Finn sheep (n = 8) was exposed with each IVD randomly assigned to receive 

one of the following treatments: intact control, discectomy control, HA NP injection, 

collagen AF patch, or combined HA NP injection with collagen AF patch. After six 

weeks in vivo, all spines were harvested and grossly inspected, subjected to 3 Tesla 

MRI, and sectioned for histological inspection. Biaxial testing was performed on half 

of the samples (n = 4) prior to histology. One IVD was omitted from the mechanical 

analyses due to poor grip during testing, and one outlier was removed from the 

hydraulic permeability analysis for being 11 standard deviations away from the group 

average. This work was a randomized, nonblinded, controlled laboratory experiment. 
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Statistical analyses 
 

Statistical analyses were performed in R (RStudio, Inc.), with significance 

defined as P < 0.05. Disc height index (DHI) and all mechanical outcome values were 

normalized to the intact segment of the same sheep. All data shown are means ± SD. 

A general linear mixed model was used to analyze statistical differences in DHI and 

mechanical outcomes between treatment groups and IVD location in the spine, and 

comparisons between groups were made with two-tailed Tukey’s honest significant 

difference post hoc tests. Kruskal–Wallis analysis of variance followed by two tailed 

Mann–Whitney U-tests was used to determine statistical differences of the 

nonparametric Pfirrmann grades. 
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Supplementary Materials 
 
Materials and Methods 
 
Fig. S1. Safranin-O histology of individual and combined NP and AF repair.  

Fig. S2. Mid-coronal alcian blue histology of the most and least damaged IVDs from 

each experimental group. 

Fig. S3. Second harmonic generation imaging of the outer annulus fibrosus from mid-

coronal histology sections. 

Fig. S4. Alcian blue histology through the defect site of the most and least damaged 

IVDs from each experimental group. 

Fig. S5. Hematoxylin and eosin staining of the nucleus pulposus, annulus fibrosus, and 

endplate near the discectomy site. 

Fig. S6. Second harmonic generation imaging of histology sections through the defect 

site. 
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Supplementary Materials 
 
Materials and Methods 
 
Collagen gel preparation and injection. The collagen gel for annulus fibrosus (AF) 

repair was prepared from collagen fibers harvested from rat-tail tendons as previously 

described (45). Fibers were dissolved in 0.1% acetic acid, then the solution was 

lyophilized and reconstituted at a stock concentration of 20 mg/mL. The collagen gel 

used in the present study was prepared at 15mg/mL by mixing the stock 20 mg/mL 

collagen solution with a neutralization solution of 10X Dulbecco’s phosphate buffered 

saline (DPBS), 1 N sodium hydroxide, and a riboflavin 1X DPBS solution. Riboflavin 

was prepared with 1X DPBS to create a final injection concentration of 0.06mM. 

Upon injection of the final mixture into the discectomy defect, the collagen gel was 

exposed to 468 nm blue light (Henry Schein) for 40 seconds to cross-link the gel into 

the shape of the defect in situ. 

HA injection. Hyaluronic acid (HA) nucleus pulposus (NP) injections were performed 

using HYADD4 (Fidia Farmaceutici S.p.A.), a modified HA as packaged by the 

manufacturer. HYADD4 is non-crosslinked HA modified with C16 repeating side 

chains at a degree of substitution of ~3%, with similar charge density and swelling 

ability as natural HA (44). The grafted alkyl side chains increase hydrophobic 

interactions within the polymer, resulting in a stable hydrogel at 10 times lower 

concentrations than natural HA. HYADD4 hydrogels were used as manufactured for 

clinical applications, where the polymer was dissolved in DPBS at a concentration of 

8 mg/mL (44). The clear, homogenous hydrogel was stable at room temperature.  

Surgical procedure. The surgical procedure was carried out under general anesthesia 
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in a sterile environment following the guidelines of the institutional animal care and 

use committee (IACUC) as previously described (33). All animals were placed in a 

lateral position. After shaving and sterile washing, a longitudinal incision from the last 

rib to the iliac crest was made over the palpable lateral edges of the transverse 

processes. Using monopolar cautery, the skin and subcutaneous layers were dissected. 

The thoracolumbar fascia was identified and opened sharply. This allowed 

visualization of the quadratus lumborum and psoas major/minor muscle complex. 

Blunt finger dissection was then performed to separate the psoas major and quadratus 

lumborum muscles dorsally and the psoas minor and peritoneum ventrally, allowing 

direct visualization of the anterolateral aspect of the lumbar spine. Size 0 absorbable 

sutures were used to loop under the muscle bellies of the quadratus lumborum and 

psoas major muscle and snapped to the drapes to provide dorsal retraction. A blunt-

tipped Beckman retractor was then placed for further focal retraction at 1-2 

intervertebral discs (IVDs) at a time and moved cranially or caudally as required. Of 

note, psoas muscle attachments to the anterolateral aspect of the vertebral bodies were 

easily dissected bluntly from the L1-L3 IVDs. However, these attachments thickened 

at the L4 and L5 IVDs, requiring subperiosteal dissection with monopolar cautery. 

Care was taken for retractor placement ventrally, as the iliac vein and its branches as 

well as the peritoneum were at risk for perforation. A characteristic convex bulge in 

relation to the concave vertebral bodies identified the IVD, and IVDs were confirmed 

by intraoperative fluoroscopy. Upon segmental detachment of the psoas muscle from 

the IVD, a 3×10 mm annulotomy was performed and 200 mg of NP were removed to 

resemble a large disc herniation. The annulotomy was performed with a scalpel, and 
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the NP was removed with small pituitary rongeurs. This defect model has been 

characterized in previous studies to consistently produce degenerative changes to the 

IVD over time in vivo (28, 32, 33). A blunt 16-gauge needle was inserted through the 

defect into the NP area and about 200 µL of HA gel was injected. Subsequently about 

250 µL of collagen gel was injected into the AF defect and immediately photo-

crosslinked in the above described fashion. Careful hemostasis was performed by 

bipolar cautery and three-layer closure was performed for thoracolumbar fascia, 

subcutaneous tissue, and skin. All animals were maintained singly-housed until 

healing of the incision site was complete. The animals were observed at least once 

daily for general health and appearance by the veterinary staff and carefully monitored 

for signs of pain or discomfort. During the first 7-10 post-operative days, a peripheral 

neurological examination was performed by a veterinarian (including but not limited 

to assessment of: gait, posture, hindlimb reflexes, conscious proprioception) as well as 

a full physical examination (with chest and rumen auscultation). Thereafter, the 

animals resumed daily monitoring by the veterinary team. After six weeks, all animals 

were euthanized according to the guidelines of the IACUC. 

MRI acquisition and analysis. Post-mortem lateral x-rays were acquired and the 

lumbar spines were harvested en bloc. Within 24 hours after harvest, T1 and T2 

magnetic resonance imaging (MRI) using a 3 Tesla scanner (Siemens) was performed 

in the sagittal, axial and coronal plane. Three blinded physicians used the Pfirrmann 

grading system to quantitatively analyze the state of IVD degeneration on a scale from 

1-5 with respect to the signal intensity and homogeneity of the NP as well as the 

distinction of the border between NP and AF on sagittal and axial T2 MRI sequences 
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(60). The reported Pfirrmann grade for each IVD was taken as the median of the three 

grades. The IVD height was measured using a previously described method which 

determined disc height index (DHI) by dividing the disc height by the adjacent 

vertebral body height. DHI of the treated IVDs was normalized to the intact segment 

from the same spine to account for differences between animals. 

Histological analysis. Either before (n = 4) or after mechanical testing (n = 4), IVDs 

were fixed with 10% neutralized formalin buffer, and decalcified in 5% nitric acid for 

1-2 months prior to sectioning. Samples were then transferred to 75% ethanol, paraffin 

embedded, and sectioned onto glass slides. IVDs were sectioned in the coronal plane 

through the middle of the IVD and the defect site. Mid-coronal sections were obtained 

by cutting the IVD in half, whereas defect site sections were acquired by sectioning 

from the outside in until the defect was visible on the section. After sectioning, 

samples were stained with alcian blue and fast red, safranin-O and fast green, 

hematoxylin and eosin, or left unstained. Stained samples were imaged with 

brightfield microscopy, while the unstained were analyzed with second harmonic 

imaging (SHG). Brightfield images were obtained with an Aperio slide scanner (Leica 

Biosystems). SHG images were taken on a Zeiss inverted 880 confocal/multiphoton 

microscope (Carl Zeiss AG) using a 10×/0.45 C-Apochromat water immersion 

objective using an Insight tunable two-photon laser (Spectra-Physics) emitting at 900 

nm and with a detector set to 437-464 nm. Tile scans comprising ~200 individual 

images were obtained to visualize the entire IVD cross section. 

Mechanical Testing and analysis. After spines were harvested and excess muscle 

was removed, IVDs were isolated by cutting midway through the adjacent vertebra to 
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create vertebra-IVD-vertebrae motion segments. All posterior and transverse processes 

were removed, then segments were then potted in polymethyl methacrylate (PMMA) 

(GC Corporation). A biaxial mechanical load frame (MTS Systems Corporation) was 

used to test axial and torsional mechanical properties based on a previously develop 

protocol (64). The potted motion segments were attached with custom fixtures to the 

load frame, wrapped in a DPBS-soaked wipe, and then a 3-part testing protocol was 

applied. In the first part, 25 cycles of axial compression/tension were applied under 

load control from 0.25 to -0.5 MPa. Next, compressive stress relaxation testing 

occurred where the sample was returned to 0 MPa, and then 4 steps of 5% 

compressive strain were applied. Each step was held for 45 minutes during which the 

stress was measured to monitor viscoelastic behavior. In the third part of the testing 

protocol, 25 cycles of cyclic torsion were applied from +4° to -4°. Compressive/tensile 

mechanical properties were calculated as previously described from the 25th cycle 

loading curve, where the slope of the bottom and top 20% of the curve represented the 

compressive and tensile stiffness respectively. The range of motion was also measured 

as the range of displacement achieved during the 25th cycle. The torsional curves were 

analyzed in a similar fashion, however the upper and lower slopes were averaged since 

the they both represent torsional stiffness, and the torque range was the range of torque 

over the defined angular displacement. The compressive stress relaxation portion of 

the protocol was analyzed by fitting the load-displacement data to a poroelastic model 

that yielded the equilibrium modulus, instantaneous modulus, and hydraulic 

permeability as previously described (45). Mechanical outcomes were normalized to 

the intact segment from the same spine to account for differences between animals. 
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Fig. S1. Safranin-O histology of individual and combined NP and AF repair. (A 
to E) Axial schematic diagrams of the intact, discectomy only, and treated IVDs 
showing the approximate mid-coronal section through the IVD for histological 
analyses. (F to J) Representative safranin-O stained histological sections imaged with 
brightfield microscopy, where proteoglycans are stained red and collage dark purple.  
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Fig. S2. Mid-coronal alcian blue histology of the most and least damaged IVDs 
from each experimental group. (A to E) Axial schematic diagrams of the intact, 
discectomy only, and treated IVDs showing the approximate section through the 
defect location for histology. Representative mid-coronal alcian blue stained 
histological sections of the least damaged (F to J) and most damaged (K to O) IVDs 
that show the range of degeneration for each treatment after 6 weeks in vivo. 
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Fig. S3. Second harmonic generation imaging of the outer annulus fibrosus from 
mid-coronal histology sections. (A to E) High magnification second harmonic 
generation (SHG) multiphoton images of the outer annulus fibrosus showing collagen 
orientation and alignment in the IVDs from Fig. 4, K to O. 
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Fig. S4. Alcian blue histology through the defect site of the most and least 
damaged IVDs from each experimental group. (A to E) Axial schematic diagrams 
of the intact, discectomy only, and treated IVDs showing the approximate section 
through the defect location for histology. Representative alcian blue stained 
histological sections through the defect site of the least damaged (F to J) and most 
damaged (K to O) IVDs that show the range of degeneration for each treatment after 6 
weeks in vivo.  
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Fig. S5. Hematoxylin and eosin staining of the nucleus pulposus, annulus 
fibrosus, and endplate near the discectomy site. Representative histological sections 
of the nucleus pulposus (A to E), annulus fibrosus (F to J), and cartilage endplate (K 
to O) stained with hematoxylin and eosin.  
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Fig. S6. Second harmonic generation imaging of histology sections through the 
defect site. (A to E) Axial schematic diagrams of the intact, discectomy only, and 
treated IVDs showing the approximate section through the defect location for 
histology. (F to J) Representative second harmonic generation multiphoton images 
showing collagen orientation and alignment, with higher magnification images (K to 
O) showing the annulus fibrosus near the discectomy site. 
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CHAPTER 4 
 

Mesenchymal Stem Cell-Seeded High-Density Collagen Gel for Annular Repair: 6 
Week Results from In Vivo Sheep Models 

 
Abstract  
 
Background 

Our group has previously demonstrated in vivo annulus fibrosus (AF) repair in animal 

models using an acellular, riboflavin crosslinked, high-density collagen (HDC) gel.  

Objective 

To assess if seeding allogenic mesenchymal stem cells (MSCs) into this gel yields 

improved histological and radiographic benefits in an in vivo sheep model of annular 

injury.  

Methods 

15 lumbar intervertebral discs (IVDs) were randomized into 4 groups: intact, injury 

only, injury+acellular gel treatment, or injury+MSC-seeded gel treatment. Sheep were 

sacrificed at 6 weeks. Disc height index (DHI), Pfirrmann grade, nucleus pulposus 

(NP) area, and T2 relaxation time (T2-RT) were calculated for each IVD and 

standardized to healthy controls from the same sheep. Quantitative histological 

assessment was also performed using the Han scoring system.  

Results 

All treated IVDs retained gel plugs on gross assessment and there were no adverse 

perioperative complications. The MSC-seeded gel treatment group demonstrated 

statistically significant improvement over other experimental groups in DHI 

(P=0.002), Pfirrmann grade (P<.001), and T2-RT (P=0.015). There was a trend for 
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greater Han scores in the MSC-seeded gel treated discs compared with injury only and 

acellular gel treated IVDs (P=0.246).  

Conclusion 

MSC-seeded HDC gel can be delivered into injured IVDs and maintained safely in 

live sheep to 6 weeks. Compared with no treatment and acellular HDC gel, our data 

shows that MSC-seeded HDC gel improves outcomes in DHI, Pfirrmann grade, and 

T2-RT. Histological analysis shows improved AF and NP reconstitution and 

organization over other experimental groups as well. Similar analyses to 16 weeks 

post-injury are ongoing.  
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Introduction 
 

The intervertebral disc (IVD) consists of a proteoglycan-rich, gelatinous 

nucleus pulposus (NP) encircled by concentric layers of collagen, forming a stiff 

annulus fibrosus (AF) [1]. The pathophysiology of degenerative disc disease (DDD) 

involves the loss of proteoglycans leading to reduced hydration of the IVD, which 

ultimately leads to fissure formation. Eventually, these events can culminate in soft 

NP herniating through these defects and compressing neighboring neural structures 

[2]. Lumbar disc herniation due to DDD is a major cause of morbidity leading to 

enormous costs for western healthcare systems [3-7]. Lumbar discectomy is one of the 

most commonly performed spinal procedures to treat this condition, with an estimated 

300,000 cases performed annually in the United States [8]. While effective in relieving 

acute symptoms by removing the herniated part of the NP and decompressing neural 

structures, the AF defect typically remains untreated after discectomy. Persistent AF 

defects increase the risk of re-herniation, which may lead to additional operations with 

poorer outcomes [9-14]. 

Several attempts have been made to seal AF defects by sutures or rigid buttress 

devices [15-17]. However, none of the mechanical solutions have demonstrated long-

term benefit in prospective clinical trials [15, 18]. Injectable biomaterials have gained 

interest due to their ease of administration, ability to conform to the shape of the 

defect in situ, and potential for cell delivery [19]. Our group has developed a 

riboflavin cross-linked high-density collagen (HDC) gel (Figure 1) and demonstrated 

efficacy in annular repair in vitro and in vivo using a needle puncture rat tail model 

[20-24]. Furthermore, we have recently translated this project to a large animal (sheep) 
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model, which demonstrated positive histologic results following injury compared with 

untreated injured IVDs [20]. 

 
Figure 1: A) High density collagen (HDC) gel with uncrosslinked riboflavin. B) 
Exposure to 480 nm blue light crosslinks the riboflavin in the HDC gel, which results 
in C) a color and consistency change, causing the gel to harden and conform in the 
shape of the cavity it is introduced into.  
 

While these studies have shown promise, there is still need for further 

optimization. Various cell-based therapies have been investigated in pre-clinical and 

clinical studies for regenerative repair of IVDs [25-27]. Augmenting biomaterial repair 

of annular defects with cell therapy yields a localized and targeted delivery of cells 

while providing a provisional matrix for tissue repair. In this regard, mesenchymal 

stem cells (MSCs) are multipotent undifferentiated stem cells, known to have the 

ability to differentiate into various mesenchymal cell lineages and have 

immunomodulatory properties when transplanted [28]. This leads to the potential of 

generating different types of connective tissue including but not limited to tendon, 
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cartilage, and adipose-tissue. In adults, MSCs are typically found in bone marrow or 

adipose tissue, which makes them relatively accessible [28]. Considering these 

properties, MSCs have been extensively researched for regenerative treatment 

strategies in the past decade [29-31]. 

The first objective of the present study was to determine if seeding MSCs in 

our previously described photo-crosslinkable HDC gel [32, 33] would enhance the 

healing of the AF in an in vivo sheep lumbar IVD injury model. The second objective 

was to assess if MSC-seeded HDC gel is superior to a previously reported acellular 

HDC gel based on radiographic and histologic end points at 6 weeks.  

 

Materials and Methods 
 
Study Groups  
 

Three Finn sheep age 12-19 months old were obtained through the Cornell 

University Ruminant Center. A total of 15 intervertebral discs (IVDs) from L1/2 to 

L5/6 were randomized into one of four groups. 1) intact (N=3); 2) injury only (3 mm x 

1 cm annulotomy+100mg discectomy) (N=4); 3) injury and acellular HDC gel 

treatment (N=4); and 4) injury and MSC-seeded HDC gel treatment (106 MSCs/mL) 

(N=4). Randomization across all levels was implemented to mitigate focal segmental 

variance.  

 

MSC harvest and High-Density Collagen Gel Preparation 
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The technique for bone marrow derived MSC isolation and acellular and MSC-

seeded HDC gel preparation were based on previously described methods (See 

Supplemental Methods, Supplemental Digital Content, for further details) [21-23, 34]. 

 
Surgical Technique 
 

All surgeries were performed by neurosurgeons at facilities in the College of 

Veterinary Medicine at Cornell University in Ithaca, NY under the guidelines of the 

Weill Cornell Medical College Research Animal Resource Center (RARC) and the 

Cornell University Institutional Animal Care and Use Committee (IACUC) for large 

animal surgeries (for details on preoperative preparation, postoperative care, and 

euthanization protocol, please refer to Supplemental Methods, Supplemental Digital 

Content.).  

A modified lateral, retroperitoneal, pre-psoas approach previously described by 

Oehme et al. [35] was performed to reach the lumbar spine (Figure 2). Detailed step 

by step surgical technique can be found in the supplemental materials.  

For IVDs receiving injury (with or without treatment), a 3 mm x 1 cm box-

shaped annulotomy was performed using an 11-blade scalpel on an extended handle. 

Next, a pituitary rongeur was used for discectomy, with 100mg of NP tissue ultimately 

removed (Figure 2B). For IVDs randomized to receive treatment, approximately 

0.250mL of 0.06mM RF cross-linked HDC with or without 106 MSCs/mL was 

injected using a sterile syringe. Gels were exposed to blue light with a 480 nm 

wavelength for 40 seconds after injection to initiate cross-linking (Figure 2C). Once 

treatment was completed, the surgical cavity was irrigated with antibiotic solution and 
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hemostasis was achieved. The thoracolumbar fascia and superficial subcutaneous 

layers were closed with interrupted absorbable sutures and staples used to close the 

skin.  

 
Figure 2: A) Intraoperative photograph demonstrating the lateral, retroperitoneal, pre-
psoas approach to the anterolateral aspect of the sheep lumbar spine. B) IVD defect 
appearance after box-shaped annulotomy and discectomy. C) Defect after it has been 
filled with HDC gel and exposed to blue light which solidifies the gel in place.  
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Disc Height Measurements  
 

Following euthanasia at 6 weeks, lateral XRs were performed on all sheep for 

disc height analysis. Care was taken to achieve true lateral radiographs of each 

segment. The IVD height was measured using a modified method previously 

described by Lu et al. [36], which determined disc height index (DHI) by dividing the 

disc height by the adjacent vertebral body height. 

 

MRI Analysis  
 

Lumbar spines were harvested en bloc from euthanized sheep. 3T magnetic 

resonance images (MRI) (Siemens, Erlangen, Germany) were acquired for all 

harvested spines at 6 weeks. For qualitative analysis, two blinded observers used a 

modified Pfirrmann scale to classify discs between four grades of degeneration based 

on NP size, degree of hyperintensity, clarity of the AF/NP border, and disc height [37, 

38]. For quantitative analysis, we used a previously described method developed by 

our group to quantify NP mid-sectional volume and average NP T2-relaxation time 

(T2-RT) (See Supplemental Methods, Supplemental Digital Content, for further 

details) [22, 33].  

 

Histology  
 

En bloc harvested lumbar spines were cut into individual disc segments with a 

vertical band saw. All disc segments were prepared and stained with picrosirius red 

and alcian blue for collagen and proteoglycan assessment, respectively (See 

Supplemental Methods, Supplemental Digital Content, for further details). 
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Quantitative histologic assessment was performed using the validated Han scoring 

system which is based on cellularity and morphology of the AF and NP [39]. 

 

Statistical Analysis 
 

A general linear mixed model was used to analyze statistical differences in 

DHI, NP mid-sectional volume, and NP T2-RT between treatment groups and disc 

levels, and comparisons between groups were made with Tukey’s honest significant 

difference post-hoc tests. Kruskal-Wallis analysis of variance followed by Mann-

Whitney U-tests were used to determine statistical differences of the non-parametric 

Pfirrmann and Han grades. P values less than .05 were considered statistically 

significant, and statistical analyses were performed in R (RStudio, Boston, MA). 

 

Results 
 
Surgical and Clinical Outcomes 
 

There were no instances of intraoperative complications. Postoperatively one 

sheep had mild hip flexion weakness with difficulty ambulating attributable to psoas 

retraction, however this resolved within 48 hours without treatment. None of the sheep 

developed clinical stigmata of infection. 6-week MRI imaging was performed without 

contrast, however images did not indicate seromas or other loculated collections which 

could be indicative of abscess. There were no pseudomeningoceles, abnormal 

intramedullary T2 hyperintensities, vertebral body fractures, or iatrogenic endplate 

infractions. Following sacrifice, gross inspection of spines demonstrated that all 

treated IVDs retained HDC gel plugs with no evidence of partial gel expulsion. 
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Imaging results 
 

DHI analysis from lateral X-rays for IVDs injured, injured and treated with 

acellular gel, and injured and treated with MSC-seeded gel were 0.846, 0.874, and 

0.96, respectively (Figure 3A). Injury without treatment significantly reduced the DHI 

by about 15% of intact segments (P=.02), which was also significantly lower than the 

MSC-seeded gel treated IVD group (P=.04), but not significantly different than the 

acellular gel treated group (P=.53). Treatment with the MSC-seeded gel resulted in 

DHI not significantly different than intact controls, preserving approximately 95% of 

intact IVD DHI (P=.17). Qualitative MRI analysis for mean Pfirrmann grades for 

intact, injured, injured and treated with acellular gel, and injured and treated with 

MSC-seeded gel IVDs were 1, 2.5, 2.5, and 1.75, respectively (Figure 3B). MSC-

seeded gel treated IVDs showed significantly fewer signs of degeneration among the 

experimental groups in this regard (P≤0.05). Quantitative MRI analysis demonstrated 

that average NP T2-RT ratios were 0.784, 0.835, and 0.909, respectively (Figure 3C), 

while mid-sectional NP volume for IVDs injured, injured and treated with acellular 

gel, and injured and treated with MSC-seeded gel were 0.868, 0.926, and 0.894, 

respectively (Figure 3D). There were no significant differences in mid-sectional NP 

volume between experimental groups (P=.36). IVDs treated with the MSC-seeded gel 

showed significantly higher NP T2-RT than injured IVDs without treatment (P=.04) 

and were not significantly different than intact controls (P=.07) or the acellular gel 

treated IVDs (P=.13). 
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Figure 3: A) Disc height index (DHI) normalized to the intact control of each sheep, 
showing significantly higher DHI of MSC-seeded gel treated IVDs compared with 
negative controls, and the only group that was no significantly lower than intact 
controls. B) Pfirrmann grades compared across experimental groups, where MSC 
treated IVDs demonstrated significantly lower scores (thus less degenerative changes) 
than the other experimental groups. C) Quantified T2 relaxation time of the NP 
demonstrating increased time (thus more disc hydration) of the MSC-seeded HDC gel 
treated IVDs over other experimental groups. The difference in T2-RT of intact IVDs 
and the MSC-seeded group were not significantly different. D) Sagittal mid-sectional 
NP area of all experimental groups, with no significant differences between groups. 
Error bars are ± SD and bars above groups show statistically significant differences at 
P≤0.05. 
 
Histology  
 

Qualitatively, intact IVDs showed typical morphology including a 

homogenous NP, distinct AF lamellar bundles, and a clear border separating the AF 

and NP. Injured IVDs without treatment exhibited collapsed disc height, 

heterogeneous and disrupted NP, fissures in the AF lamellae apart from the injury site, 
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and evidence of endplate degenerative changes. IVDs treated with the acellular and 

MSC-seeded HDC gels exhibited morphology more closely resembling intact IVDs 

with minimal loss of disc height, minor NP disruption, and restructured AF lamellar 

organization in and apart from the site of injury. The MSC-seeded HDC gel treated 

IVDs showed less signs of NP disruption than the acellular HDC gel treated IVDs 

(Figure 4). Quantitatively, average Han scores for all treatment groups were higher 

than the intact controls (Figure 5). The average scores for IVDs injured, injured and 

treated with acellular gel, and injured and treated with MSC-seeded gel were 11.5, 10, 

and 9.5, respectively (P=.25).  

 
Discussion 
 

The objective of this study was to assess the safety and efficacy of delivering 

MSCs seeded onto a riboflavin-crosslinked HDC gel to annular defects in a large 

animal model of lumbar IVD injury. The radiographic and histologic evidence 

presented shows that this formulation can be delivered in an injectable fashion with no 

adverse effects. In this sheep lumbar IVD injury model, a 3 mm x 1cm annulotomy 

with 100mg discectomy led to histologic and radiographic degeneration over the 6-

week period of the study, significantly reducing disc height and NP hydration. Filling 

the annular defects with MSC-seeded HDC gel prevented these degenerative changes 

to the IVD while restructuring the AF buttress. Although the present study does not 

have enough power to unveil significant differences between the acellular and MSC-

seeded gel treatments, IVDs treated with the acellular gel did not demonstrate as 
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robust disc height and NP hydration perseveration as treatment with the MSC-seeded 

gel over the 6-week period. 

 
Figure 4: Representative histologic and radiographic images of all IVD groups. First 
and second columns: Injured IVDs demonstrate disruption and disorganization of the 
NP morphology, with loss of disc height, increased heterogeneity in staining intensity, 
and areas of vacuolization. There is also extrusion of NP tissue outside of the disc 
space (†), which represents a herniated disc fragment. Note that contralateral NP and 
AF in these images also have decreased staining intensity though were not 
manipulated during injury, suggesting that these discs have entered the early stages of 
terminal degeneration. The acellular and MSC-seeded gel groups however 
demonstrate a hypointense (in alcian blue) and hyperintese (with picrosirius red) 
buttress at the injury site (star), which has prevented extrusion of NP tissue and depicts 
the integration of the HDC gel with native tissue. These IVDs have better preserved 
disc height, and less vacuolization and disorganization than negative controls. 
However, when quantified by Han-grading, the differences between the groups were 
not significant. Third through fifth column: Axial, sagittal, and voxel-based color map 
cuts from T2 MRI through the IVD. Injury sites are denoted with red arrows. Injury 
only IVDs demonstrate loss of T2 hyperintensity and thus hydration, contributing to a 
contiguous bridge of NP tissue to the defect and loss of disc height. HDC gel treated 
IVDs have more preservation of the hypointense region of the AF and the 
hyperintense region of the NP which is more prominent in the MSC gel treatment 
group.  
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Surgical Technique 
 

The spinal cord in sheep extends to S2, making the posterolateral approach to 

lumbar IVDs as commonly used in humans fraught with risk of spinal cord injury due 

to retraction. Therefore, we used a modification of the lateral, retroperitoneal, pre-

psoas approach first described by Oehme et al [35]. This approach is analogous to that 

used for oblique lateral interbody fusions (OLIF) in that a lateral approach anterior to 

the psoas muscle is used. As pertinent as it is in humans, prevention of femoral nerve 

injury by approaching pre-psoas is beneficial, however potential injury to visceral and 

vascular structures is of critical importance. This approach in sheep ultimately proved 

to be safe with minimal blood loss and no instances of neurovascular or dural injury.  

 
Figure 5: Han grades compared across experimental groups, where intact segments 
demonstrated significantly lower scores (thus less degenerative changes) than the 
other experimental groups. There are not significant differences in average Han grade 
between the experimental treatment groups. Error bars are ± SD and bars above 
groups show statistically significant differences at P≤0.05. 
 

Our group previously used a 3mm drill-bit to create an annular defect in sheep 

[20]. However, results from this study suggested that this technique did not inflict 

enough damage to accurately capture the radiographic degenerative differences 
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between injured and intact IVDs in a 6-week time period. Aiming to more accurately 

recapitulate the conditions of discectomy in humans, we performed a standardized 

3mm x 1cm box shaped-annulotomy with extraction of 100mg of NP. This method of 

IVD injury was similar to box-shaped annulotomies performed in other biologic 

annular repair studies [40-42]. Despite these efforts, quantitative outcome measures 

for the injury only IVDs averaged 80-85% of the intact height, NP mid-sectional 

volume, and NP T2-RT. This is likely attributed to the short-term follow-up of 6 

weeks and relatively young age of the sheep. The presence of notochordal cells and 

open vertebral growth plates indicate that the animals used were not skeletally mature 

and may have retained some intrinsic regenerative potential. While this study can 

make relative comparisons between each treatment group, the measured outcomes 

may not reflect a combination of the therapy and the intrinsic healing of young sheep. 

