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Abstract
Study Design—Biochemical studies aimed at optimization of protein crosslinking formulations
for the treatment of degenerative disc disease and subsequent biomechanical testing of tissues
treated with these formulations.

Objectives—To optimize protein crosslinking formulations for treatment of degenerating spinal
discs.

Summary of Background Data—Non-surgical exogenous crosslinking therapy is a potential
new, non-invasive technology for the treatment of degenerative disc disease. The technology is
based upon the injection of protein crosslinking reagents into the pathological disc to restore its
mechanical properties and also to potentially increase the permeability of the tissue and so
facilitate the exchange of waste products and nutrients.

Methods—Diffusion of genipin was monitored following injection into spinal discs and the
effects of surfactants on diffusion studied. Formulations for genipin and methylglyoxal were
biochemically optimized and used to treat bovine spinal discs. Their effects on bovine annulus
tissue were evaluated using a circumferential tensile test, while the genipin formulation was also
tested with respect to its ability to reduce disc bulge under load.

Results—Genipin exhibited a distinct time-dependent diffusion and sodium-dodecyl-sulfate, but
not Tween-20, enhanced diffusion by 30%. Two crosslinkers, genipin and methylglyoxal, were
inhibited by amines but enhanced by phosphate ions. Both formulations could enhance a number
of physical parameters of bovine annulus tissue, while the genipin formulation could reduce disc
bulge following injections into spinal discs.

Conclusions—Formulations lacking amines and containing phosphate ions appear to be
promising candidates for clinical use of the crosslinkers genipin and methylglyoxal.

Introduction
Degenerative Disc Disease (DDD) is a debilitating chronic condition1 with a US economic
cost estimated at $100 billion2. The spinal disc is an avascular tissue and its cells rely on
diffusion and diurnal convection for exchange of nutrients and waste products3. During
aging, this process becomes gradually impaired4 as the extracellular matrix of the disc clogs
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and the adjacent vertebral endplates become sclerotic and calcified. Thus the oxygen content
of the disc is reduced and the cells within become progressively more reliant on anaerobic
glycolysis as a primary energy source. The resulting lactate production acidifies the tissue5

and this, coupled to the reduced nutrient influx, results in a decline in the tissue’s ability to
repair the mechanical damage caused by daily physiological loading and unloading. Over
time the tissue’s ability to support these loads lessens, leading to fissure formation, stress
intensification and loss of disc height. Abnormal bulging of the weakened disc can impinge
upon nerve roots, leading to the generation of pain and, in extreme cases, disc herniation.

Numerous treatment modalities are currently employed for the treatment of DDD6. In early
stages these include physical therapy and pain management with analgesics and anti-
inflammatory agents. While these provide immediate relief, they do not prevent disease
progression which is treated with surgical procedures of escalating severity from
discectomy, to spinal fusion and artificial disc/nucleus implantation. However, all these
therapies are aimed at treating the symptoms of the disease and not to remedying its
underlying cause – the degeneration of the disc itself.

Biological approaches aimed at preventing or reversing degeneration have been suggested,
including gene, stem-cell and cytokine therapy7-9. All these approaches, however, are faced
with the harsh environment of the pathological disc which is itself not conducive for optimal
cellular viability.

It has also been suggested that disc repair and stabilization might be achieved, not
biologically, but chemically10;11. Such non-surgical exogenous crosslinking therapy
(NEXT) offers a promising non-surgical treatment for both retarding the progression and
ameliorating the symptoms of DDD. It has been shown that chemical crosslinking of disc
tissue leads to an increase in a number of important parameters such as proteoglycan
retention, tissue strength, fatigue and tear resistance, joint stability, and a concomitant
decrease in disc bulge (and therefore potentially neural compression) under load10-13.
Furthermore, crosslinking of collagenous matrices can increase their permeability14;15 and,
since this can occur within the intervertebral disc16, crosslinking might reverse the decline in
disc cell viability and so facilitate more effective tissue repair.

Numerous chemical crosslinkers have been utilized to modify collagen matrices, such as
glutaraldehyde17, proanthrocyanidins18, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide19,
threose20, genipin(GP) 21 and methylglyoxal (MG)12. We have recently characterized the
kinetics of these chemical crosslinkers with regard to their ability to crosslink bovine
annulus fibrosus tissue (Slusarewicz, et al, submitted). We selected GP and MG as reagents
for this study based on their previous use in the area of biomechanics12;22 and their
relatively low toxicity23;24.

