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Abstract
Treatment of pathological spinal discs in vivo by injection of protein crosslinking reagents to
restore their mechanical properties is a new possible approach to the treatment of degenerative
disc disease. In this study, the thermal stability of the collagen in disc annulus was measured by
differential scanning calorimetry following treatment with six different crosslinking agents. The
crosslinkers used were; L-threose (LT), genipin (GP), methylglyoxal (MG), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) glutaraldehyde (GA) and
proanthrocyanidin (PA).

Untreated tissue displayed a prominent peak at approximately 66-68°C. Comparison of
endothermal patterns of untreated and crosslinker treated disc annulus tissue samples showed that
a new peak appeared at a higher temperature following treatment. The temperature of the new
peak qualitatively depended on the crosslinker in the following order
GA>MG>GP>PA=EDC>LT. This suggested that the enhanced thermal stability of collagen in the
annulus tissue was related to the nature of the crosslinker used. In addition, the enthalpic ratios of
the lower temperature (non-crosslinked) peaks in the treated and untreated tissue, and of the higher
and lower temperature peaks in the treated tissue, both indicated that the various crosslinkers
crosslinked the tissue with different efficiencies.

Our data suggest that the ability of GP to penetrate into the disc as well as form long and short
range crosslinks may make it the most suitable candidate for clinical development. In addition,
binary combinations of long- and short- range crosslinkers, such as PA with LT may also provide
synergistic effects due to their substantially different physicochemical properties.
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Introduction
Degenerative disc disease (DDD) is a chronic pathology of the spinal disc resulting in the
gradual deterioration of this tissue1,2, and remains among the most costly and prevalent
health problems in the world today3. As the tissue degrades its mechanical properties alter to
the point where they are unable to withstand the stresses and strains of physiological
mechanical loading4, leading to bulging, tearing and eventual rupture. Nonsurgical
exogenous crosslink therapy (NEXT) is an experimental technology for the treatment of
DDD based on the injection of protein crosslinking agents into the affected tissue. The
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crosslinks thus formed serve to augment endogenous crosslinks in order to enhance the
mechanical strength of the annulus5,6 and the stability of the intervertebral joint7. It is hoped
that such treatment in vivo could both ameliorate the progress of and the symptoms of DDD.

Collagenous matrices stabilized by crosslinks are used widely8-10. A number of alternative
physical procedures have been employed to crosslink collagen, including dehydrothermal
treatment and ultraviolet irradiation11,12. Various chemical crosslinkers that have been used
for this purpose, include; diisocyanates13, acyl azide14, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC)13, genipin (GP)7,15, proanthrocyanidin (PA)16 and
glutaraldehyde (GA)17.

In the context of DDD, two parameters are most likely to influence the efficacy of protein
crosslinkers injected into the annulus fibrosis: reactivity and diffusion. Highly reactive
reagents that could not diffuse within the disc and highly mobile reagents that reacted very
slowly would likely be equally ineffective. We have previously studied a number of
crosslinkers with regard to reaction kinetics and determined the conditions for their optimal
reactivity18. These studies were conducted using homogenized annulus tissue in order to
minimize the contribution of differential diffusion effects to the observed chemical
reactivities. The crosslinkers studied were methylglyoxal (MG), L-threose (LT), EDC, GP,
PA and GA. Not surprisingly, there were substantial differences in the reactivity of these
reagents, both in terms of their reaction rates and saturating concentrations. Due to the
differences in size and structure between the various crosslinkers, we suspected that there
would also be differences between their diffusion rates. In order to develop a product with
the greatest possibility of providing clinical efficacy, we therefore decided to also
investigate the penetration of the crosslinkers into the disc to determine whether any such
differences were evident and whether they might be substantial enough to affect
performance.

It has been reported that the thermal stability of the collagen is correlated to the number of
crosslinks19,20 and differential scanning calorimetry (DSC) has provided a powerful tool for
examining changes in connective tissue collagen21-26. DSC is sensitive to both the amount
of covalent crosslinking21,25, and to level of hydration of the collagen24. In the present
study, we utilized DSC to analyze crosslinker diffusion within bovine disc annulus
following treatment with various crosslinking reagents.