 

Histological and Radiographic Analysis 
 

Our data shows that the sheep lumbar spine model is sensitive to annular injury 

and repair as demonstrated through both cellular and clinically relevant outcome 

measures. Histological images show stark contrasts in IVD morphology and tissue 

architecture between intact and injured IVDs without annular repair, while IVDs 

receiving the acellular and MSC-seeded gel more closely resemble intact controls. 

Quantitative histological assessment did not show any significant differences between 

the 3 groups, although slightly less signs of degeneration were observed in IVDs 

treated with MSC-seeded compared to acellular gel. The Han grading scale takes 

cellular changes in the AF and NP into account, therefore 6 weeks may be too short a 
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time period to observe significant cellular transformation in sheep. Pfirrmann grades 

indicate there is evidence of degeneration in all treated IVDs, however degenerative 

changes were least evident in those treated with MSC-seeded gels. NP mid-sectional 

volume and T2-RT objectively quantify the effect of each experimental treatment and 

provided evidence that MSC-seeded gel treatment is better able to prevent 

degenerative changes following injury than the acellular gel (Figure 4).  

Other investigations comparing cellular and acellular IVD repair have reported 

similar outcomes, where repair with scaffold biomaterials is augmented with the 

incorporation of cells [43-45]. Oehme et al. implanted MSCs within a fibrin/gelatin 

scaffold to repair annular defects in sheep lumbar spines. After 24 weeks, the cell-

based treatment resulted in Pfirrmann grades similar to intact controls, while IVDs 

treated with the acellular scaffold had higher Pfirrmann grades and significant disc 

height loss. Sato et al. implanted AF cells within an atelocollagen matrix into annular 

defects in rabbit lumbar spines and demonstrated that these cells proliferated in vivo 

and preserved disc height, whereas an acellular scaffold did not. Ghosh et al. injected 

MSCs via a hyaluronic acid scaffold after inducing degeneration with chondroitinase 

ABC in sheep lumbar spines. After performing quantitative histopathology grading, 

the investigators concluded that MSC treatment contributes to regeneration of new 

extracellular matrix. Our findings concordantly add to the current literature of 

increased efficacy of cell-based annular repair strategies compared to their acellular 

counterparts.  

 

Delivery of Mesenchymal Stem Cells 
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While a direct causative conclusion cannot be made, the current findings 

suggest that delivery of MSCs to annular defects accelerates the reparative capacities 

of the HDC gel in terms of preservation of disc height, hydration, and morphology. 

Several studies using intradiscal injection of MSCs have already shown promising 

results in vivo[41, 46-50] and in preliminary clinical studies [25-27]. MSCs are 

hypothesized to inhibit the local immune response at the implant location, preventing 

degeneration by mediating biologic pathways of catabolism [51]. There is also the 

theoretical potential for the implanted MSCs to differentiate into reparative fibroblasts 

and chondrocytes that influence host IVD cells to increase metabolic activity [51]. 

Despite promising results from multiple studies, complications related to MSC 

use must be weighed. Non-spine related utilization of MSCs for other medical 

conditions have reported risks such as neoplastic growth and severe immune 

responses, though these have not been reported in biological IVD repair studies. 

However, Vadala et al. injected MSCs into IVDs in a rabbit degeneration model and 

observed the formation of large osteophytes at the injection site, indicating that the 

MSCs may cause unwanted osseous proliferation [52]. It should be noted however that 

a saline carrier was used for cell delivery in this study, which did not keep cells 

localized to the site of injection. In our present study, we did not observe any 

excessive osteophytic growths around the injection site on gross or histologic 

examination, which may be attributed to the gel consistency at time of delivery as well 

as rapid stiffening once exposed to blue light to cross-link the riboflavin.  
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Limitations 
 

There are several limitations in this present study that should be 

acknowledged. Given that this was a short-term study to evaluate the safety of this 

experimental approach on a limited number of animals, it is of no debate that the small 

sample size provides limited statistical power and that extended follow-up periods are 

necessary to capture the long-term effectiveness of these treatments. We were able to 

observe statistically significant differences between treatment groups however, 

affirming the ability of this study to show the effects of adding MSCs to HDC annular 

repair. Animal to animal variation could limit the effect estimates we concluded from 

this study, thus a larger sample size would enable a more broad interpretation of our 

results. Second, the sheep used were relatively young which may have had an impact 

on IVD degenerative and regenerative capacities. While the literature reports that 

sheep reach skeletal maturity at 12 months of age, we noted the presence of open 

vertebral growth plates and the presence of notochordal cells in the NP. These findings 

suggest that these sheep were did not reach skeletal maturity by the time of sacrifice 

and had the potential for intrinsic AF and NP regeneration. This likely had a small 

effect on our comparative study however; as we saw improved healing in IVDs 

receiving the HDC gel treatments over the injured and untreated IVDs. Another 

limitation that should be mentioned is the fact that this study was performed in 

quadrupeds. While similar in terms of biochemical composition and anatomy, the 

sheep’s lumbar spine has a different biomechanical loading profile than the human’s 

[53-55]. While studies have shown that sheep intradiscal pressure is 2-4 times higher 

than human intradiscal pressure in vivo, it is unclear if the likelihood of herniation of 
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the gel implant is similar between humans and sheep. 

Lastly, this study did not employ methods to track the fate of the implanted 

MSCs. While the cell delivery group was the most effective experimental group at 

preventing degenerative changes, we can only surmise that the cells were viable when 

implanted and stayed localized to the AF defect and adjacent NP. 

 

Conclusion 
 

MSCs can be delivered into AF defects in a safe and effective manner for 

annular repair via HDC gel in a sheep lumbar IVD injury model. The results of the 

present study suggest that the injection of MSC-seeded HDC gel leads to a higher 

grade of maintenance of disc height and NP hydration in sheep IVDs with AF defects 

than analogous acellular HDC gels.  
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Supplemental Materials 
 
MSC harvest and High-Density Collagen Gel Preparation 
 

Bone marrow was collected from both femurs of a freshly slaughtered Finn 

sheep, and placed in heparin supplemented media. The marrow solution was 

vigorously shaken and then centrifuged at 300xg to separate out the fat. The resulting 

pellet was resuspended in expansion media and plated on tissue culture plastic. 

Cultures were rinsed after 48 hours with Dulbecco’s phosphate buffered saline 

(DPBS) to remove non-adherent cells, and then expanded in 2D culture with alpha 

minimum essential medium supplemented with 10% fetal bovine serum, 100 IU/mL 

penicillin, 100 µg/mL streptomycin, and 2mM L-glutamine. MSCs were frozen in 

CryoStor (Biolife Solutions, Bothell, WA) at the end of the passage 0 until two weeks 

prior to animal surgeries. Cells were then thawed and expanded such that passage 1 

cells were taken out of culture and suspended in media for delivery in the HDC gel. A 

tri-lineage differentiation assay was performed to confirm the multipotency of the 

passage 1 MSCs for osteogenic, adipogenic, and chondrogenic potential 

(Supplemental Figure).  

Collagen fibers were harvested from rat-tail tendons and dissolved in 0.1% 

acetic acid. The solution was lyophilized and reconstituted at a stock concentration of 

20mg/mL. The acellular HDC gel used in the present study was prepared at 15mg/mL 

by mixing the stock 20mg/mL collagen solution with a neutralization solution of 10X 

DPBS, 1 N sodium hydroxide, and a riboflavin 1X DPBS solution. Riboflavin was 

prepared with 1X DPBS to create a final injection concentration of 0.06 mM. The 

MSC-laden HDC gel was prepared at identical concentrations as the acellular 
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formulation, with the addition of cells suspended in expansion media at 106 cells/mL. 

Upon injection of the final mixture, the HDC gel was exposed to 468 nm blue light for 

40 seconds to cross-link the gel into the shape of the defect in situ. 

 

Preoperative protocol  

Sheep were pre-medicated with medetomidine (20 µg/kg intramuscularly), and 

15 minutes later, induced by propofol (4 mg/kg intravenously). The animals were 

intubated and anesthesia maintained by 1.5-2.0% halothane in oxygen. Monitoring 

equipment including pulse oximetry, arterial blood pressure line, and temperature 

probes were placed and connected. Sheep were positioned in the left lateral decubitus 

position. An intraoperative lateral X-ray was taken to confirm adequate localization of 

the incision and to identify the respective index levels of the lumbar spine. The 

surgical site was prepared by clipping wool and then cleansing with a combination of 

chlorhexidine and betadine scrub solutions. Iodine adhesive tape and sterile surgical 

drapes were then placed over the planned incision site. All sheep were given a 

prophylactic dose of ceftiofur prior to incision. Sterilized surgical equipment and 

aseptic techniques were used through the entire duration of the operation.  

 

Surgical Approach 

A modified lateral, retroperitoneal, pre-psoas approach previously described by 

by Oehme et al.35 was performed to reach the lumbar spine. First, a longitudinal 

incision was made from the most caudal rib to the iliac crest 1 cm ventral to the 

palpable transverse processes. Using monopolar cautery, the skin and subcutaneous 
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layers were dissected. The thoracolumbar fascia was identified and opened sharply. 

This allowed visualization of the quadratus lumborum and psoas major/minor muscle 

complex. Blunt finger dissection was then used to separate the psoas major and 

quadratus lumborum muscles dorsally and the psoas minor and peritoneum ventrally, 

allowing direct visualization of the anterolateral aspect of the lumbar spine (Figure 3). 

Size 0 absorbable sutures were used to loop under the muscle bellies of the quadratus 

lumborum and psoas major muscle and snapped to the drapes to provide dorsal 

retraction. A blunt-tipped Beckman retractor was the placed for further focal retraction 

at 1-2 IVD levels at a time and moved cranially or caudally as required (Figure 3A). 

Of note, psoas muscle attachments to the anterolateral aspect of the vertebral bodies 

were easily dissected bluntly from the L1-L3 levels. However, these attachments 

thickened at the L4 and L5 levels, requiring subperiosteal dissection with monopoloar 

cautery. Care was taken for retractor placement ventrally, as the iliac vein and its 

branches as well as the peritoneum were at risk for perforation. A characteristic 

convex bulge in relation to the concave vertebral bodies identified the IVD, and levels 

were confirmed by intraoperative radiograph.  

 

Postoperative Pain Control and Euthanization Protocol 

Following the conclusion of surgery, sheep were emerged and extubated. 

Buprenorphine hydrochloride (0.006 mg/kg intramuscularly) was used two times per 

day for three days after surgery for analgesia. After 6 weeks, sheep were euthanized in 

compliance with IACUC guidelines using pentobarbital dosed by weight (1 ml per 10 

lbs), administered through an external jugular vein intravenous catheter. Death was 
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confirmed by the absence of heartbeat and breath sounds for at least 5 minutes using a 

stethoscope. Final lateral X-rays were taken and then lumbar spines were harvested en 

bloc.  

 

MRI Analysis  

For quantitative analysis, we used a previously described method developed by 

our group to quantify NP mid-sectional volume and average NP T2-relaxation time 

(T2-RT).22,33 This method algorithmically segments NP from surrounding tissues 

based on T2-RT, and uses multiple MRI slices to find the center of the NP. Briefly, the 

algorithm applies a Gaussian mixture model to a rectangle of voxels spanning two 

adjacent vertebrae from the first-echo T2 image to separate intensities into two distinct 

populations of either NP or surrounding bone and soft tissue. NP is segmented from 

surrounding tissues by thresholding voxels at three standard deviations higher than the 

average surrounding tissue relaxation time. The NP mask segmented from the first-

echo image is then applied to the T2 mapped image to calculate average NP T2-RT 

and mid-sectional volume. The mean T2-RT and mid-sectional volume of injured and 

treated segments were normalized to adjacent healthy discs.   

 

Histology  

All disc segments were fixed with 10% neutralized formalin supplemented 

with 1% cetylpyridinium chloride, then decalcified using 5% nitric acid for 1 month. 

They were then cut in the coronal plane through the box-shaped annular defect and 

transferred to 75% ethanol. Segments were embedded in paraffin, cut to 5-µm 
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thickness, and stained with Picrosirius Red (PR) and Alcian blue (AB) for collagen 

and NP proteoglycan content assessment, respectively. Quantitative histologic 

assessment was performed using the validated Han scoring system which is based on 

cellularity and morphology of the AF and NP.  The grading system ranges from 5 in a 

healthy disc to 15 in a terminally degenerated disc.39  
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CHAPTER 5 
 

Proteoglycan Removal by Chondroitinase ABC Improves Injectable Collagen Gel 
Adhesion to Annulus Fibrosus 

 
Abstract 
 
 Intervertebral disc (IVD) herniations are currently treated with interventions 

that leave the IVD with persistent lesions prone to further herniations. Annulus 

fibrosus (AF) repair has become of interest as a method to seal defects in the IVD and 

prevent reherniation, but this requires strong adhesion of the implanted biomaterial to 

the native AF tissue. Our group has previously developed a high-density collagen 

(HDC) gel for AF repair and tested its efficacy in vivo, but its adhesion to the AF 

could be improved. Increased cell adhesion to cartilage has previously been reported 

through chondroitinase ABC (ChABC) digestion, which removes proteoglycans and 

increases access to cell binding motifs. Such approaches could also increase 

biomaterial adhesion to tissue, but the effects of ChABC digestion on AF have yet to 

be investigated. In this study, ovine AF tissue was digested with either 10 U/mL 

ChABC or saline for up to 10 minutes and the effect of this treatment on collagen 

adhesion between AF tissue samples was investigated by histology and mechanical 

testing in a lap-shear configuration. ChABC digestion removed proteoglycans within 

the AF in a time-dependent fashion and enhanced adhesion of the HDC gel to the AF. 

ChABC digestion increased the elastic toughness and total shear energy of the HDC 

gel-AF interface by 88% and 46% respectively. ChABC treatment enhanced the 

adhesion of the HDC gel to the AF without significantly decreasing native AF cell 

viability. Thus, ChABC digestion is a viable method to improve adhesion of 
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biomaterials for AF repair. 
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Introduction 
 
 Low back pain has a lifetime prevalence of up to 84%, and is associated with 

intervertebral disc (IVD) degeneration and herniation [1-4]. The IVD is located 

between adjacent vertebral bodies and acts to absorb compressive loads and allow 

flexibility in the spine. The IVD is a composite tissue composed of the annulus 

fibrosus (AF), containing lamellar collagen and proteoglycans, and the nucleus 

pulposus (NP), a gelatinous tissue rich in proteoglycans [3, 5-7]. The proteoglycan and 

type II collagen content of the AF radially increases towards the NP while type I 

content decreases from the outer portion towards the NP [8, 9]. The AF surrounds the 

NP, and the NP produces hydrostatic pressure that causes tensile stress within the AF 

[6]. Activities such as weight-lifting and prolonged sitting can lead to micro fissure 

formation that can result in macroscopic lesions within the AF [10, 11]. Disc 

herniations occur when the NP protrudes through a lesion in the AF [3, 6], which 

could be a result of one traumatic event or a chronically weakened AF [7, 12]. Disc 

herniations become symptomatic if the herniated NP compresses adjacent nerve 

tissues such as a spinal nerve root or in some cases the thecal sac [6].  The current 

state of the art treatment is a microdiscectomy in which the herniated portion of the 

NP is removed in order to decompress the affected neurological tissues [4, 7]. While 

effective in relieving symptoms, discectomy does not address the underlying 

pathology and the AF defect remains untreated [13, 14]. This results in reherniation 

rates of 5-25% of the approximately 480,000 discectomy cases performed annually in 

the United States [15-19].  

Our group and others have developed annular repair strategies such as 
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hydrogels to seal the AF after discectomy to prevent herniations [20-34]. Various 

biomaterials including collagen, fibrin, chitosan, and alginate have been used to seal 

the AF with varying degrees of success [12, 13]. Our group has previously developed 

a high-density collagen (HDC) gel crosslinked with riboflavin to prevent herniation 

[21-23, 27, 31, 33, 35]. Collagen is a natural extracellular matrix component in the 

AF, making it a highly biocompatible and suitable option for annular repair. Previous 

in vivo work demonstrated the collagen patch is remodeled into a robust tissue 

integrating with the native AF over weeks to months [23, 27, 33]. However, it is 

critical that there is sufficient adhesion of the patch to AF shortly after delivery such 

that the newly implanted collagen gel does not become dislodged from the IVD [4]. 

Since most symptomatic disc herniations are in close proximity to nervous tissues, 

dislodgement of a collagen patch may lead to similar symptoms as reherniation [15, 

36]. 

Interactions between collagen in the AF and other connective tissues are 

known to be mediated by proteoglycans [37]. Proteoglycans have a protein core with 

glycosaminoglycan (GAG) side chains that can be cleaved with enzymes such as 

chondroitinase ABC (ChABC) [38-41]. Specifically, large proteoglycans like 

aggrecan occupy regions of the ECM between collagen fibers and comprise ~12% of 

the matrix in the AF [42]. Such molecules are quite large (Mw ~ 2 x 106 Da) [43] and 

limit the binding capabilities and diffusion and of proteins, antibodies, and other 

macromolecules through the tissue [44]. Previous work has shown that ChABC 

digestion improves cell adhesion to articular cartilage by uncovering of cryptic 

binding sites [39, 45-47]. More recently enzymatic degradation using trypsin has been 
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investigated to improve biomaterial adhesion for articular cartilage repair [48]. While 

cell binding is facilitated by integrins binding to collagen peptide recognition 

sequences, removing large, sterically hindering proteoglycans in AF tissue should 

facilitate improved binding of biomaterials to primary amines and amino acid residues 

on extracellular collagen during UV-catalyzed crosslinking. As such, removal of all or 

part of the proteoglycan network should facilitate both improved diffusion into AF 

tissue and binding of applied therapies. However, this concept has not been directly 

tested. Therefore, the objective of this study is to assess the effect of proteoglycan 

removal via ChABC on HDC gel penetration and adhesion to native AF. 

 

Materials and Methods 

Experimental Overview 

Ovine tissue was chosen for this study do to its similar collagen and 

proteoglycan content as intact and moderately degenerated human IVDs [27, 33, 49]. 

Cadaveric lumbar spines from seven Finn-Dorset sheep were purchased from an FDA-

certified vendor (Ironwood Hill Farm, Newark Valley, NY). IVDs from levels L1/L2 

to L5/L6 were harvested from the spines, the NP tissue was excised and discarded, and 

the remaining AF tissue was frozen until needed (Figure 1A). AF tissue was thawed in 

1X Dulbecco’s phosphate buffered saline (DPBS, Invitrogen, Grand Island, NY) at 

room temperature prior to experimentation. A preliminary study was performed in 

which AF tissue was digested in 10 U/mL ChABC (Worthington Biochemical, 

Lakewood, NJ) from 0 to 15 minutes to characterize proteoglycan removal as a 

function of time. After determining an optimal digestion time for proteoglycan 
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removal, adhesion of the HDC gel to the AF tissue was investigated with and without 

ChABC digestion. Slabs of AF tissue were bonded together with the HDC gel in order 

to microscopically and mechanically analyze the adhesion of the HDC gel to the AF. 

Lastly, the cytotoxicity of the ChABC digestion was investigated on native AF cells 

from freshly harvested sheep IVDs. 

 
Figure 1. Experimental Design. A) AF tissue was dissected from sheep lumbar spine, 
stripped of NP and bisected. B) One side was treated with either 10 U/ml ChABC or 
1X DPBS for 10 minutes at 37˚C. C) The AF tissues were arranged in AF-HDC gel-
AF samples in either a lap-shear or no overhang configuration with HDC gel injected 
in the overlap region for mechanical analyses and microscopic evaluation respectively. 
The AF samples were sectioned and imaged using second harmonic generation (SHG) 
or were stained with Safranin-O and imaged with brightfield microscopy. 
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Chondroitinase Digestion Time Optimization 

The extent of proteoglycan digestion over time was investigated by digesting 

slabs of AF tissue in ChABC for varying amounts of time and evaluating histological 

sections stained with Safranin-O. Thawed AF tissues were cut into approximately 1 

cm x 1 cm x 0.5 cm sections, and then were laid flat in a bath of 50 µL of 10 U/mL 

ChABC for 0, 2, 5, 10, or 15 minutes at 37˚C. The ChABC solution was prepared by 

dissolving ChABC (Sigma-Aldrich, St. Louis, MO) in a 0.01% bovine serum albumin 

(Sigma) solution. Digested samples were then rinsed multiple times with protease 

inhibitor (Sigma) in DPBS to prevent further ChABC digestion. All samples were then 

processed for paraffin-embedded histological sectioning, and stained with Safranin-O 

with a fast-green counterstain. Transmitted light brightfield microscopy was 

performed to analyze the sections for proteoglycan content, and an ImageJ plugin was 

used to create stitched overview images [50]. Based on imaging of Safranin-O 

sections, we determined that the 10-minute ChABC treatment was required to reliably 

deplete the surface of proteoglycans. A 1,9-dimethylmethylene blue (DMMB) assay 

was performed as described previously [51-53] to evaluate proteoglycan content after 

0 and 10 minutes of digestion in 10 U/ml ChABC. Thawed AF tissue was cut into 

quarters and either treated with 50 µl of saline or 10 U/ml ChABC for 10 minutes at 

37˚C. AF samples were weighed for wet weight, frozen at -80˚C overnight, 

lyophilized for 72 hours, and then weighed for dry weight. AF samples were digested 

in 1 ml of 0.125 mg/ml papain (Sigma) solution for ~18 hours at 60˚C. The digested 

AF samples were diluted by a factor of 20 and combined with 0.016 mg/ml DMMB 

working solution at pH 1.5. The absorbances of the AF samples were analyzed at 525 
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nm on a BioTek Synergy HT (BioTek Instruments, Winooski, VT). 

 

High-Density Collagen Gel 

 HDC gel, which has been extensively investigated for use in ex vivo and in 

vivo models of annular repair, was used to rectangular slabs of AF tissue together [21-

23, 27, 31, 33, 35]. The HDC gel in this study was prepared at 15 mg/mL as 

previously described, where 20 mg/mL collagen dissolved in 0.1% acetic acid was 

mixed with 10X DPBS, 1N sodium hydroxide, and a riboflavin 1X DPBS solution 

[27, 31]. The final concentration of riboflavin in the HDC gel was 0.06 mM. The final 

solution was mixed in a syringe and injected onto one slab of AF tissue that was then 

covered with another AF slab and photo-crosslinked with 468 nm blue light (Henry 

Schein, Melville, NY) for 40s and incubated at 37˚C for 30 minutes. Samples that 

were processed for second harmonic generation (SHG) imaging were bonded together 

with a fluorescein isothiocyanate (FITC)-labeled HDC gel [35]. 

 

AF-HDC Gel-AF Sample Preparation 

 Samples consisting of two AF slabs bonded together with HDC were prepared 

to investigate the effects of proteoglycan removal on adhesion of the HDC gel and 

native AF. Thawed AF tissue was cut into slabs approximately 1.5 cm x 1 cm x 0.5 

cm. One side of each slab was then subjected to either proteoglycan removal via a bath 

in 10 U/mL ChABC or 1X DPBS for 10 minutes (Figure 1B). Digestion was stopped 

after 10 minutes by multiple rinses in protease inhibitor DPBS. Pairs of AF slabs 

digested in the same bath were then bonded together with HDC gel with either no 
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overhang (for microscopic evaluation) or lap-shear (for mechanical testing) 

configuration (Figure 1C). Samples for mechanical analyses were immediately tested 

after the 30-minute incubation period. Samples used for SHG evaluation were first 

frozen and then cut with a razor to obtain a flat imaging surface. Samples for histology 

were placed in 70% ethanol for ~48 hours before being transferred into formalin, 

embedded in paraffin, stained with Safranin-O/fast-green and imaged with brightfield 

microscopy. Brightfield images were obtained with a SPOT RT camera (Diagnostic 

Instruments, Sterling Heights, MI) attached to a Nikon Eclipse TE2000-S microscope 

(Nikon Instruments, Melville, NY). 

 

Mechanical Analyses 

A lap-shear configuration of AF-HDC gel-AF samples were pulled apart in a 

mechanical load frame to investigate the effects of proteoglycan removal on adhesion 

mechanics of the HDC gel to AF tissue. AF tissue was gripped in clamp fixtures of an 

Electroforce 5500 (TA Instruments, New Castle, DE), and the overlap area of the AF 

tissue and gauge length was recorded prior to testing. The tissues were then pulled 

apart over a total displacement of 10 mm, where the rate of tensile displacement was 

0.5% of the initial gauge length per second. The load data was recorded during testing 

such that each sample could be analyzed for shear modulus, ultimate shear stress, 

elastic toughness, and total shear energy using a custom MATLAB code (Mathworks, 

Natick, MA). From multiple measurements of the AF-HDC gel-AF samples, the 

average thickness of 0.75mm was used to calculate the shear strain for all samples. 

Measured loads were converted to true stresses by dividing by the instantaneous 
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overlap area between the AF slabs based on calculations taken from images. An 

alternative analysis was performed using engineering stress based on the initial 

overlap area to calculate shear stress, and the resultant trends were similar with values 

slightly lower than the ones analyzed with a decreasing area. One sample was tested in 

the absence of the HDC gel to measure the stresses experienced by the two AF slabs 

without direct bonding, as friction could be significant in the lap-shear setup.  

 

Cell Viability 

 A total of 26 AF slabs 1 cm x 1 cm x ½ cm were acquired and prepared as 

described above, and were used immediately after harvest to preserve living cells. The 

AF tissue was digested with either 10 U/mL ChABC or 1X DPBS for 10 minutes at 

37˚C, and then rinsed multiple times in protease inhibitor DPBS.  Viability of AF 

tissue samples was assessed both immediately after ChABC digestion and 7 days later. 

Samples that were tested 7 days after ChABC digestion were cultured at 37˚C in 

Ham’s F-12 media (Gibco Life Sciences, Gaithersburg, MD) supplemented with 10% 

fetal bovine serum (Gemini Bio Products, West Sacramento, CA), penicillin (100 

units/mL, Corning, Corning, NY), streptomycin (100 µg/mL, Corning), amphotericin 

B (250 ng/mL, Corning), and ascorbic acid (25 µg/mL, Wako Chemicals USA, 

Richmond, VA). Viability was assessed using the Live/Dead kit (Invitrogen) 

according to the manufacturer’s instructions. Briefly, samples were stained with a 

solution of 0.002 mM calcein AM and 0.0005 mM ethidium homodimer for 30 

minutes to stain for live and dead cells, respectively. After a 5 minute wash in 1X 

DPBS, the stained AF tissue was imaged under 526/617 excitation/emission red and 
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495/515 nm excitation emission green argon laser channels on a Zeiss inverted 880 

confocal microscope (Carl Zeiss AG, Oberkochen, Germany) using a 10×/0.45 C-

Apochromat water immersion objective. Live and dead cells were counted using a 

previously developed watershed function MATLAB script [54]. 

 

Second Harmonic Generation Imaging Methods 

SHG imaging is a non-linear multi-photon microscopy technique where 

incident light is converted to second-harmonic light as it passes through a sample [55, 

56]. Contrast arises from the differential ability of the sample to generate second-

harmonic light. Fibrillar structures are able to generate second-harmonic light due to 

their non-centrosymmetric geometry, hence SHG imaging has been used extensively 

to probe the structure of collagenous tissues. SHG imaging was used in this study to 

visualize collagen fibers in the AF and their interactions with the HDC gel. AF-HDC 

gel-AF samples prepared with FITC collagen were subjected to two channel imaging 

on a Zeiss inverted 880 confocal/multiphoton microscope (Carl Zeiss AG) using a 

10×/0.45 C-Apochromat water immersion objective. The FITC HDC gel was imaged 

on a green channel using an argon laser with excitation/emission wavelengths of 

495/515 nm, while the collagen in the native AF and HDC gel were imaged with an 

orange SHG channel using an Insight tunable two-photon laser (Spectra-Physics, 

Santa Clara, CA) emitting at 900 nm and with a detector set to 437-464 nm. Tile scans 

comprising 9 individual images were obtained to visualize the entire cross-section. 
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Statistical Analyses 

Unpaired Student’s t-tests were performed to determine statistical significance 

(p ≤ 0.05) between the saline-treated and ChABC-digested groups. Variance was 

found to be equal between the groups as determined by F-tests. 

 

Results 
 
Optimal ChABC Digestion Time 

 Histological sections were obtained of AF tissues digested in 10 U/ml ChABC 

for 0, 2, 5, 10, or 15 minutes (Figure 2A and B and Figure 2D-H).  Untreated samples 

showed clear Safranin-O staining throughout the tissue, indicating uniform 

proteoglycan distribution in the tissue. After 2 minutes of ChABC treatment 

proteoglycan removal was evident in the top 100-200 µm of the treated surface.  By 5 

minutes of treatment, this extended to 500 µm from the treated surface. At 10 and 15 

minutes, proteoglycans had been removed from the entire thickness of the samples. 

Based on these data, 10 minutes was chosen for further study of collagen adhesion to 

AF tissue.  A DMMB assay was also performed to assess proteoglycan content in AF 

after saline treatment and digestion in 10 U/ml ChABC for 10 minutes (Figure 2C). 

This assay showed a 16% decrease in proteoglycan content after ChABC digestion 

compared to the saline treatment.  Proteoglycan content in AF treated with and 

without ChABC were 75.9 ± 10.3 µg/mg and 89.9 ± 26.1 µg/mg respectively (p > 

0.05).  
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Figure 2. A-B) Representative overview image of AF tissue that were digested with 
10 U/ml ChABC for 0 and 10 minutes, respectively, and stained with Safranin-O. 
Proteoglycans are stained red, and the fast-green counterstain is blue C) A DMMB 
assay was performed to measure the GAG content of AF slabs digested with 10 U/ml 
ChABC or treated with saline for 10 minutes at 37˚C. Error bars are ±STD, 6 samples 
per treatment group, and black bars denote statistical significance at p ≤ 0.05. D-H) 
Representative images of AF tissues that were digested in 10 U/ml ChABC for 0, 2, 5, 
10, or 15 minutes at 37˚C and stained with Safranin-O. Proteoglycans are stained red, 
and the fast-green counterstain is blue.  
 
Histology and SHG Imaging 

SHG imaging allowed for visualization of the native collagen in AF samples as 

well as the FITC-labeled collagen bonding two AF pieces together (Figure 3A-D). 

When intact AF tissues were bathed in DPBS prior to bonding together with the HDC 

gel, there were wide gaps between the HDC gel and AF (Figure 3A and 3B). High 

magnification images indicated minimal penetration of the HDC into untreated AF 

tissue (Figure 3B). It was also evident that the HDC gel did not adhere well to the 

untreated AF, demonstrated by the lack of areas of direct apposition of the HDC gel to 

the tissue. In contrast, ChABC treatment greatly enhanced the interaction between the 

collagen gel and AF tissue, as indicated by increased areas of direct apposition and 
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penetration of the gel into the tissue (Figure 3C and 3D). In particular, high 

magnification images demonstrated that the FTIC-labeled collagen gel penetrated 

~200 µm into the AF slabs, both into and between lamellae (Figure 3D). Similar 

results were noted with Safranin-O histology, which showed that the HDC gel was 

loosely adhered to the native AF without ChABC digestion (Figure 3E and 3F), while 

tight binding was observed between the HDC gel and the AF digested with ChABC 

(Figure 3G and 3H). At high magnification, the HDC gel was observed penetrating 

into the lamellar structure of the AF digested with ChABC.  

