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Abstract

Osteochondral xenografts are potentially inexpensive, widely available alternatives to fresh
allografts. However, antigen removal from xenogenic cartilage may damage the extracellular
matrix and reduce compressive stiffness. Non-crosslinked xenogenic cartilage may also undergo
rapid enzymatic degradation /7 vivo. We hypothesized that natural crosslinking agents could be
used in place of glutaraldehyde to improve the mechanical properties and enzymatic resistance of
decellularized cartilage. This study compared the effects of genipin (GNP), proanthocyanidin
(PA), and epigallocatechin gallate (EGCG), on the physical and mechanical properties of
decellularized porcine cartilage. Glutaraldehyde (GA) served as a positive control. Porcine
articular cartilage discs were decellularized in 2% sodium dodecyl sulfate and DNase | followed
by fixation in 0.25% GNP, 0.25% PA, 0.25% EGCG, or 2.5% GA. Decellularization decreased
DNA by 15% and GAG by 35%. For natural crosslinkers, the average degree of crosslinking
ranged from approximately 50% (EGCG) to 78% (GNP), as compared to 83% for the GA control.
Among the natural crosslinkers, only GNP significantly affected the disc diameter, and shrinkage
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was under 2%. GA fixation had no significant effect on disc diameter. Decellularization decreased
aggregate modulus; GA and GNP, but not EGCG and PA, were able to restore it to its original
level. GNP, PA and GA conferred a similar, almost complete resistance to collagenase degradation.
EGCG also conferred substantial resistance but to a lesser degree. Overall, the data support our
hypothesis and suggest that natural crosslinkers may be suitable alternatives to glutaraldehyde for
stabilization of decellularized cartilage.
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Introduction

Cartilage defects are associated with pain, swelling, and functional deficit [1]. According to
current clinical guidelines, patients with an ICRS grade 111 or IV chondral lesion who are
under 40 years of age may be good candidates for a restorative procedure, especially those
who desire to resume high levels of physical activity [2]. A large review of 25,124 knee
arthroscopies performed from 1989 to 2004 showed that isolated cartilage lesions occurred
in 18% of patients, usually on the medial femoral condyle or patellar articular surface [3]. In
that study patients under 40 years of age with one to three localized grade 111 and IV
cartilage lesions accounted for 7% of all patients. In another series of 1,010 patients who
underwent arthroscopic meniscectomy or meniscal repair, 32% of those who were 30-39
years of age displayed articular cartilage changes to at least one compartment of the knee
[4]. Thus the orthopaedic surgeon is likely to discover chondral lesions in a sizeable
population of relatively young patients who might benefit from hyaline cartilage restoration.

The two most common restorative procedures are autologous chondrocyte implantation
(ACI) and osteochondral allograft transplantation (OAT), both of which have drawbacks.
ACI necessitates two surgeries, extensive rehabilitation, and a long interval prior to
resumption of normal activities [2]. Furthermore, only moderate success rates have been
achieved. For example, studies which have examined the outcome of ACI with 4 and 5 years
follow-up found 76% and 71% of patients with improved conditions, respectively [5, 6].
Similar success rates are achieved with OAT, and it poses risks of disease transmission, graft
rejection, and infection [7, 8]. Perhaps more importantly, graft supply is limited. A new
treatment alternative for cartilage lesions, especially one which could be accomplished
during the same procedure in which the lesion is discovered would, therefore, be a welcome
alternative to current treatment options.

The goal of the current research is to advance development of an “off-the-shelf” treatment
for articular cartilage defects discovered during exploratory knee arthroscopy, namely an
osteochondral xenograft. If processed appropriately, a xenograft could have the potential
advantages of low cost, abundant supply, immediate availability for implantation during
exploratory surgery, and restoration of a smooth surface capable of supporting the stress
associated with weight bearing. Unlike fresh allografts, a xenograft can be treated with
antibacterial and antiviral agents such as deoxycholate and peracetic acid to minimize the
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risk of disease transmission. In fact, porcine pulmonary artery was demonstrated to be
completely free of bacterial, fungal, and viral contamination after decellularization,
crosslinking, and sterilization [9]. The pig is a suitable source of human replacement tissue
due to similar body size and physiology, as well as rapid growth rate [10].