Methods
Genipin was obtained from Challenge Bioproducts Co., Ltd. (Taiwan) and
proanthrocyanidin from Polyphenolics (Madera, CA). All other reagents were from Sigma.
Statistical differences between groups were analyzed using a non-parametric Mann-Whitney
test, with a significance level of α = 0.01. Discs were treated under conditions that we had
previously optimized biochemically18.

Our crosslinker concentrations had been chosen to minimize possible cytotoxicity to
fibroblasts within the annulus and nucleus during clinical use, while maximizing reaction
rates based on our previous work18. Differences produced by the relative reaction rates of
the crosslinkers were minimized by the 24 hour soaking time of the samples, which was
twice as long as the amount of time required to complete crosslinking by the slowest
reacting crosslinker tested (LT)18.

Eight bovine lumbar motion segments from 3 different 4-6 month old calves were transected
through the mid-transverse plane to expose the entire disc. The two halves were soaked
individually in either buffer or buffer containing crosslinker at 37°C for 24 hours. Each
crosslinker was soaked in a different buffer based on our previous optimization study18.
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Crosslinker concentrations and buffers were 20mM GP (in 100mM Tris/100mM tri-sodium
phosphate, pH9), 20mM MG (in 100mM EPPS, pH8), 2.65mM EDC (in 100mM MES,
pH6), 0.1% (w/v) PA (in 100mM EPPS, pH8), 100mM L-threose (in 100mM EPPS, pH8)
and 5mM GA (in 100mM EPPS, pH8).

To determine the effect of buffer osmolarity on tissue swelling, we soaked each half of a
transected disc in either 100mM EPPS buffer or 100mM EPPS/100mM tri-sodium
phosphate buffer as described above. Three biopsies from each disc were taken, weighed,
dehydrated at 100°C overnight and reweighed to determine their water content.

Following incubation, segments were then rinsed with water and 8 biopsies excised from
each annulus with a -inch punch to the depth of the end plate and at 45° intervals around
the circumference of the disc. One segment was treated with each crosslinking reagent,
except for GA and PA where two segments were treated.

Samples were frozen at −20°C and later analyzed using a Perkin-Elmer DSC 7. Samples
were weighed accurately and scanned from 40-100°C at 5°C/min with an empty pan as a
reference. A baseline, produced by scanning two empty pans, was subtracted from all
thermograms.

Only three peaks were observed in this temperature range during this study (although not all
samples contained all three peaks). For the purposes of this paper, we have termed these the
low (L), intermediate (I) and high (H) temperature peaks. The L-peak generally appeared
below ~68°C while the H-peak appeared in the range of 73-85°C. The I peak appeared
infrequently and did so at a temperature of between 70 and 72°C. An example thermogram
depicting all three peaks in the same sample is depicted in figure 1.

Peak denaturation temperature (Td) was determined numerically from thermograms for each
endothermal process while transitional enthalpies (ΔH) were determined from the area under
each peak and normalizing by dividing by the specimen mass (Fig. 2). In some cases H
peaks were less symmetrical and contained shoulders and/or multiple merged peaks. In these
cases, peak temperature was defined as the point of greatest amplitude. We were unable to
discern any correlation between peak asymmetry and treatment or source of the specimens.
For the purposes of this paper, all references to enthalpy (ΔH) refer only to peak transitional
enthalpies, and not to the enthalpy of the entire denaturation process.

We sought to describe the extent of crosslinking for each crosslinker treatment using two
different ratios defined by the following equations:

Where H and L are the averaged enthalpies of the H and L peaks respectively from the
crosslinked samples and Ltreated and Luntreated are the averaged enthalpies of the L peaks in
the crosslinked and control samples respectively. All averaged enthalpic peak values and the
ratios derived from them are depicted in Table 2. R1, therefore, is related to the amount of
collagen crosslinked as represented by the relative sizes of the L and H peaks in only the
treated samples, while R2 gives a description of crosslinking extent only in terms of loss of
the native L peak following treatment.
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During calculation of enthalpic ratios, 0 was used when determining the average enthalpy
crosslinker-treated specimens that lacked an L peak. In the case of EDC treatments where an
I peak was sometimes observed, the enthalpy of the I peak was added to that of the H peaks.