In order for NEXT to be viable, crosslinkers should be capable of diffusing within the tissue
following injection and be active within the environment of the degenerating disc. In this
paper, we investigate the diffusion rate of genipin in spinal discs and optimize prototype
formulations containing either genipin or methylglyoxal.

Materials and Methods
Genipin was obtained from Challenge Bioproducts Co., Ltd. (Taiwan). All other reagents
were from Sigma. Bovine 4-6 month old lumbar intervertebral disc tissue was obtained
frozen and thawed at room temperature prior to use. While having similar cross-sectional
area as human discs, calf discs have less disc height and are notably non-degenerated. The
relative uniformity of these discs leads to minimization of variability in properties.
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Diffusion Studies
GP as selected as a representative chemical crosslinker for these studies because its
crosslinked adducts turn blue in the presence of oxygen25;26, and can be readily visualized.
GP (15mM) was dissolved in phosphate-buffered saline (PBS) and 200μl injected into the
discs of individual calf lumbar motion segments, with a 22-gauge needle at a depth of 1cm
in the left and right lateral regions, and incubated at 37°C for 1, 3 or 6 hours. The discs were
then transected and both halves frozen at -20°C overnight to facilitate the color development
of the genipin crosslinked products. Samples were thawed and photographed with a
reference scale and the photographs imported into ImageJ software (NIH). Following
normalization to the scale, the areas were measured manually by drawing around each zone.
In most cases both surfaces of the transected disc were measured, though in a few samples
where the cut was too close to the endplate this was not possible. The average of three
measurements for each face was used to determine the area of the diffusion zone in mm2.
Differences between injectates were analyzed using a T-test.

In experiments using surfactants 15mM GP was formulated in either PBS alone or PBS
containing 0.1% (w/v) of either SDS or Tween-20. Solutions were injected and analyzed as
described above.

Reagent Optimization
GP and MG were selected for further development since they are both relatively small
molecules and substantially less toxic than glutaraldehyde23;24;27, a commonly used
crosslinking reagent in the field of tissue engineering.

Approximately 3-5g of frozen bovine annulus was cut into 1-2mm2 pieces and homogenized
in a 50ml Falcon tube in 4°C distilled water using a homogenizer fitted with a 10mm
stainless steel, saw toothed generator probe. The temperature of the suspension did not
exceed 25°C. After 1-2 minutes large particles were allowed to settle and the fine suspension
was decanted into a fresh tube. The process was repeated to completion and the tissue
harvested by centrifugation at 4500rpm for 5 minutes. Tissue pellets were stored at -20°C
until needed.

Crosslinking extent was assessed by determining the loss in sensitivity of the tissue to
digestion by collagenase. Approximately 20-30mg aliquots of homogenized tissue were
weighed accurately and 0.5ml of crosslinker added while one sample was treated with buffer
alone. Samples were shaken at 1500rpm and 37°C for 1 hour. Following centrifugation at
10000rpm for 2 minutes, 0.5ml of a 1mg/ml solution of type I collagenase from Clostridium
histolyticum in Collagenase Buffer (100mM Tris pH7.5, 10mM CaCl2) was added to the
tissue pellets which were incubated as above, but for 20 minutes. Following a second
centrifugation, proteolysis was monitored using a colorimetric hydroxyproline assay28-32 to
quantify the release of peptides from the tissue and into the final supernatant. A solution of
collagenase alone was used as a spectrophotometer blank and the data were normalized to
the results obtained from buffer-treated tissue. Statistical significances were determined
using the T-test.

Using this assay, we confirmed previous reports33;34 that both these crosslinkers are most
active at elevated pH (Slusarewicz, et al, submitted). We therefore decided to conduct our
experiments under alkaline conditions (pH 9). However, the degenerating human disc is an
acidic environment5;35 and thus is not conducive for the optimal crosslinking activity of
these reagents. We therefore buffered our formulations in order to maintain this pH and to
counteract the ongoing production of lactate within the degenerating disc.
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Tris (2-Amino-2-hydroxymethyl-propane-1,3-diol) buffer has been previously used
clinically for the treatment of blood acidosis36 and therefore represents a potentially useful
buffer for this purpose. However, due to concerns that the amine group in Tris might react
with both GP and MG and lower the efficiency of crosslinking, we decided to also test a
second buffer, EPPS (3-[4-(2-Hydroxyethyl)-1-piperazinyl] propanesulfonic acid), which
lacks amines. We used subsaturating concentrations of both crosslinkers, which we
determined using the assays described here (data not shown), in order to discern any positive
or negative effects of the buffer on crosslinking. Tissue was crosslinked using 0.1mM GP or
0.4mM MG in 100mM Tris or EPPS buffer at pH 9.