The purpose of this study was to evaluate selected alternatives to glutaraldehyde for the
stabilization of decellularized articular cartilage. Glutaraldehyde is the most frequently used
crosslinking agent. However, there are many adverse health effects of glutaraldehyde
exposure, including asthmatic symptoms, rhinitis, and skin irritation [11]. Although it has
been widely used to stabilize xenograft bioprosthetic heart valves, it has also been
implicated in their calcification [12, 13]. Furthermore, glutaraldehyde is cytotoxic, and even
commercially available glutaraldehyde-treated bovine pericardium has been shown to elicit
inflammatory cytokine release from macrophages [13]. There is evidence to suggest that this
inflammatory response can be modulated through the use of alternative crosslinkers. The
proportion of anti-inflammatory M2 macrophages infiltrating genipin-treated, decellularized
porcine esophagus implanted into rats was observed to increase over time, whereas the
proportion of M2 macrphages decreased in response to glutaraldehyde-treated tissue [14].
Thus it is worthwhile to investigate the use of glutaraldehyde alternatives in the course of
developing an osteochondral xenograft.

It was hypothesized that natural collagen crosslinking agents could be used to improve the
mechanical properties and durability of decellularized cartilage. The crosslinking agents of
interest were genipin, grape seed proanthocyanidin, and epigallocatechin gallate (EGCG).
Genipin is derived from geniposide, which comes from the fruit of Gardenia jasminoides
Ellis. Genipin has been investigated as a means to stabilize cardiovascular xenografts, and
has been found to increase tensile stiffness and strength as well as mask residual antigen [15,
16, 17]. Such studies have also shown it to be far less cytotoxic than glutaraldehyde. Genipin
has been investigated as a means to stabilize tissue engineered cartilage, and our own
previous research suggests that genipin has utility for stabilization of porcine articular
cartilage [18, 19]. Proanthocyanidins are condensed tannins within a larger group of
polyphenols. They are found in fruits, nuts, seeds, and other plant tissues. Proanthocyanidin
is highly concentrated in grape seed extract. When used to crosslink bovine pericardium,
grape seed proanthocyanidin was demonstrated to be over 100 times less toxic than
glutaraldehyde [20]. It also increased the thermal stability and resistance to collagenase /n
vitro and slowed the rate of degradation /n7 vivo while promoting cellular infiltration and
collagen deposition [20]. EGCG is a polyphenol from green tea. Like proanthocyanidin,
EGCG as a crosslinker has been found to increase the ultimate tensile strength and
collagenase resistance of dentin collagen matrix [21]. EGCG has specifically been shown to
increase the thermal stability and enzymatic resistance of bovine articular cartilage [22].
Intra-articular injection of EGCG was found to have both prophylactic and therapeutic
effects in a rat model of arthritis [22]. This study compares the effects of genipin,
proanthocyanidin, and EGCG, on the physical characteristics, mechanical properties, and
collagenase resistance of decellularized porcine cartilage.
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Materials and Methods

Tissue Collection and Decellularization

Histology

Articular cartilage discs of 5 mm diameter were harvested from two stifle joints of skeletally
mature pigs using a biopsy punch and scalpel. They were evenly distributed to six 50 ml
centrifuge tubes, each of which represented a different experimental group: Control,
Decellularized, Glutaraldehyde (GA), Genipin (GNP), epigallocatechin gallate (EGCG), and
grape seed proanthocyanidin (PA). Control discs were immediately placed in phosphate-
buffered saline (PBS) containing 1 uM PMSF and stored at 4 °C until mechanical testing the
following day. The remaining discs were washed with PBS for 30 min at room temperature
and then decellularized using sodium dodecyl sulfate (SDS). Each tube was filled with a
solution of 2% SDS, 0.5 mg/ml DNase Type I, 0.05 mg/ml RNase, 0.02% EDTA, 100
units/ml penicillin, 0.1 mg/ml streptomycin, and 0.25 pg/ml amphotericin B. Discs were
treated for 6 h at 37 °C with gentle agitation. Following decellularization all discs were
washed with PBS for 2 h to remove residual SDS. The wash solution was changed at 30 and
60 min. Discs in the Decellularized group were stored at 4 °C in PBS with 1 uM PMSF until
further use.