Results
Figure 3 shows the temperature dependence of heat flow through tissue treated with either
buffer or with GP. The buffer treated sample displayed an endothermic peak at ~68°C,
representing the Td of native disc collagen, the major protein component of the annulus. The
peak was reduced, but still detectable, in the GP treated sample indicating that not all the
collagen had been crosslinked. The reduction in the 68°C peak area was accompanied by the
appearance of a higher temperature peak at ~ 76.5°C, representing more thermally stable,
crosslinked collagen.

DSC thermograms were qualitatively similar for samples treated with MG, PA, MG and
GA. H peaks appeared between 73 and 84°C, depending on the crosslinker, and L peaks
remained at approximately 67°C, which was the same as their corresponding untreated
counterparts. The only exceptions were LT and EDC. LT treatment completely eliminated
the original L peak and produced an H peak at ~73°C. EDC was unusual in that it produced
two higher temperature peaks. The H peak appeared at ~75°C, while a lower I peak was also
observed at ~71°C. All eight samples contained the H peak, while the I peak was observed
in five of the eight samples and the L peak in three samples. One sample contained no L or I
peaks and one contained both L and I peaks (Fig. 1).These results are summarized in Table
1.

In all cases the average Tds of the H peaks were significantly higher than the average L peak
temperatures of the corresponding control specimens (p<0.0025). In addition, the
temperature difference between the untreated L peaks and the EDC treated I peaks was also
significant (p=0.003). There was no significant difference in the temperatures of the L peaks
between any of the treated and untreated samples. The mean Td of the GA H peak (84.9 °C)
was significantly higher than all the other crosslinkers’ H peaks (p<0.005). The differences
being between 3.5 and 7 times the intradiscal and interdiscal variability of the control Td. In
some cases (MG, PA and GA) some samples (9 out of a total of 120) did not yield
interpretable thermograms and the data from these samples were discarded. We also often
observed small shoulders in the L peak of untreated samples at a slightly lower temperature
than the peak maximum (not shown), but never in samples treated with any of the
crosslinking agents. No more than 30% of the untreated samples displayed the shoulder, and
there was no apparent correlation of its appearance with respect to buffer treatment, biopsy
location or specimen.

We calculated two ratios, R1 and R2, to describe the relative size of the area (enthalpy)
under the H peak (Table 2). LT exhibited the highest ratio (1.0 for both R1 and R2),
indicating that all of the collagen had been crosslinked, while GA displayed the lowest value
(R1=0.46, R2=0.42) indicating that only 40-50% of the collagen had reacted. About 50% of
the collagen was crosslinked in the PA-treated sample while the remaining reagents resulted
in R values of between 0.66 and 0.94.

Discussion
The two most important parameters that could influence outcome from a crosslinking
product for the treatment of DDD would be the reaction rate of the crosslinker and its ability
to diffuse and access potential crosslinking sites. We have previously characterized a
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number of crosslinking reagents with regard to their optimal reaction conditions18, and in
this study, we examined crosslinker diffusion within the tissue.

The osmolarity of the buffers used in these studies were essentially the same (since the
concentrations of the crosslinking reagents were relatively small). The only exception was
the GP buffer whose osmolarity was approximately 4-fold greater than the other buffers. In
order to dispel the concern that the different osmolarity of the GP buffer might affect
penetration due to differential tissue swelling during incubation, we showed that following
soaking in the respective buffers, the water content of annulus tissue was was 78.2% ± 0.04
in EPPS/phosphate and 78.8% ± 0.04 in EPPS, suggesting that differential swelling was not
a concern in these studies. Protease inhibitors were not used in order to exclude reagents that
might not be present in a clinical formulation from the study. However, experiments on
tissue soaked in the presence or absence of EDTA showed no evidence for protein
hydrolysis by endogenous proteases during the incubation following subsequent analysis of
the tissue by DSC or by monitoring the release of potential cleaved peptides into solution.

