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Abstract
We have characterized the relative efficacies of a number of protein crosslinking agents that have
the potential for use in the crosslinking of proteinaceous matrices both in vitro and in vivo. The
crosslinkers tested were; L-threose (LT), Genipin (GP), Methylglyoxal (MG), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC), proanthrocyanidin (PA) and
glutaraldehyde (GA). The relative effectiveness of the crosslinkers with regard to their saturating
concentrations was: GA > PA > EDC > MG = GP >> LT. Most of the crosslinkers displayed a pH
dependence and were more effective at more alkaline pH. At optimal pH and saturating conditions,
the relative reaction rates of the crosslinkers were: PA = GA > EDC > GP > MG >> LT.

1 Introduction
Protein crosslinking has been used in a number of ways to modify the biological and mechanical
properties of biomaterials. It has been extensively utilized in vitro to modulate the mechanical
properties of various implants [1–9]. Another benefit of such crosslinking is the stabilization
of collagenous matrices prior to implantation, rendering them less susceptible to enzymatic
degradation in vivo [10–13]. One concern in this area has been the retention of potentially toxic
crosslinking reagents such as glutaraldehyde within the implant which might be eluted in vivo
[14]. The identification of sufficiently efficacious yet less toxic crosslinking reagents would
help to ameliorate this concern.

The approach being taken in our laboratory is to alter the mechanical properties of load-bearing
structures by crosslinking native collagenous tissues in vivo by direct injection of crosslinking
agents. Degenerative disc disease (DDD) is a chronic pathology of the spinal disc resulting in
the gradual deterioration of this largely avascular, immunoisolated tissue [15,16]. As the tissue
degrades its mechanical properties alter to the point where it is unable to withstand the stresses
and strains of physiological mechanical loading [17], resulting in bulging, tearing and eventual
rupture. DDD provides an ideal candidate indication for the use of protein crosslinking to re-
engineer this tissue in vivo and reverse the adverse effects associated with tissue degeneration
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since it has been shown that crosslinking of the annulus fibrosis has multiple beneficial effects
on the mechanical properties of the disc [18–21].

Many molecules have been utilized in the above in vitro applications and our in vivo approach
and while some information regarding their reaction kinetics is available [11,22,23], little has
been reported with regard to their relative reaction requirements or reactivity. In this paper, we
report the results of our biochemical analysis of the kinetics of a number of potentially useful
crosslinking agents. The crosslinkers studied were; L-Threose (LT), Genipin (GP),
Methylglyoxal (MG), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)
and proanthrocyanidin (PA). The activities of these reagents were compared to a commonly
used and potent, yet toxic, crosslinker, glutaraldehyde (GA).

GA is a potent protein crosslinker that has been commonly used in the field of tissue engineering
[1,4,5], but its acute toxicity has always been a concern [6,14], as has the propensity of GA-
treated implants to promote calcification in vivo [24]. EDC is a highly efficient “zero-length”
crosslinker which is highly efficient at directly crosslinking protein-bound amines and
carboxyls on residues such as lysine and aspartate [25], and has been tested as a potential
crosslinker of biological implants [8]. PA, a polyphenol that is particularly abundant in grape
seed extracts has been shown to be over 120-times less toxic than GA and yet can still be highly
effective at stabilizing collagen matrices [11]. LT is a 4-carbon sugar and an optical isomer of
the naturally occurring D-threose (DT), which is involved in the formation of advanced
glycation end-products (AGEs) [26], carbohydrate-induced crosslinks that accumulate in vivo
during chronological aging and which are particularly problematic in individuals suffering
from diabetes. Crosslinking of collagen in vitro using DT has been shown to increase stiffness
[27]. We chose instead to test LT, rationalizing that it would be more stable than DT in vivo,
since the L-isomer should not be susceptible to catabolism. MG is an aldehyde form of pyruvic
acid and is also involved in AGE formation [28,29], downstream of DT, and has been shown
to crosslink proteins in vitro [30–32]. GP is the aglycone of the iridoid glycoside, geniposide,
a major constituent of the fruit of Gardenia jasminoides. GP has been extensively studied with
regard to its ability to crosslink proteins [13,33], and its effects on the mechanical properties
of various tissues such as the pericardium [34], aortic valves [35] and the spinal disc [21,35,
36], as well as its potential use for the formation of cellular scaffolds for tissue engineering
[2] have been widely documented, as has its superior safety profile [37,38].