Triplicate discs from the Control and Decellularized groups were fixed in 10% neutral
buffered formalin and embedded in paraffin. Sections were stained with 0.1% safranin O and
0.1% picro-sirius red to demonstrate GAG and collagen, respectively. Counterstaining with
hematoxylin was included to show cell nuclei. Picro-sirius red-stained sections were viewed
under typical transmitted light and also with samples positioned between crossed polarizing
filters, a technique which reveals collagen birefringence.

Biochemistry

DNA and glycosaminoglycan (GAG) content were measured for discs in the Control and
Decellularized groups to characterize the effect of SDS treatment. Each disc was digested
overnight at 60 °C in 1 ml of papain digestion buffer (100 mM sodium phosphate buffer, 10
mM NayEDTA, 10 mM L-cysteine, and 0.125 mg/mL papain, pH 6.5). An aliquot of the
digestate was mixed with Hoechst assay buffer containing 10 mM Tris-HCI, 1 mM EDTA,
100 mM NaCl, and 0.2 pg/ml bisBenzimide H 33258. Fluorescence (excitation 365 nm,
emission 410 — 450 nm) was read using a multimode reader (GloMax®-Multi Jr, Promega,
Madison, WI). DNA content was determined by comparison to a standard curve generated
from calf thymus DNA. A separate aliquot of the digestate was taken for determination of
GAG content using a dimethylmethylene blue assay (Blyscan™ Assay, Biocolor Ltd,
Carrickfergus, UK). The assay was performed according to the manufacturer’s
recommended protocol.

Crosslinking

Natural collagen crosslinking agents were Genipin (Challenge Bioproducts Co., Ltd.,
Taiwan), EGCG (Sigma, St. Louis, MO), and Grape seed extract (PureBulk, Inc., Roseburg,
OR). Crosslinking solutions were prepared by first dissolving each substance in 100%
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dimethyl sulfoxide (DMSO) and then diluting with PBS to a final concentration of 0.25 wt/v
% in 10% v/v DMSO. Glutaraldehyde solution, 25% in water (Sigma), was diluted 1:10 with
PBS to obtain a final concentration of 2.5%. Discs were incubated in their respective
crosslinking solutions for 24 h at 37 °C with agitation. Residual crosslinker was removed by
washing with PBS for 2 h, changing wash solution after 30 and 60 min. All experiments
except for confined compression testing were performed immediately after crosslinking.
Discs to be mechanically tested were stored frozen in PBS for no more than 14 days at

-20 °C.

Degree of Crosslinking

The degree of crosslinking was considered to be the ratio of bound amino groups in the
crosslinked samples to the free amino groups in discs from the Decellularized group. It was
determined using the ninhydrin assay [23]. Discs were first freeze dried and weighed.
Individual samples weighing 15-20 mg were heated to 100 °C with 3 mL ninhydrin solution
for 20 min. After cooling to room temperature, each sample was diluted with 4 ml of 50%
isopropanol. The amount of free amino groups was then found from the optical absorbance
of the solution at 570 nm using glycine as a standard (uQuant, Bio-Tek Instruments, Inc.,
Winooski, VT). Degree of crosslinking was calculated as follows:

M —-M
0
M
4

Degree of Crosslinking = ! x 100%

where M, is the amount of free amino groups in the non-crosslinked native cartilage and M;
is the amount of amino groups remaining in the crosslinked cartilage, both normalized to the
tissue dry weight. In this case, M, was the average amount of free amino groups from 6
control discs.

Dimensional Stability

Individual digital images of 9 discs from each experimental group (including a ruler for
scale) were captured, and measurements were made using ImageJ software (NIH). The
diameter was measured at 45 degree intervals for a total of four measurements per disc.

Swelling Ratio

Cartilage discs from each group were weighed immediately after freeze drying and again
following a 2 h period of rehydration in PBS (n = 12 per group). The swelling ratio
percentage was determined by the following equation

Swelling ratio = -2 %100

where Wyand W;are the weights of the samples in the dry and swollen states, respectively.
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Confined Compression Testing