Collagen is the major component of the annulus fibrosis and endogenous collagen cross-
links accumulate as the tissue ages, increasing its thermostablity20. We therefore used DSC
to monitor the diffusion of crosslinking reagents within the tissue indirectly. Collagenous
tissue exhibits a characteristic endothermal peak at a temperature of ~68°C. Crosslinking
results its reduction accompanied by the appearance of new peaks at elevated temperature.

We considered using chemical analysis to monitor crosslinker diffusion, but this would be
difficult since reacted crosslinker is rendered insoluble. In addition analysis of tissue extracts
following exposure to crosslinker would also be problematic since some crosslinkers are
either chemically unstable in solution (e.g. GP and EDC) or do not contain suitable
chromophore. We therefore monitored penetration indirectly using DSC.

Our initial aim had been to simulate clinical treatment by monitoring crosslinker diffusion
following injection into intact discs. We found, however, that there was a substantial amount
of heterogeneity in the thermograms of numerous biopsies taken from the same untreated
disc. In fact, intradiscal variability (standard deviation) of both Td and ΔH were on the same
order of magnitude as interdiscal variability. Injection of crosslinker into the disc produced
changes in thermograms that were too small to reliably and consistently detect over this
background without implementing a stochastic experimental approach (repeated
measurements for each disc). Our hypothesis was that chemical crosslinking would change
the mean thermogram metrics for each disc based on the observation that similar crosslinker
formulations did produce significant effects on tissue and joint mechanics6. In order to
produce more crosslinks, and so detect their formation by DSC, we needed to introduce
more crosslinker into the discs, i.e. by soaking the tissue.

Crosslinker diffusion is affected by both molecular weight and interaction and reaction with
the tissue. Numerous high-temperature peaks were asymmetric, suggesting that crosslinking
is a complex process and that unequivocal interpretation of our data is problematic. We
simplified our interpretation by assuming that reduction in the 68°C peak represents the
fraction of the molecular population that has been crosslinked to any degree, while the
magnitude of the temperature change represents the degree to which the collagen has been
crosslinked, i.e. the density and/or number of crosslinks per molecule. Crosslink density or
number could be enhanced by agents that can either access more sterically obscured sites
and/or span longer distances.

GA crosslinking displayed the largest shift at ~17°C which was significantly higher than the
H peaks produced by the other crosslinkers (p<0.005). GA was the smallest molecule we
tested (MW 100.12) and polymerizes during reaction27. This may have allowed it to access
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sterically less-accessible sites and also to crosslink more spatially distant sites than the other
crosslinkers. GP can also polymerize28 while PA is itself a polymer29, but produced smaller
shifts(~8°C) that were not significantly different from the H peaks formed by the other
reagents excepting GA. GP and PA contain bulky aromatic structures, and may be unable to
access sites available to the smaller GA, resulting in a lower crosslink density despite their
ability to span larger distances. MG, which does not polymerize, exhibited the second
highest peak shift (~11.5°C) but, excluding GA, this was only marginally different from the
LT H peak (P=0.049), the difference being approximately 3.5 times the intradiscal or
interdiscal variability of control Td. MG is the smallest of the crosslinkers tested (MW
72.02) and its ability to reach less accessible sites may have compensated for its inability to
form longer crosslinks.

LT displayed the smallest shift (~6°C) but this was only significantly less than the GA H
(p=0.0005) peak and marginally less than the MG H peak (p=0.049). LT is also small (MW
120.1), but was not as effective at increasing the Td as MG. LT crosslinking is the slowest of
these reagents by an order of magnitude18. Thus the low shift may have been for kinetic
reasons. EDC exhibited a peak shift of 9°C and also produced a unique third, intermediate
(I) peak. The nature of this peak is unclear, but may be due to the unique chemistry which
crosslinks amines with carboxyls, not other amines. EDC also forms the shortest crosslinks
in this study and thus potential crosslinking sites must be spatially closer than for the other
reagents. While EDC is also relatively small (MW 155.2) the requirement that potential
targets be in close proximity, may limit the crosslink density compared to, for example, MG.