We utilized the fact that crosslinking of proteinaceous matrices results in an increasing
resistance to proteolysis due to both the masking of potential cleavage sites and to the increased
number of scissions required to release soluble peptide fragments. We measured the relative
crosslinking efficiencies of crosslinking reagents under various conditions by monitoring the
amount of hydroxyproline (an amino acid that is present predominantly only in extracellular
matrix proteins and is particularly abundant in collagen) into solution following digestion of
tissue treated with Clostridium histolyticum collagenase.

The reaction kinetics of the crosslinkers were analyzed with respect to their concentration and
pH dependence as well as their reaction rates under optimal conditions.

2 Materials and methods
Genipin was purchased from Challenge Bioproducts Co., Ltd. (Taiwan) and proanthrocyanidin
was purchased from Polyphenolics (Madera, CA). Note that proanthrocyanidin consists of a
mixture of varied-length polymers of epicatechin. In order to calculate the molarity of a solution
of PA, we used the molecular weight of the epicatechin monomer (290.27). Thus references
to the concentration of PA solutions refer to the total monomer content and not necessarily to
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the concentration of any given polymeric species. All other reagents were purchased from
Sigma.

2.1 Tissue homogenization
Three to four bovine lumbar discs (approximately 3–5 g each) were excised from 4 to 6 month
old bovine lumbar spines and cut into 1–2 mm2 using a kitchen knife. The annulus tissue was
homogenized in batches in a 50 ml Falcon tube in distilled water pre-chilled to 4°C using a
homogenizer, run at maximum speed and fitted with a 10 mm stainless steel, saw toothed
generator probe. Care was taken to ensure that the temperature of the suspension did not exceed
25°C. After each 1–2 min pulse large particles were allowed to settle by gravity and the
suspension carefully decanted into a fresh tube, avoiding the inclusion of any large particles.
Tissue was harvested by centrifugation at 4500 rpm for 5 min. The supernatant was decanted
and the pellets stored at –20°C until needed.

2.2 Tissue crosslinking
Approximately 20–30 mg aliquots of homogenized annulus tissue were accurately weighed
into individual 1.5 ml Eppendorf tubes and the weights noted. Crosslinking agent in buffer
(usually 0.5 ml) was added to each sample as required for the experiment. In most cases one
sample was treated in buffer alone as a negative control. Samples were then incubated at 37°
C while shaking at 1500 rpm for the time required for the experiment

Samples were harvested by centrifugation at 10,000 rpm in a bench-top microfuge for 2 min.
The supernatants were removed, the pellets washed with 1 ml of H2O, re-centrifuged and the
wash solution discarded. Samples were then treated at 37°C while shaking as described above
following addition of 0.5 ml of a 1 mg/ml solution of type I collagenase from Clostridium
histolyticum in Collagenase Buffer (100 mM Tris pH7.5, 10 mM CaCl2). The incubation time
varied depending on the amount of tissue in the sample and the efficacy of the crosslinker, but
never exceeded the amount required for complete dissolution of any of the samples. The
incubation time was approximately 20 min since even untreated tissue was not completely
solubilized under these conditions. Samples were centrifuged as above and the supernatants
removed for analysis of hydroxyproline content.

The buffer chosen for crosslinker titration was phosphate buffered saline (PBS; 10 mM sodium
phosphate, pH 7.4, 137 mM NaCl, 2.7 mM KCl). The only exception to this was EDC, where
the buffer used was 100 mM MES, pH 6. This buffer was selected based on previous precedents
of its use with this reagent [25].

The buffers used for pH titration were selected to lack amines, since these could also potentially
react with, and therefore quench, the crosslinkers being tested. Although sodium acetate
contains a carboxyl group, we were unable to identify a buffer lacking such a moiety that was
capable of buffering at this pH. The buffers chosen were: sodium acetate (pH 4), sodium
cacodylate (pH 5), MES (pH 6), MOPS (pH 7), EPPS (pH 8) and sodium borate (pH 9) and
the crosslinker concentrations were: 0.7 mM (EDC), 10 mM (MG), 12,5 mM (LT), 0.1 mM
(GA), 0.44 mM (GP) and 0.34 mM (PA).

In the case of time-course studies, reactions were conducted in 100 mM EPPS buffer, pH 8,
except for EDC where 100 mM MES, pH 6, was used. Crosslinker concentrations used were:
3.5 mM (PA), 8.8 mM (GP), 2 mM (GA), 50 mM (LT), 5 mM (EDC) and 10 mM MG.