 
Figure 3. Representative images of saline-treated and ChABC-digested overlapped 
AF tissues with HDC gel injected in between. A-D) Sections were imaged using a 
confocal microscope with second harmonic generation (SHG) E-H) or were stained 
with Safranin-O (Saf-O) and imaged with brightfield microscopy at low and high 
magnifications. In the SHG images, the native collagen in AF is yellow, and the FITC-
HDC gel is green. In the Saf-O images, proteoglycans are stained red, and the fast-
green counterstain is blue. The HDC gel-AF interface is indicated by the white and 
black arrows in the SHG and Saf-O images, respectively. HDC gel penetration into the 
AF is indicated with red arrows. 
 

Mechanical Analyses 

Mechanical analyses were performed to measure the strength and stiffness of 
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the HDC gel-AF interface with and without ChABC digestion. AF-HDC gel-AF 

samples were arranged in a lap-shear configuration and pulled apart at a constant shear 

rate (Figure 4A and 4B). Representative shear stress vs. shear strain plots are shown in 

Figure 4C, with the addition of a sample that was not bonded together with the HDC 

gel. The resulting stress vs. strain plots were analyzed for elastic toughness, total shear 

energy, ultimate shear stress, and shear modulus of the HDC gel-AF interface (Figure 

4D).  

 
Figure 4. A-B) AF tissues arranged in a lap-shear configuration with HDC injected in 
the overlap area were attached to mechanical grips. The AF tissues were pulled apart 
over a total displacement of 10 mm, and the gauge length increased at a rate 0.5% per 
second. C) Representative shear stress vs. shear strain graph of ChABC-digested, 
saline-treated AF, and AF with no collagen or ChABC digestion. D) Representative 
shear stress vs. shear strain graph that was analyzed for the elastic toughness, total 
shear energy, ultimate shear stress, and shear modulus of the HDC gel-AF interface E-
H) Elastic toughness, total shear energy, ultimate shear stress, and shear modulus of 
HDC gel-AF interface. Error bars are ±STD, 7-9 samples per treatment group, and 
black bars denote statistical significance at p ≤ 0.05. 
 

ChABC digestion significantly increased the elastic toughness and total shear 

energy of the HDC gel-AF interface by 88% and 46% respectively (p ≤ 0.05) 
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compared to intact AFs that were treated in saline (Figure 4E and 4F). The elastic 

toughness of HDC gel-AF interface without and with ChABC digestion were 0.00026 

± 0.00019 J and 0.00049 ± 0.00026 J respectively (p ≤ 0.05). The total shear energy of 

the HDC gel-AF interface when the AF were treated with saline was 0.00099 ± 

0.00032 J, which is lower than the total shear energy of ChABC-digested AFs at 

0.0014 ± 0.00027 J (p ≤ 0.05). The ultimate shear stress of the HDC gel-AF interface 

when the AFs were digested with ChABC was 4,191 ± 1,669 Pa, which was higher but 

not statistically different from the ultimate shear stress of the saline-treated AFs at 

3,174 ± 884 Pa (p > 0.05) (Figure 4G). There was no significant change in the shear 

modulus of the HDC gel-AF interface with ChABC digestion (Figure 4H).  The shear 

modulus of the HDC gel-AF interface without and with ChABC digestion were 827 ± 

359 Pa and 945 ± 658 Pa respectively (p > 0.05). 

 

Cell Viability 

 Cell viability was performed to ensure that 10 U/mL ChABC digestion for 10 

minutes was not cytotoxic to AF cells in freshly harvested AF tissue. Viability was 

assessed immediately after ChABC or saline treatment, and again after seven days in 

culture. Representative images of the live/dead stain show the viability of native AF 

cells is similar between the saline-treated and ChABC-digested AF tissue at both time 

points (Figure 5A-D). When quantified through a MATLAB algorithm, the cell 

viability of AF cells with saline treatment and with ChABC digestion was not 

significantly different, with means viability of 79 ± 9% and 74 ± 14% respectively on 
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Day 0, and means of 80 ± 14% and 84 ± 10% on Day 7 (p > 0.05, Figure 5E).  

 
 
Figure 5. Representative live/dead images 
of AF tissue immediately after A) saline 
treatment and B) ChABC digestion, and 
after seven days of culture following C) 
saline treatment and D) ChABC digestion. 
AF tissues were digested with 10 U/ml 
ChABC or 1x DPBS for 10 minutes at 
37˚C. Live cells are stained green, and dead 
cells are stained red. E) Quantified cell 
viability of saline-treated and ChABC-
digested AF. Error bars are ±STD, 4-9 
samples were imaged 2-4 times per 
treatment group, black bars denote 
significance at p ≤ 0.05. 
 
 
 
 

 
Discussion  
 
 The objective of this study was to assess the effect of proteoglycan removal on 

the adhesion of a HDC gel, a hydrogel previously developed for annular repair, to 

native AF. The data from this study shows that proteoglycan removal by ChABC 

digestion improves the adhesion of the HDC gel to the AF without significantly 

decreasing native AF cell viability. Through mechanical analyses, it was shown that 

proteoglycan removal increased the elastic toughness and total shear energy of the 

HDC gel-AF interface. ChABC digestion resulted in greater adhesion at the interface 

of the HDC gel and AF as demonstrated in the histological and SHG images of the 

AF-HDC gel-AF samples. 
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This study demonstrated that ChABC digestion of AF tissue leads to 

proteoglycan digestion and improved adhesion of a collagen biomaterial for annular 

repair. The optimal digestion time for complete proteoglycan removal was 10 minutes 

at a concentration of 10 U/ml. As digestion time increased, ChABC penetrated further 

into the AF, and proteoglycan removal increased until the AF was stripped of all 

proteoglycans. A DMMB assay showed that there was not a significant difference in 

bulk proteoglycan content between the saline-treated and ChABC-digested groups, 

demonstrating that the ChABC digestion performed in this study was only a surface 

treatment.  By removing surface proteoglycans via ChABC digestion, the HDC was 

able to bind tightly and adhere to the AF. Brightfield histology and SHG images of the 

saline-treated samples showed that there are gaps between the AF and HDC gel, 

suggesting that proteoglycans sterically prevented the HDC gel from interacting with 

the AF tissue. Also, there is observable penetration of the HDC gel into the AF tissue 

after ChABC digestion. While the mechanism of adhesion of the HDC gel to AF tissue 

was not investigated in this study, it is likely that ChABC digestion improved the 

ability of the injected gel to diffuse into the tissue and bond to the backbone of native 

collagen molecules. When proteoglycans were removed, tight adhesion at the interface 

of the HDC gel and ChABC-digested AF was observed. Thus, removal of 

proteoglycans by ChABC digestion is a feasible method to enhance adhesion of 

collagen gels to the AF for annular repair applications. 

The results from this study are promising evidence that ChABC digestion 

could be used as a pre-treatment for annular repair, by removing bulky proteoglycans 

and allowing injected biomaterials to better adhere to the AF. Proteoglycan removal 
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has previously been tested to improve cell adhesion to articular cartilage [39, 45-47]. 

A previous study used 1 U/mL ChABC to digest articular cartilage for 4 minutes in 

vivo in order to obtain a degradation depth of 1 µm to improve cell adhesion [47]. A 

similar study used 0.1 U/ml ChABC for 15 minutes to improve the adhesion of 

synovial membrane-derived mesenchymal stem cells to rabbit cartilage [39]. In the 

current study, a higher concentration of ChABC (10 U/ml) was chosen in order to 

achieve complete proteoglycan removal. Furthermore, this study evaluates collagen 

adhesion to AF rather than cell adhesion to cartilage. If ChABC digestion were to be 

used as a pre-treatment for annular repair, a short digestion time would be ideal since 

time is valuable during surgeries. The results demonstrate that a high concentration of 

ChABC (10 U/ml) improved the adhesion of HDC to AF, suggesting that digesting the 

AF with 10 U/ml ChABC for 10 minutes is sufficient to improve collagen gel 

adhesion. 

ChABC digestion increased the mechanical properties (namely elastic 

toughness, total shear energy) of the HDC gel-AF interface. The increase in 

mechanical properties is likely due to improved adhesion of the HDC gel to the AF as 

demonstrated by the histological and SHG imaging. Proteoglycan removal overall 

significantly increased elastic toughness and total shear energy, indicating HDC gel 

adhesion to the ChABC-digested AF improved compared to untreated AF. An increase 

in the elastic toughness and total shear energy suggests that more energy is necessary 

to displace the HDC gel. These improved mechanical properties would be beneficial 

when used in vivo because the injected HDC gel needs to stay localized to the 

implanted site to effectively seal the AF after discectomy and prevent reherniations. 



 

214 

Overall, the results demonstrate that proteoglycan removal by ChABC digestion 

improves collagen adhesion to AF. 

The adhesion strength that is required for implanted materials to prevent 

herniation of the NP has not been directly evaluated. Studies investigating burst tests 

by artificially increasing intradiscal pressure have found that even after box 

annulotomy defects, IVDs can resist pressures of 0.5 to 2.0 MPa before leaking [26, 

57]. We have estimated the necessary adhesion strength of the annular repair hydrogel 

by performing a force balance using the LaPlace wall stress equation to approximate a 

cylinder with 3 mm diameter and 5 mm height annular defect assuming 0.5 MPa 

intradiscal pressure (Supplemental Figure 1 and Supplemental Material 1). This 

calculation roughly estimates that 75 kPa of adhesion stress is necessary to counter 

human intradiscal pressure. While the ultimate shear stress for the saline-treated group 

in this study was found to average 3.2 kPa, previous studies implementing an identical 

HDC patch in the sheep lumbar spine in vivo have not found evidence of NP 

herniation or dislocation of the HDC patch [27, 33]. Intradiscal pressure immediately 

after annular injury or discectomy is unknown but likely lower than intact intradiscal 

pressure since the IVD is no longer a sealed system. Additionally, the fibrous nature of 

the sheep NP and overall IVD morphology may make herniation of NP tissue more 

difficult [5, 12, 58]. 

While previous investigations have reported similar or higher adhesion 

strength to values reported here, the testing methods must be taken into account. 

FibGen gel, a fibrin hydrogel that is crosslinked using genipin, has a reported adhesion 

strength between 58.8 and 81.2 kPa when undergoing a pushout test [32]. Adhesion 
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strength was defined as the ultimate load divided by the surface area. While these 

values are higher than those found in this study, adhesion strength can vary between 

pushout and lap-shear testing setups. Pushout tests are likely to register higher forces 

due to friction and changes in geometry throughout the test, with one study directly 

measuring additional stresses due to friction during an articular cartilage pushout test 

to be 22 kPa [59]. In this study, in a lap-shear setup the ultimate shear stresses of the 

saline-treated and ChABC-digested AF were 3.2 kPa and 4.2 kPa respectively. Others 

have also used poly(N-isopropylacrylamide) (PNIPAAm) combined with other 

materials to formulate a thermoresponsive hydrogel that potentially could be used for 

annular repair and have measured gel adhesion in tension [60, 61]. Reported ultimate 

strengths ranging from 1.4 and 2.2 kPa depended on the amount of glutaraldehyde 

used to crosslink the gels [60]. These data are roughly similar to the ultimate shear 

stress of the HDC gel-AF interface with saline treatment found in the current study. 

The addition of alginate particles to PNIPAAm increased strengths between 2.1 and 

4.2 kPa [61]. The lap-shear configuration used in this study provides insight into the 

shear stress that the HDC gel and AF interface may experience in the IVD as the 

pressure produced in the NP pushes on the AF and HDC gel.  

There may be skepticism for the use of ChABC digestion as a therapeutic 

approach to IVD degeneration, as chronic ChABC injections have been used to induce 

disc degeneration in large animal models to study the progression of degeneration [62-

64] and recent work has demonstrated that proteoglycan removal can decrease AF 

failure properties [65]. In one such study, 0.25 U/ml of ChABC was injected into 

caprine NP to induce mild disc degeneration and found that degeneration worsened up 
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to 18 weeks but plateaued after 26 weeks [64]. In another study, human AF digested in 

0.125 U/ml ChABC for 18 hours were shown to have decreased failure stress, elastic 

modulus, and failure strain depending on sample orientation [65]. Although disc 

degeneration and decreased AF failure properties have been shown to occur if ChABC 

is left for an extended period of time, the intended use of ChABC in this study is to 

remove proteoglycans on the AF locally to improve HDC adhesion in a short-term and 

controlled fashion.  As shown by our day 7 cytotoxicity data, there is not a long-term 

effect of the acute ChABC treatment on cell viability. Clinically used digestive 

enzyme treatments have been locally applied using gels, saline injections, or 

microtubes [66-68]. ChABC could be applied locally to the AF with a cotton swab or 

gel to prevent ChABC from leaking into the NP and can be thoroughly washed with 

saline to remove excess ChABC that could potentially lead to disc degeneration; 

however, this is an area of future work. Furthermore, condoliase, chondroitin sulfate 

ABC endolyase, cleaves chondroitin sulfate and hyaluronic acid of proteoglycans and 

has been clinically evaluated in the IVD for chemonucleolysis as a treatment option 

for lumbar disc herniation. It was determined to be safe and effective to use clinically 

[67, 69]. Although the intended use for ChABC is different from the use of condoliase 

in these clinical trials, it is promising that condoliase has been successfully tested in 

clinical trials, and its use has been shown to be safe in the IVD. The safety of ChABC 

could be similar; however, ChABC still needs to be tested clinically. 

While this study accomplished its objective of determining the effects of 

ChABC digestion on proteoglycan removal in the AF and HDC gel adhesion, there are 

limitations to address. One limitation of the study is the lap-shear configuration of the 
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AF and HDC gel. It does not completely mimic the in vivo placement of the HDC gel, 

which may affect the mechanical properties reported in this study [70]. Also, adhesion 

values may be slightly elevated due to the testing geometry chosen in this study, where 

bending could occur since the testing grips were not offset from each other. 

Furthermore, the HDC gel and AF were only subjected to uniaxial tension, while IVDs 

in vivo experience multiaxial forces. Future work includes using whole IVDs [71] and 

measuring intradiscal pressure after a discectomized IVD is digested with ChABC and 

sealed with the HDC gel. We hypothesize that an IVD treated with ChABC then 

sealed with the HDC gel should be able to withstand greater intradiscal pressures than 

a disc sealed with the HDC gel without ChABC digestion. The increase in adhesion 

between the HDC gel and AF tissue after ChABC digestion seems promising for 

improving annular repair, however further study in whole IVDs is necessary to 

understand if these improvements translate to superior repair in situ. Using the HDC 

gel without ChABC pretreatment has led to successful annular repair after discectomy 

in sheep and rat-tail models, but ChABC digestion may make this strategy even more 

efficacious [22, 23, 27, 33, 35]. The results from the current study are promising and 

provide a strong foundation for future work on the use of ChABC digestion as an 

annular repair strategy. 

 

Conclusion 
 

Proteoglycan removal by ChABC digestion improves the adhesion of the HDC 

gel to AF without significantly decreasing the cell viability. ChABC treatment 

increased the elastic toughness and total shear energy of the HDC gel-AF interface by 
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88% and 46% respectively. Bulky, sterically-hindering proteoglycans inhibit diffusion 

of macromolecules and cover cryptic binding sites in AF tissue, hence the increase in 

the adhesion of the HDC to AF with ChABC treatment is attributed to removing 

proteoglycans. In the future, ChABC digestion can be used for annular repair. 
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Supplemental Materials 

 

Supplemental Figure 1.  Schematic of a cylindrical annular defect with a diameter of 
3 mm and a height of 5 mm. The intradiscal pressure is assumed to be 0.5 MPa, 
typical of humans in a standing position.  
 
Supplemental Material 1: Modified LaPlace equation for wall stress assuming a 
3mm cylindrical annular defect with 5 mm thickness for native AF. 
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 CHAPTER 6 
 

Imaging the Local Biochemical Content of Native and Injured Intervertebral Disc 
using Fourier Transform Infrared Microscopy 

 
Abstract 
 
 Alterations to the biochemical composition of the intervertebral disc (IVD) are 

hallmarks of aging and degeneration. Methods to assess biochemical content, such as 

histology, immunohistochemistry and spectrophotometric assays, are limited in their 

ability to quantitatively analyze the spatial distribution of biochemical components. 

Fourier transform infrared (FTIR) microscopy is a biochemical analysis method that 

can yield both quantitative and high-resolution data about the spatial distribution of 

biochemical components. This technique has been largely unexplored for use with the 

intervertebral disc, and existing methods use complex analytical techniques that make 

results difficult to interpret. The objective of the present study is to describe an FTIR 

microscopy method that has been optimized for imaging the collagen and 

proteoglycan content of the IVD. The method was performed on intact and 

discectomized IVDs from the sheep lumbar spine after six weeks in vivo in order to 

validate FTIR microscopy in healthy and degenerated IVDs. FTIR microscopy 

quantified collagen and proteoglycan content across the entire IVD and showed local 

changes in biochemical content after discectomy that were not observed with 

traditional histological methods. Changes in collagen and proteoglycans content were 

found to have strong correlations with Pfirrmann grades of degeneration. This study 

demonstrates how FTIR microscopy is a valuable research tool that can be used to 

quantitatively assess the local biochemical composition of IVDs in development, 
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degeneration, and repair. 
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Introduction 
 

Intervertebral disc (IVD) herniations involve the protrusion of nucleus 

pulposus (NP) tissue through the annulus fibrosus (AF), often leading to the 

compression of nerves and the spinal canal that causes pain and disability [1]. Each 

year approximately 500,000 individuals in the United States undergo a discectomy 

procedure to remove extruded NP and diseased AF tissue [2, 3]. Discectomies are 

effective in acutely relieving symptoms, however a large fraction of operated IVDs 

will continue to experience degenerative changes over time including loss of height, 

hydration, biochemical content and mechanical properties [4-9]. In a healthy state as 

seen in young individuals, native IVD cells maintain the proteoglycan content of the 

NP and collagen network of the AF [10]. The proteoglycan and type-II collagen 

content of the IVD decrease radially from the NP to AF, while type-I collagen content 

increases from the inner to outer AF [10, 11]. Proteoglycans imbibe water and create 

hydrostatic pressure within the AF, which contains the pressure via hoop stresses 

generated in its fibrous, lamellar collagen network [12]. Thus, proteoglycans within 

the NP and an intact, fibrous AF are critical to the mechanical function of the IVD. In 

herniation-induced degeneration, native disc cells become quiescent and can no longer 

maintain the intricate extracellular matrix (ECM) while other disc and immune cells 

produce matrix-degrading enzymes that catabolize collagens and proteoglycans [13, 

14]. Local changes to the biochemistry can ultimately lead to additional macroscale 

changes to the IVD such as NP dehydration, AF lesions and loss of disc height that 

reduce functionality, cause pain and are indications for more complex interventions 

such as fusion [15, 16]. As such, investigating the biochemical composition of IVDs in 
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development, disease progression, and after therapeutic intervention is necessary to 

improve the quality of spine healthcare. 

There is a need in the research community for an analytical method that can 

quantitatively measure the local distribution of biochemical components of the IVD 

without a priori knowledge of what to look for. Traditional biochemical analysis 

methods such as histology, immunohistochemistry (IHC) and spectrophotometric 

assays are valuable experimental tools, but the user must know exactly what they are 

looking for and no single method can quantitatively analyze the spatial distribution of 

biochemical components with high resolution. Fourier transform infrared (FTIR) 

microscopy is a blossoming technique that has received interest from many fields 

studying soft tissues for its ability to gather both quantitative and spatial data about 

biochemical composition [17-27]. FTIR spectroscopy is the underlying technology 

and theory, which uses infrared (IR) light to probe the vibrational and rotational 

modes of both organic and inorganic molecules. When broad-spectrum IR light is 

passed through a molecule, light is absorbed specifically at the frequency of the 

atomic vibrations and rotations. Since every known molecule has a unique atomic 

composition and bond structure, each molecule has a unique IR absorbance spectra 

that is characterized by absorbance peaks at specific vibrational and rotational 

frequencies. In addition, Beer’s law states that IR absorbance is proportional to 

molecular concentration, and that a mixed species of molecules have additive 

contributions to the combined IR absorbance [28]. In FTIR microscopy, FTIR spectra 

are collected from a defined area on unstained histologic sections.  

FTIR microscopy has been used over the past two decades to study the 



 

235 

composition of biological tissues like bone and cartilage [17, 19, 23-27, 29]. The 

technique lends itself to studying these tissues because the primary constituents, 

collagen and proteoglycans, have FTIR absorbance spectra with distinct peaks [30]. 

The articular cartilage community has utilized FTIR microscopy to quantitatively map 

the spatial distribution of proteoglycan and collagen content in native [17, 18, 21, 23, 

27, 31], osteoarthritic cartilage [27, 32, 33], enzymatically-degraded [31], and tissue-

engineered cartilage [23, 29]. IVD tissue has a similar biochemical constituents to 

articular cartilage, however the ratio of proteoglycans and collagen is varied across the 

NP and AF [14]. Thus, methods must be developed that can accurately measure 

biochemical components in both the proteoglycan-rich NP and collagen-rich AF.  

Here we present FTIR microscopy with peak integration as a method to 

quantitatively assess the local distribution of biochemical composition of the entire 

IVD. This method is useful because it can be performed on unstained histological 

sections and does not require a priori knowledge of which components are to be 

analyzed. This method can be used by investigators across IVD development, disease 

progression and regenerative therapies to quantify local changes to IVD biochemical 

content. This technique was developed using sheep lumbar IVDs, but can be applied to 

any spine level or animal species. The method was validated by comparing healthy 

lumbar IVDs to those that were injured via a discectomy to induce degenerative 

changes. The objectives of this study were: 1) to develop FTIR microscopy methods to 

analyze IVD tissue, 2) compare collagen and proteoglycan maps in native and 

herniated IVDs, and 3) compare patterns of collagen and proteoglycans with known 

grades of degeneration. 
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Materials and Methods 
 
Tissue Source and Preparation 
 

Sheep lumbar IVDs were chosen as models of the human lumbar spine due to 

the anatomical, mechanical, and biochemical similarities between the two species. A 

total of 13 healthy and degenerated sheep IVDs were obtained from a previously 

performed in vivo study in which degeneration was induced in some levels via 

discectomy [34, 35]. As described previously, the lumbar spines of six Finn sheep 

were exposed through a lateral pre-psoas approach [34, 36]. One to two lumbar IVDs 

per animal were subjected to a 3x10mm annulotomy via scalpel followed by removal 

of ~200mg of NP tissue using pituitary rongeurs. This has been shown in previous 

studies to induce degenerative changes including loss of hydration, disc height, 

mechanics and biochemistry over a six-week period in vivo [34]. One IVD per animal 

served as an intact control and did not receive the discectomy. After six weeks in vivo, 

all spines were harvested, subjected to magnetic resonance imaging (MRI) in the 

sagittal plane using a 3 Tesla scanner (Siemens, Erlangen, Germany), and the IVDs 

were prepared for histological sectioning. Three physicians blinded to the treatment 

groups used the Pfirrmann grading system to analyze the state of IVD degeneration on 

a scale from 1-5 with respect to the signal intensity and homogeneity of the NP as well 

as the distinction of the border between NP and AF on sagittal and axial T2 MRI 

sequences. The reported Pfirrmann grade for each IVD was taken as the median of the 

three grades. The sheep study was approved by the Cornell University and the Barton 

West End Farms Institutional Animal Care and Use Committee and was performed 
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according to the guidelines recommended by these committees. 

 
Histological evaluation 
 

All IVDs were fixed with 10% neutralized formalin buffer, decalcified in 5% 

nitric acid for 1-2 months, and transferred to 75% ethanol prior to paraffin embedding. 

Samples were sectioned at 4µm thickness through a mid-coronal plane onto glass 

slides. After sectioning onto glass slides, samples were stained with alcian blue and 

imaged with brightfield microscopy with an Aperio slide scanner (Leica Biosystems, 

Buffalo Grove, IL). 

 

FTIR Microscopy and Analysis 
 

Following a modified protocol that was previously established for articular 

cartilage [18], 4µm thick histological sections prepared as described above were 

placed on 3mm thick IR-transparent barium fluoride slides that were 32mm in 

diameter (Spectral Systems, Hopewell Junction, NY). Sections were deparaffinized in 

xylene and rehydrated in successive 100%, 95% and 70% ethanol baths. Samples were 

imaged with a Hyperion 3000 FTIR microscope (Bruker, Billerica, MA) under a 

compressed air purge to evacuate excess water vapor. Prior to FTIR imaging, a 

brightfield overview image was obtained in order to determine the rectangular region 

of interest (ROI) that contained the IVD, endplate and a small area of each adjacent 

vertebrae (Figure 1). In transmission mode, FTIR sample absorbance spectra were 

obtained with a resolution of 4 cm-1 using an IR-compatible 15X objective. Spectra at 

each point were averaged over 16 background-corrected scans between 600 and 4000 
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cm-1. The microscope rastered across the rectangular ROI (~1.5cm2) by collecting 

FTIR spectra over individual tiles that were 250µm2 in area and spaced 500µm apart 

(Figure 1). FTIR spectra for pure type-I collagen and aggrecan were obtained from a 

previously reported study [21] in order to compare IVD spectra with pure ECM 

components (Figure 2A-C). 

 
Figure 1. A schematic representation of the FTIR microscopy imaging setup and 
acquisition methods. IVD samples mounted on barium fluoride slides were imaged 
with a Hyperion 3000 FTIR microscope under a 15X IR-compatible objective. A 
brightfield overview image was obtained in order to visualize the region of interest of 
the scan. Then, hundreds of FTIR spectra were obtained across a rectangle containing 
the AF, NP, and cartilage endplates. The individual scans were obtained over a 
250µm2 area and spaced 500µm apart. 
 

The amide I, amide II, sulfate and sugar peaks from each FTIR spectra were 

integrated between 1605-1685cm-1, 1490-1585cm-1, 1185-1290cm-1, and 960-1185cm-

1, respectively. These values were chosen based on previously reported values for 

articular cartilage [17, 18, 23-26], but were modified slightly to match the peaks found 

in intervertebral disc tissue (Figure 2B-C). Peak integration was performed by plotting 
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a line between the intersection of the FTIR spectrum and the given wavenumber range 

for each peak, and then integrating the area between the line and the spectrum as 

described previously [17, 23, 25, 26, 29]. The peak areas at each raster tile were then 

divided by the mean of the 10 highest peak areas from the same IVD to account for 

differences between animals and lumbar levels. Peak area maps were generated from 

the normalized peak areas for the amide I, amide II, sulfate and sugar peaks and 

compared to alcian blue histology (Figure 2 D-H). To quantify spatial differences in 

peak areas between intact and discectomized IVDs, peak area values were collected 

from line scans across the width of each IVD. IVD width was normalized to 1, and 

average peak area values were averaged together for intact and discectomized IVDs. 

To validate the FTIR findings against the known bulk biochemical composition of 

intact and degenerated IVDs, average peak areas were calculated in the NP and AF 

regions from both intact and discectomized IVDs. Regions of NP and AF were 

manually selected with elliptical ROIs, and peak area values within these ROIs were 

averaged. 

 

Statistical Methods 
 

A two-way analysis of variance (ANOVA) was used to determine statistical 

differences in the ROI average peak area plots, which accounted for tissue region (NP 

or AF) and tissue type (intact or discectomy). Multiple comparisons were made for the 

sugar and amide II average peak areas between tissue type and region using two-tailed 

Tukey’s honest significant difference post hoc tests. Pearson correlation coefficients 
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were used to assess statistical significance for correlation plots between peak area and 

Pfirrmann grade. P values less than 0.05 were considered statistically significant.  

 
Figure 2. Representative FTIR spectra obtained from A) pure type-I collagen and 
aggrecan (from a previous study[21]), B) AF tissue and C) NP tissue show unique 
spectral characteristics. Peak areas were obtained from the FTIR spectra by integrating 
between wavenumbers associated with the with the amide I, amide II, sulfate and 
sugar regions. D) Representative alcian blue histology of an intact IVD showing the 
location of where FTIR spectra in panels B and C were taken from. Proteoglycans are 
stained blue and collagen pink. E-H) Representative peak area maps of the amide I, 
amide II, sulfate and sugar peaks from the intact IVD in D. 

 

Results 
 
 IVD tissue had unique, location-dependent FTIR spectral characteristics across 

the AF and NP, and showed absorbances typical of both collagen and proteoglycans. 
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Pure type-I collagen showed notable peaks in the amide I, amide II and sulfate regions 

(Figure 2A). The amide I region is the most intense absorbance band in proteins, and 

is mostly present due to stretching vibrations of the C=O and C-N groups [17, 30]. 

The amide II region has prominent absorbance due to N-H bending as well as C-N and 

C-C stretching vibrations. The amide III and sulfate regions heavily overlap from 

1290-1185 cm-1, which explains why collagen showed high absorbance in this region 

even though the pure protein does not contain sulfate groups. Pure aggrecan also had 

notable peaks in the amide I and sulfate regions, but more interestingly lacked 

absorbance in the amide II region and had a large peak in the sugar region (Figure 

2A). Based on these data, the amide II peak was chosen to be representative of 

collagen, while the sugar peak was chosen to be representative of proteoglycans. 

When FTIR spectra were collected from IVD tissue, AF and NP tissue had spectral 

similarities to collagen and aggrecan, respectively. FTIR spectra from the outer AF 

region of the IVD showed prominent peaks in the amide I, amide II and sulfate 

regions, with little absorbance in the sugar band (Figure 2B). NP tissue had lower 

overall IR absorbance than AF tissue, and shows distinct peaks in the amide I, amide 

II, sulfate and sugar regions (Figure 2C).  

 Maps generated from peak area measurements showed location-dependent 

changes across the IVD in the amide I, amide II, sulfate and sugar regions, and 

showed unique features compared to alcian blue histology (Figure 2 D-H). Amide I, 

amide II, and sulfate peak area maps all showed similar features, with high absorbance 

in the outer AF and endplate, and lower absorbance in the inner AF and NP (Figure 2 

E-G). These three IR bands showed decreasing absorbance from the outer AF to inner 
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AF, which matches the decreasing proteoglycan content visible in the alcian blue 

histology and what is known about IVD composition [37-40]. The amide II peak area 

map showed the least amount of absorbance in the NP and inner AF regions, since 

proteoglycans such as aggrecan do not have high IR absorbance in that region. The 

sugar peak area map was the most unique of the four measured in this study, showing 

high absorbance in the NP and inner AF regions and little absorbance elsewhere 

(Figure 2 H). 