Mechanical testing was performed using a stepper motor-driven universal testing machine
outfitted with 100 N load cell (Mach-1 Mechanical Testing System, Biomomentum, Laval,
QC, Canada). Prior to testing, each crosslinked disc was thawed and allowed to equilibrate
to room temperature. Disc height was measured under a contact force of 0.25 N in an
unconfined configuration between flat, impermeable surfaces. Once its height had been
measured, a disc was firmly seated in a flat-bottomed steel chamber of 4.76 mm diameter
and the chamber submerged in room-temperature PBS. Compression was applied by a 4.32
mm diameter porous indenter. Stress relaxation testing (n = 12 per group) was carried out in
the manner of Soltz and Atheshian [24]. In order to fully seat the indenter against the
sample, compression was ramped to 4.5 N and the force monitored until it reached
equilibrium (rate of relaxation less than 0.2 g/min). Displacement was then ramped to 10%
compressive strain at 5 um/s and the indenter held at this position until force equilibrium
was achieved. Force and displacement data were captured at 20 Hz. A custom Matlab
program was used to curve-fit the compressive stress relaxation data to the biphasic theory
and obtain the aggregate modulus (H,4) and hydraulic permeability (&) [25].

Collagenase Resistance

Statistics

Results

Type 2 collagenase, 300 U/mg (Worthington Biochemical Corporation, Lakewood, NJ), was
dissolved at 1 mg/ml in Dulbecco’s modified Eagle Medium containing 100 units/ml
penicillin, 0.1 mg/ml streptomycin, and 0.25 pug/ml amphotericin B. The solution was passed
through a 0.22 pm syringe filter to reduce the risk of microbial contamination and heated to
37 °C. Fresh cartilage discs (n=3), decellularized discs (n=3), and crosslinked discs (n=15
per group) were washed twice in distilled water for 30 minutes and lyophilized for 24 hours.
Freeze-dried cartilage discs were weighed to the nearest 0.01 mg. Each disc was placed into
a separate microcentrifuge tube and incubated with 1 ml of collagenase solution at 37 °C
with agitation. The collagenase solution was replaced every other day. On days 5, 10, and
15, five discs from each crosslinking group were removed from the collagenase, washed
twice in distilled water for 30 minutes, and frozen at —20 °C. At the end of the experiment,
all discs were lyophilized again for 24 hours and reweighed. Data were expressed as
percentage of starting weight.

Quantitative data were statistically analyzed using IBM SPSS Statistics 21. Disc diameter,
mechanical properties, and swelling ratio were analyzed by one-way ANOVA and the Tukey
post hoc test. The collagenase resistance experiment was analyzed using a mixed ANOVA
and the Tukey post hoc test. Biochemistry data were examined by independent t-test. The
significance level for all tests was a. = 0.05.

Histology and Biochemistry

The effect of decellularization on cartilage histology is shown in Figure 1. Treatment with
SDS decreased the intensity of safranin-O staining, particularly in the superficial and upper
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transition zones. This pattern suggests a lower GAG content, and discs were found to
contain 35% less GAG than Controls on average (p = 0.030). SDS-treated discs also
displayed a loss of cell nuclei in the superficial zone. This decrease is reflected in the DNA
content, which was 15% lower in the Decellularized group relative to Control (p = 0.035).
There were no apparent differences in the intensity of picro-sirius red staining between
Decellularized and Control, nor were there differences in the pattern of collagen
birefringence, which reveals alignment of collagen fibers. Thus the picro-sirius red staining
suggests that SDS had a negligible effect on the amount and organization of collagen.

Degree of Crosslinking, Dimensional Stability, Swelling Ratio

The gross appearance of discs before and after crosslinking is shown in Figure 2. Discs
treated with EGCG and proanthocyanidin were stained almost the same color as their
respective fixation solutions, whereas the blue color of discs treated with genipin is
indicative of the degree of crosslinking (the genipin fixation solution is clear). Degree of
crosslinking, diameter, and swelling ratio results are shown in Table 1. The degree of
crosslinking after treatment with glutaraldehyde, genipin, and proanthocyanidin was =70%.
Treatment with EGCG resulted in a substantially lower degree of crosslinking around 50%.
Decellularization in SDS reduced disc diameter by 2% relative to Control. The only
crosslinking agent which caused a significant amount of further shrinkage was genipin,
which reduced the Decellularized disc diameter by an additional 1.6%. Glutaraldehyde and
proanthocyanidin lowered the tissue’s swelling ratio by approximately 20% compared to
Control, but no crosslinker significantly affected swelling ratio with respect to the
Decellularized group.