In the case of concentration and pH titrations and the time course studies, two experiments
were conducted for each crosslinker and the average signal at each point used to report the
data.
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2.3 Hydroxyproline assay
Hydroxyproline content was determined by an adaptation of several previously described
methods [39–43]. A 50 μl aliquot of each collagenase digest was placed into a 2 ml conical
bottom screw cap tube fitted with an ethylene propylene rubber gasket. In addition 50 μl of
collagenase solution was also placed into a separate tube to act as a background correction
sample. Fifty μl of 12 N HCl was added to each sample and then incubated for 1 h at 120°C
to hydrolyze the protein. Following hydrolysis, tube caps were removed and the samples
evaporated to dryness by further incubation at 120°C for approximately 1 h. Dried samples
were dissolved in 0.4 ml of OP buffer. This buffer consisted of 30.4 g of citric acid, 80 g sodium
acetate trihydrate, 22.75 g of NaOH, 8 ml glacial acetic acid and 200 ml of n-propanol adjusted
to pH6.3 with NaOH in a final volume of 1 liter.

Fifty μl duplicate samples of each hydrolysate were transferred to fresh tubes and 50 μl of
H2O was used as a blank for the spectrophotometer followed by addition of 350 μl of OP buffer.
One hundred μl of 83.4 mM Chloramine T was then added and the samples incubated at room
temperature for 25 min. Next, 0.5 ml of Ehrlich's Solution (0.5 M 4-(dimethylamino)
benzaldehyde, 9.1% (v/v) perchloric acid, 30% (v/v) n-propanol) was added and the samples
incubated at 60°C for 20 min. Absorbance was measured at 550 nm. The water control was
used to blank the machine and the absorbance of the collagenase control was subtracted from
all of the sample readings. Absorbances were normalized for variations in tissue weight by
dividing by the mass of the individual sample and then further to the signal from the untreated
control sample.

3 Results
In order to determine the hydroxyproline content of a protein sample, it is first necessary to
hydrolyze the proteins to their constituent amino acids. Assay of intact proteins and peptides
yields very low signals (data not shown). Total HCl hydrolysis of proteins is usually conducted
overnight at 110°C [44]. Such an incubation would greatly reduce the throughput of the
hydroxyproline assay and thus, in order to reduce the time taken for the analysis, we sought to
determine the extent of hydrolysis that occurred in collagenase-treated annulus samples over
time. A sample of annulus tissue was hydrolyzed with collagenase and then aliquots of the
supernatant subjected to HCl hydrolysis for varying times at either 95°C or 120°C. Hydrolysis
at 95°C was less efficient than that at 120°C (Fig. 1). At 120°C, hydrolysis appeared to be
almost complete after 4 h as evidenced by the plateau of the curve. Based on this, hydrolysis
was 85% complete after 1 h at 120°C and so, as a compromise between time and signal
development, these conditions were selected for future experiments.

To minimize the differential effects of crosslinker diffusion between samples due to surface-
to-area differences and inter-sample heterogeneity we chose to conduct our study on
homogenized samples instead of intact biopsies. Due to the difficulty of weighing out exactly
equal amounts of such tissue for each sample in a given experiment, we decided to weigh
approximately equal amounts and then normalize the results from the experiment to the weight
of each sample. This approach assumed that the ratio of tissue to collagenase solution did not
affect the efficiency of digestion. In order to confirm that this assumption was valid, we digested
increasing amounts of annulus tissue in a constant volume of collagenase solution. This showed
that the hydroxyproline signal in these samples displayed a linear relationship to the amount
of tissue in the digest (Fig. 2).

In order to obtain the relative efficacies of the various crosslinking reagents, annulus tissue
was treated with increasing concentrations of each crosslinker. Tissue samples were incubated
with increasing concentrations of crosslinker and the extent of crosslinking determined by
quantifying the amount of HYP released by each sample following digestion with collagenase.
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The greater the amount of crosslinking in the sample, the less HYP should be released, resulting
in a lower signal and allowing us to indirectly measure the extent of crosslinking. The results
from these experiments are summarized in Fig. 3 and the approximate saturating concentrations
of these reagents under these conditions are summarized in Table 1.