There are two noteworthy differences between proteoglycans visualized 

through alcian blue histology and FTIR microscopy. First, the distribution of 

proteoglycan-rich tissue appeared fairly homogenous across the NP and inner AF 

through FTIR microscopy. In alcian blue histology the most intense staining of 

proteoglycans was found in the NP, which then decreases across the inner AF to the 

outer AF. Second, FTIR microscopy revealed a larger region containing proteoglycans 

than what is visualized through histology.  

 Alcian blue histological sections of intact and discectomized IVDs were 

compared to data generated from FTIR microscopy to evaluate how each method can 

be used to study local changes in biochemical content. As mentioned above, in intact 

IVDs with no signs of degeneration, alcian blue staining showed proteoglycans 

primarily localized to the NP (Figure 3A). While there was evidence of proteoglycans 

in the AF, most of the AF stained pink for collagen. In discectomized IVDs with low 

Pfirrmann grades of degeneration, the blue stain for proteoglycans was similarly 

localized to the NP with slightly more proteoglycans in the AF (Figure 3B). The NP 

appeared less homogenous than the intact IVDs, appearing disrupted with some 
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fibrous tissue. IVDs with high Pfirrmann grades had a highly heterogeneous NP with 

regions of dark and light blue staining for proteoglycans (Figure 3C). Compared to 

intact controls, the NP was much more fibrous and the AF shows more blue staining. 

FTIR peak area maps distinguished local changes in collagen and proteoglycans that 

the alcian blue histology does not show (Figure 3 D to F). As described above, FTIR 

microscopy showed that intact IVDs have a homogenous proteoglycan-rich region that 

is larger than observed with histology (Figure 3D). In discectomized IVDs with low 

and high Pfirrmann grades, FTIR microscopy showed heterogeneity in the 

proteoglycan-rich region of the IVD and less collagen content in the AF compared to 

intact controls. This technique also revealed a reduction in proteoglycans in the NP/AF 

region ipsilateral to the discectomy injury. This observation is notable because the 

alcian blue stain does not show reduced proteoglycan content on the side that received 

the discectomy. 

To quantify local differences in the collagen and proteoglycan composition of 

intact and discectomized IVDs, peak area values were collected from line scans across 

the width of each IVD (Figure 4A). The width of each IVD was normalized to 1, and 

then peak areas from each IVD within the intact and discectomy groups were 

averaged. The average line scan of amide II peak area in intact IVDs had a 

symmetrical shape, with high peak area in the outer AF that dimished by more than 

90% in the NP (Figure 4B). Discectomized IVDs had lower amide II peak area on the 

side of the discectomy, increased peak area in the NP, and similar peak area to intact 

IVDs on the contralateral side to the discectomy. The average line scan of sugar peak 

area had a less distinct shape, but peak area appeared lower on the periphery of the 
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IVD and higher in the NP region (Figure 4C). Differences between intact and 

discectomy IVDs were confined to the inner AF on the side of the defect and a small 

region near the center of the NP. 

 
Figure 3. Representative alcian blue histology of intact and discectomized IVDs 
compared to amide II/sugar peak area maps from the same IVDs. A) An intact IVD 
that showed no signs of degeneration on MRI (Pfirrmann grade 1), has a homogenous 
NP that stains blue for proteoglycans, and an AF that stains mostly pink for collagen. 
B) A representative discectomized IVD with mild degeneration (Pfirrmann grade 2) 
showing some fibrosity and disruption in the NP and C) a discectomized IVD with 
greater degeneration (Pfirrmann grade 4) with a heterogeneous NP and increased 
proteoglycan staining in the AF. D-F) Peak area maps of the combined amide II and 
sugar peak areas show the quantitative distribution of collagen (red) and proteoglycans 
(blue) from FTIR microscopy of each IVD from panels A-C. The intact IVD map 
shows homogenous proteoglycan distribution, while the discectomized IVD maps are 
more heterogeneous and show a reduction in proteoglycans on the ipsilateral side to 
the discectomy injury. Asterisks indicate the ipsilateral side to the discectomy injury. 
 
 In order to validate the FTIR method against literature reports of IVD 

biochemical composition in intact and degenerated states, aggregate peak area values 
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were gathered in the AF and NP from intact and discectomized IVDs. Once regions 

were selected from defined ROIs in the AF and NP (Figure 5A), the amide II and 

sugar peak areas were averaged and compared. Representative of collagen content, the 

average amide II peak areas were higher in the AF region compared with the NP 

region of intact IVDs (Figure 5B). In both the intact and discectomized IVDs, the AF 

region had significantly higher average amide II peak area than NP tissue (intact P = 

0.0012 and discectomy P = 0.006). Comparing intact and discectomized IVDs, the NP 

regions had similar average amide II peak area, but the AF were significantly different 

with the intact and discectomy having a mean of 0.36 ± 0.13 and 0.14 ± 0.07 

respectively (P = 0.006). The average sugar peak area, representative of proteoglycan 

content, had greater variation than the amide II peak area in both the NP and AF 

(Figure 5C). While there were no significant differences found between the intact and 

discectomized IVDs, the discectomy average sugar peak area was significantly higher 

in the NP compared to the AF (NP 0.13 ± 0.04 and AF 0.06 ± 0.05, P = 0.011). 

 The FTIR biochemical analyses were further validated by investigating 

correlations between the average peak areas and Pfirrmann grade. The Pfirrmann 

grade is a semi-quantitative grading scale used clinically and in pre-clinical large 

animal models to describe IVD degeneration on a scale from 1-5 based on sagittal 

MRI (1-least degeneration, 5-most degeneration). In this study, all the intact IVDs had 

a Pfirrmann grade of 1 since they did not suffer any injury, while all of the 

discectomized IVDs had Pfirrmann grades ranging from 2 to 5 (Figure 6). The average 

amide II and sugar peaks areas from the NP and AF showed strong correlations with 

Pfirrmann grade, except for the average sugar peak area from the NP (Figure 6 A-D). 
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The strongest correlation to Pfirrmann grade was the average amide II peak area in the 

AF, with an R2 value of 0.459 (P = 0.008). The weakest correlation to Pfirrmann grade 

was average sugar peak area in the NP, with an R2 value of 0.0003 (P = 0.95). 

 
Figure 4. A) Peak area values were collected from line scans across the width of each 
IVD. IVD width was normalized to 1, and average peak area values were averaged 
together for intact and discectomized IVDs. B) Average normalized amide II and C) 
sugar peak area plots showing the average ± standard error of the mean across the 
width of the IVDs. Dotted lines show approximate borders of the outer AF, inner AF 
and NP. The sample size was 6-7 samples per group.  
 

Discussion  
 

The objectives of this study were: 1) to develop FTIR microscopy methods to 

analyze IVD tissue, 2) compare collagen and proteoglycan maps in native and 

herniated IVDs, and 3) compare patterns of collagen and proteoglycans with known 

grades of degeneration. The data from this study showed that FTIR microscopy 

enabled quantitative measurements of local IVD composition, and quantitative 

comparison of local composition between intact and discectomized IVDs. AF and NP 
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tissues had unique FTIR spectra with respect to the amplitude and wavelength of IR 

light absorbance peaks. Peak area maps of the amide II and sugar absorbance revealed 

a unique biochemical distribution compared with traditional histology stains. Also, 

since IR light absorbance is linear and Beer’s law states that absorbance directly 

correlates with molecular concentration, FTIR microscopy is a highly quantitative 

method in comparison to traditional histology. This technique was validated by 

comparing aggregated IR absorbance from the AF and NP regions from intact and 

discectomized IVDs against traditional histology and what is known about the IVD in 

healthy and degenerated states. Lastly, the aggregated FTIR absorbances for collagen 

and proteoglycans correlated well with IVD degeneration scored through Pfirrmann 

grades. 

 
Figure 5. A) Average peak area values were quantified from regions of interest in the 
NP and AF for intact and discectomized IVDs. The AF region of interest for 
discectomized IVDs was taken ipsilateral to the discectomy injury. Average peak area 
plots of B) amide II and C) sugar peaks. The sample size was 6-7 samples per group, 
error bars are ± standard deviation, and bars above groups denotes statistically 
significant differences at P ≤ 0.05. A 2-way ANOVA with two-tailed Tukey’s honest 
significant difference post hoc tests was used to assess statistical differences. 
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The data from this study are consistent with previous investigations of human 

IVD biochemical composition that use wet chemistry assays to quantify biochemical 

content. Literature investigations of the collagen and proteoglycan content of the IVD 

in healthy and degenerated states have used hydroxyproline assays to measure 

collagen content and dimethylmethylene blue or uronic acid assays to measure 

proteoglycan content [37-39, 41]. Due to the nature of wet chemistry assays, spatial 

data is discrete but some investigations gathered tissue from multiple locations across 

the IVD. These studies showed that healthy IVDs have the highest proteoglycan 

content in the NP and inner AF, which decreases towards the outer AF [37, 38, 40]. 

Also, collagen content is the highest in the periphery of the IVD, which decreases 

towards the center of the NP [37, 38]. These results are consistent with the data 

produced by FTIR microscopy in Figures 4 and 5 of the present study. Previous 

studies also showed that in a degenerated state, collagen content is increased in the NP 

and decreased in the AF compared to healthy controls [37, 38]. Lastly, proteoglycan 

content in all IVD regions is decreased in a degenerated state [37, 38, 41]. In the 

present study, FTIR microscopy showed that collagen content is increased in the NP 

and decreased in the AF of discectomized IVDs, consistent with the literature. The 

current study did not show differences in proteoglycan content between healthy and 

injured IVDs. The discrepancies between this study and previous reports of 

proteoglycan content could be due to the lower levels of degeneration seen in IVDs in 

the present study, and differences in sheep versus human IVD biochemistry. 
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Figure 6. A-D) Correlations comparing average peak areas from FTIR microscopy to 
IVD degeneration via Pfirrmann grading in the NP and AF. The strongest correlation 
was found between the average amide II peak area in the AF and Pfirrmann grade, 
with an R2 value of 0.459. The weakest correlation was found between average sugar 
peak area in the NP and Pfirrmann grade, with an R2 value of 0.0003. The total sample 
size for each plot is 13 IVDs, and Pearson correlation coefficients were used to assess 
statistically significant differences at P ≤ 0.05 
 

This study is not the first to report a method for imaging the biochemical 

content of the IVD with FTIR microscopy, but presents an optimized method that 

yields high quality data across the entire IVD. There are a limited number of studies 

reporting FTIR microscopy on IVD tissue. Mader et al. imaged intact and 

enzymatically degenerated IVDs, and used a multivariate analysis of the second 

derivative of the FTIR spectra to parse out factors that relate to type-I collagen, type II 

collagen, elastin, and chondroitin sulfate content [20]. The reliability of distinguishing 
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between unique components based on second derivatives is not definitive due to the 

overlap in IR absorbance, but strong correlations were found between markers of 

degeneration and FTIR proteoglycan data. Hadjab et al. used FTIR to analyze elastin, 

collagen, and proteoglycan content in intact and degenerated IVDs [42]. It is unclear 

what method was used to obtain component absorbance or where scans were taken, 

and the only data presented are bar plots of quantified absorbance. Southern et al. used 

FTIR microscopy to assess biochemical changes to the IVD after intradiscal 

electrothermal annuloplasty (IDET) [19]. FTIR spectra were analyzed for shifts in the 

amide I contour and a ratio of the amide II to sulfate peak areas, but the study only 

reported spectra in small regions of the AF near IDET treatment. There are a larger 

number of studies employing FTIR microscopy to analyze biochemical content of 

articular cartilage, but these studies are difficult to compare to due to the difference is 

biochemistry from IVD tissue [17, 18, 22, 25, 31-33, 43]. While these studies present 

methods that work well for articular cartilage, the analytical techniques are optimized 

for collagen-rich matrices and not the aggrecan-rich NP unique to the IVD. Compared 

to previous work, the present study describes an optimized imaging setup for whole 

IVD tissue with an analytical method that yields quantitative biochemical data across 

the entire IVD. This study also reports novel biochemical composition maps of the 

whole IVD in healthy and degenerated states. 

FTIR microscopy has many benefits over traditional histology and IHC that 

stem from IR absorbance physics versus dye-binding kinetics. Traditional histology is 

widely accepted and slightly easier to perform, however dye-binding kinetics are non-

linear and thus true biochemical composition cannot be accurately visualized or 
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quantified [44]. This explains why the alcian blue images showed a smaller 

proteoglycans-rich area compared to the FTIR sugar peak area maps in Figure 3. The 

NP is predominantly proteoglycans while the AF has a mixture of collagen and 

proteoglycans, thus the alcian blue dye will behave differently in the two tissues 

because the affinity of a pure proteoglycan matrix is different than proteoglycans 

within a collagen matrix. FTIR is able to parse out the direct concentration of each 

biomolecule because IR absorbance increases linearly with concentration. Another 

benefit stems from FTIR microscopy not requiring the investigator to know a priori 

what biochemical constituents they will be analyzing spectra for. FTIR microscopes 

simply provide IR absorbance of a particular tissue, and thus the spectra can be 

examined for any number of biomolecules. This contrasts with histology, IHC and 

spectrophotometric assays, where only one or a handful of components can be 

analyzed on a single slide or sample. Additionally, there are many errors introduced in 

traditional biochemical analysis methods such pipetting, the age of stock solutions, 

timing of washes and mass measurements that can skew results from reality. With 

FTIR microscopy, once an algorithm is written to parse out various biochemical 

components from FTIR spectra, it can be used infinite times with no user error.  

One last major benefit of FTIR microscopy is its quantitative nature. As seen 

in Figure 4, quantitative analyses can be performed to evaluate both the concentration 

and spatial distribution of biochemical components within the IVD. The analyses in 

this study showed that discectomized IVDs had a multiple-fold increase in collagen 

content in the NP compared to intact controls. This local change in NP biochemistry 

cannot be seen nor quantified through alcian blue histology. FTIR microscopy can 
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identify small changes in biochemical concentration that may be undetectable with 

other methods. Lastly, the analysis presented in Figure 4 is one of many novel 

quantitative analyses that may be used with FTIR spectral maps. 

While FTIR microscopy is a promising method for quantifying the local 

biochemical content of the intervertebral disc, there are limitations that must be 

addressed with regards to the spectral analysis and tissue processing. First, some bond 

vibrational modes have overlapping absorbance bands, as seen with amide III and 

sulfate IR absorbance. This is likely why the peak area analyzed in the 1185-1290cm-1 

range resulted in strong absorbance in the AF from collagen when the wavenumber 

range is also known for sulfate absorbance associated with proteoglycans. Second, the 

FTIR spectra can be analyzed using a variety of methods that yield similar yet varied 

results. In this study, we chose to analyze peak areas by integrating between known 

wavenumber ranges, but other prominent analytical methods utilize linear 

decomposition [18], first and second derivatives [20], peak height [45], and peak area 

with varied integration techniques [23-25], and multivariate analyses [20, 46]. Each of 

these methods have their own benefits and limitations. Lastly, as with other histology-

based methods, artifacts can be introduced through processing and sectioning that alter 

the specimen such as loss of tissue, tissue folding and fracture. Histological artifacts 

can be controlled to a degree by excluding regions with known artifact from analysis.  

 

Conclusion 
 

FTIR microscopy with peak area integration is a highly quantitative method to 

analyze the local biochemical content of the IVD. This study demonstrated that IVDs 
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have unique FTIR spectra in the AF and NP that can be used to construct maps to 

show the spatial distribution of collagen and proteoglycans. Compared to traditional 

histology stains, FTIR microscopy enables direct quantification and visualization of 

biomolecules within the IVD without a priori knowledge of the constituents. This 

technique is widely applicable in the field of IVD research, and may help investigators 

to better understand and quantify the local distribution of biomolecules in 

development, disease progression and repair. 

 

Acknowledgments 

 The authors would like to thank Colin MacDonald for his generous 

support of this research. This study was funded by Fidia Pharmaceuticals, 

NIH/NCATS Grant #TL1-TR-002386, and the Colin MacDonald Fund. 

 

Conflict of Interest Statement 

R.H. is a consultant for AO Spine, Brainlab, Depuy-Synthes and Lanx, and 

received research funding from Baxter. L.J.B is a consultant for Fidia Pharmaceuticals 

and 3DBio Corp. 

 

  



 

254 

References 
 
[1] P.D. Delgado-López, A. Rodríguez-Salazar, J. Martin-Alonso, V. Martín-Velasco, 

Lumbar disc herniation: Natural history, role of physical examination, timing of 

surgery, treatment options and conflicts of interests, Neurocirugía (English Edition) 

28(3) (2017) 124-134. 

[2] J. Sherman, J. Cauthen, D. Schoenberg, M. Burns, N.L. Reaven, S.L. Griffith, 

Economic impact of improving outcomes of lumbar discectomy, The Spine Journal 

10(2) (2010) 108-116. 

[3] D.T. Gray, R.A. Deyo, W. Kreuter, S.K. Mirza, P.J. Heagerty, B.A. Comstock, L. 

Chan, Population-based trends in volumes and rates of ambulatory lumbar spine 

surgery, Spine 31(17) (2006) 1957-1963. 

[4] B.F. Walker, The prevalence of low back pain: a systematic review of the literature 

from 1966 to 1998, Clinical Spine Surgery 13(3) (2000) 205-217. 

[5] K. Luoma, H. Riihimäki, R. Luukkonen, R. Raininko, E. Viikari-Juntura, A. 

Lamminen, Low back pain in relation to lumbar disc degeneration, Spine 25(4) (2000) 

487-492. 

[6] J.P. Urban, S. Roberts, Degeneration of the intervertebral disc, Arthritis Res Ther 

5(3) (2003) 1. 

[7] R.G. Long, O.M. Torre, W.W. Hom, D.J. Assael, J.C. Iatridis, Design 

Requirements for Annulus Fibrosus Repair: Review of Forces, Displacements, and 

Material Properties of the Intervertebral Disk and a Summary of Candidate Hydrogels 

for Repair, J Biomech Eng 138(2) (2016) 021007. 



 

255 

[8] G.L.G. Ambrossi, M.J. McGirt, D.M. Sciubba, T.F. Witham, J.-P. Wolinsky, Z.L. 

Gokaslan, D.M. Long, Recurrent lumbar disc herniation after single-level lumbar 

discectomy: incidence and health care cost analysis, Neurosurgery 65(3) (2009) 574-

578. 

[9] G.J. Bouma, M. Barth, D. Ledic, M. Vilendecic, The high-risk discectomy patient: 

prevention of reherniation in patients with large anular defects using an anular closure 

device, European Spine Journal 22(5) (2013) 1030-1036. 

[10] G. Pattappa, Z. Li, M. Peroglio, N. Wismer, M. Alini, S. Grad, Diversity of 

intervertebral disc cells: phenotype and function, Journal of anatomy 221(6) (2012) 

480-496. 

[11] B. Johnstone, M.T. Bayliss, The large proteoglycans of the human intervertebral 

disc. Changes in their biosynthesis and structure with age, topography, and pathology, 

Spine 20(6) (1995) 674-684. 

[12] N. Newell, J. Little, A. Christou, M. Adams, C. Adam, S. Masouros, 

Biomechanics of the human intervertebral disc: A review of testing techniques and 

results, Journal of the mechanical behavior of biomedical materials 69 (2017) 420-

434. 

[13] M.A. Adams, P.J. Roughley, What is intervertebral disc degeneration, and what 

causes it?, Spine 31(18) (2006) 2151-2161. 

[14] B.R. Whatley, X. Wen, Intervertebral disc (IVD): Structure, degeneration, repair 

and regeneration, Materials Science and Engineering: C 32(2) (2012) 61-77. 



 

256 

[15] B.I. Martin, S.K. Mirza, B.A. Comstock, D.T. Gray, W. Kreuter, R.A. Deyo, 

Reoperation rates following lumbar spine surgery and the influence of spinal fusion 

procedures, Spine 32(3) (2007) 382-387. 

[16] I. Satoh, K. Yonenobu, N. Hosono, T. Ohwada, T. Fuji, H. Yoshikawa, Indication 

of posterior lumbar interbody fusion for lumbar disc herniation, Clinical Spine 

Surgery 19(2) (2006) 104-108. 

[17] N.P. Camacho, P. West, P.A. Torzilli, R. Mendelsohn, FTIR microscopic 

imaging of collagen and proteoglycan in bovine cartilage, Biopolymers: Original 

Research on Biomolecules 62(1) (2001) 1-8. 

[18] J.L. Silverberg, A.R. Barrett, M. Das, P.B. Petersen, L.J. Bonassar, I. Cohen, 

Structure-function relations and rigidity percolation in the shear properties of articular 

cartilage, Biophysical journal 107(7) (2014) 1721-30. 

[19] D. Southern, G. Lutz, A. Bracilovic, P. West, M. Spevak, N.P. Camacho, S. Doty, 

Histological and molecular structure characterization of annular collagen after 

intradiskal electrothermal annuloplasty, HSS Journal 2(1) (2006) 49-54. 

[20] K.T. Mader, M. Peeters, S.E. Detiger, M.N. Helder, T.H. Smit, C.L. Le Maitre, C. 

Sammon, Investigation of intervertebral disc degeneration using multivariate FTIR 

spectroscopic imaging, Faraday discussions 187 (2016) 393-414. 

[21] L. Rieppo, S. Saarakkala, T. Närhi, J. Holopainen, M. Lammi, H. Helminen, J. 

Jurvelin, J. Rieppo, Quantitative analysis of spatial proteoglycan content in articular 

cartilage with Fourier transform infrared imaging spectroscopy: Critical evaluation of 

analysis methods and specificity of the parameters, Microscopy research and 

technique 73(5) (2010) 503-512. 



 

257 

[22] L. Rieppo, J. Töyräs, S. Saarakkala, Vibrational spectroscopy of articular 

cartilage, Applied spectroscopy reviews 52(3) (2017) 249-266. 

[23] A. Boskey, N.P. Camacho, FT-IR imaging of native and tissue-engineered bone 

and cartilage, Biomaterials 28(15) (2007) 2465-2478. 

[24] A.L. Boskey, N. Pleshko, S.B. Doty, R. Mendelsohn, Applications of Fourier 

transform infrared (FT-IR) microscopy to the study of mineralization in bone and 

cartilage, Cells and Materials 2(3) (1992) 4. 

[25] N.T. Khanarian, M.K. Boushell, J.P. Spalazzi, N. Pleshko, A.L. Boskey, H.H. Lu, 

FTIR-I compositional mapping of the cartilage-to-bone interface as a function of tissue 

region and age, Journal of Bone and Mineral Research 29(12) (2014) 2643-2652. 

[26] J.P. Spalazzi, A.L. Boskey, N. Pleshko, H.H. Lu, Quantitative mapping of matrix 

content and distribution across the ligament-to-bone insertion, PLoS One 8(9) (2013). 

[27] X. Bi, X. Yang, M.P. Bostrom, N.P. Camacho, Fourier transform infrared 

imaging spectroscopy investigations in the pathogenesis and repair of cartilage, 

Biochimica et Biophysica Acta (BBA)-Biomembranes 1758(7) (2006) 934-941. 

[28] H.K. Hughes, Beer’s law and the optimum transmittance in absorption 

measurements, Applied optics 2(9) (1963) 937-945. 

[29] M. Kim, X. Bi, W.E. Horton, R.G. Spencer, N.P. Camacho, Fourier transform 

infrared imaging spectroscopic analysis of tissue engineered cartilage: histologic and 

biochemical correlations, Journal of biomedical optics 10(3) (2005) 031105. 

[30] G. Kelp, N. Arju, A. Lee, E. Esquivel, R. Delgado, Y. Yu, S. Dutta-Gupta, K. 

Sokolov, G. Shvets, Application of metasurface-enhanced infra-red spectroscopy to 



 

258 

distinguish between normal and cancerous cell types, Analyst 144(4) (2019) 1115-

1127. 

[31] C.D. DiDomenico, A. Kaghazchi, L.J. Bonassar, Measurement of local diffusion 

and composition in degraded articular cartilage reveals the unique role of surface 

structure in controlling macromolecular transport, Journal of biomechanics 82 (2019) 

38-45. 

[32] S. Saarakkala, P. Julkunen, Specificity of Fourier transform infrared (FTIR) 

microspectroscopy to estimate depth-wise proteoglycan content in normal and 

osteoarthritic human articular cartilage, Cartilage 1(4) (2010) 262-269. 

[33] S. Saarakkala, L. Rieppo, J. Rieppo, J. Jurvelin, Fourier transform infrared 

(FTIR) microspectroscopy of immature, mature and degenerated articular cartilage, 

Microscopy: science, technology, applications and education 1 (2010) 403-14. 

[34] I. Hussain, S.R. Sloan, C. Wipplinger, R. Navarro-Ramirez, M. Zubkov, E. Kim, 

S. Kirnaz, L.J. Bonassar, R. Härtl, Mesenchymal Stem Cell-Seeded High-Density 

Collagen Gel for Annular Repair: 6-Week Results From In Vivo Sheep Models, 

Neurosurgery  (2018). 

[35] B. Pennicooke, I. Hussain, C. Berlin, S.R. Sloan, B. Borde, Y. Moriguchi, G. 

Lang, R. Navarro-Ramirez, J. Cheetham, L.J. Bonassar, Annulus fibrosus repair using 

high-density collagen gel: an in vivo ovine model, Spine 43(4) (2018) E208-E215. 

[36] D. Oehme, P. Ghosh, S. Shimmon, J. Wu, C. McDonald, J.M. Troupis, T. 

Goldschlager, J.V. Rosenfeld, G. Jenkin, Mesenchymal progenitor cells combined 

with pentosan polysulfate mediating disc regeneration at the time of microdiscectomy: 



 

259 

a preliminary study in an ovine model: Laboratory investigation, Journal of 

Neurosurgery: Spine 20(6) (2014) 657-669. 

[37] K. Singh, K. Masuda, E.J.A. Thonar, H.S. An, G. Cs-Szabo, Age-related changes 

in the extracellular matrix of nucleus pulposus and anulus fibrosus of human 

intervertebral disc, Spine 34(1) (2009) 10. 

[38] G. Lyons, S.M. Eisenstein, M. Sweet, Biochemical changes in intervertebral disc 

degeneration, Biochimica et Biophysica Acta (BBA)-General Subjects 673 (1981) 

443-453. 

[39] M. Weidenbaum, R. Foster, B. Best, F. Saed-Nejad, E. Nickoloff, J. Newhouse, 

A. Ratcliffe, V. Mow, Correlating magnetic resonance imaging with the biochemical 

content of the normal human intervertebral disc, Journal of orthopaedic research 10(4) 

(1992) 552-561. 

[40] J.C. Iatridis, J.J. MacLean, M. O’Brien, I.A. Stokes, Measurements of 

proteoglycan and water content distribution in human lumbar intervertebral discs, 

Spine 32(14) (2007) 1493. 

[41] R.H. Pearce, B.J. Grimmer, M.E. Adams, Degeneration and the chemical 

composition of the human lumbar intervertebral disc, Journal of orthopaedic research 

5(2) (1987) 198-205. 

[42] I. Hadjab, L. Epure, J. Antoniou, L. Yahia, F. Mwale, Fourier Transform Infrared 

Spectral Analysis of Degenerative Human Intervertebral Discs, Global Spine Journal 

4(1_suppl) (2014) s-0034-1376638-s-0034-1376638. 



 

260 

[43] Y. Xia, N. Ramakrishnan, A. Bidthanapally, The depth-dependent anisotropy of 

articular cartilage by Fourier-transform infrared imaging (FTIRI), Osteoarthritis and 

cartilage 15(7) (2007) 780-788. 

[44] A.A. Maximow, W. Bloom, A textbook of histology, A textbook of histology. 

(5th Edit) (1948). 

[45] O. Planinšek, D. Planinšek, A. Zega, M. Breznik, S. Srčič, Surface analysis of 

powder binary mixtures with ATR FTIR spectroscopy, International journal of 

pharmaceutics 319(1-2) (2006) 13-19. 

[46] J. Oinas, L. Rieppo, M. Finnilä, M. Valkealahti, P. Lehenkari, S. Saarakkala, 

Imaging of osteoarthritic human articular cartilage using fourier transform infrared 

microspectroscopy combined with multivariate and univariate analysis, Scientific 

reports 6(1) (2016) 1-10. 

 

  



 

261 

CHAPTER 7 
 

Conclusion and Future Directions 
 

The goal of this dissertation was to develop and translate therapies that restore 

IVD function and prevent further degeneration after herniation. The long-term goal of 

this work is to treat disc herniation patients with a repair strategy that replaces lost NP 

tissue and restores the integrity of the AF such that further herniation and degeneration 

are not as likely as with current therapies. Current surgical therapies for IVD 

herniations, such as discectomy, are plagued by reherniation rates as high as 25%, and 

up to 40% of patients will need spinal fusion within 4 years [1-4]. This makes sense 

when looking at the surgical procedure because the operation involves removing 

extruded NP tissue and some of the damaged AF. Some patients have lesions in their 

AF over 6 mm in diameter, thus it seems reherniation is inevitable [5]. The work 

presented in this dissertation investigates the potential for a tissue-engineered therapy 

involving combined NP augmentation and AF repair in both small and large animal 

models, and also presents methods to improve AF repair through cell therapy and 

increasing adhesion to native AF tissue. 

Tissue engineering offers a promising alternative to the mechanical repair 

strategies that have shown weak success in the clinic. Mechanical repair strategies are 

those comprised of materials that do not biologically interact with native IVD tissue, 

and restore IVD function or prevent herniation and degeneration through a purely 

mechanical design. Examples for NP augmentation include high-density polymers like 

polyacrylonitrile and polyvinyl alcohol, and for AF repair are sutures and 

metallic/mesh implants that plug annular defects [6-9]. These materials may restore 
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IVD function or prevent degeneration in the short-term, but since they do not elicit any 

healing response, the IVD will continue to degenerate long-term. Tissue engineering 

employs biomaterials, exogenous cells and signaling factors to interact with the native 

biology of the target tissue with the goal of invigorating a healing response, and 

repairing or replacing diseased tissue. In this dissertation, we show how a combined 

tissue-engineered repair strategy can restore IVD hydration and morphology ex vivo 

(Chapter 2). This strategy was then investigated in the sheep lumbar spine in vivo, 

which prevented reherniation and reduced degenerative changes in mechanics, 

hydration, morphology, resulting in IVDs similar to intact controls (Chapter 3). 