Phosphate ions stimulate the reaction of glucose with proteins, possibly by binding to the
target at basic residues adjacent to the crosslinking site and catalyzing the conversion of
Schiff base intermediates to stable ketoamine products37;38. Since glucose and MG
participate in advanced glycation endproduct crosslink formation via Maillard-type
reactions37;39, we decided to investigate whether phosphate could stimulate crosslinking in
our system. Samples were incubated at pH 8 with 1mM GP or 2mM MG at pH 9 or with
0.1mM GP or 0.4mM MG in either 100mM EPPS buffer or 100mM EPPS buffer containing
100mM tri-sodium phosphate.

Mechanical Testing
For circumferential tensile testing, 58 circumferential specimens of annulus were cut from
29 bovine lumbar discs, further cut to narrow a central region. The tensile tests of
circumferential annulus specimens were conducted before our observations that Tris
exhibited an inhibitory effect on crosslinking and we therefore soaked the tissue at pH 9 in
either 10mM GP in 100mM Tris/tri-sodium phosphate or 20mM MG in 100mM EPPS/tri-
sodium phosphate at 37°C for 4-hours, or in either buffer alone.

The smallest cross-section in the necked-down region of each sample was measured using a
rotating laser micrometer. The specimen was positioned in custom clamps and a tensile test
was run at a constant displacement rate of 0.3mm/sec. Peak modulus, ultimate tensile
strength, yield stress (using a 0.1% offset method), yield strain, and resilience (total energy
absorbed at the yield point) were calculated from the stress-strain data. Data were expressed
as the percentage change in the parameter in a treated specimen compared to the mean of the
untreated samples. A Mann-Whitney non-parametric test was used to determine significance
of mean differences between groups (α≤0.05).

Disc bulge measurements were conducted on twelve calf lumbar motion segments that were
potted in polyurethane and randomly assigned to receive either an injection of 10mM
Genipin in 100mM EPPS/100mM tri-sodium phosphate, pH 9 or an injection of buffer
alone. Discs were injected with 0.75ml of solution at both antero-lateral positions (i.e. 1.5ml
per disc) using a 1ml syringe and a 22 gauge needle, and then incubated for 4-hours at 37°C
under an 89N axial load. After incubation, specimens were clamped into place on a
materials test system (TestResources 100R) such that the load axis was parallel to the
specimen’s anatomical superior-inferior axis and centered on the disc’s center of mass.
Cyclic compressive load from 0N to 400N was applied at 0.05 mm/sec for 40 cycles to
condition the specimen. A rotating LK-081 laser micrometer (Keyence) was used to measure
the anterior surface of the disc at three heights (midline and 2mm above and below) at static
loads of 50 and 400N. Disc surface position was analyzed for each applied load and at each
height using custom Octave code. Bulge was calculated as the difference in disc surface
position at each height between the 50 and 400N loads. One specimen from the treatment
group was 2 standard deviations away from the mean of the remaining samples and was
discarded as an outlier. Statistical significance was determined using the Mann-Whitney-
test.
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Results
The efficacy of NEXT will depend on a number of factors, including the ability to deliver
the crosslinker over a large portion of the annulus and the efficiency of the crosslinker once
introduced into the milieu of the degenerating disc. In the case of delivery, we first assessed
the diffusion of GP, a possible therapeutic crosslinker, following injection into the annulus
of bovine spinal discs.

GP diffusion following injection formed clear “zones” (Fig.1) whose area increased time-
dependently (Fig.2). We also examined whether two surfactants (SDS and Tween-20) could
enhance diffusion of these markers (Fig.3), but only SDS did so significantly (by
approximately 30%, p=0.021). We therefore decided to not pursue surfactants, since the
effect we observed with SDS was modest and did not justify the added complications of its
inclusion in a formulation.