To obtain information on the fraction of collagen crosslinked, we utilized the enthalpic data
from our experiments. We utilized two crosslinking ratios (CRs) to describe the
modification of the native collagen population, one in terms of the relative enthalpies of the
L and H peaks in treated samples (R1) and one in terms of the decrease in the L peak
following treatment (R2). The values of both R1 and R2 were generally in good agreement
(Table 2).

GA treated samples demonstrated the lowest CR (~45%). GA can polymerize extensively
during reaction15 and is the fastest reacting reagent that we have tested18. Thus, while GA is
an effective crosslinker, its diffusion into the annulus may be retarded by its rapid reaction
with the tissue and also by its formation of a tight polymeric network that could act as a
barrier for its continued penetration into the disc. PA displayed the second lowest CR
(~50%). and also reacts very rapidly18 and is a polymer. These factors may limit its
diffusion rate. Examination of treated samples showed that only the surface had been stained
brown, indicating that diffusion was limiting. While PA and GA are excellent crosslinkers
kinetically18, their low diffusion suggests that they may be unable to diffuse sufficiently
within the disc following injection.

Although GP also polymerizes it displayed a much higher CR (87%) than GA and PA. Its
reaction, however, is slower than that of GA18 and its diffusion may have been less retarded
by interaction with the tissue. Also, while GA forms branches15, GP forms linear polymers
which may retard its diffusion less than GA. Since GP-crosslinked samples turn dark blue, it
was clearly visible that GP penetrated more deeply than PA.

LT is the only crosslinker that completely eliminated the L peak, and is also the slowest
reacting of the reagents18. This slow rate may not have retarded diffusion as much as for the
other crosslinkers, allowing LT to disperse throughout the tissue. LT, however, also
produced the lowest temperature H peak, suggesting that while all of the collagen had
reacted with LT, the crosslinking density was still low.
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It should be noted that the absolute effects of these same crosslinkers on human annulus
fibrosus may vary from the data presented here. It is our expectation that the same trends
would carry over to human discs but that moderately degenerated human discs might have
higher glycation-induced intrinsic crosslinking, and the matrix would be more obstructed by
an accumulation of degraded matrix molecules30, posing an even higher barrier to
penetration by the reagents.

Our data present intriguing possibilities with regard to the development of NEXT therapy.
The data in this paper, coupled to our previous chemical characterization and mechanical
testing6,18, suggest that GP is the most promising of the crosslinkers we have tested.
However, since some crosslinkers appear to be able to react with sites that are inaccessible
to others, it is possible that combinations of crosslinkers may produce synergies with regard
to mechanical effects, although there may be both practical and regulatory limitations to the
development of formulations containing more than 2 or 3 reagents. However, binary
combinations of long chain (e.g. GA, PA or GP) and short chain (e.g. LT or EDC)
crosslinkers, for example, may provide both a higher number and density of crosslinks due
to their differing physicochemical properties. In addition, our observation that MG produces
higher temperature peaks than GP, possibly due to steric considerations, coupled to our
observation that these crosslinkers produce differential mechanical effects on annulus
tissue6, opens the possibility that crosslinkers with different physicochemical properties may
produce varied mechanical effects that can be tailored appropriately to treat a number of
diverse joint pathologies. We are currently in the process of testing these possibilities.
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Figure 1.
Example thermogram an EDC-treated disc annulus sample. A bovine spinal motion segment
was bisected transversely and one half soaked in EDC solution (2.65 mM EDC in 100mM
MES, pH6). The position of the L, I and H peaks are shown by the arrows.
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Figure 2.
Schematic diagram depicting determination of Td and ΔH. Td was determined from the
position point of the greatest amplitude of the peak while ΔH was determined by linear
baseline extrapolation and peak integration (grey area).
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Figure 3.
Example thermograms of bovine annulus tissue. Bovine spinal motion segments were
bisected transversely and each half soaked in either 100mM Tris/100mM tri-sodium
phosphate, pH 9 (1) or the same buffer containing 20mM genipin (2). Samples of tissue
from each segment were analyzed by DSC The position of the L and H peaks are shown by
the arrows.
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