Chapters 4 and 5 focus on optimizing annular repair for improved healing and 

adhesion through the use of exogenous mesenchymal stem cells (MSCs) and topical 

chondroitinase ABC (ChABC) digestion. The final research chapter describes a 

method for investigating the quantitatively analyzing the local biochemical content of 

the IVD using Fourier transform infrared (FTIR) microscopy, which is used to analyze 

differences in biochemistry between healthy and degenerated IVDS. 

 

Combined NP Augmentation and AF Repair (Chapters 2 and 3) 
 

In these chapters, the efficacy of a combined repair strategy as an IVD 

herniation treatment was investigated. While NP augmentation and AF repair 

strategies have been investigated over the past one to two decades in pre-clinical 

investigations, there is currently only one clinical trial in the United States for AF 

repair and a handful of trials using NP augmentation. What these individual repair 

strategies fail to consider is that the IVD is a composite tissue that requires both a 
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well-hydrated NP maintained within a sealed AF. As a result, it is unlikely that 

individual repair strategies will ever be able to restore the mechanical function, 

morphology, and hydration of a healthy IVD. In this dissertation, studies are presented 

that investigate the use of a combined NP augmentation and AF repair strategy for 

restoring IVD function and preventing degeneration after herniation.  

Chapter 2 describes the initial exploration of the combined repair in a rat tail 

spine, where repairs were performed ex vivo on injured IVDs that simulated 

herniation. Combining AF repair with NP augmentation resulted in IVDs that had 

improved NP hydration and overall morphology over injured controls and individual 

repairs. Compressive mechanical properties were solely improved by NP 

augmentation; however, it is expected that the AF repair strategy would improve 

mechanics in vivo after becoming remodeled by native or encapsulated cells. Previous 

work in the rat tail spine in vivo showed that herniation was prevented after injury and 

injection with the collagen AF patch, but injured, untreated controls herniated and lost 

NP tissue [10, 11]. The results in Chapter 2 and previous work warranted further study 

in a large animal model to continue the translation of the combined strategy.  

Chapter 3 describes results of implanting individual and combined repairs in a 

sheep lumbar spine model of discectomy after six weeks in vivo study. This study 

showed that AF repair was necessary to prevent reherniation after discectomy, but 

combined repair was the only treatment that could prevent degenerative changes to 

overall morphology, NP hydration and mechanical function. The data from both 

chapters support that individual NP augmentation and AF repair is insufficient to 

prevent degeneration after discectomy, and a combined repair strategy preserves 
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morphology and function of healthy IVDs. 

 

Future Directions 

The results of Chapters 2 and 3 are promising steps towards bringing a 

combined tissue-engineered repair strategy to the clinic for IVD herniation patients. 

There is potential for each of the repairs to be improved upon that may increase the 

healing capacity of the combined strategy. First, as shown in chapters 4 and 5, 

exogenous MSCs and topical ChABC digestion increase the efficacy of annular repair. 

A next step would be to combine all of these treatments into a single study that 

explores the use of NP augmentation and cell-laden annular repair with ChABC 

pretreatment. Second, it would be interesting to also investigate the potential of the NP 

augmentation therapy to be supplemented with cells. Hyaluronic acid (HA) used in 

both studies has been shown in other work to be effective as a cell carrier, and this 

could potentially supplement the regenerative capacity of native NP cells and increase 

the matrix-producing ability of the NP [12]. The addition of cells to both the NP 

augmentation and AF repair may increase the ability to prevent reherniation and 

degeneration after herniation, however this would likely increase regulation by the 

United States Food and Drug Administration (FDA). While cellular therapies are great 

future directions for pre-clinical investigations, the data in this dissertation suggest 

that the current therapy is satisfactory for continue translation. A longer follow-up 

time in the sheep lumbar spine would be a logical next step to assess the longer-term 

effects of combined therapy. To reach patients, an industry partner is necessary to start 

developing the AF and NP biomaterials for clinical use that is optimized for FDA 



 

265 

regulation, large-scale manufacturing and is commercially viable.  

 

Cell-Laden Annular Repair (Chapter 4) 
 

Chapter 4 explored the introduction of bone marrow-derived MSCs into the 

collagen AF patch for annular repair. Stem cells have been shown in a number of 

annular repair studies to improve the speed and quality of repair, however few studies 

have been performed in large animals that model a clinical discectomy [13-15]. Some 

studies have noted osteophyte formation after injection of stem cells into the IVD, but 

our data suggests that the cell-laden collagen patch does not lead to any adverse 

outcomes or immune reaction [16]. This may be due to the localization of cells within 

a collagen matrix, whereas other studies report injecting cells suspended in saline into 

the IVD that are prone to leak into surrounding tissues. A chronic immune response 

was not observed in any of the IVD levels treated with the cell-laden collagen gel. 

Since the collagen is a natural polymer and can be remodeled by encapsulated and 

native cells, there were no signs of a foreign body response or chronic populations of 

macrophage or neutrophils. The data in Chapter 4 show that after six weeks in vivo, 

the cell-laden collagen patch prevented degenerative changes seen with MRI, 

maintained NP hydration, and preserved native disc height compared to acellular 

repair.  

 

Future Directions 

Cellular therapies are a burgeoning area of study with a high potential for 

clinical impact. Further studies should continue exploring MSCs for annular repair in 
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large animal models in preparation for human study. Future work includes 

differentiating cells into fibroblast or chondrocyte phenotypes prior to implantation, 

gene therapy to overexpress matrix components, addition of signaling factors to drive 

differentiation and matrix production, and longer follow-up to evaluate long-term 

effects. There is also a question of how the MSCs are mechanistically affecting 

annular repair. While evidence from literature reports suggests that MSCs can 

differentiate into IVD cells and produce necessary matrix components, more recent 

studies have shown that MSCs paracrine signal to neighboring cells and may suppress 

inflammatory pathways that prevent tissue regeneration. It would be of interest to 

determine if the implanted cells stay viable in vivo for extended periods of time, how 

they are interacting with surrounding cell populations, and what effects there are on 

the immune and inflammatory environment. Secretome studies would be useful in 

understanding what kind of ECM components and growth factors the MSCs are 

contributing to the repair site. 

We have preliminary data on the short-term fate of implanted cells showing 

that MSCs appear to stay localized to the implanted hydrogel after 2 weeks in vivo 

(Appendix). The cells also have healthy looking nuclei suggesting the cells are still 

viable at this early time point. Further work with immunohistochemistry is needed to 

confirm these results, and it would be of interest to investigate cell fate on a longer 

timescale. It would be of interest to monitor cells for osteogenic phenotypes and the 

expression of type-X collagen to ensure osteogenesis is not occurring. Other studies 

that will help elucidate the role of MSCs in IVD repair are experiments investigating 

the interactions between MSCs and native IVD cells. Our group has started a 
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collaboration with Dr. Michelle Delco’s group (Cornell Veterinary Medicine) to 

explore the transfer of mitochondria from MSCs to AF cells, based on previous work 

showing this phenomenon with articular chondrocytes. Mitochondrial transfer is a 

possible explanation for the therapeutic effects of MSCs, but may ultimately be only 

one aspect of their regenerative nature. 

 

Improving Adhesion of Collagen AF Patch (Chapter 5) 
 

The collagen patch the Bonassar laboratory has been using for annular repair 

has shown to be an effective therapy for repairing lesions in the AF in a variety of 

animal models ex vivo and in vivo. Through a number of studies, the collagen gel has 

prevented recurrent herniation after discectomy injuries and halted or slowed 

progressive degeneration. When thinking about translating this biomaterial for annular 

repair in humans, the biggest concern other than the ability of the collagen gel to 

repair AF lesions is the safety of the implanted collagen. In humans, NP herniations 

occur in the posterior of the IVD where the walls of the AF are the thinnest. This 

coincidently is adjacent to the spinal canal and protruding nerve roots. Thus, 

biomaterials implanted for annular repair must stay localized to the implant site, 

otherwise unwanted migration of the materials could lead to compression of 

neurological structures and post-operative complications. These concerns led to the 

study in Chapter 5, which aimed to increase the adhesion between the collagen gel for 

annular repair and the native AF. The goal of increasing adhesion to native AF was to 

reduce the possibility of migration of the collagen during the post-operative recovery 

period when the material has not yet been infiltrated by host cells and remodeled into 
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the native tissue. The data presented show that after bathing native AF tissue in 10 

U/mL of ChABC for 10 minutes, adhesion of the collagen gel is significantly 

increased as shown through mechanical testing and histological analysis. The largest 

mechanical improvement was an 88% increase in the elastic toughness of the collagen 

gel-AF interface, which represents an increase in the amount of energy that can be 

absorbed prior to plastic deformation. Histology revealed tighter binding of the 

collagen gel to ChABC digested AF compared to AF tissue bathed in saline.  

 

Future Directions 

Chapter 5 showed that ChABC digestion led to modest improvements in 

adhesion of a collagen gel for annular repair to native AF tissue in an ex vivo setting. 

Future work includes investigating how ChABC digestion affects whole motion 

segment mechanical function, which could be studied using sheep lumbar IVDs with 

mechanical analyses similar to those presented in Chapter 3. If significant mechanical 

improvements are observed with ChABC treatment, it would be interesting to study 

the effect in vivo. There is an added challenge in vivo to ensure all of the ChABC is 

removed after the 10-minute digestion period, since digestive enzymes like ChABC 

have been used to induce degeneration when injected and left in the IVD long-term 

[17]. Future studies could also further explore optimizing either the collagen 

biomaterial or the native AF surface to even more tightly adhere the injected 

biomaterials to native AF.  
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Fourier Transform Infrared Microscopy (Chapter 6) 
 
 Chapter 6 described a novel method for imaging the local biochemical content 

of the IVD using FTIR microscopy. This method was modified from previous studies 

analyzing articular cartilage, and optimized for IVD tissue [18, 19]. Compared to 

histology, FTIR microscopy revealed a much larger proteoglycan-rich region of the 

IVD that spanned the NP and inner AF. The technique was also sensitive to minor 

changes in collagen and proteoglycan content resulting from a discectomy injury that 

were not observed with traditional histology. This method has great potential to 

elucidate alterations in the spatial distribution of biochemical components in IVDs 

through development, disease progression and regeneration/repair. 

 

Future Directions 

FTIR microscopy can easily become an integral part of many IVD studies in 

the Bonassar lab and beyond. In any study where paraffin-embedded histology blocks 

are prepared, additional samples can be sectioned onto IR-transparent slides and 

imaged with FTIR microscopy. The algorithm developed for analyzing biochemical 

composition based on IR absorbance could be expanded to include analysis of more 

components including elastin and possibly differentiation between types of collagens 

and proteoglycans. There are studies showing this is possible, but may introduce more 

noise into the measurements [20]. Future work for further validating the method 

presented in Chapter 6 could include imaging more severely degenerated animal 

tissue, or investigating biochemical composition of human IVDs. The sheep lumbar 

spines imaged in the present study are models of early-stage degeneration, hence it 
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would be interesting to image late-stage degeneration to understand what biochemical 

changes can be quantified with FTIR microscopy. This may create even stronger 

correlations between biochemical content and Pfirrmann grades of degeneration. Part 

of the motivation for developing the FTIR microscopy method was to better 

understand how to repair human IVDs after herniation, thus it would be useful to 

gather data on the biochemical composition of degenerated tissue from a clinical 

source of human IVDs.  

 

Animal Models 
 

The studies in Chapters 2 and 5 were performed ex vivo such that only the 

immediate mechanical benefit of each therapy was analyzed. This is in contrast to the 

in vivo studies in Chapters 3 and 4, where cells and other biological processes 

enhanced the healing potential of the repair strategies. In Chapters 3 and 4 the repairs 

were applied at the time of discectomy prior to any degenerative changes, which 

mimics herniation patients that undergo a discectomy and do not show other signs of 

degeneration such as loss of height or hydration. It would be interesting to study the 

repairs in IVDs that already show signs of degeneration, such as applying the repairs 6 

weeks after the initial discectomy injury. This would allow us to more broadly 

understand applications of the repair strategies for patients with IVD degeneration, 

however our studies were attempting to model patients with herniations but otherwise 

healthy IVDs. 

The sheep lumbar spine studies in Chapters 3 and 4 used 3x10mm annulotomy 

and nucleotomy injuries to model human IVD herniation and degeneration. This injury 
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has been shown in previous studies to induce degenerative changes over a period of 6 

weeks [21, 22]. Literature has shown that that injuries greater than 40% of the disc 

height are likely to induce progressive degeneration [23]. In our studies, the sheep 

lumbar IVDs have a height of roughly 5-6 mm, so the 3x10mm box annulotomy is 

roughly 50-60% of the disc height. This is a fairly aggressive injury that mimics 

human patients with significant annular lesions. The combined repair in Chapter 3 

preserves native IVD morphology, hydration and mechanics after injury, thus it 

appears to be a promising treatment for IVD herniations. 

 

Overall Future Directions 
 

The work presented in this thesis opens doors to ask new questions in the field 

of regenerative medicine and cell therapies for the IVD. The first broad question is 

related to the mechanism of repair. While this thesis shed light on the ability of 

hydrogel repair strategies to prevent IVD degeneration after discectomy, there is much 

to be learned about the repair process. Future work could explore the specific cell 

types that infiltrate the injury site, the transcriptome and secretome of these cells, and 

the local ECM and pericellular matrix. This work may lend itself to in vitro studies in 

bioreactor systems where cell and matrix components can be analyzed longitudinally. 

The next broad question is related to biomaterial selection, and asking if 

collagen is the ideal hydrogel for annular repair. While collagen is the predominant 

ECM component in the AF and the collagen hydrogel used in this thesis was able to 

prevent herniation after discectomy in vivo, there may be other materials that can 

provide greater mechanical benefit over collagen. Biomaterial selection is a balancing 
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act between mechanical properties and the material’s ability to support cell 

encapsulation, proliferation and migration. The collagen hydrogel used in this thesis is 

highly compatible with cells, but it appears the mechanical properties and adhesion to 

native AF could be improved for demanding mechanical environment of the IVD. 

Future work could explore biomaterials that have high compressive and tensile 

moduli, adhere strongly to native AF, and are able to support cell migration and 

remodeling. Future work could also explore novel fabrication techniques to 

manufacture lamellar sheets similar to native AF prior to implantation. 

The last question pertains to the broader application of the technologies 

presented in this thesis. IVD is one of many cartilaginous and collagen-rich tissues in 

the body. There are potential applications for an injectable, cell-laden collagen 

hydrogel to repair focal articular cartilage defects, promote tendon healing, and seal 

dural tears, among other applications. The collagen hydrogel formulation may have to 

be optimized for each specific tissue, however this thesis demonstrated proof-of-

concept and early validation of an in situ injectable gel to repair collagen-rich tissue. 

There are likely greater applications for collagen hydrogel repair technology that may 

be of scientific and commercial interest to pursue. 

 

Significance 
 

IVD degeneration and herniation are global diseases that have a massive 

burden on healthcare systems and severely reduce quality of life. Current surgical 

treatments for herniations do not heal the IVD or restore lost tissue, thus high rates of 

reherniation and progressive degeneration are reported. There is an urgent need for a 
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biologic repair strategy that can regenerate a functional IVD that is not prone to 

further disease. The data in this dissertation show that combining NP augmentation 

and AF repair shows promise for treating IVD herniations, while exogenous MSCs 

and topical ChABC digestion are promising enhancements to annular repair. Lastly, a 

novel method was presented that enables investigators of IVD development, disease 

progression and repair to quantitatively assess the spatial distribution of biochemical 

content within the IVD. This dissertation furthers the development and translation of 

tissue-engineered repair strategies for IVD herniations so that patients in the not-so-

distant future will have access to regenerative treatment options that thwart 

degeneration and reherniation.  
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APPENDIX 
 

Two Week In Vivo Images of tdTomato Mesenchymal Stem Cells in Collagen Gels 

 
Figure 1: Representative images showing implanted MSCs localized to the implanted 
collagen gel for annular repair after 2 weeks in vivo. Bone marrow-derived MSCs 
were transfected to express a red fluorescent protein (tdTomato) so that they could be 
tracked after being mixed into a collagen gel and injected into discectomized sheep 
lumbar IVDs. A) A second harmonic generation image taken of a coronal histology 
section through the discectomy site showing the defect and implanted collagen gel. 
Red fluorescence images taken at the B) collagen gel, C) native AF adjacent to the 
defect site and D) the native AF on the contralateral side of the IVD. Red fluorescent 
cells can be seen in the collagen gel but not the native AF, suggesting the tdTomato 
MSCs are still present after 2 weeks in vivo. 
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Figure 2: Representative images showing MSCs localized to the implanted collagen 
gel for annular repair after 2 weeks in vivo. A) A second harmonic generation image 
taken of a coronal histology section through the discectomy site showing the defect 
and implanted collagen gel. Hematoxylin and eosin (H&E) histology images of B-D) 
the collagen gel at the defect site and E-G) the annulus fibrosus at the contralateral 
side of the IVD to the defect. H&E stains cell nuclei dark purple, while cytoplasm and 
other matrix components are light purple/pink. It appears that many MSCs are 
distributed throughout the collagen gel, although this stain cannot provide information 
about the exact cell phenotype. These cells are identified through morphological 
features as MSCs due to their rounded shape and larger diameter than the native 
annulus fibrosus cells at the contralateral side of the IVD. The MSCs do not appear to 
be hypertrophic, and the nuclei in both cell types appear healthy. 
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Learning from Successes of Tissue Engineered Strategies in Non-Spine Cartilaginous 
Disorders 

 

Summary 
 
The design of biologic and tissue engineered approaches for treating intervertebral 

disc (IVD) pathologies should not be an entirely novel progression; there are 

numerous examples of clinically successful treatments in medical fields bearing 

similarity to the spine. Tissue engineered implants have been FDA approved to treat a 

variety of musculoskeletal disorders in the clinic since the 1990’s, providing ample 

time for long term studies and design alterations1-6. Autologous chondrocyte 

implantation is one example of a clinically successful intervention in an orthopedic 

field with great relevance to the spine that garnered success in thousands of patients3,6-8. 

While treating the spine has its own complexities and unique challenges facing 

biologic repair, important lessons can be learned from clinical triumphs in related 

fields. 
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Historical Perspective 
 

Three types of biologics used clinically to treat pathologic cartilage are 

biomolecule-, cell-, and scaffold-based approaches, which may be used independently 

or in combination with each other[2, 9, 10]. The strategy of biomolecule therapies is to 

augment natural tissue healing processes through invigorating cells with signals to 

proliferate, migrate, or assemble proteins necessary for repair. There are a whole host 

of cytokines, growth factors, and enzymes used clinically to treat cartilaginous 

disorders including fibrin, transforming growth factor (TGF-β), bone morphogenetic 

proteins (BMP), platelet derived growth factor (PDGF) and insulin-like growth factor 

(IGF) to name a few. The strategy of cellular therapies with or without scaffold 

material is to induce cellular proliferation and the production of extracellular matrix 

(ECM) proteins as well as other signal biomolecules. Scaffold based approaches 

comprise cytocompatible biomaterials that replace native tissue and/or function as 

carriers for cells producing native proteins and cytokines. This chapter will primarily 

focus on interventions involving tissue scaffolds, as there are already biomolecule- 

and cell-based biologics for IVD in the clinical setting[11-13].  

 

Relevant Cartilaginous Tissues 
 

The IVD is by no means identical to other cartilaginous tissues; however, there 

are many anatomical, pathological, and macro-environmental similarities between the 

tissues. There are multiple types of cartilage found in the human body bearing 

semblances to the IVD that are worth discussing, such as meniscus, articular, ear and 

nose cartilage. Just like the IVD, most types of cartilage, when healthy, are avascular 
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and lack nerves[14, 15]. While chondrocytes, native cartilage cells, are at homeostasis 

under hypoxic conditions, avascular tissues do not receive the cocktail of growth 

factors and proteins necessary to proliferate and self-heal after injury. Degenerative 

disc disease (DDD) is a progressive disease that becomes more prevalent with 

increasing age and may be induced my traumatic injury, much akin to the 

degeneration of articular cartilage and meniscus[16-19]. Degenerated cartilage and 

IVD are chronic pathologies due to their inability to self-heal, and are difficult to treat 

without the introduction of biologic material such as cells, biomolecules, and tissues.  

Every cartilaginous tissue has a unique mechanical environment, but many 

mirror both the static and cyclic loading states experienced by the IVD during standing 

and walking/exercising[20, 21]. Articular cartilage and menisci are most similar to 

IVDs, as they are sandwiched between bones and function to absorb shock, transmit 

loads, and stabilize joints[22]. Articular cartilage in the knee will be thoroughly 

discussed in this chapter, as the cyclic compressive loading in the knee is the most 

analogous to the spine[23]. The ECM of cartilaginous tissues including IVDs are 

compositionally dense in collagen, proteoglycans, elastin and water, with varying 

content in each tissue yielding excellent mechanical properties, flexibility, or 

structural integrity[17, 24-30]. The cellular composition of IVDs is similar to other 

cartilage cell populations, as native annulus fibrosus (AF) cells are fibroblast-like and 

native nucleus pulposus (NP) cells are chondrocyte-like[31]. Tissue engineered 

biologics used in the clinic to treat non-spine cartilage pathologies are composed of 

identical biomaterials and cells used in pre-clinical IVD studies, hence the necessity to 

look towards non-spine fields to promote translation of IVD biologics[1, 13, 32, 33]. 
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Status of Successful Products 
 

Orthopedics and other surgical fields treating cartilage have seen a plethora of 

FDA approved biologics enter clinical trials and the marketplace since the 1990’s, and 

have much to offer IVD biologics in terms of strategy and design. The following 

sections will discuss various FDA approved products and those currently in clinical 

trials to offer guidance and motivation for IVD biologics. 

 

Articular Cartilage 
 

By the numbers, there are more commercially available and clinically tested 

products for treating and repairing articular cartilage than any other cartilaginous 

tissue (Table I). This could stem from the fact that focal chondral defects are present 

in up to 63% of patients undergoing arthroscopy of the knee, however DDD has been 

shown to be present in up to 90% of older adults[34, 35]. Articular cartilage lesions 

resulting from traumatic injury or degenerative diseases lead to chronic pain and 

decreased mobility, hindering patients from enjoying physical activities and a high 

quality of life[36]. While translation of successful interventions from the laboratory to 

the clinic is notoriously difficult due to the FDA approval process, novel technologies 

for articular cartilage repair have had years of clinical success. 
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Table I: Ongoing and completed FDA approved clinical trials regarding biologics for 
repairing and replacing articular cartilage.  
 
Autologous Chondrocyte Implantation – First Generation 
 

Autologous chondrocyte implantation (ACI) and its stepwise iterations are 

great examples of clinically successful interventions to motivate the progression of 

IVD biologics (Figure 1, Table II). Used to treat symptomatic cartilage defects of the 

femoral condyle, ACI treatments replaced interventions like microfracture, abrasion 

chondroplasty and osteochondral grafting. The aforementioned treatments are 

inadequate to restore native cartilage function and structure due to their lack of long- 
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Figure 1: Cartoon representation of the first three generations of autologous 
chondrocyte implantation. 
 

term stability and inability to treat large defect areas[37, 38]. Carticel® is the shining 

star of the articular cartilage biologics, implanted in over 10,000 (and counting) 

patients since its introduction in 1995 and subsequent FDA approval in 1997[6]. The 

two-step ACI procedure involves taking a cartilage biopsy upon first arthroscopy to 

harvest autologous chondrocytes from trivial knee cartilage, culturing cells in vitro to 

expand the population while maintaining correct phenotype, and then implanting the 

cells in a defect site under a periosteal membrane during the second arthroscopy[6]. 

The strength of the procedures lies in the use of autologous chondrocytes, which 

decreases the risk of an immune response to the implanted cells and also ensures a 

First Generation
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ChondrocytesArticular
Cartilage
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Chondrocytes

3D Matrix
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Subchondral Bone

Articular
Cartilage
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phenotype similar to native cells. Carticel® is considered the “First Generation” of 

ACI, from which other procedures evolved with more complex treatment strategies 

involving scaffolds and biomolecules[37]. 

 
Table II: Representative images of articular cartilage repair products with FDA 
approval for clinical use and trials.  
 

Patients receiving Carticel® ACI result in more successful outcomes over long 

periods of time than contemporary non-biologic interventions. While there is debate 

whether ACI results in a greater percent of hyaline cartilage versus fibrocartilage, the 

failure rate for Carticel® ACI at a 10-year follow up was 17% versus 55% for 
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mosaicplasty[7]. Other studies noted greater success rates in younger patients who 

presented sooner for surgery, demonstrating the value of prophylactic intervention 

before cartilage succumbs to degeneration[39].  

 
Autologous Chondrocyte Implantation – Second and Third Generation 
 

As Carticel® ACI was performed in more patients, the “Second Generation” of 

ACI treatments substituted collagen membranes for the periosteal flap to avoid in situ 

patch hypertrophy and periosteal harvest morbidity[37]. Matrix-induced autologous 

chondrocyte implantation (MACI®) employs a bovine type-I/III collagen patch on 

which to seed chondrocytes, reducing implant hypertrophy and the need for revision 

surgery[36]. The further classification of progressing generations of ACI are 

somewhat unclear, however the “Third Generation” of products are characterized by 

the use of three-dimensional scaffold biomaterials to promote autologous chondrocyte 

expansion such as NeoCart®, BioCart II®, and Novocart 3D®[40-42]. The Third 

Generation also introduced new methods for culturing the autologous chondrocytes. 

NeoCart® for example, seeds chondrocytes onto a bovine type-I collagen matrix, 

which is mechanically stimulated in a hypoxic bioreactor to condition the matrix for 

optimal function in the body[40]. Second and Third Generation treatments show 

similar clinical outcomes to the First Generation, however there are surgical 

advantages such as reduced operative time, reduced tourniquet time, and ability to use 

minimally invasive techniques[36]. 

More recent advances in the ACI procedure aim to reduce ACI to a single 

operation and minimize the morbidity of autologous cartilage harvest[37]. Products 
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such as RevaFlex®, Nose2Knee®, and DeNovo NT are still in the earlier stages of 

clinical trials, however they offer novel technologies that may improve clinical 

outcomes compared to the earlier generations of ACI. DeNovo NT and RevaFlex® 

substitute the autologous chondrocyte population for human juvenile chondrocytes, 

where DeNovo NT uses minced allograft cartilage as a scaffold biomaterial, and 

RevaFlex® is scaffold-free[43, 44]. Using allogeneic chondrocytes enables cell 

implantation to be performed in a single operation, however there are patient risks 

associated with histocompatibility and disease transmission. Nose2Knee® attempts to 

reduce knee cartilage morbidity by harvesting autologous nasal septum cartilage for 

chondrocytes[45, 46]. The Nose2Knee® ACI procedure is similar to MACI due to the 

use of a collagen membrane, however the use of nasal chondrocytes removes the need 

for additional knee cartilage damage during cell harvesting. IVD biologics can benefit 

from many ACI clinical trials, however the need to refrain from multiple operations 

and progressing disc degeneration during cell harvest makes Nose2Knee® a future 

oriented product. 

 

Meniscus – Autologous Concentrates 
 

The menisci are fibrocartilaginous structures that transmit loads and reduce 

friction in many articulating joints, with the most prominent being the crescent-shaped 

lateral and medial menisci of the knee. Originally thought to be vestigial muscles of 

the knee, menisci were commonly completely removed when damaged, until 

biomechanical studies in the 1980’s elucidated the role of reducing joint contact 

stresses[47]. Meniscal tears require surgical intervention in about 85% of the cases, 
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and repair strategies involving sutures, staples and anchors merely preserve function 

instead of healing the damaged tissue[48, 49]. Meniscal allografts have been 

implanted in patients and studied in ten year longitudinal clinical trials, which 

reportedly improved knee pain and function in most patients[4]. Allografts appear to 

be decent options to preserve knee function and prevent further cartilage degradation, 

but they fail at a rate of 55% upon second-look surgery. Current standard of care 

procedures to treat torn and damaged menisci have not proven long-term 

effectiveness, motivating novel biologic treatments with the hopes of improving knee 

pain and function over decades of use. 

Biologics used to treat meniscal tears have not developed as quickly as those 

for articular cartilage, with clinical trials only involving autologous blood concentrates 

composed of growth factors and cells (Table III). A second generation of platelet rich 

plasma (PRP) known as platelet rich fibrin (PRF) is currently in clinical trials to treat 

meniscal tears in a one-step operation[50].  PRF is neither a classic platelet 

concentrate nor a fibrin glue, and uses a less complex preparation method than PRP to 

provide a similar cocktail of growth factors to promote healing and tissue 

regeneration[51]. Surgical outcomes for patients treated with PRF have not yet been 

reported, however animal studies have shown that PRF increases healing capabilities 

in avascular tissues[52]. Bone marrow aspirate concentrate (BMAC) is another 

autologous product that is obtained and administered in a single operation, and 

contains mesenchymal stem cells (MSCs) in addition to growth factors[53].  Bone 

marrow derived MSCs are well studied for their condrogenic potential, ease of 

recruitment, low neoplastic differentiation, and lack of ethical controversy unlike other 
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sources of stem cells. Bone marrow is also rich in components that lead to tissue 

healing, with platelets and growth factors such as TGF-β, PDGF, and vascular 

endothelial growth factor (VEGF). BMAC was found to improve the healing of 

meniscal tears in a sheep model, with significantly more neovascularization and 

formation of cartilage plaques[53]. While not as complex as tissue engineered 

biologics with scaffolds and cultured cells, autologous concentrates enable relatively 

simple operations with promising pre-clinical outcomes. 

 
Table III: Ongoing and completed FDA approved clinical trials regarding biologics 
for repairing and replacing meniscus and nasal cartilage. 
 
Ear and Nose Cartilage 
 
 Ear and nose cartilage is not subject to substantial mechanical loading like the 

IVD or articular cartilage, but the challenge of finding optimal scaffold biomaterials 

and cell sources for biological therapeutics yields insight for IVD biologics.  

 

Reconstructing and Replacing the Outer Ear 
 

A difficulty in plastic surgery is reconstructing or replacing the auricular 

cartilage of the ear after traumatic injury or congenital defect. The current standard of 



 

291 

care relies on hand carving autologous costal cartilage or high-density polyethylene to 

form ear-like structures, which requires extreme surgical skill yet will not likely match 

the aesthetic appearance of native tissue[30]. Tissue engineered whole auricle 

constructs have been implanted in animals dating back to 1992, typically composed of 

human, bovine, or porcine chondrocytes seeded onto synthetic or fibrin scaffolds[30, 

54]. Animal studies have demonstrated the ability of tissue engineered constructs to 

mimic the anatomical appearance and cartilaginous composition of the human ear[54]. 

Molds are typically used to form the correct human ear shape, although nascent 

studies developed methods of laser scanning and 3D printing to better duplicate 

anatomical shapes and personalize interventions[55].  