Mechanical Properties

Biphasic properties of the porcine cartilage discs are displayed in Figures 3. SDS
decellularization significantly reduced the aggregate modulus of native cartilage by 30%.
Treatment of decellularized cartilage with either glutaraldehye or genipin increased the
aggregate modulus by over 50% and restored it to the level of native cartilage. Treatment of
decellularized cartilage with epigallocatechin gallate and proanthocyanidin also slightly
raised the average aggregate modulus, but the improvements were not statistically
significant. Decellularization tended to increase permeability of native cartilage, although
GA was the only group which was significantly different from Control. None of the
crosslinkers had a significant effect on the permeability of decellularized cartilage. These
statistically homogeneous groups were therefore pooled together and compared to Control,
which revealed a significant increase in permeability associated with decellularization (p =
0.003, two-sample t-test assuming unequal variances).

Collagenase Resistance

The residual weight of cartilage discs incubated with collagenase is shown in Figure 4.
Control and Decellularized discs were completely degraded within 48 h. Crosslinking
drastically improved collagenase resistance. Discs crosslinked in GA, GNP, and PA retained
overy 90% of their starting weight during the 15-day experimental period. EGCG-treated
discs also resisted collagenase degradation, but to a lesser extent. The average percentage of
mass retained EGCG discs was approximately 60%. GA, GNP, and PA were statistically
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equivalent with respect to collagenase resistance, and EGCG was significantly different from
the other groups. The re was not a significant effect of collagenase treatment duration. The
Control and Decellularized groups were not included in the statistical analysis.

Discussion

Several previous studies demonstrate that osteochondral xenografts have potential to repair
articular cartilage defects, but there is room for improvement [26, 27, 28]. For example,
Kheir et al. achieved efficient decellularization using freeze/thaw cycles, osmotic shock,
detergent and nucleases, but the process degraded the tissue’s mechanical properties [28].
Von Rechenberg and colleagues achieved satisfactory joint resurfacing using non-
decellularized, photooxidized osteochondral xenografts in a sheep model, but the
transplantation of xenogenic DNA could be problematic [27, 29]. The long-term goal of our
research is to develop osteochondral xenografts that perform on par with fresh osteochondral
allografts. Such grafts will need to be durable, minimally immunogenic, and capable of
supporting host cell invasion and cartilage regeneration.

Natural biomaterials derived from collagen have limitations for use in humans due to short
durability and degradation /n7 vivo as a result of inflammatory responses [23]. For any
xenogeneic tissue, antigen removal is necessary; however, most of the chemical and physical
treatments which are effective for antigen removal also have the potential to disrupt or
destroy the ECM. It is particularly difficult to remove antigen from hyaline cartilage and
fibrocartilage without depleting GAG [30]. GAG is an important structural component of
cartilage, and loss of GAG substantially lowers the aggregate modulus and indentation
resistance of cartilage [30, 28]. Decellularization procedures frequently rely on a detergent
such as SDS and Triton X-100, plus exogeneous nucleases, to achieve removal of DNA [30,
31, 28, 32]. However, there is a trade-off between DNA removal and maintaining GAG
content. Increasing detergent concentration and duration of treatment increases the
efficiency of DNA removal, but also increases the amount of GAG which is removed [30,
28, 33].

The antigen removal protocol in this study was relatively mild and reduced DNA content by
only 15%. Nonetheless, it removed approximately one-third of the GAG. GAG has a high
negative fixed charge density and is the major contributor to the swelling pressure of
cartilage. Depletion of GAG has been shown to decrease cartilage’s elastic modulus and
increase its permeability [34]. Furthermore, the GAG was depleted mainly from the upper
zones of the tissue where most of the matrix consolidation first occurs upon application of a
compressive load. The antigen removal process had a negligible impact on the collagen
content and organization, thereby providing an opportunity for stabilization of the entire
structure through collagen crosslinking. Follow up studies in our laboratory have revealed
that extended incubation in the SDS solution can substantially reduce the amount of residual
DNA without significantly affecting the tissue’s collagen scaffold.

The collagen molecule has a triple-helical structure resulting from the supercoiling of
polypeptide chains around a common axis. Crosslinks within and between the collagen
molecules reinforce the structure. The degree of crosslinking determines the rate of

J Orthop Res. Author manuscript; available in PMC 2019 October 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pinheiro et al.