When testing the effects of buffers on crosslinking we found that it was less efficient in the
presence of Tris buffer when compared to EPPS (Fig.4) for both GP (p=0.0013) and MG
(p=0.0021). Under these conditions GP crosslinking was 47% more efficient in EPPS while
the enhancement for MG was 44%. In addition, phosphate ions increased crosslinking by GP
by 72% at pH 8 (p<0.001) and by 44% at pH 9 (p<0.01), while MG was 50% more efficient
at pH 8 (p<0.001) but unaffected at pH 9 (Fig.5). Such effects were not due to the added
sodium in the mixture since tri-potassium phosphate caused similar effects (data not shown).

The mechanical properties of tissues treated with crosslinker were compared to those treated
with buffer alone using a circumferential tensile test (Fig.6). GP elicited increases of 66, 36
and 57% in yield stress, yield strain and resilience or energy required to generate non-
recoverable deformation (p=0.012, 0.048 and 0.019, respectively), to the annulus tissue.
Peak modulus trended 23% higher with GP treatment, but this difference was not
statistically significant. In contrast, MG treatment resulted in a 69% increase in modulus
(p=0.009), and trended higher in yield strain (46%) and ultimate tensile strength (27%),
although these increases were not statistically significant. A summary of all our
circumferential testing data is shown in Table 1.

We supplemented these data by measuring the effect of GP in optimized buffer with respect
to its ability to reduce disc bulge under load following injection (a therapeutically more
meaningful method of delivery). Specimens treated with buffer demonstrated a mean disc
bulge of 0.28mm (±0.07) while GP reduced the value to 0.17mm (±0.07). This 37.5%
reduction was statistically significant (p=0.04).

Discussion
NEXT holds the promise of an effective and nonsurgical treatment for DDD and would be
accomplished by the injection of chemical crosslinking agents into the affected spinal disc.
NEXT would act to stabilize and strengthen the disc, and promote maintenance of hydration
and the diffusion of nutrients and oxygen into, and waste products out of, the tissue.

We have shown GP is capable of substantial diffusion following injection into a disc (Fig.2)
and that SDS, but not Tween-20 can enhance its diffusion (Fig. 3). SDS is a harsh anionic
surfactant and its ability to denature proteins may have “loosened” the annulus matrix more
than the milder, non-ionic Tween-20, thus leading to faster GP diffusion. The harshness of
SDS coupled to its relatively modest effect led us to exclude it from further consideration.

Formulation optimization showed that GP and methylglyoxal (MG) crosslinking was less
efficient in Tris than in EPPS buffer (Fig.4), suggesting that the use of amines should be
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avoided. We also demonstrated that phosphate ions can enhance the reaction of both GP and
MG (Fig.5). The inclusion of phosphate into the formulation can also broaden the buffering
capacity of the solution (data not shown), further counteracting the acidity of the
degenerating disc. The effect of phosphate appeared to be pH dependent. Since both GP and
MG activities increase with pH this may have been due to the elevated activity masking the
phosphate effect. MG activity is more sensitive to pH than GP (Slusarewicz, et al,
submitted), and was also unaffected by phosphate at pH 9. MG’s reactivity at this pH may
have been so high that it could not be further enhanced by phosphate. Nevertheless, we
decided to retain phosphate in the MG formulation, since we would expect the pH to drop
following injection into the acidic environment of the disc.

The enhancement of GP-mediated crosslinking by phosphate was surprising and may be due
to the involvement of aldehyde groups in the GP crosslinking reaction. It has been
postulated that the initial step in the reaction involves a nucleophilic attack on the C-3
olefinic carbon atom in GP by an amine, resulting in the opening of its dihydropyran ring,
followed by a second attack of the attached amine on the resulting aldehyde group25. This
second attack closes the ring with the substitution of the amine nitrogen (and attached
moieties) for the original oxygen in the GP structure. Crosslinking then occurs through
polymerization of the GP derivatives and the molecules to which they are coupled25;26.
Alternatively, the hemiacetal within the dihydropyran ring could undergo consecutive steps
of hydration, opening the ring to produce two aldehyde groups40 which could either react
with different protein-bound amines to form a crosslink directly or react with a single amine
and then follow the reaction described above. In either pathway Schiff bases form via
reaction of amines with aldehydes and their rearrangements could be catalyzed by phosphate
ions in a manner similar to those formed during protein glycation.