Tissue engineered constructs for reconstructing and replacing the ear are not 

without flaws, and still have areas that need improving. Pre-clinical studies employing 

synthetic scaffold materials, such as polyglycolic acid and polylactic acid, have shown 

synthetic materials are subject to extrusion, inflammation, and foreign body 

reactions[30]. In vivo host responses to implanted constructs lead to scaffold shrinkage 

and distortion, a poor outcome for an aesthetic structure like the ear[30]. Autologous 

cartilage grafts from the nose or ribs are recognized as superior scaffold biomaterials, 

but the ambition of tissue engineering is to reduce donor-site morbidity and avoid 

multiple operations. Composite materials composed of both degradable and non-

degradable biomaterials overcome geometric changes in vivo, and will likely be 

critical to the success of tissue engineering whole auricles[56]. Lastly, tissue 

engineered whole auricles require 100-150 million chondrocytes depending on the size 

and porosity of the construct[30]. Further complicating the massive cellular 
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requirement is the fact that chondrocytes lose their cartilaginous phenotype when 

passaged multiple times in vitro, and will lack necessary histological and biochemical 

characteristics if implanted in vivo. The shortcomings mentioned above are shared by 

many fields employing tissue engineering for biological interventions, and will be 

hurdles to overcome before tissue engineered constructs are readily available in the 

clinic. 

 

Reconstructing Nasal Cartilage 
 

Nasal cartilage is replaced or reconstructed in the clinic after traumatic injury 

or resection of skin cancer tumors. Unlike biologics for ear cartilage reconstruction, 

there are biological interventions for nasal cartilage with ongoing clinical trials. A 

clinical trial studying the use of tissue engineering to reconstruct alar lobules, the 

cartilaginous ridges that flare out laterally around the nostrils, used autologous 

chondrocytes harvested from the nasal septum as the cell population[57]. The 

harvested chondrocytes were expanded for 2 weeks in two-dimensional culture prior 

to seeding onto a porcine type I/III collagen membrane and implantation into the body. 

One year after implantation, the alar cartilage was structurally stable, had adequate 

respiratory function, pleased patients aesthetically, and displayed tissue composition 

typical of native alar cartilage. This intervention was only performed in five 

individuals, however the study demonstrated the safety and efficacy of tissue 

engineered cartilage for nasal reconstruction, and managed to generate cartilage 40 

times larger than the original biopsy. 

 



 

293 

Challenges Specific to the Spine 
 

While biologic treatments used in the clinic to treat cartilaginous pathologies 

have direct relevance to treating IVDs, there are challenges specific to the spine to 

keep in mind when engineering and studying biologics for the spine. The anatomy of 

the IVD is compositionally more complex than other cartilages, with three distinct 

tissues. The AF, NP, and vertebral endplates are three interdependent structures, with 

unique cell populations, biochemical compositions, and functions[58]. While other 

cartilaginous structures are not entirely homogeneous, the IVD is less gradated and 

more heterogeneous. The biomechanical environment of the IVD is also less well 

understood than cartilage counterparts. Little is known about the role of facet joints in 

spine biomechanics, there are controversies regarding the three column model, and 

load distribution within the IVD is not well characterized[59, 60]. Simply analyzing 

clinical outcomes is much more difficult in the spine, as multifactorial statistics need 

to address multiple spinal levels.  

The structure of the cartilaginous structures of the spine involve complexities 

that are absent in other cartilaginous tissues.  Notably, the presence of two distinct 

tissues, the NP and AF, make tissue engineering of the IVD more akin to engineering 

an organ than a single tissue.  While other types of cartilage have smooth spatial 

gradients of phenotpyes (e.g. surface to deep zone in articular cartilage or white to red 

zone in the meniscus), the IVD has a distinct boundary between the NP and AF, as 

well as gradients between the inner and outer AF.  Engineering of an IVD requires the 

generation of a network of large, organized fibers in the AF, similar to the meniscus, 

as well as the development of a proteoglycan-rich network in the NP, similar to 
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articular cartilage.  Thus, while the task of assembling a tissue-engineered IVD 

presents unique challenges, lessons can be learned from successes at engineering other 

types of cartilage.  

Regarding the treatments themselves, a donor site for autologous disc cells is 

an obstacle, as creating a lesion in the IVD destabilizes the disc and leads to 

degeneration[61]. Cartilage repair treatments such as ACI are able to biopsy cartilage 

from trivial non weight-bearing locations such as the intercondylar notch, where 

minimal morbidity is caused to the patient[62]. Fixation is another primary concern 

when implanting scaffolds or biomaterials, as material could potentially displace out 

of the disc space and impinge nerves or compress the spinal cord. The process of 

anchoring a tissue engineered IVD also presents a distinct challenge compared to other 

cartilaginous tissues, in that such an implant would be required to integrate with yet 

another type of cartilage of the vertebral endplate, while anchoring of the meniscus or 

articular cartilage takes place directly to bone. While prolapses of implanted meniscus 

scaffolds may be uncomfortable and require revision surgery, prolapsed disc implants 

can compress the spinal cord or cause severe neurological damage. Lastly, operating 

on the spine is a relatively new field with virtually no commercial biologic products 

and studies. Even other fields with similar amounts of biologic innovation have a 

better grasp of the body’s response to repair, as in the case with total hip replacement, 

with the first total hip surgery performed over 50 years ago. Total disc replacement 

has only been performed in unique case studies, with little longitudinal data to perform 

biomedical analyses or draw substantial conclusions. 
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Conclusion 
 

Designing biologics for the repair, replacement, and regeneration of the IVD is 

a difficult task; however, there is motivation to be found in the plethora of products 

available to treat cartilaginous disorders in other parts of the body.  ACI products such 

as Carticel® have been studied for over two decades in thousands of human patients, 

providing the tissue engineering community with a wealth of knowledge of how 

biologics interact with the human body. While the spine has its own unique challenges 

to overcome, many similar hurdles were presented to the investigators who developed 

clinically successful products to repair cartilage in the knee, ear, and nose. Cartilage 

biologics have a proven track record in the clinic, paving the way for the IVD to reap 

the benefits in the near future. 
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Tissue Engineering for Regeneration and Replacement of the Intervertebral Disc 
 
 
Abstract 
 
Disorders of the intervertebral disc (IVD) are currently treated with surgical 

interventions that reduce the native movement of the spine and disrupt spinal 

biomechanics. Tissue-engineered approaches to IVD regeneration and replacement 

aim the maintain the functionality of the native IVD by restoring mechanical and 

biological equilibrium. Recent approaches have been focused around implantation of 

cell-supplemented or acellular biomaterials that may partially or fully replace the IVD 

structure, as well as delivery of cells or bioactive factors designed to promote the 

natural repair process. In this chapter, a review of these tissue-engineering strategies 

will be provided along with evaluations of their adaptation and implementation for 

treatment of IVD disorders. 
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Introduction 
 

The intervertebral disc (IVD) is the fibrocartilaginous part of a ‘three-joint 

complex’ that governs motion, flexibility and weight-bearing in the spine (Fig. 1). As 

part of this complex, the disc undergoes a lifetime of ‘wear and tear’ that contributes to 

multiple IVD disorders of enormous consequence for human disability and suffering. 

These IVD disorders are poorly understood musculoskeletal pathologies characterized 

by multiple anatomic features including internal disc disruption, loss of IVD height, 

IVD tears, IVD dehydration, and the generation of herniated disc fragments [1-3]. 

These anatomic features may associate with nerve root compression or irritation, 

spinal canal narrowing (stenosis or spondylolisthesis), or facet joint impingement that 

contribute to symptoms of low back pain, neurological deficits and disability that 

affect between 4 to 33% of the US population annually and has a mean global lifetime 

prevalence of 38.9% [4-6]. Like most cartilaginous tissues, the IVD is an avascular 

and alymphatic structure that exhibits little to no capacity for repair following injury, 

and experiences aging-related cell density losses that may further limit biologically-

mediated repair [7]. The extreme mechanical demands on the IVD may also contribute 

to tissue failure and degeneration, due to the high magnitudes of compressive, tensile 

and shear stresses and strains that result from joint loading, muscle activation and 

spinal flexibility. As a result, strategies to intervene in the progression of IVD 

disorders are met with significant biological and mechanical challenges that frustrate 

success. 
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Figure 1: Schema of spinal motion segment illustrating location of intervertebral disc 
between superior and inferior vertebral bodies. Image at left MRI appearance of 
immature lumbar disc with characteristic intense nucleus pulposus region. Images at 
right illustrate (top) gross appearance of non-degenerate lumbar disc and (bottom) 
histological appearance of immature disc in a stained section. Modified schema 
reprinted with permission from Columbia-Presbyterian Neurosurgery. 
 

Numerous surgical procedures have been developed to treat IVD disorders that 

almost completely rely upon reducing motions across the disc space to restore stability 

during weight-bearing. A large number of devices have been developed that promote 

bony fusion processes across the disc space, with less attention being given to mobile-

bearing artificial disc replacements and dynamic stabilization devices that allow but 

limit motions [8]. In cases where the pathology permits, removal of extruded IVD 

fragments may be performed in a procedure termed a discectomy. Together these 

procedures comprise more than 300,000 in-patient hospitalizations annually in the 

USA alone [9]. The clinical practitioner would not typically entertain the idea of 

fusing or plating most pathological joints in the body, such as the hip, knee, or 

shoulder, although this is our twenty first century standard of care for the pathological 

IVD. There exists an obvious need to develop alternative strategies to not only treat 
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the consequences of IVD disorders, but also to detect and limit the progression of 

symptomatic IVD pathology. 

Success with cellular therapies for articular cartilage regeneration, gene 

therapy, and in vitro regeneration of cartilaginous tissue, has raised hope for tissue-

engineered treatments for IVD disorders. Tissue-engineered approaches to IVD 

regeneration have been focused around implantation of cell-supplemented or acellular 

biomaterials that may partially or fully replace the IVD structure, as well as delivery 

of cells or bioactive factors designed to promote the natural repair process. In this 

chapter, a review of these tissue-engineering strategies will be provided along with 

evaluations of their adaptation and implementation for treatment of IVD disorders. 

 

IVD Structure and Function 
 

In all structures of the IVD, the extracellular matrix provides physical and 

biochemical cues that regulate cell-mediated repair or breakdown in mature or aging 

tissues [10]. The native matrix organization and interaction with the local IVD cell 

population will be important considerations in the design of any tissue-engineered 

regeneration strategy. The IVD is composed of a centrally situated and gelatinous 

tissue, the nucleus pulposus, that differs substantially from the more fibrocartilaginous 

annulus fibrosus, on the radial periphery (Fig. 2). On both superior and inferior faces 

is a cartilaginous endplate that provides an intimate mechanical and biophysical 

connection between the vascularized vertebral bone and the avascular IVD. Both the 

annulus fibrosus, with a vascularized periphery, and the cartilaginous endplates are 

believed to be important routes of nutrient transport to all cells of the IVD [11, 12]. 
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Given the low cell density of the IVD, maintenance of both cellularity and a generous 

nutrient supply are often held to be critical to a successful biologically-based 

regenerative strategy. 

 
Figure 2: Schema of different zones and microstructures comprising the intervertebral 
disc. Annulus fibrosus insets of macroscopic appearance and stained section illustrate 
the lamellar structure of the tissue. The lamella are comprised of aligned collagen fiber 
bundles that are oriented with alternating angles of ±60°. Nucleus pulposus insets of a 
stained section and scanning electron micrograph illustrate the randomly organized 
network of fine collagen fibers and gelatinous nature of the tissue. Circular inset 
contains a schema of building blocks for these cartilaginous tissues that include 
banded type I and type II collagen fibrils, aggrecan and smaller proteoglycans, water 
and multiple ionic species. 

 
The immature nucleus pulposus is highly hydrated (>80% water) with 

extracellular matrix components that include randomly organized type II collagen 

fibers and multiple forms of negatively charged proteoglycans (Table I, [13]). A 

population of large and highly vacuolated cells is present in the nucleus pulposus 

during development and growth, with a shift towards a more chondrocyte-like cell 

population by age seven [14, 15]. Like all IVD regions, the nucleus pulposus contains 

multiple collagenous and non-collagenous proteins including types III, V, VI, and IX 
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collagens, elastin, fibronectin and laminin [16-18]. The nucleus pulposus is largely 

loaded in compression (Fig. 3) and experiences high interstitial swelling and fluid 

pressures, that arise from joint loading and a high density of osmotically active, 

proteoglycan-associated negative charges [19, 20]. Nachemson and co-workers 

showed, as early as the 1960s, that this interstitial fluid pressure is greater than 

0.5MPa (or ∼5 times atmospheric pressure) in the nucleus pulposus region [21]. An 

early loss of hydration or tearing in the nucleus pulposus [3], often detected as a loss 

of MR signal [22], is believed to contribute to a loss of fluid pressurization in the IVD 

that may lead to herniation or stenosis with aging [23-25]. With loss of fluid 

pressurization, the load distribution to the annulus fibrosus will shift from a 

characteristic outward ‘bulging’ of the annulus to one of inward displacement [26-28]. 

Partial or complete removal of the nucleus pulposus, occurring in some discectomy 

procedures, may lead to a loss of disc pressurization and disc height that will transfer 

loads to facet joints of the spine, increase segmental range of motion and impact 

overall spinal stability. Restoration of this interstitial swelling pressure in the nucleus 

pulposus, or restoration of MR signal intensity, is an oft-cited criterion for restoration 

of a healthy functioning disc. 

The annulus fibrosus is a lamellar, fibrocartilaginous structure that is highly 

organized into distinct lamellae of highly oriented, and largely type I collagen 

containing fiber bundles [29, 30]. Type II collagen concentration increases towards the 

innermost region of the annulus fibrosus, as the concentration of type I collagen is 

diminished. As with the nucleus pulposus, the annulus fibrosus contains proteoglycans 

within the collagenous extracellular matrix, although at lesser concentrations that vary  
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Figure 3: Axial compressive loading of the intervertebral disc gives rise to a radial 
deformation, or ‘outward bulge’, as the disc deforms in response to the compressive 
load. The high tensile stiffness of the healthy annulus fibrosus in the circumferential 
direction acts to restrict this outwardly directed deformation. Tissues of the disc will 
be variably loaded and experience a combination of compression, tension and shear, as 
shown. Pressurization of the central and gelatinous nucleus pulposus is an important 
mechanism for load support and load transfer to the annulus fibrosus, and contributes 
to maintenance of disc height. 

 
from outer to inner regions of the tissue. The collagen reinforcement within the 

annulus fibrosus resists the tensile loads that arise during physiological joint motions, 

and the swelling effects, that give rise to significant annular bulging and deformation. 

Consequently, the annulus fibrosus has a very high stiffness in tension, with moduli 

that vary with the angle of orientation along the principal collagen fiber direction 

(Table I [31-36]). Cells of the annulus fibrosus originate from the mesenchyme and 

exhibit many characteristics of fibroblasts and chondrocytes [10, 37-39]. These cells 

are sparsely distributed in the mature IVD and exhibit very little intrinsic ability for 

self-repair. Disorders of the IVD that involve displacement or herniation of an IVD 

fragment are believed to arise from tears in the annulus fibrosus region, and 
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discectomy procedures frequently involve removing a portion of this annulus tissue. 

Some tissue-engineering strategies are being developed around restoration of healthy 

annulus fibrosus function or composition in part motivated by a need to repair damage 

subsequent to intra-discal cell or biologics delivery. 

 
Table I: IVD composition and mechanical properties. Ranges reported for 
compositional features and mechanical properties for nucleus pulposus and annulus 
fibrosus tissue regions of the non-degenerate intervertebral disc. Both composition and 
mechanical properties of the disc vary substantially with region and with degeneration. 
Additional mechanical features important to tissue function, such as failure strength, 
are not shown here. aReported also as peak hydrostatic pressures, or swelling 
pressures. 

 

The hyaline cartilage endplates of the IVD are important structures that 

transmit and distribute loads of the spinal column to the discs. Because of their direct 

contact with the both the annulus fibrosus and the nucleus pulposus, the endplates are 

believed to be an important route of nutrient transport, particularly to cells of the 

nucleus pulposus [12, 40-42]. With aging, the cartilage endplate will thin, as it 

undergoes mineralization and eventual replacement by bone. This mineralization of 

the endplate is thought to impede diffusion and nutrient flow to the disc, principally 

the nucleus pulposus that is lacking in an alternate short diffusion pathway. Endplate 

changes, such as sclerosis, fracture or modified vascularity may be detected by 

magnetic resonance imaging (MRI) changes [43], and are believed to contribute to 
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symptomatic IVD degeneration [44, 45]. Thus, tissue-engineering strategies that 

preserve the health of the endplate without inducing additional damage are believed to 

be critical to restoring IVD function. 

 

Cell-Biomaterial Constructs for IVD Regeneration 
 

A persistent limitation of acellular, synthetic replacements of the IVD is their 

biologically-mediated or mechanically-induced failure due to the harsh loading 

conditions and bioactivities of cells within the disc space. These challenges are rooted 

in the fact that the materials used for such applications have no capacity for self-

renewal nor self-repair. This has led to increasing interest in tissue-engineering 

methods to regenerate new IVD in situ or to transplant IVD tissue that has been 

generated ex vivo. Such strategies have been employed to augment repair of other 

types of cartilage, most notably articular cartilage, and meniscus, which share some 

features of the harsh biologic and mechanical loading environment within the IVD. 

 

 NP Cell-Biomaterial Implants 
 

As in other cartilage tissue-engineering applications, a main strategy for IVD 

regeneration has been the inclusion of cells with biomaterials to enable production and 

long-term maintenance of newly generated tissue. Biomaterials that enable appropriate 

cellular phenotypes and matrix biosynthesis, and that sometimes enable polymeric 

degradation or resorption, have been proposed as alternative implantable biomaterials 

and have been studied largely in vitro. The goals for use of these scaffolds are similar 

to that for other biomaterial implants, with the additional goals to support native and 



 

315 

exogenous cell survival, promote ECM synthesis and remodeling, reduce pathogenic 

fibrosis, reduce inflammation, and improve spinal stability [46]. Studies of cell-

biomaterial constructs cultured in vitro have demonstrated potential for many 

materials (Table II), including thermosensitive gels such as chitosan, modified 

chitosans and elastin-like polypeptides [47-50], self-associating gels composed of 

agarose, collagen and fibrin [51-53] or modified forms of these same materials, native 

tissue constructs such as intestinal submucosa [54], crosslinkable alginates, 

polyethylene glycol, poly(glycolic acids) and more [46, 55-59]. More recently, 

decellularized NP tissue and NP cell-derived matrices have been investigated due to 

their mimicry of the native tissue [60-62]. In vitro studies with the above materials are 

based on evaluating new matrix formation, cell proliferation, differentiation potential, 

and sometimes degradation characteristics. Hydrogels, such as alginate and gelatin, 

have been used most commonly for engineering nucleus pulposus tissue, likely due to 

the fact that such materials reasonably approximate the gel-like properties of the 

native tissue. Cells of different origin, including native IVD cells, stem cells and 

chondrocytes, are capable of synthesizing and depositing collagen and 

glycosaminoglycans within these hydrogels although there is little agreement upon the 

targeted composition necessary to achieve a satisfactory tissue construct. This is a 

particularly challenging determination for the intervertebral disc as the matrix contains 

varying amounts of both types I and II collagen, so that the exclusive presence of type 

II collagen does not serve as a phenotypic matrix marker as is the case for articular 

cartilage. 
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Table II: Representative IVD tissue engineering studies. Representative overview of 
studies involving cell-scaffold based tissue engineering of IVD using cells obtained 
from native tissues only. 

Material Target 
Tissue 

Cell 
type 

Cell density In vitro/ 

in vivo 

Assessment 

PCL [1]  AF and 
NP 

Bovine 
AF and 
NP 

5 x 103 /cm2 in vitro Histology, SEM, 
gene expression 

Alginate [2] AF and 
NP 

Porcine 
AF and 
NP 

4 x 106/ml in vitro DNA, ECM 
analysis 

Gelatin/C6S/HA [3,4]  NP Human 
NP 

20 x 106/ml in vitro Histology, DNA, 
ECM analysis, gene 
expression 

CPP [5,6] NP Bovine 
NP 

16 x 106/cm2 in vitro Histology, 
mechanical analysis 

Agarose, collagen [7] AF Human 
AF 

0.2 x 106/ml in vitro Histology, ECM 
analysis 

Gelatin, PLA [8] NP Porcine 
NP 

5 x 106/ml in vitro Histology, ECM 
analysis, gene 
expression 

Collagen/GAG [9,10] AF Canine 
AF 

40 x 106/ml in vitro Histology, ECM 
analysis 

Collagen/HA [11] AF and 
NP 

Bovine 
AF and 
NP 

13 x 106/ml in vitro Histology DNA, 
ECM analysis, gene 
expression 

Alginate [12,13] AF and 
NP 

Porcine 
AF and 
NP 

1–10 x 
106/ml 

in vitro Histology, gene 
expression, 
mechanical analysis 

Collagen [14] AF Lapine 
AF 

10 x 106/ml in vivo Histology 

Electrospun PLLA 
(AF), HA (NP) [15] 

AF and 
NP 

Human 
MSC 

20 x 106/ml in vitro Histology, SEM, 
gene expression, 
ECM analysis 

Electrospun PCL 
(AF), agarose (NP) 
[16] 

AF and 
NP 

Bovine 
MSC 

25 x 106/ml 
(NP), 3 x 
106/lamella 

in vitro Histology, SEM, 
DNA, ECM 
analysis, 
mechanical analysis 

Contracted Collagen 
Gel (AF), alginate 
(NP) [17,18,19] 

AF and 
NP 

Ovine 
AF and 
NP, 
Canine 
AF and 

25 x 106/ml 
(NP), 1 x 
106/ml (AF) 

in vivo Histology, DNA, 
ECM analysis, 
mechanical 
analysis, MRI 
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NP 
PLGA [20] NP Canine 

NP 
10 x 106/ml in vivo Histology, 

mechanical 
analysis, MRI, X-
Ray 

Collagen 
II/hyaluronan/C6S 
[21] 

NP Rabbit 
NP 

10 x 106/ml in vivo Histology, MRI 

Nanofibrous PLA [22] NP Rat NP 3 x 107/ml in vivo Histology, DNA, 
ECM analysis, 
SEM, X-Ray 

NP cell-derived matrix 
[23] 

NP Human 
MSC 

1 x 106/ml in vivo Histology, MRI, X-
Ray 

Pentosan Polysulfate 
[24,25] 

AF Ovine 
MSC 

10 x 106/ml in vivo Histology, ECM 
analysis, MRI, X-
Ray 

Collagen II 
crosslinked with 
genipin [26]  

NP Rat 
MSC 

2 x 106/ml in vivo Histology, ECM 
analysis, SEM, 
MRI, X-Ray 

Collagen II 
crosslinked with 
riboflavin [27,28]  

AF Ovine 
MSC 
and AF 

1 x 106/ml in vivo Histology, MRI, X-
Ray 

Alginate/nanofibrous 
PCL/porous PCL [29] 

AF, NP 
and 
endplates 

Bovine 
NP and 
AF, 
Caprine 
MSC 

20 x 106/ml in vivo Histology, ECM 
analysis, MRI, 
mechanical analysis 

Abbreviations: PCL (polycaprolactone); C6S (chondroitin-6-sulfate); HA 
(hyaluronan); CPP (calcium polyphosphate); PLA (polylactic acid); GAG 
(glycosaminoglycan); PGA (polyglycolic acid); AF (annulus fibrosus); NP (nucleus 
pulposus); SEM (scanning electron microscopy); DNA (deoxyribonucleic acid); ECM 
(extracellular matrix); PLGA (Polylactic-glycolic acid). 1) Johnson et al, Eur Spine J, 
2006. 2) Akeda et al, Spine, 2006. 3) Yang et al, Artific Organ, 2005. 4) Yang et al, J 
Biomed Mat Res B, 2005. 5) Hamilton et al., Biomaterials, 2005. 6) Seguin et al, 
Spine, 2004. 7) Gruber et al, Biomaterials, 2006. 8) Brown et al, J Biomed Mat Res A, 
2005. 9) Saad and Spector, J Biomed Mat Res A, 2004. 10) Rong et al, Tissue Eng, 
2002. 11) Alini et al, Spine, 2003. 12) Baer et al, J Orthop Res, 2001. 13) Wang et al, 
Spine, 2001. 14) Sato et al, Spine, 2003. 15) Nesti et al, Tissue Eng Part A, 2008. 16) 
Nerurkar et al, Spine, 2010. 17) Bowles et al, PNAS, 2011. 18) Bowles et al, NMR in 
Biomedicine, 2012. 19) Moriguchi et al, PloS One, 2017. 20) Ruan et al, Tiss Eng Part 
A, 2010. 21) Huang et al, Spine, 2011. 22) Feng et al, Tiss Eng Part A, 2012. 23) 
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Yuan et al, Biomaterials, 2013. 24) Oehme et al, J Neurosurg Spine, 2016. 25) Daly et 
al, Spine J, 2018. 26) Zhou et al, Acta Biomat, 2018. 27) Hussain et al, Neurosurgery 
2018. 28) Moriguchi et al, Acta Biomat, 2018. 29) Gullbrand et al, Sci Trans Med, 
2018. 

 

Annulus Fibrosus Repair and Regeneration 
 

Sealing AF defects is critical after discectomy for disc herniation or 

implantation of NP replacements, as annular injury has been shown to lead to further 

IVD degeneration, and integrity of the AF is necessary to retain implanted NP 

materials [63, 64]. While mechanical devices and suturing techniques to seal AF 

defects are effective for preventing herniation, they do not promote tissue healing and 

ultimately cannot prevent IVD degeneration [65, 66].  Efforts to regenerate the AF 

have focused on materials, cells, and biomolecules that are able to both restore 

integrity to the AF to prevent herniation and promote long-term healing of the tissue. 

Natural and synthetic biomaterials have been investigated for AF repair and 

regeneration including hydrogels composed of alginate, agarose, gelatin, hyaluronic 

acid  and collagen [64, 67-70], as well as materials that mimic that native fiber and 

porous architecture of the AF including decellularized AF, poly(glycolic) acid, 

polylactic acid, poly(ε-caprolactone), poly(vinylidene difluoride), collagen, silk, 

hyaluronic acid and/or glycosaminoglycans [71-77]. Recent investigations have 

looked into the heterogeneous microstructure of fibrocartilage and discovered 

proteoglycan-rich microdomains dispersed between fibrous, collagen-rich tissue [78]. 

Han and colleagues were able to develop a tissue-engineered construct that mimicked 

the heterogeneity of fibrocartilage, which appears to be critical to achieving similar 
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mechanical and mechanobiological properties of native tissue (Fig. 4). Oftentimes, the 

same scaffolds evaluated for nucleus pulposus cells are also studied with cells of the 

annulus fibrosus, with findings that generally illustrate the importance of cell origin in 

determining the resultant extracellular matrix synthesis. A common observation, 

however, is that cells of either origin that are maintained in a rounded morphology 

tend to generate more type II collagen, characteristic of hyaline cartilage, whereas 

those that are cultured in an elongated morphology generate more type I collagen. 

Moriguchi and colleagues implanted a collagen/alginate whole IVD in the canine 

cervical spine and found that cells in the collagen region were elongated like 

fibrochondrocytes found in the AF, while cells in the alginate region were rounded 

and appeared similar to NP chondrocyte-like cells [79] (Fig. 4). 

A main challenge has been reproducing the intricate lamellar arrangement of 

collagen fibers that give the annulus fibrosus its unique mechanical properties and the 

cells their unique morphology. For this reason, AF tissue-engineered materials have 

moved toward scaffolds that mimic the apparent collagen architecture. Some 

investigators have developed synthetic and natural polymeric scaffolds with 

anisotropic features such as an oriented honeycomb structure [80], aligned collagen 

gel fibers [81, 82], oriented electrospun fibers [83-86], and oriented silk fibers [87]. 

One approach is based on engineering AF to contain oriented and lamellar electrospun 

PCL fibers with tensile mechanical properties on the order of native AF [71] (Fig. 5). 

These results are indeed suggestive of the potential to engineer anisotropic 

collagenous tissues. 
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Figure 4: A-B) Picrosirius red/alcian blue histology of fibrocartilage from juvenile 
and adult bovine menisci showing the development of proteoglycan-rich 
microdomains between bundles of collagen fibers. C-D)  A tissue-engineered strategy 
employing fibrochondrocytes and mesenchymal stem cells that recapitulates the 
heterogeneous proteoglycan distribution of fibrocartilage. E-H) Safranin-O histology 
16-weeks post-operation after implantation of a tissue-engineered (TE) IVD and the 
adjacent native IVD. The intact IVD shows rounded chondrocyte-like cells in the NP 
and elongated fibroblast-like cells in the AF, which is largely mimicked by the TE-
IVD after a 16 week period in vivo. A-D – adapted from [78], E-H adapted from [79]. 
 

While tissue-engineered AF repair strategies have not reached the clinic, there 

are numerous pre-clinical in vivo studies in both small and large animal models to 

repair AF defects. A large percentage of these studies have taken place in the sheep 

lumbar spine, where tissue-engineered repair strategies are applied after mechanical 

injury to the AF that simulates human IVD herniation and degeneration [64, 88-91]. 

One such study demonstrated the usefulness of using a tissue based strategy to repair 

an AF defect by patching AF defects with small intestinal submucosa (SIS) anchored 

by titanium bone screws [92]. The SIS patch produced new integrated tissue at the 

defect site and increased the capacity of the IVD to pressurize post anulotomy and 

increased disc hydration compared to anulotomy-only levels after 24 weeks in an 

ovine model. Other studies have demonstrated closure of AF defects and prevention of 
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degeneration after discectomy in rat-tail and sheep lumbar spine models using cross-

linked high-density collagen [68, 69, 88, 93, 94]. This method involves injection of a 

collagen hydrogel into AF defects, followed by photo-crosslinking to form the 

hydrogel to the shape of the defect and increase the strength of the seal. In another 

study, genipin crosslinked fibrin hydrogels were developed that demonstrated 

mechanical properties on the order of AF, maintained cell viability, and could 

maintain adhesion to native AF tissue under physiological load [95-98]. While these 

studies and others with different materials have shown excellent repair of the outer 

AF, it remains a challenge to effectively repair the inner AF. A potential solution may 

be the combination of cells, biomolecules, and biomaterials to orchestrate more 

effective healing of the entire AF [88, 91, 99, 100]. Biomolecules such as BMP-13 

have been shown to locally regenerate tissue when applied to AF defects [101]. 

Further in vivo characterization of these strategies is necessary prior to implementation 

in the clinic. 