Page 9

resorption of implanted collagenous materials and may also influence the qualitative pattern
of tissue regeneration [35]. This study investigates the potential for crosslinking to restore
compressive stiffness and increase the enzymatic resistance of cartilage following antigen
removal. It focuses on the efficacy of three plant-based crosslinkers with low-cytotoxicity.
Genipin is the metabolite of geniposide, which is found in the fruit of Gardenia jasminoides.
It forms covalent crosslinks between the free primary amine groups on the lysine and
hydroxylysine residues of the collagen molecule [36]. Although aqueous solutions of
genipin are clear, the reaction with amino acids and protein forms a blue pigment. The color
intensity may be used to gauge the degree of crosslinking. Genipin is estimated to be
approximately 10,000 times less cytotoxic than glutaraldehyde [37], and has been shown to
depress the inflammatory host response [15]. Epigallocatechin-gallate is the major catechin
found in green tea (Camellia sinensis), and has antioxidative, antiangiogenic, and
antitumorigenic properties [38]. Although it may induce apoptosis in cancer cells, it has
been shown to have little effect on the growth of normal human colon cells and normal
mammary gland breast cells in vitro [39]. Several modes of EGCG-mediated collagen
stabilization have been proposed, including reaction of EGCG’s hydroxyl groups with
collagen’s carboxyl groups to form esteric bonds [40] and stiffening of the collagen
backbone via a similar interaction to that which has been postulated for sugar [41].
Proanthocyanidin is a naturally occurring bioflavonoid concentrated in grape seeds. A
powerful antioxidant, it is considered to have several health benefits, including the
suppression of inflammation and inhibition of tumor growth [42]. The cytotoxic effect of PA
on NIH 3T3 cells has been demonstrated to be approximately 120 times lower than that of
glutaraldehyde [20]. Hydrogen bonding between the collagen amide carbonyl and the PA
hydroxyl is suggested to be the primary mechanism by which PA stabilizes collagen [20].

A first step in the crosslinker screening process was to examine the relative crosslinking
potency of each agent. The glutaraldehyde concentration is within the range typically used to
fix bioprosthetic heart valves, and it has been shown that complete fixation occurs within a
few hours [43]. It has also been demonstrated that the efficiency of genipin crosslinking
increases with temperature between 4 °C and 37 °C [44]. To mitigate effects of duration, all
crosslinking reactions were carried out for 24 hours at 37 °C, and the relative efficiencies
were expected to depend primarily on the agent and concentration. Genipin was the
strongest natural crosslinker, and a 0.25% solution of genipin achieved almost the same
degree of crosslinking as a 2.5% solution of glutaraldehyde. For genipin, this is a relatively
high concentration. For example, an increase of genipin concentration from 0.3% to 0.5%
did not increase the degree of crosslinking of type | collagen scaffolds [44].
Proanthocyanidin was less potent than genipin, which is consistent with a previous finding
that the degree of PA crosslinking is concentration dependent up to 1% [20]. EGCG was the
weakest crosslinker of those studied. The EGCG-mediated degree of crosslinking, as
indicated by enzymatic resistance, increases up to at least 0.5% [21], and we have measured
a concentration-dependent increase up to 1% via the ninhydrin assay (data not shown).

The dimensional change upon fixation was investigated because of the potential for radial
cartilage shrinkage to affect the cartilage-bone interface and the formation of a tight junction
with the native cartilage upon implantation. Such shrinkage is known to occur with fixation
in glutaraldehyde [45]. In the current study it was found that the decellularization process
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itself caused a radial shrinkage of 2%. Crosslinking with proanthocyanidin and EGCG did
not significantly reduce the diameter of decellularized cartilage discs, and genipin reduced it
by only 1.6%. Thus cartilage discs which had been decellularized and crosslinked with
genipin shrank radially by an average of 3.6%. We have not observed separation between the
cartilage and bone subsequent to decellularization and crosslinking of osteochondral plugs,
regardless of crosslinker.