In most cases reactions reached a point where crosslinking was essentially complete. For
example, MG crosslinking appeared to be almost complete at 50 mM, suggesting that at this
point the crosslinker was saturating and the rate of the reaction could not be accelerated by the
further addition of more reagent. In the cases of LT the length of crosslinking time of the
incubations were insufficient to result in complete protection of the collagen from the protease
under these digestion conditions

In order to determine the optimal pH for crosslinking by the various reagents, crosslinking was
conducted at varying pH. In addition we used sub-saturating crosslinkers concentrations in
order to ensure that both positive and negative effects of pH on reaction rate could be detected.
These results are summarized in Fig. 4.

In general, all the crosslinkers were most effective at more alkaline pH. The only exception
was EDC, which displayed a strict pH requirement of 6. Proanthrocyanidin was the least
sensitive reagent, displaying no substantial differences in activity between pH 5 and 9 inclusive.
The pH optima are summarized in Table 1.

Of the crosslinkers tested, MG showed the strongest pH dependence. At pH 8 and 9,
crosslinking was apparently complete (Fig. 4). This observation prompted us to re-titrate this
reagent at an elevated pH, i.e. pH 8. MG displayed a marked increase in its crosslinking ability
at pH 8 compared to pH 7.4 (Fig. 5). Under these conditions the MG was saturating at a
concentration of 10 mM.

Having determined the saturating concentrations and pH optima for the various crosslinkers,
we sought to directly compare their reaction rates at optimal, but sustainable and
physiologically tolerable, pH and at saturating concentrations. Tissue was treated for various
periods of time and the extent of crosslinking at each time point determined as before (Fig. 6).

Both PA and GA reacted extremely rapidly with the tissue. The reaction appeared essentially
complete by the earliest time point (5 min) in both cases. EDC was almost as fast with almost
80% of the reaction having gone to completion at the first (5 min) time point. GP and MG
displayed similar kinetics, taking 40 min to reach completion while LT was the slowest
crosslinker, almost reaching completion after 12 h. These data are summarized as t½ values
(time taken to reach 50% completion) in Table 1.

4 Discussion
Modulation of the chemical and mechanical properties of proteinaceous matrices by protein
crosslinking is a growing theme in the field of tissue engineering. Glutaraldehyde has been
commonly used for this purpose in the past, but suffers from the drawback of its acute toxicity.
When crosslinking is achieved in vitro, or in situ, such as in an “open” procedure where the
reagent can be rinsed and suctioned away after application, this effect can be ameliorated to
some extent by thorough washing of the tissue prior to implantation, as in the cases of heart
valve replacement and arterial repair, respectively. In applications where crosslinking is to be
achieved in situ via injection, however, the poor safety profile of GA may prove to be
problematic.

In order to evaluate the relative reactivities of various, potentially less toxic, crosslinking
reagents we tested their ability to confer resistance to proteolysis to an insoluble tissue. We
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tested several important reaction parameters of a number of crosslinking reagents (i.e.
concentration, pH and reaction rates) and compared them to GA.

As crosslinks accumulate in a tissue it becomes progressively less susceptible to digestion by
proteases as any given scission event is less likely to release a soluble peptide fragment due to
its continued attachment to the insoluble protein matrix via the crosslinks. We therefore
monitored crosslink formation indirectly using a collagenase protection assay which has been
commonly used for this purpose previously [10,45–48]. This method, however, may
underestimate the number of crosslinks formed since it is possible that complete protease
protection might be achieved before reaction of every possible crosslinking site. Therefore,
while our reaction rate data provide a comparison of the relative reaction velocities of the
crosslinkers tested, complete chemical crosslinking may require more time than reported in
these studies. This caveat does not apply to the saturating concentrations and pH optima
reported here since these parameters are dependent on the concentration and the chemistry of
the reactants and not on the analytical method employed. Annulus fibrosis from bovine spinal
discs was used as a test substrate since this tissue has relatively little inter-specimen variation,
and has a long history of use as a biomechanical model of human discs in our laboratory and
elsewhere. Approximately half of the dry weight of annulus fibrosus consists of collagen
[49], which is comparable to that of other protein matrices [50–52]. Our results, therefore,
should be applicable to crosslinking of various tissue types.

Samples of tissue were treated with various concentrations of crosslinkers and the extent of
crosslinking assessed by determining the ability of collagenase to digest each sample. The
relative effectiveness of the crosslinkers was: GA > PA > EDC > GP >> MG >> LT.