 
Composite cell-biomaterial IVD implants 
 

Tissue-engineered strategies targeting the NP and AF are primarily aimed 

towards early-stage IVD degeneration, with the goal of halting degeneration and 

regenerating the native tissue. Composite tissue-engineered IVD strategies are 

typically seen as treatments for end-stage degeneration and an alternative to spinal 

fusion, where there is little salvageable tissue and an entirely new IVD is necessary. 

Similar synthetic and natural materials are used for the NP and AF regions as 

discussed previously, often seeded with primary NP and AF cells. Tissue engineering 
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whole composite IVDs is a complicated endeavor due to the necessity to recapitulate 

both the gelatinous nature of the NP and the circumferentially fibrous architecture of 

the AF. Additionally, the composite construct must integrate with the surrounding 

tissue and mimic the mechanical response of native IVDs under varied and complex 

loads. As such, in vivo testing is necessary to fully characterize how the composite 

structure integrate with native tissue.  

 
Figure 5: Fabrication of fiber oriented AF tissue constructs. A) Scaffolds were 
excised 30° from the prevailing fiber direction of electrospun nanofibrous mats to 
replicate the oblique collagen orientation within a single lamella of the annulus 
fibrosus. Scale bar: 25 μm. B) At zero weeks, MSC-seeded scaffolds were formed into 
bilayers between pieces of porous polypropylene and wrapped with a foil sleeve. P: 
porous polypropylene; F: foil; L1/2: lamella 1/2. C) Bilayers were oriented with either 
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parallel (+30°/+30°) or opposing (+30°/−30°) fiber alignment relative to the long axis 
of the scaffold. D) Sections were collected obliquely across lamellae, stained with 
Picrosirius Red, and viewed under polarized light microscopy to visualize collagen 
organization. When viewed under crossed polarizers, birefringent intensity indicates 
the degree of alignment of the specimen, and the hue of birefringence indicates the 
direction of alignment. L1/2: lamella 1/2; IL: inter-lamellar space. E) After 10 weeks 
of in vitro culture, parallel bilayers contained co-aligned intra-lamellar collagen within 
each lamella. Opposing bilayers contained intra-lamellar collagen aligned along two 
opposing directions (F), successfully replicating the gross fiber orientation of native 
bovine annulus fibrosus. G) In engineered bilayers, as well as the native annulus 
fibrosus, a thin layer of disorganized (non-birefringent) collagen was observed at the 
lamellar interface. The distribution of collagen fiber orientations was determined by 
quantitative polarized light analysis [45]. Scale bars: 200 µm (B,C), 100 µm (D). 
(Figure modified with permission from Nerurkar et al. Nature Materials, 2009) 
 
 Recent studies have explored development of composite IVDs using a variety 

of materials and techniques. Composite IVDs have been produced with annulus 

fibrosus composed of polyglycolic acid/polylactic acid (PGA/PLA), electrospun poly-

L-lactic acid (PLLA), contracted collagen gel, silk, electrospun polycaprolactone 

(PCL), and demineralized bone matrix gelatin and nucleus pulposus composed of 

alginate, hyaluronic acid, hyaluronic acid/fibrin, agarose, silk hydrogel, and collagen 

II/hyaluronate/chondroitin-6-sulfate [82, 87, 102-106]. In one of the earliest examples 

of an integrative tissue-engineering approach, investigators generated nucleus 

pulposus tissue in vitro by culturing primary bovine nucleus pulposus cells at high 

density upon a calcium polyphosphate substrate, in order to mimic the natural 

integration of the nucleus pulposus against the vertebral endplate (Fig. 6 [107]). The 

nucleus pulposus cells formed tissue with a proteoglycan, but not collagen content 

matched to that of the native nucleus pulposus. Importantly, functional properties in 

some testing configurations approached that of the native tissue. Mauck and  
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Figure 6: Histological appearance of in 
vitro-formed tissues showing newly 
generated nucleus pulposus (NP) tissue. 
Histological appearance of (a) in vitro-
formed cartilage at two weeks (time at 
which the NP cells would be seeded); (b) 
in vitro-formed NP-cartilage–calcium 
pyrophosphate composite (triphasic 
construct) at eight weeks following seeding 
of chondrocytes; and (c) in vitro-formed 
cartilage tissue alone (biphasic construct) 
at eight weeks. Arrowheads indicate tissue 
growing within the pores of the CPP; 
arrow indicates interface between cartilage 
and NP tissue. (toluidine blue stain; 
original magnification ×50) (from 
Hamilton DJ et al. Biomaterials V27, 
2006, pp. 397–405). 
 
 
 
 
 
 
 
 
 
 
 

colleagues recently demonstrated effective IVD replacement in the rat caudal spine 

and goat cervical spine in vivo using agarose/nanofibrous PCL/porous PCL 

composites [108]. These constructs mimicked the NP, AF and cartilage endplates, and 

were shown to mature and match native IVD mechanical properties over a period of 
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20 weeks. While the goat model required external fixation, this is a significant 

translational step towards bringing tissue-engineered total IVD replacement to the 

clinic. Additional work will be required in adapting composite tissue-engineering 

approaches to ensure that mechanical integration with adjacent tissues is adequate. 

 In studies conducted by Bonassar and co-workers, IVD regeneration was 

attempted in the native disc space of an athymic rat with a fully integrated scaffold 

combining contracted collagen gels as a scaffold for annulus fibrosus, and a 

crosslinked alginate hydrogel as a scaffold for nucleus pulposus tissue [81, 82] (Fig. 

7). Primary cells for culture within each scaffold region were derived from the 

corresponding native IVD tissues, and the resultant cell-laden scaffolds were 

implanted in place of the native disc in athymic rats for a period of six months. Results 

illustrate spatially-directed matrix regeneration with extracellular matrix that exhibited 

distinct morphologies, contained native levels of collagen and glycosaminoglycans, 

and was functionally integrated with native tissue. In biomechanical tests, the motion 

segments containing the composite tissue-engineered discs were found to have a 

compressive modulus and permeability to flow similar to the native motion segments. 

Thus, this approach illustrated an ability for cell-laden scaffolds to regenerate 

integrated functional extracellular matrix with some of the functional and 

compositional features of the native tissue in the native disc space. More recent studies 

in the beagle cervical spine showed similarly promising results, however this study 

demonstrated the importance of animal model anatomy [79]. Extreme curvature at 

certain levels in the beagle cervical spine led to displacement of the implanted tissue-
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engineered IVDs, while no displacement and excellent integration was observed in 

levels without excessive curvature. 

 
Figure 7: Anatomical composite tissue-engineered IVD (TE-IVD), designed from 
MRI and CT, survives in disc space for six months. A) CT and MRI design procedure 
for obtaining TE-IVD dimensions. B) Fabrication of TE-IVD. (i) NP dimensions used 
to design injection molds via computer-aided design. (ii) Injection mold 3-D printed 
out of acrylonitrile butadiene styrene plastic. (iii) Cell-seeded alginate was injected 
into mold, removed, (iv) placed in center of 24 well plate, and cell-seeded collagen 
was poured around alginate NP. (v) After 2 wk of culture, cell-seeded collagen 
contracts around the NP to form composite TE-IVD. C) Intraoperative images 
showing exposed caudal 3/4 disc space and implanted TE-IVD. D) T2-weighted MRI 
of implanted disc space (marked by yellow arrows) and adjacent native levels 
immediately postoperative, at 1 month, and 6 month after implantation. E) History of 
TE-IVD in native disc space. Intraoperative photo showing explanted native IVD next 
to the TE-IVD (day 0) that was implanted in its place and TE-IVD after being 
implanted into native disc space for 6 mo. F) Size of engineered IVD compared to 
native IVD. Measurements were taken along the lateral and ventral-dorsal planes of 
the engineered and native IVD. Engineered IVD measurements were taken at day zero 
prior to implantation (n =12) and compared to explanted native discs (n = 12). 
Engineered IVD measurements were also taken after 6 months of implantation (n = 
12). (Reprinted with permission from Bowles et al. PNAS, 2011). 
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 Assessment of the success of IVD tissue-engineering efforts is critical to 

moving these technologies toward clinical application. To date, the most common tool 

for assessment of newly generated IVD tissue has been histology, although analysis of 

mechanical properties, gene expression, extracellular matrix composition has been 

frequently employed to confirm the appropriate phenotypic behavior in engineered 

IVD. In vitro studies have laid the foundation for necessary and/or sufficient 

characteristics of a successful scaffold for annulus fibrosus and nucleus pulposus 

replacement. From these studies, for example, it is evident that a high starting cell 

density, and a high degree of initial matrix stability is essential for promoting long 

term construct stability and matrix accumulation to eventually restore mechanical 

function and swelling pressure [109]. Mechanical analysis of engineered IVD tissue is 

essential in assessing the formation of functional IVD tissue, however, both for 

nucleus pulposus implants that must restore spinal stability, as well as anular repair 

strategies that must withstand repeated cycles of nucleus pressure. In vivo studies may 

also evaluate an ability to restore disc height as a common outcome variable, as well 

as clinical MRI imaging to access in vivo tissue hydration. In vivo, largely preclinical 

work has begun to verify that engineered IVD tissues may eventually be capable of 

restoring disc height, maintaining spinal stability and flexibility, and retarding disc 

degeneration in pathological tissues. 

 

Cellular Engineering for Intervertebral Disc Regeneration 
 

Given the relatively small numbers of studies in the area of IVD tissue 

engineering, there is a surprising amount of breadth to not only the biomaterials, but 
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also the cell sources utilized for regeneration (Table III). The question of cell source is 

of particular note for IVD tissue engineering, given that the availability of autologous 

disc cells is extremely low in the adult, and that the phenotype of cells varies so 

substantially with both spatial position and with age. In animals studied for IVD tissue 

engineering ex vivo, the origin of cells in the nucleus pulposus may be partly 

notochordal or mesenchymal, depending on the age of the animal in question. As such, 

the choice of species used as a source of cells may be quite important. Due to the ease 

of availability, porcine and bovine cells are the most commonly used, with other 

efforts reporting the use of cells of canine, lapine, and ovine origin as well as human. 

However, cells derived from bovine or ovine tissues may be exclusively mesenchymal 

in origin while those derived from porcine, lapine or rodent tissues may be largely 

notochordal. These phenotypic differences add an additional and unique complicating 

factor for investigators studying preclinical models for IVD tissue regeneration. 

Given the very limited availability of native IVD cells that can be effectively 

harvested for tissue engineering, there has been interest in using other cells as sources 

for these efforts. The primary target for other sources has been stem cells derived from 

sources such as bone marrow [110], embryonic cell lines [111] and adipose tissue 

[112]. A major challenge in this approach has been the development of methods to 

guide the development of stem cells toward phenotypes found in the IVD (see next 

section). This has been attempted through manipulation of the culture medium and gas 

conditions [113], as well as co-culture with primary cells from the IVD [114, 115]. 

The more recent development of induced pluripotent stem cells (IPSC) has also 

provided the possibility for an additional cell source for cell delivery to treat 
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musculoskeletal disorders [116]. In comparison to use of adult primary disc cells 

derived from often pathological or degenerated IVDs, the use of autologous 

mesenchymal stem cells or progenitor cells may be most promising to the future of ex 

vivo tissue-engineering strategies that rely upon cell supplementation. 

Table A2.III: Representative gene, growth factor, and cell therapy studies. 
Factor	 Cell	Type	and	

Source	
Delivery	 Results	 Year	 Ref	

bFGF	 Bovine	IVD	Cells	 rhFGF	(5	ng/ml)	for	
24	hours	

Induced	cell	proliferation	of	quiescent	cells	 2007	 [173]	

BMP-2	 Rat	NP	Cells	 rhBMP-2	(100,	1000	
ng/ml)	

Increased	collagen	and	sGAGs,	as	well	as	expression	
of	Type-II	collagen,	aggrecan,	and	Sox9	mRNA	

2003	 [165]	

	 Human	IVD	cells	 rhBMP-2	(2.5-2,000	
ng/ml)	for	3	weeks	

Upregulation	of	aggrecan	and	Type-I/Type-II	
Collagen	mRNA.		Increased	proteoglycan	synthesis.	

2003	 [164]	

	 Human	IVD	cells	 rhBMP-2	(25-300	
ng/ml)	for	2	days	

Increased	Collagen	and	Proteoglycans	in	NP	cells	
only	

2008	 [166]	

BMP-12	 Human	IVD	cells	 rhBMP-12	(25-
100ng/ml)	for	2	days	

Increased	Collagen	and	Proteoglycans	in	NP	cells	
only	

2008	 [166]	

	 Human	NP	and	
AF	cells	

Adenovirus	 Increased	cell	proliferation	and	matrix	protein	
synthesis	in	NP	and	AF	cells	

2008	 [166]	

CTGF	 Rhesus	Monkey	
IVD	Cells	

Adeno-associated	
Virus	

Increased	proteoglycan	and	Type-II	collagen	
synthesis	

2010	 [171]	

EGF	 Canine	IVD	Cells	 EGF	(1	ng/ml)	for	48	
hours	

Increased	cell	proliferation	and	stimulation	of	
matrix	synthesis	

1991	 [170]	

GDF-5	 Bovine	IVD	cells	 rhGDF-5	(100,	200	
ng/ml)	for	21	days	

Increased	cell	proliferation,	proteoglycans,	and	
collagen	in	both	NP	and	AF	cells	

2006	 [167]	

	 Mouse	IVD	Cells	 Mouse	GDF-5	(1-100	
ng/ml)	for	9	days	

Upregulation	of	aggrecan	and	Type-II	collagen	
mRNA	

2004	 [168]	

	 Mouse	IVD	Cells	 Gene	Therapy	 Increased	Type-II	collagen	and	aggrecan	mRNA	
expression	

2007	 [169]	

IGF-I	 Bovine	IVD	Cells	 rhIGF-I	(100	ng/ml)	
for	24	hours	

Induced	cell	proliferation	of	quiescent	cells	 2007	 [173]	

	 Bovine	NP	cells	 IGF-I	(0.1-1000	
ng/ml)	

Increased	proteoglycan	synthesis	 1996	 [172]	

OP-1	 Human	IVD	Cells	 rhOP-1	(100,	200	
ng/ml)	for	21	days	

Prevention	of	decreased	cell	number.	
Increased	proteoglycan	synthesis	and	accumulation	

2007	 [163]	

	 Rabbit	IVD	cells	 rhOP-1	(100,	200	
ng/ml)	for	72	hours	

Increased	cell	proliferation,	total	proteoglycan,	and	
collagen	

2006	 (60)	

	 Rabbit	IVD	cells	 OP-1	(200	ng/ml)	for	
21	days	

Rapid	recovery	of	proteoglycans	and	collagens	
which	were	lost	as	a	result	of	IL-1α	treatment	

2002	 (61)	

	 Rabbit	IVD	cells	 OP-1	(200	ng/ml)	for	
21	days	

More	rapid	recovery	of	proteoglycans	and	
stimulated	matrix	repair	following	chemonucleolysis	
with	chondroitinase	ABC	

2005	 (62)	

PDGF	 Bovine	IVD	Cells	 rhPDGF-BB	(10	
ng/ml)	for	24	hours	

Induced	cell	proliferation	of	quiescent	cells	 2007	 (73)	

TGF-β	 Human	NP	Cells	 TGF-β1	(10	ng/ml)	
for	6	days	

Increased	Aggrecan,	Type-I	and	Type-II	collagen,	
and	Sox9	mRNA	expression.	

2013	 (53)	

	 Rat	AF	Cells	 TGF-β1	(5	ng/ml)	for	
5	days	

Increased	GAG	output	and	Type-I/Type-II	collagen			 2011	 (56)	
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	 Human	AF	cells	 TGF-β1	(5	ng/ml)	for	
7	days	

Stimulated	ECM	production.		Increased	production	
of	sulfated	proteoglycans	

2010	 (51)	

	 Human	IVD	Cells	 TGF-β1	(0.25-5.0	
ng/ml)	for	10	days	

Enhanced	cell	proliferation.		Increased	biglycan	
production	

1997	 (52)	

	 Rat	IVD	 TGF-β3	(10	ng/ml)	
for	1	week	

Preservation	of	disc	morphology	and	architecture.		
Prevention	of	cell	death.		Increased	expression	of	
ECM	genes	and	sulfated	proteoglycans.	

2006	 (57)	

	 Human	NP	cells	 TGF-β3	(10	ng/ml)	
for	28	days	

Increased	collagen	and	aggrecan	gene	expression.		
Production	of	proteoglycan-	and	Type-II	collagen-
rich	matrix	

2009	 (58)	

	 Human	NP	cells	 TGF-β3	(10	ng/ml)	
for	7	days	

Increased	cell	proliferation.		Exhibition	of	an	anti-
catabolic	gene	expression	profile	

2012	 (59)	

TGF-β,	
BMP-2	

Rabbit	NP	Cells	 rTGF-β	(10	ng/ml)	
rBMP-2	(100	ng/ml)		

Increased	cell	proliferation	and	proteoglycan	
synthesis.	
Upregulation	of	aggrecan,	Type-I/Type-II	collagen	
mRNA.	

2012	 (75)	

PRP,	
TGF-β	

Human	NP	Cells	 PRP	containing	TGF-β	
(1	ng/ml)	for	7	days	

Upregulated	Sox9,	Type-II	collagen,	and	Aggrecan	
mRNA.	
Increased	GAG	accumulation	

2006	 (79)	

IGF-1,	
ΒMP-2,	
TGF-β	

Human	IVD	Cells	 Adenovirus	 Increased	Proteoglycan	synthesis	 2008	 (54)	

PRP	 Bovine	AF	cells	 25-50%	PRP	for	4	
days	

Increased	GAG	synthesis	and	cell	number	 2014	 (77)	

	 Bovine	AF	Cells	 PRP	for	24	hours	 Increased	Type-II	collagen	and	aggrecan.	Decreased	
MMP-1	

2016	 (78)	

	 Porcine	IVD	Cells	 PRP	for	72	hours	 Upregulated	proteoglycan,	collagen	synthesis,	and	
cell	proliferation	

2006	 (76)	

BMP-2	 Rabbit	(annular	
tear)	

rhBMP-2	(100	ug	in	
100ul)	

More	frequent	and	severe	degeneration.		Increased	
vascularity	and	fibroblast	proliferation.	

2007	 [194]	

GDF-5	 Rat	
(Compression)	

GDF-5	(8	ng	in	8ul)	 Expansion	of	inner	annular	fibrochondrocytes	into	
nucleus.		Cells	expressed	aggrecan	and	Type-II	
collagen	mRNA.		Increased	disc	height	

2004	 [184]	

	 Rabbit	(puncture)	 rhGDF-5	(0.01-
100ug)	

Restoration	of	disc	height.		Improved	MRI	and	
histologic	grading	scores.	

2006	 [167]	

	 Mouse	
(Puncture)	

Adenovirus	 Increased	disc	height.		Improved	GAG	retention.	 2010	 [191]	

	 Phase	I/II	Clinical	
Trial	(n=32)	

rhGDF-5	(0.25mg,	
1.0mg)	

Improved	patient-reported	pain	scores	and	a	
decrease	in	pain-related	disability	

2016	 [192]	

	 Phase	II	Clinical	
Trial	(n=24)	

rhGDF-5	(1.0mg,	
2.0mg)	

Failed	to	show	significant	improvements	over	
placebo	for	Oswestry	Disability	Index,	Pain	Visual	
Analog	Scale,	and	quality	of	life.	

2016	 [193]	

GDF-6	 Sheep	(Annular	
Puncture)	

GDF-6	(300ug	in	
70ul)	

Greater	disc	hydration	retention.		Reversed	or	
arrested	loss	of	ECM	proteins.	

2009	 [101]	

	 Rabbit	(Annular	
Puncture)	

GDF-6	(100ug	in	
10ul)	

Partial	restoration	of	disc	height.	 2018	 [195]	

HGF	 Rat	(Annular	
pucture)	

rhHGF	(10ng	in	2ul)	 Increased	Type-II	collagen	in	the	NP.		Retardation	of	
disc	degeneration	as	observed	by	MRI	

2013	 [269]	

IGF-1	 Rat	
(Compression)	

IGF-1	(8ng	in	8ul)	 Early,	transient	increase	in	cell	density	and	cell	
proliferation.	

2004	 [184]	

OP-1	 Rabbit	(Normal)	 rhOP-1	(2ug	in	10ul)	 Increased	disc	height	and	proteoglycan	content	 2005	 [185]	

	 Rat	(Chronic	
Compression)	

OP-1	(200ng	in	1ul)	 Prevention	of	mechanical	hyperalgesia.		Increased	
ECM.	

2005	 [189]	

	 Rabbit	(Puncture)	 rhOP-1	(100ug	in	
10ul)	

Increased	water	content	in	NP.		Increased	
proteoglycan	content	in	NP	and	AF.		Lower	
degeneration	grades	

2006	 [187]	
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Cell Therapy Preclinical Studies 
 

If the local environment within the IVD is conducive to the survival of cells, 

direct cell supplementation without biomaterial scaffolds may hold promise for IVD 

repair. This strategy has been pursued by several groups preclinically and clinically, 

using either IVD cells, chondrocyte-like cells, or progenitor cells. In the first reported 

work of disc cell supplementation, nucleus pulposus tissue from the rat were inserted 

	 Rabbit	(Annular	
Puncture)	

OP-1	(100ug	in	10ul)	 Restored	biomechanical	properties	of	degenerated	
IVDs.		Higher	IVD	elastic	and	viscous	moduli.		
Increased	proteoglycan	and	collagen	content.	

2006	 [186]	

	 Rabbit	
(Chemonucleolysi
s)	

rhOP-1	(100ug	in	
10ul)	

Increased	disc	height;	higher	proteoglycan	content	 2007	 [188]	

	 Rat	(Chronic	
Compression)	

OP-1	(200ng	in	1ul)	 Restoration	of	normal	disc	morphology.		Increased	
Safranin	O	staining	in	NP.	Extended	ECM.		Reduced	
presence	of	catabolic	proteins.	

2007	 [190]	

PDGF	 Rabbit	(Annular	
puncture)	

PDGF-BB	(1	
ng/ul/disc)	

Prevention	of	apoptosis	and	collagen-3	matrix	
deposition.		Decreased	degeneration.		Increased	
compressive	strength.	

2016	 [196]	

TGF-β	 Rabbit	 Adenovirus	 Increased	proteoglycan	synthesis	 1999	 [206]	

		 Rat	
(Compression)	

TGF-β1	(1.6ng	in	8ul)	 Increased	population	of	annular	fibrochondrocytes.		
Increased	matrix	synthesis.	

2004	 [184]	

		 Phase	I/IIa	
Clinical	Trial	
(n=50)	

YH14618	(1-
6mg/disc)	

Improvements	in	Oswestry	Disability	Index	and	Pain	
Visual	Analog	Scale.		No	significant	changes	in	disc	
height	or	MRI	scores.	

2015	 [203]	

	 Phase	IIb	Clinical	
Trial	

YH14618	 Trial	halted	as	YH14618	failed	to	show	anticipated	
benefits	compared	to	placebo.		Another	phase-II	
clinical	trial	is	anticipated	

2016	 [193]	

PRP	 Rabbit	
(Nucleotomy)	

PRP	in	gelatin	
hydrogel	
microspheres	

Decrease	in	degeneration,	increased	proteoglycan	
in	NP	and	inner	AF	

2007	 [197]	

	 Rabbit	(Annular	
Puncture)	

PRP	in	gelatin	
hydrogel	
microspheres	

Greater	disc	height.		Preservation	of	water	content.		
Higher	mRNA	expression	of	proteoglycan	core	
protein	and	Type-II	collagen.	Fewer	apoptotic	cells	
in	NP.	

2009	 [198]	

	 Rabbit	(annular	
puncture)	

PRP	releasate	(20ul)	 Restoration	of	disc	height.	Higher	number	of	
chondrocyte-like	cells	

2012	 [212]	

	 Human;	
Prospective	trial	
(n=22)	

PRP	(1.5ml)	 Improved	patient-reported	pain	scores	and	a	
decrease	in	pain-related	disability	

2015	 [199]	

	 Human;	
Preliminary	
Assessment	(n=6)	

PRP	(2ml)	 Improved	patient-reported	pain	scores	and	
increased	patient	function	

2015	 [200]	

	 Human	(Clinical	
Study;	n=29)	

PRP	(1-2ml)	 Improvements	in	pain	and	function	through	two	
years	of	follow-up.	

2016	 [201,	
202]	
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following removal of nucleus tissue, and showed some beneficial effects in inhibiting 

the degenerative IVD changes of nucleotomy [117]. Since then, several preclinical 

studies have reported benefits of cell supplementation in delaying disc degeneration. 

These studies include mouse, rat, rabbit, canine, pig, goat and sheep animal models 

[118].  

In studies of cell therapy there are three primary types of cells that have been 

utilized, disc cells, chondrocytes, and stem cells [118]. Ideally cells derived from 

native or native-like tissue (i.e. cartilage) would be used as they are better suited to 

disc environments they are implanted into, but there are limitations in using these cells 

as it is relatively difficult to obtain sufficient cell numbers and cell activity may be 

impaired in cells derived from degenerated tissue. To mitigate issues of cell number, 

some studies have focused on delivery of cells through delivery of allograft tissues 

based on the concept that less cells are lost in processing and that preservation of 

extracellular matrix is an equally important criteria for regeneration [80, 107]. To 

mitigate issues of impaired cell activity, some studies have focused on using 

techniques for cell reactivation [119]. These approaches were shown to be effective in 

delaying some degenerative features such as the loss of disc architecture following re-

insertion of the ‘activated’ cells in a rabbit model. Overall studies with disc cells and 

chondrocytes have shown positive effects and safety, which has allowed them to move 

forward into clinical trials as discussed in the next subsection [120]. 

With challenges associated with obtaining disc or disc-like cells there has also 

been a focus on developing stem cell therapies for disc regeneration [121, 122]. There 

have been several in vivo studies that have demonstrated efficacy, therefore these 
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therapies have also moved forward to clinical trials as described in the next 

subsection. Still there are concerns regarding stem cell survival in the harsh disc 

environment which questions the longevity of these stem cell therapies [123]. 

Therefore, current pre-clinical work is focused on enhancing survival and regenerative 

capability of stem cells in these environments. This has been investigated through pre-

conditioning, genetic engineering and biomaterials. An example regarding pre-

conditioning shown by Sun and co-workers demonstrated hypoxic expansion of stem 

cells enhances their survival in low oxygen and low nutrient environments, like that of 

the disc [124].  Biomaterials in general have been considered a necessity for cell 

delivery to prevent osteophyte formation, but many have also been utilizing them to 

improve therapeutic outcomes of cell therapy [73]. For example, Tsaryk and 

coworkers demonstrated that a collagen-hyaluronic acid interpenetrating network with 

TGF-β3 loaded gelatin microspheres could perform successful cell delivery and 

induce differentiation of mesenchymal stem cells in vivo in mice [125]. Gene 

therapies have investigated enhancing cell inflammatory resistance and/or 

differentiation of stem cells ex vivo [126, 127]. Enhancing resistance to inflammation 

is also applicable to non-stem cell therapies and has been applied to disc cells in vitro 

[128]. These studies hope to provide methods to overall further improve all cell 

therapies, and increase their longevity and rate of success.  

 

Cell Therapy Clinical Studies 
 

The first study clinically investigating implantation of disc cells began in 2002 

with a prospective, controlled, multicenter study undertaken to compare autologous 
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disc cell transplantation plus discectomy against discectomy alone [129]. Since then, a 

total of 14 clinical trials of cell therapies have been published and the results of these 

trials are reviewed in further detail elsewhere [120]. In addition, several cell therapy 

clinical trials are currently underway and the results of these studies are pending. 

Overall, the results of clinical trials of cell therapies, utilizing cells derived from 

multiple tissue sources including disc cells, chondrocytes, platelet rich plasma, and 

stem cells, have shown promising therapeutic potential in initial studies.  

One approach for IVD cell therapy has been the implantation of autologous 

IVD chondrocytes [129, 130]. In these clinical trials, patients receiving cell 

transplantation reported improved pain and reduced disability.  Additionally, the IVDs 

of patients receiving cell implantation showed significant improvement in disc 

hydration when compared to the IVDs of patients in the discectomy group. However, 

disc height was found to be similar in patients receiving cell transplantation and those 

in the discectomy group. This clinical study led to the development of at least one 

product termed ADCT, or autologous disc chondrocyte transplantation with or without 

a hydrogel carrier (NOVOCART), that has been widely used and approved in 

Germany since 2008.  Utilizing a similar approach, clinical trials have demonstrated 

that patients receiving intradiscal implantation of allogenic chondrocytes reported 

reduced pain, improved disability scores, and improved flexibility when compared to 

patients undergoing discectomy [131].  

In addition to chondrocytes, clinical trials have tested the implantation of IVD 

cells as cell therapy treatment strategy.  Mochida et al. demonstrated that patients 

receiving autologous nucleus pulposus cell implantation reported improved pain and 
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disability scores.  In addition, disc height and disc hydration were maintained, and 

Pfirrmann classification of disc degeneration was improved in patients receiving 

intradiscal IVD cell implantation [132]. Overall, these clinical trials have established 

the safety of intradiscal chondrocyte and IVD cell implantation and the initial findings 

of these clinical trials reported improvements in several important patient outcomes, 

including pain and disability scores.  Further clinical trials are required to determine 

the efficacy of these cell implantation strategies for the treatment of painful disc 

degeneration. 

Due to the inherent properties of mesenchymal stem cells (MSCs), the 

implantation of MSCs harvested from a patient’s own bone marrow [133-138] or 

adipose tissue [139] for the treatment of disc degeneration and/or disc herniation has 

been tested in recent clinical trials.  In clinical trials utilizing MSCs harvested from 

autologous bone marrow, patients receiving intradiscal transplantation of autologous 

MSC reported decreased pain and improved disability scores at up to six years 

following procedures [133-138].  In addition, the IVDs of patients receiving cell 

transplantation demonstrated reduced disc bulge size, maintained disc height and 

maintained or improved level of disc degeneration (Pfirrmann classification).   

In addition to bone marrow MSCs, the ability of intradiscal transplantation of 

adipose derived MSCs to regulate disc degeneration has been tested in recent clinical 

trials [139].  In these studies, patients receiving autologous adipose derived MSC 

implantation reported improved pain and disability scores.  Additionally, the discs of 

patients receiving cell transplantation exhibited maintained disc height and maintained 

levels of degeneration. Together, these clinically studies have demonstrated the safety 
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of MSC cell transplantation to the pathological disc, and the ability of MSC 

implantation to regulate several key outcomes for patients with disc degeneration 

and/or herniation. 