Using a circumferential tensile test, we examined the effect of crosslinking of annulus tissue
by formulations containing GP or MG. Both were effective in enhancing at least one
relevant mechanical parameter of tissue that had been treated in vitro by soaking (Fig.6).
Interestingly, GP appeared to exert an equal if not more pronounced effect than MG, even
though the formulation was sub-optimal due to the use of Tris buffer and the MG
concentration was twice that of GP. One possible explanation may lie in the ability of GP to
polymerize as part of the crosslinking reaction25;26. Two protein bound amines can only be
crosslinked if the distance between them can be spanned by the reagent, and so GP polymers
may be able to access more amine pairs than MG. Additionally, MG crosslinks may be less
common between adjacent collagen fibrils whereas GP may be able to span inter-fibrillar
distances more readily. This combination of increased number of potential crosslinking sites
and types due to the longer potential spanning distance of GP polymers may result in very
different mechanical effects.

We also tested GP in a more clinically relevant manner by injecting the crosslinker directly
into bovine lumbar discs using an EPPS/phosphate buffer. The GP treatment significantly
reduced the bulge of the treated discs under a 400N axial load by 37.5% compared to discs
injected with buffer alone and demonstrated the potential of NEXT when applied by
injection. The relevance towards decompression of adjacent neural structures
(radiculopathy) and nociceptor excitation thresholds (discogenic pain) due to this degree of
disc bulge reduction should be further explored in future studies using human tissues.
Increases in disc bulge has been associated with increasing disc degeneration in the clinic41.
It is expected that increased levels of degeneration combined with an increased disc height
should amplify both the amount of disc bulge and the NEXT reduction of bulge in human
discs.

Slusarewicz et al. Page 6

Spine (Phila Pa 1976). Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In order for NEXT to be therapeutically viable, it needs to exhibit an acceptable
biocompatibility profile. Two areas of concern could be the effect of the formulation on the
viability of the cells of the disc and the possibility of neurotoxicity from leakage of
crosslinkers from the disc and into the spinal canal or onto nerve roots. We are in the
process of conducting studies to address these issues, but our preliminary data indicate that
both formulations do not affect cell viability when injected subcutaneously (data not shown).

Having developed suitable, optimized formulations, we next plan to determine their effects
on a broad range of mechanical parameters of human spinal motion segments following
injection, as a prelude to clinical testing of NEXT technology in the clinical setting.

• Some surfactants may be able to enhance the diffusion of crosslinkers within the
disc.

• Excipients (including buffers) containing amine moieties reduce the reaction
efficiency of the crosslinkers genipin and methylglyoxal.

• Both genipin and methylglyoxal crosslinking is enhanced by phosphate ions.

• Buffered, alkaline formulations of genipin and methylglyoxal containing
phosphate ions are able to alter the physical properties of disc tissue following
soaking and such a genipin formulation reduces disc bulge under load when
injected into spinal discs.
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Figure 1.
Example of genipin diffusion in a calf lumbar spinal disc. GP was injected into the disc of a
single motion segment and incubated for 1 hour at 37°C. Arrows indicate the injection
points. Bars = 10mm.
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Figure 2.
Diffusion kinetics of genipin. GP was injected into bovine lumbar discs and incubated for 1
(n=7), 3 (n=4) or 6 hours (n=4) at 37°C. Data are presented ± SD.

Slusarewicz et al. Page 11

Spine (Phila Pa 1976). Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Effect of surfactants on diffusion of genipin. GP in PBS (n=7) or in PBS containing
Tween-20 (n=3) or SDS (n=5) was injected and incubated for 1-hour. Data are presented ±
SD.
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Figure 4.
Buffers effects on genipin and methylglyoxal crosslinking. Tissue was incubated with GP or
MG at 37°C for 1 hour in either Tris or EPPS buffers at pH 9. Crosslinking was quantified
and normalized to untreated tissue. Data are presented ± SD (n=5).
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Figure 5.
Effect of phosphate on genipin and methylglyoxal mediated crosslinking. Tissue was
incubated with GP or MG at pH 8 or 9 at 37°C for 1 hour, in the presence or absence of
phosphate. Crosslinking was quantified and normalized to untreated tissue. Data are
presented ± SD (n=5).
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Figure 6.
Circumferential tensile testing of crosslinked annulus tissue. Tissue was crosslinked with GP
(n=17) or MG (n=13) or in GP buffer (n=16) or MG buffer (n=12) alone and subjected to
testing. Data are presented ± SD. Results marked with an asterisk denote statistical
significant differences between the treated and buffer samples.
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