The pH dependence of the crosslinkers was compared by incubating tissue samples at sub-
saturating crosslinker concentrations at various pHs between 4 and 9 (Fig. 4). All of the
crosslinkers were least effective at pH 4 and, In general, their reactivity increased with pH.
The two exceptions were EDC, which exhibited a distinct pH optimum at pH 6, and PA whose
reactivity was unaffected in the range from 5 to 9. This preference for alkaline pH of the
remaining crosslinkers is presumably at least partly due to the deprotonation of amine residues
on the matrix, allowing them to conduct nucleophilic attacks on the crosslinkers via their free
electron pairs.

Of the remaining reagents, GA and LT appeared to possess a similar pH sensitivity (as judged
by the slope of the curves within the 5–9 pH range) while GP was slightly more sensitive to
its pH environment. MG was the most pH sensitive of the crosslinkers tested and exhibited a
sigmoid reactivity curve as pH increased. In summary, the relative pH sensitivities of the
crosslinkers tested were EDC > MG > GP > LT = GA > PA. Because of the substantial
sensitivity of MG to pH, we retitrated MG at pH 8and found that its dose response curve was
very similar to that of GP (Fig. 5).

Under optimal pH conditions, and at saturating crosslinker concentrations, GA and PA reacted
most rapidly with bovine annulus tissue (Fig. 6). The reaction in both cases was complete
within 5 min. Due to the time taken for manipulating the samples, it was impractical to assess
the extent of crosslinking at shorter time points in order to discriminate between these two
reagents. EDC also reacted rapidly, but was slower than GA and PA. The time courses for MG
and GP were slower than that for EDC, but very similar to each other, while LT was
substantially slower than all the other reagents tested (by an order of magnitude compared to
GP and MG).

The data presented here provide a basis for the selection of protein crosslinking reagents for
use either in vitro or in vivo. Moreover, depending on the intended use, the rate of crosslinking
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can be modulated by varying parameters such as crosslinker selection, concentration and/or
pH.
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Fig. 1.
Effect of different HCl hydrolysis times and temperatures on hydroxyproline detection. A
sample of annulus tissue was digested with collagenase and then aliquots of the supernatant
subjected to HCl hydrolysis for 0.5, 1, 2 or 4 h at either 95°C or 120°C. Samples were analyzed
for hydroxyproline content and the results normalized to the signal obtained after 4 h
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Fig. 2.
Effect tissue mass on hydroxyproline signal. Samples of annulus tissue weighing
approximately 10, 20, 30, 40 or 50 mg were digested in a constant (0.5 ml) volume of
collagenase solution for 20 min at 37°C and then subjected to hydroxyproline analysis
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Fig. 3.
Concentration dependence of protein crosslinking reagents. Increasing concentrations of
protein crosslinkers were added to homogenized annulus tissue and incubated for either 1 h
(EDC, GP, MG, PA and GA) or 6 h (DT and LT). Crosslinking was quantified by determining
the relative amount of hydroxyproline (HYP) released from the tissue by collagenase digestion
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Fig. 4.
Dependence of protein crosslinking reagents on pH. Homogenized annulus tissue was treated
with sub-saturating concentrations of various crosslinkers at varying pH and incubated for
either 1 h (EDC, GP, MG, PA and GA) or 6 h (LT). Crosslinking was quantified by determining
the amount of hydroxyproline (HYP) released from the tissue by collagenase
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Fig. 5.
Effect of pH on the MG dose–response. Samples of annulus were treated with increasing
concentrations of MG in either PBS (pH7.4) or in 100 mM EPPS buffer, pH8. Crosslinking
was quantified by determining the amount of hydroxyproline (HYP) released from the tissue
by collagenase digestion
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Fig. 6.
Crosslinking reaction rates. Bovine annulus tissue was treated at saturating concentrations with
various crosslinkers for various periods of time. The reaction of LT is shown separately (inset).
pH was 8.0 in all cases except for EDC (pH = 6.0)
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Table 1

Summary of optimization results for various crosslinking reagents

Crosslinker [Saturating] at pH 7.4 pH Optimum t½

EDC 2.5–5 mM 6 <5 min

Genipin 5–10 mM 8–9 10–18 min

L-Threose 50 mM 8–9 2.5 h

Methylglyoxal 30–50 mMa 8–9 14–20 min

Proanthrocyanidin 0.1% (w/v) 5–9 <5 min

Glutaraldehyde 1–2 mM 8–9 <5 min

a
At pH 8, [Saturating] was 5–10 mM
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