 

Growth Factors and Other Biologics for Intervertebral Disc Regeneration 
 
In vitro studies 
 

Disc cells modulate their activity by a variety of substances, including 

cytokines, growth factors, enzymes and enzyme inhibitors in a paracrine and/or 

autocrine fashion [140]. Tissue-engineering approaches to disc regeneration have been 

based on attempts to upregulate important matrix proteins (e.g., aggrecan), or to 

downregulate pro-inflammatory cytokines [e.g., interleukin-1 (IL-1); tumor necrosis 

factor-α (TNF-α)] [141-147] and matrix-degrading enzymes [e.g., matrix 

metalloproteinases (MMPs); aggrecanases] [148-151]. The delivery of these 

modulating biologic agents, with and without scaffolds and/or through cell 

transplantation, has been the subject of many years of efforts in tissue engineering. In 

vitro studies have shown that the rate of matrix synthesis or gene expression for matrix 

proteins, principally proteoglycan or collagen, can be increased several-fold in IVD 

cells in the presence of one or a combination of these growth factors: supplemental 

transforming growth factor-β (TGF-β) [152-157] and its sub-type TGF-β3 [158-160], 

osteogenic protein-1 (OP-1; otherwise known as bone morphogenetic protein-7, BMP-

7) [58, 161-163], BMP-2 [164-166], BMP-12 [166], growth and differentiation factor-

5 (GDF-5) [167-169], epidermal growth factor (EGF) [170], connective tissue growth 

factor (CTGF) [171], or insulin-like growth factor-1 (IGF-1) [172, 173]. Other studies 
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have demonstrated the potential of these growth factors, as well as platelet-derived 

growth factor (PDGF) and basic fibroblast growth factor (bFGF), to reduce cell 

apoptosis [174] and to promote cell proliferation [175, 176]. Several recent studies 

examined the effects of the in vitro co-stimulation of IVD disc cells by two or more 

growth factors. In micromass cultures of fetal outer annulus cells, TGF-β1 and IGF-1, 

both alone and in combination, stimulated the synthesis of sulfated 

glycosaminoglycans, and collagen types I and II. While TGF-β1 and BMP-2 each had 

strong anabolic effects on nucleus pulposus cells cultured in an atelocollagen scaffold, 

there were no additive or synergistic effects on cell proliferation and matrix synthesis. 

Autologous platelet-rich plasma (PRP), which contains a variable mixture of growth 

factors, including TGF-β1, PDGF, and IGF-1, has also been shown to be an effective 

stimulator of cell proliferation, proteoglycan and collagen synthesis, as well as 

proteoglycan accumulation, when added to porcine IVD cell cultures in vitro.  Other 

studies examined the effect of PRP on bovine AF cells and found that it increased 

aggrecan and type-II collagen production and also decreased the catabolic protein 

MMP-1 [177, 178].  In human nucleus pulposus (NP) cells, PRP containing 1ng/ml 

TGF-β1 induced cell proliferation and differentiation and promoted the in vitro 

formation of tissue-engineered nucleus pulposus as indicated by cell morphology, 

mRNA expression profile, and glycosaminoglycan accumulation [179]. 

In a different approach, supplementation of IVD cell cultures with a naturally-

occurring anti-inflammatory molecule, interleukin-1 receptor antagonist (rhIL-1Ra), 

has been shown to inhibit the downregulation of biosynthesis induced by the pro-
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inflammatory cytokine, IL-1 [176]. Pre-treatment of nucleus pulposus cells with both 

IL-1Ra and a fusion protein between IL-1Ra and an elastin-like polypeptide (ELP) 

reduced the expression of MMP-3 and the aggrecanase, ADAMTS-4, when the cells 

were subsequently treated with IL-1 [180]. The in vitro application of rhIL-1Ra to 

degenerated human disc tissues reduced levels of enzymes, MMP-3, -7, and -13, 

implicated in the degradation of the IVD [181]. The incubation of herniated human 

disc tissues with IL-1Ra or an antibody inhibitor of TNF both decreased levels of 

active MMP-3, indicating that these inhibitors may have an effect on the resorption of 

herniated discs [182]. The inhibition of p38 mitogen-activated protein kinase (MAPK) 

in IL-1-activated nucleus pulposus cells reduced the production of factors associated 

with the catabolic effects of IL-1 and TNF-α [183]. An extension of that study 

revealed that the IL-1 upregulation of gene expression of MMP-3, IL-1, and IL-6 was 

reduced, while the IL-1 downregulation of matrix protein gene expression and 

proteoglycan synthesis was reversed in nucleus pulposus cells [183]. 

These above in vitro studies illustrate that both stimulatory factors, as well as 

anti-inflammatory or anti-catabolic factors, may be considered for therapeutic 

purposes in IVD regeneration. Overall, the potential for biologics to assist in matrix 

regeneration through controlling both cell metabolism and cell number has been 

established and paved the way for more recent studies evaluating these biologics in 

vivo. 
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In vivo studies: growth factors 
 

Protein injection into the disc space is relatively simple and practical and has 

been the most widely studied of all approaches for delivery of growth factors and 

biologics for IVD regeneration. Walsh and co-workers reported the in vivo effect of 

single or multiple injections of several growth factors, including bFGF, GDF-5, IGF-1 

or TGF-β, in mouse caudal discs with degeneration induced by static compression 

[184]. Fibrochondrocyte aggregates were observed at four weeks in the nucleus of 

discs that received a single injection of GDF-5 and multiple injections of TGF-β, 

while a single injection of IGF-1 may have elicited an early, transient response at one 

week and bFGF treatment had little effect. A statistically significant increase in disc 

height four weeks after GDF-5 treatment was also reported and the authors suggested 

that GDF-5 and TGF-β are mitogens for annular chondrocytes. 

A single intradiscal administration of recombinant human OP-1 (rhOP-1) into 

normal rabbit discs in vivo resulted in increased disc height and proteoglycan content 

in the nucleus pulposus regions in comparison to a saline injection control group 

[185]. Other studies used a rabbit model of disc degeneration caused by needle 

puncture of the annulus fibrosus and showed that an injection of rhOP-1 (100 μg/disc) 

restored disc height, structural change, and mechanical properties [186, 187]. In 

another rabbit model of disc degeneration, a single injection of recombinant human 

osteogenic protein-1 (rhOP-1) (100 μg/disc) significantly reversed the decrease in disc 

height following chondroitinase ABC chemonucleolysis; the reversal was sustained 

for up to 16 weeks, and resulted in a significantly higher proteoglycan content 
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compared to the vehicle control group [188]. The in vivo efficacy of rhOP-1 has been 

confirmed in a rat model of chronic compression of tail IVDs; under continuous 

compression load the injection of rhOP-1 resulted in an increase of the extracellular 

matrix, as observed by histology, in the degenerated discs [189]. An extension of that 

study confirmed that a direct injection of OP-1 into the chronically compressed rat tail 

IVDs induced anabolic and anti-catabolic activities, as documented by reduced 

immunostaining for aggrecanase, MMP-13, TNF-α, and IL-1β [190]. 

The effectiveness of direct protein delivery was also confirmed in experiments 

using rhGDF-5, where a single injection of rhGDF-5 resulted in restoration of disc 

height, and improvements in MRI and histological grading scores in the rabbit annular 

puncture model of disc degeneration [167]. In this model, a single injection of rhGDF-

5 significantly suppressed the mRNA expression of cytokines (IL-1β, IL-6, TNF-α), 

catabolic enzymes [a disintegrin and metalloproteinase with thrombospondin motifs 4 

(ADAMTS4), cyclooxygenase-2 (COX-2)], and pain-related molecules [nerve growth 

factor (NGF), vascular endothelial growth factor (VEGF)] by punctured discs.  The 

benefits of increased levels of GDF-5 on IVD regeneration have also been explored by 

a more indirect mechanism.  In a mouse annular puncture model, GDF-5 

overexpression vectors delivered via adenovirus increased disc height and improved 

GAG retention [191].  However, despite the apparent success of intradiscal injection 

of rhGDF-5 in animal models, the results have not been able to be replicated in 

clinical trials.  An initial combined phase I/II clinical trial with 32 participants showed 

promising results as patients reported improved pain scores and a decrease in pain-

related disability [192], but a double-blind placebo-controlled phase II clinical trial 
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revealed no significant improvements over placebo in pain, disability, or quality of life 

[193]. 

In a rabbit annular stab model of disc degeneration, an intradiscal injection of 

BMP-2 resulted in degenerative changes that were more frequent and severe than with 

the saline control and promoted hypervascularity and fibroblast proliferation, but had 

no effect on new bone formation or fusion of the IVD after 12 weeks; the authors 

suggest that rhBMP-2 may be involved with a response to injury after an annular tear 

[194]. In an annular stab ovine large animal model of disc degeneration, the 

simultaneous injection of recombinant human growth and differentiation factor-6 

(rhGDF-6; also known as BMP-13), which plays a role in spinal column development 

and promotes the expression of chondrogenic marker genes in a variety of cell types, 

was protective against loss of disc height and cells from the disc, and resulted in 

increased levels of disc extracellular matrix proteins compared to annular stab alone 

[101].  In a rabbit annular puncture model, intradiscal injection of GDF-6 (10 or 100 

µg/disc in PBS) four weeks after degeneration was initiated resulted in a partial 

restoration of disc height and an improvement of MRI degeneration grades 12 weeks 

later [195].   

Intradiscal injections of rhPDGF-BB in a thiol-modified hyaluronic acid 

hydrogel in a rabbit annular puncture model showed that PDGF prevented cell 

apoptosis and the deposition of matrix containing type-III collagen 4 weeks after 

treatment [196].  When examined 8 weeks after treatment, PDGF-treated degenerated 

IVDs had significantly higher MRI indices, reduced degeneration, and an increase in 

compressive strength to failure. 
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The in vivo application of PRP-impregnated gelation hydrogel microspheres 

(PRP-GHMs) has been evaluated in a nucleotomy rabbit model of disc degeneration. 

Histological and immunohistochemical studies revealed that the structure of the IVD 

and the accumulation of proteoglycans were preserved by the injection of PRP-GHMs, 

but not in PRP alone and saline controls [197]. An extension of these studies in this 

model, reported that: 

1) Disc height and water content were preserved in PRP-GHMs-treated IVDs in MR 

images, 

2) The mRNA expression of proteoglycan core protein and type II collagen was 

significantly higher, and 

3) The number of apoptotic cells in the nucleus pulposus were lower after PRP-

GHM treatment compared with other treatment groups (PRP-saline, saline-GHM, 

puncture only) [198]. 

PRP treatments continue to show promise in human trials for treating 

degenerative disc disease.  In preliminary human assessments and clinical trials, 

patients receiving PRP injections have reported modest improvements in pain and 

function as measured by the pain Visual Analog Scale (VAS) and the Oswestry 

Disability Index (ODI) even up to two years after receiving the treatment [199-202]. 

Aberrant TGF-β signaling has been implicated in matrix degradation and subsequent 

IVD degeneration [203-205].  Increasing the presence of TGF-β by its overexpression 

or by delivering recombinant protein directly to the disc has shown promise in 

multiple animal models by exhibiting increased matrix synthesis and an increase in 

annular fibrochondrocytes [184, 206].  However, TGF-β is highly expressed in 
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patients with DDD and has also been shown to increase the presence of catabolic 

proteins such as aggrecanase and MMP through a secondary signaling pathway via the 

ALK1 receptor that results in the phosphorylation of Smad 1/5/8 [204, 205].  This 

concept gave rise to another unique approach to modulating TGF-β signaling that 

employs a peptide known as YH14618.  This peptide binds to TGF-β1, thus causing 

its preferential binding to specific receptor heterodimers and resulting in a reduction in 

downstream Smad 1/5/8 phosphorylation [193, 203, 207].  The outcome of these 

processes is an increase in the synthesis of ECM components and a reduction in TGF-

β-induced NGF expression [203].  In 2015, YH14618 completed a combined Phase 

I/II clinical trial with 50 participants that showed improvements in both VAS and 

ODI, but no significant changes in disc height or MRI scores.  The following year, a 

Phase IIb trial was halted as YH14618 failed to show the anticipated benefits as 

compared to the placebo group [193].  Despite the setback of the failed clinical trial, 

YH14618 was recently licensed to a separate company and another clinical trial is 

expected to begin soon.  

 

In vivo studies: other biologics 
 

LinkN is an in vivo proteolytic degradation byproduct of proteoglycan 

aggregate stabilizing link protein. The effect of the intradiscal administration of the 

synthetic peptide of LinkN, which stimulates proteoglycan and collagen synthesis of 

IVD cells in vitro, was evaluated in the rabbit anular puncture model of disc 

degeneration and was shown to partially restore disc height, increase anabolic 

extracellular matrix gene expression, and reduce catabolic gene expression [156]. In a 
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recent study in a large animal model of disc degeneration, the disc architecture and 

mechanical properties of surgically denucleated porcine (minipig) IVDs injected with 

a fibrin sealant, which promotes IVD cell proliferation and matrix synthesis, were 

preserved [208]. In addition, fibrin also inhibited fibrosis of the nucleus pulposus, 

increased proteoglycan synthesis, reduced secretion of pro-inflammatory cytokines 

and increased the synthesis of the pro-resolution factors, TGF-β and IL-4. Nasto and 

co-workers have recently demonstrated that inhibition of NFκB activity via intra-

peritoneal injection of Nemo Binding Domain peptide reduced proteoglycan loss in 

disc degeneration observed in a mouse model of accelerated aging [209]. 

The therapeutic use of platelet-rich plasma (PRP) treatments for the 

management of chronic low back pain has recently been tested in multiple preclinical 

[197, 198, 210-216] and clinical trials [199, 201, 217, 218].The results of these studies 

have been reviewed in detail elsewhere [219]. PRP is a concentrated, autologous blood 

product containing platelets, as well as natural concentrations of cytokines and growth 

factors [220, 221].  The recent success of PRP therapies in the treatment of  

tendinopathies [222] and osteoarthritis [223] have led to increased interest in  PRP 

treatment for low back pain and disc degeneration.  In small animal models of disc 

degeneration, discs receiving intradiscal PRP injection have demonstrated decreased 

disc degeneration [197, 215], increase disc height, increased disc hydration [198], and 

improved of disc appearance and signal in MRI imaging [215].  In clinical trials, 

patients receiving intradiscal PRP injection for the treatment of painful disc generation 

reported reduced pain [199, 201, 217] and improved disability scores when compared 

to patients in discectomy group.  While findings from these clinical trials are 
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promising, further clinical trials will be required to establish a standardized PRP 

treatment for painful disc degeneration. 

 

Gene Therapy for Intervertebral Disc Regeneration 
 

While the studies described above illustrate a range of proteins considered as 

possible therapies for IVD regeneration, it is important to consider the unavoidable 

limitations of protein delivery to the disc space. Issues such as protein half-life or 

solubility, the need for a proper carrier, need to preserve mechanical environment or 

cell numbers, and/or the presence of inhibitors are all factors that can be expected to 

affect the therapeutic efficacy of protein delivery in vivo. A consideration for the use 

of recombinant protein therapies is also cost, as some disc pathologies and the need to 

inhibit disc degeneration may be chronic in nature or require multiple treatments. 

Gene therapy has been advocated as a therapeutic alternative for the delivery of 

biologics in disc regeneration [224]. DNAs that encode specific proteins may be 

delivered into the cells by viral or non-viral transfection, with the result that these cells 

produce proteins to, theoretically, prolong the duration of action. In this section we 

discuss multiple methods of gene therapy that have been performed for regeneration 

and inhibition of degeneration of the IVD. 

 

Gene Transfer Studies: Viral  
 

Adenoviral vectors often possess high titers and infectivity and are able to 

infect non-dividing cells such as IVD cells. Adenoviral-mediated gene transfer to 

human IVD cells has been shown to be efficient and to produce transcripts across non-
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degenerative to degenerative cell types [225, 226]. Studies have demonstrated an 

ability to increase expression of anabolic proteins such as Sox9, GDF-5, and LMP-1 in 

disc cells and have anabolic effects including increased proteoglycan synthesis [226-

228]. The feasibility of using direct in vivo adenoviral-mediated gene transfer to disc 

cells has also been demonstrated for anabolic proteins such as GDF-5, TGF-β1, and 

LMP-1 and shown to exert a biological effect on biosynthesis, often for several weeks 

[191, 206, 227]. 

In addition to upregulation of anabolic factors, inhibition of catabolic processes 

has also been studied using gene therapy for IVD regeneration. Wallach and co-

workers reported that gene transfer of the tissue inhibitor of metalloproteinase-1 

(TIMP-1), an inhibitor of catabolic enzymes, can increase proteoglycan accumulation 

within pellet cultures of human IVD cells [229]. LeMaitre reported that human disc 

cells infected with Ad-IL-1 receptor antagonist (Ad/IL-1Ra) were resistant to IL-1 

[230]. When in vitro infected cells were injected into disc explants in vitro, IL-1 

receptor antagonist protein expression was also increased and maintained for the two-

week time period investigated.  

There are significant concerns about adenoviral vector use clinically, however, 

that may include significant toxicity when used in spinal applications [231, 232]. 

These concerns have led investigators to begin consideration of adeno-associated viral 

vectors (AAV) which are known to be less immunogenic [233]. Studies have been 

performed with AAV to deliver genes previously delivered with adenovirus including 

delivery of Sox9, TIMP1, TGF- β1 in vivo [234-236]. All of these studies 

demonstrated measurements that indicated delayed disc degeneration. Therefore, even 
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though AAV systems have a disadvantage in that they induce lower levels of protein 

expression and the expression of transferred genes is more delayed, they can still 

mediate gene transfer with desired effects in the IVD [237].   

Adenoviral vectors and AAV are a form of transient gene transfer as genes do 

not integrate into the genome. Therefore to have more long-term effects lentivirus has 

also be considered for IVD gene therapy [238]. Lentivirus has successfully been used 

to deliver anabolic genes, and inhibitors of catabolic processes in vivo. In a study by 

Yue and co-workers it was demonstrated that delivery of Survivin, an anti-apoptotic 

gene, by lentivirus in vivo into a rabbit animal model reduces disc cell apoptosis 

[239]. Yue and co-workers also performed an additional study where they multiplexed 

lentivirus based Survivin over-expression with TGFβ3 and TIMP1 over-expression. In 

this study they demonstrated improved matrix composition in addition to decreased 

apoptosis [240]. The other in vivo lentiviral gene delivery study done to date 

investigated delivery of TGFβ3 and TIMP1 along with connective tissue growth factor 

(CTGF) [241]. This study by Liu and coworkers demonstrated that degeneration 

characterized by MRI was ameliorated and type II collagen and aggrecan expression 

levels were significantly higher than puncture control for up to 20 weeks after 

treatment. Overall positive effects of lentivirus mediated gene delivery have been 

demonstrated by these studies and some assessment of safety has been performed 

[238] but more extensive studies of longevity and safety are needed. Main safety 

concerns associated with lentivirus are insertional mutagenesis which can have a 

carcinogenic effect if the insertion effects a gene associated with cell division. This 

has become less of a concern with new generations of lentivirus which are much safer 
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[242]. Additionally recent clinical trials have utilized lentivirus for in vivo gene 

delivery for treatment of Parkinson’s and Macular Degeneration, have not observed 

adverse effects related to the lentivirus [243, 244] . 

 

Gene Transfer Studies: Non-Viral 
 

To avoid safety concerns found with viral gene transfer, several non-viral 

methods for direct gene transfer to cells have been proposed. Reports using 

microbubble-enhanced ultrasound gene therapy [245] and a ‘gene gun’ method [246, 

247] have shown that introduction of a marker or growth factor gene could be 

accomplished and provide sustained gene expression without need for viral vectors. 

These methods still demonstrated a low efficiency for transfection of plasmids (~8-

14%). With a need to improve non-viral gene transfer efficiency, more recent research 

has focused on making this gene transfer more efficient. For example in a study by 

Feng and co-workers, nanofibrous spongy microspheres, which are a complex of 

hyperbranched polymers and DNA, demonstrated a transfection efficiency of 32.4% 

into rat NP cells, and an ability to deliver NR4A1 (a fibrosis inhibitor) and have a 

therapeutic effect [248]. Another study by Feng and co-workers developed a cationic 

block copolymer gene delivery system that demonstrated efficiency of 32.5% in vitro 

and therapeutic effects when used to deliver heme oxygenase-1 in vivo [249].   

 

Endogenous Gene regulation 
 
 Aside from performing overexpression of therapeutic genes via exogenous 

gene delivery, as a gene therapy, there has also been investigation of endogenous gene 
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regulation. This regulation of endogenous genes in discs and disc cells has been 

performed through both viral and non-viral methods.  

Non-viral methods have successfully been used to deliver and overexpress 

small transcripts for regulating gene expression, like microRNAs and siRNAs. 

Regarding siRNA, both in vitro and in vivo have been performed and shown positive 

results [224]. Seki and co-workers have demonstrated a single injection of naked 

ADAMTS5 siRNA oligonucleotide demonstrated improved MRI scores and 

histological grade in a rabbit annular puncture model [250]. Banala and co-workers 

simultaneously delivered siRNA against caspase-3 and ADAMTS5 via lipoplexes in 

vivo and saw regenerative effects in histological analysis [251]. MicroRNA are a 

regulatory RNA that have more recently been discovered to play roles in disc 

degeneration by regulating genes associated with disc degeneration or disc tissue 

maintenance [252]. It has been demonstrated that delivery of microRNA mimics or 

microRNA inhibitors, can be done non-virally and have significant positive effects. 

For example, in a study by Sun and co-workers, over-expression of miR-155 by 

lipofectamine based transfection into rat nucleus pulposus cells was able to 

significantly inhibit matrix degradation [253]. In a study by Zhang and co-workers it 

was demonstrated that miR-140-5p overexpressed by lipofectamine transfection can 

inhibit liposaccharide mediated inflammation in human nucleus pulposus cells [254]. 

An in vivo study by Ji and co-workers demonstrated that delivery of an oligo 

inhibiting miR-141, a microRNA which mediates progression of disc degeneration, 

using a commercial lipid based delivery system (MaxSuppressor In Vivo 

RNALANCEr II Kit and Lipid Extruder, BIOO Scientific), reduced histological scores 
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and decrease in disc height in a mouse model of disc degeneration [255]. The 

microRNA field is still relatively new in IVD research and there is still work to be 

done in seeing if this non-viral microRNA delivery can be done in vivo, but it holds 

promise in providing a gene therapy with a regenerative effect. 

Viral methods have been utilized to deliver CRISPR/dCas9 systems to disc 

cells for endogenous gene regulation. Only two studies have been done in disc cells to 

date using these systems, both performing gene downregulation with the 

CRISPR/dCas9 system [128, 256], and several have been performed in stem cells with 

the purpose of enhancing their regenerative effects [257]. Farhang and co-workers 

successfully downregulated TNFR1 expression via lentiviral delivery of this system to 

human nucleus pulposus cells and demonstrated inhibition of apoptosis and catabolic 

gene expression under inflammatory stimulation [128]. Although it has not been 

performed in disc cells yet, these systems can also be used to upregulate endogenous 

genes [258]. This may be useful in future work for regulating genes mediating ECM 

expression (i.e. aggrecan) in a multiplex manner, which have been difficult to 

overexpress, especially simultaneously, due to size. In fact this concept has already 

been demonstrated in adipose derived stem cells [259]. Overall these CRISPR/Cas9 

systems hold promise in regulating expression of specific genes to enhance 

regenerative effects of either endogenous disc cells or exogenously delivered cells. 

 

Gene Therapy in Summary 
 

Overall there are advantages and disadvantages to each gene therapy method 

discussed. With safety concerns of virus, non-viral methods are preferred if possible. 
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Though non-viral methods are still not as efficient as viral methods, but with a rise of 

ex vivo engineered cells being used for therapies, as seen by a number of in clinical 

trials in this area [260], this issue may not be as problematic. Additionally, ex vivo 

gene transfer may be more desirable even if we eventually do achieve high efficiency 

with non-viral methods. This is due to the proximity of the disc target to the spinal 

cord. Significant harm can occur when there is due to failure to control delivery, as 

seen with paralysis in rabbits due to accidental gene delivery in the intradural space 

[232]. Overall, there is a lot of ongoing gene therapy research for IVD regeneration 

and there is still more work to be done in determining the best approach to use 

clinically.  

 

In Vivo Preclinical Models for IVD Regeneration and Replacement 
 

In order for tissue-engineered IVD regeneration and replacement strategies to 

reach the clinic, there are critical translational steps that must occur to bring 

technologies from bench to bedside. Most tissue-engineered concepts are first 

developed and tested through ex vivo and in vitro models, with promising technologies 

moving onto small then large in vivo animal models. There are many well-defined ex 

vivo and in vitro models used to develop and analyze regenerative strategies, however 

less is known about effective in vivo animal models for studying IVD regeneration. A 

vast array of animals has been used for in vivo study of IVD degeneration and 

regeneration ranging from sand rats to primates [64, 99, 261-267]. Some models are 

chosen because they naturally degenerate and simulate aging in humans, while others 

are induced to a degenerative state by using methods ranging from mechanical injuries 
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to chemical digestion to long-term smoking. The ideal animal model will depend on 

the tissue-engineered strategy being used, where regeneration strategies typically are 

applied on degenerated IVDs, while whole IVD replacement studies may not require 

degeneration prior to implantation. Knowing how to use these models to advance the 

translational potential of tissue-engineered regeneration schemes is equally as 

important as the repair technology itself. This section will briefly describe current 

animal models used to study IVD degeneration and regeneration, but for additional 

reading material Singh and colleagues provide an excellent review. 

When selecting an animal model for in vivo study, there are a variety of factors 

to consider depending on the type of regenerative strategy and the purpose of the 

study. Small animal models have been proven to be valuable tools for initially 

screening a variety of therapeutics for therapeutic efficacy and immune response, but 

do not mimic the geometry or mechanical loads seen in humans IVDs [267]. Rat tail 

and lumbar spine models are popular choices for initial screening of novel tissue-

engineered strategies for their ease of surgical access and well-defined degeneration 

progression. Degeneration is not a natural phenomenon in either rat tail or lumbar 

IVDs, however it may be induced through mechanical injury, tail bending, axial 

compression, or tail suspension. Another commonly used small animal model for in 

vivo study is New Zealand white rabbits, who’s lumbar IVDs have slightly larger 

geometry than rats and have been induced to degenerate through above methods and 

chemical digestion, torsional injury, resection of bony processes, and fusion of 

adjacent IVDs.  
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Once a tissue-engineered therapy has been shown effective with minimal host 

response in a small animal model in vivo, large animal models are almost always 

necessary prior to translation to humans. Commonly used large animal models are 

sheep lumbar spines, goat lumbar spines, dog cervical and lumbar spines, pig lumbar 

spines, and primate lumbar and cervical spines [64, 267]. Large animal models are 

useful to analyze the safety and efficacy of regenerative therapies under conditions 

more similar to the human spine with respect to IVD geometry, mechanical loading, 

and nutritional requirements. Care must be taken, however, to avoid solely choosing a 

model based the above characteristics without considering the fibrosity of the NP, 

curvature of the spine, and presence of notochordal cells. Excessive spinal curvature 

can create large discrepancies in mechanical loading between the human spine. In one 

study, the beagle cervical spine was chosen to investigate whole tissue-engineered 

replacement IVDs in vivo, however the curvature and angle of cervical IVDs led to 

instability and migration of the implanted constructs [79]. Notochordal cells are the 

developmental progenitors of NP cells and disappear before skeletal maturity in 

humans, however they are persistent in some species throughout adulthood [267]. The 

presence of notochordal cells will actively regenerate NP cells and other cells 

populations, which tends to keep the NP more fluid-like as seen in young human IVDs 

rather than fibrous as is common in aging human adults. 

As with the small animal models, there are a variety of methods to precipitate 

IVD degeneration if the selected animal model does not degenerate spontaneously. In 

large animal models, mechanical injury is the commonly used method, where 

injury/removal of the AF and NP leads to degeneration over time in vivo [63]. Groups 
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have demonstrated successful IVD degeneration in vivo using slit/stab injuries, needle 

punctures, box annulotomies, and box annulotomies with nucleotomy [64]. The 

aggressiveness of the injury method dictates the progression of IVD degeneration, 

where small injuries lead to low levels of degeneration if any, while larger injuries can 

lead to herniation and collapse of the disc space (Fig. 8). Elliot and colleagues found 

that degeneration is proportional to the size of the injury relative to disc height, and 

that on average injuries over 40% of the disc height have a high probability to initiate 

degeneration [63]. Besides mechanical injury, injection of chemolytic agents into the 

IVD such as chondroitinase ABC and chymopapain have been shown to induce 

degeneration over time [264, 268]. Varying degrees of degeneration can be achieved 

by tuning the concentration of the injected substances.  

 
Concluding Remarks 
 

Efforts to regenerate and replace the tissues of the intervertebral disc have 

virtually exploded over the last two decades, although the field remains in its infancy. 

The complexity of the diverse degenerative and pathological processes that affect the 

IVD, as well as the intrinsic complexity of the heterogeneous disc structures, demands 

that multiple strategies be developed for treatment of the IVD. Development of 

strategies use cells, biologics, or gene therapy is often focused upon restoration of a 

single tissue source, such as nucleus pulposus or annulus fibrosus, and with or without 

biomaterial scaffolds. However, a growing number of tissue-engineering solutions  
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Figure 8: Representative injury methods to precipitate IVD degeneration for in vivo 
animal models. A wide variety of injury methods have been used to initiate IVD 
degeneration in preclinical animal models. Needle and slit puncture are the most 
simple and consistent, however they may not be aggressive enough to initiate 
degeneration. More aggressive injuries such as annulotomy and nucleotomy have a 
greater chance of precipitating degenerative changes to the IVD, but are more difficult 
to employ and the amount of tissue removed is variable. Adapted from Sloan et al, 
Tissue Engineering Part B, 2018. 
 
have been proposed to integrate two dissimilar tissues in the repair process, and 

additional work to promote integration amongst native, neo-generated and implanted 

tissues will be critical to restoring IVD function. Many of the identified strategies 

derive largely from knowledge gained in cartilage tissue engineering, although the 

differing cellular, functional and structural requirements of the IVD suggest that 

custom approaches are needed. Advances in IVD cell biology are needed to enable the 

identification of novel therapeutic targets, to select for classes of biomaterials, and to 

suggest appropriate drug delivery strategies, as disc cell phenotype, cell-biomaterial 
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interactions, and the biology of aging for these cells, are still poorly understood. While 

a diverse array of molecules, cell sources and materials are suggested as appropriate 

for IVD regeneration, additional work is needed to reveal some common and unique 

themes in human IVD cell responses that focus research on IVD specific strategies. 

Currently underway clinical trials of autologous cell therapies or autologous protein 

products will pave the way for later generations of cellular and biologic-based 

therapies, as they are expected to illustrate the unique challenges of treating the 

pathologic and aged human IVD. The next decade promises great advances in the 

translation of basic and applied sciences to the clinical treatment of IVD regeneration 

and replacement. 
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