The swelling ratio indicates the degree to which absorbed water spontaneously expands the
tissue volume. A relatively high swelling ratio is important for maintaining a space into
which host cells can migrate and the fluid compartment needed to nourish those cells.
However, a higher swelling ratio is indicative of a less stable structure. A reduction in the
swelling ratio after decellularization is likely attributable to the decreased GAG content. All
crosslinked groups, with exception of EGCG, displayed a significantly lower swelling ratio
than native cartilage. The slightly higher swelling ratio of cartilage crosslinked by EGCG
could be explained by the lower degree of crosslinking. A swelling ratio of more than 270%
was observed in all crosslinked groups, a reduction of less than 20% compared to native
cartilage. Therefore, stabilization does not result in a drastic compaction of the extracellular
matrix.

Providing resistance to compressive joint loading is a primary function of articular cartilage,
and crosslinking must restore the compressive resistance lost during antigen removal. In this
study, the compressive resistance was characterized by stress relaxation testing in uniaxial
confined compression and fitting results to the biphasic model [25]. Decellularization
lowered the aggregate modulus by 30%, most likely because it extracted a significant
amount of GAG. Increases in the aggregate modulus of crosslinked cartilage seemed to be
correlated with the degree of crosslinking. Treatment with genipin and glutaraldehyde
brought the aggregate modulus of decellularized tissue back in line with that of native
cartilage, whereas treatment with proanthocyanidin and EGCG produced more modest
increases that did not achieve statistical significance. However, we speculate that similar
gains can be obtained at higher concentrations. The increases in compressive stiffness
associated with fixation in genipin and glutaraldehyde mirror gains in tensile stiffness and
strength previously observed following fixation of heart valve leaflets, arteries, and
pericardium [15, 17, 16]. The findings are consistent with our previous study indicated that
genipin and glutaraldehyde can imbue articular cartilage with supraphysiological
compressive stiffness [19]. They are also consistent with the concentration-dependent
increase in equilibrium compressive modulus previously reported for fixation of calf
articular cartilage in glutaraldehyde up to 0.6% [46]. A previous investigation of the effects
of genipin crosslinking on articular cartilage demonstrated an increase in the instantaneous
modulus, but not the equilibrium modulus (analogous to aggregate modulus) [47]. The latter
phenomenon can be attributed to the short duration of crosslinking (<6 h) which produced
crosslinking of the surface but not through the depth of the cartilage. The instantaneous
response of the tissue was not specifically characterized in the current study. Another study
involving crosslinking in genipin or glutaraldehyde also showed no increase in aggregate
modulus of tissue engineered cartilage [18]. The discrepancy with our finding could be the
result of much different genipin treatment durations (3.5 versus 24 h) and possibly of
intrinsic differences in native and engineered cartilage. A relatively low concentration of
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EGCG (0.009%) was found to have no effect on the compressive resistance of bovine
articular cartilage, which is consistent with the small and statistically insignificant increase
in aggregate modulus after EGCG fixation in this study [22].

The data show that decellularization increased permeability by almost 2-fold on average and
that crosslinking produced no further change. Likewise, the permeability of calf articular
cartilage has previously been shown to be unaffected by treatment with glutaraldehyde [46],
and the permeability of tissue engineered cartilage has been shown to be insensitive to
treatment with genipin or glutaraldehyde [18]. Low permeability is crucial to protecting the
solid phase of normal cartilage, but its importance in that regard would be diminished in
crosslinked tissue in which the solid phase is much stronger. Moreover, increased
permeability may support diffusive transport to cells migrating into a graft.

The final issue addressed in this study was enzymatic resistance, which is an indication of
the tissue’s /n vivo durability. Whereas native and uncrosslinked decellularized cartilage
discs were completely digested within 48 hours, crosslinked tissue was highly resistant to
degradation by collagenase. Cartilage treated with genipin and proanthocyanidin retained
over 90% of its mass after 15 days of exposure to 0.1% collagenase, which was no different
from the level of resistance provided by glutaraldehyde. EGCG-treated cartilage was also
highly resistant to collagenase, but the level of resistance was lower than that provided by
genipin and proanthocyanidin. The lower degree of crosslinking produced by EGCG could
possibly account for this difference. These results are generally consistent with previous
studies. Cartilage in which had undergone a short treatment with genipin that limited
crosslinking to the superficial region displayed increased collagenase resistance for the
surface layer but not in the deeper, less crosslinked region [47]. Decellularized porcine aortic
heart valves crosslinked with 0.5-2.0% procyanidin displayed approximately the same
capacity to resist collagenase degradation as tissue crosslinked with 0.625% glutaraldehyde,
similar to the equivalence observed in this study [48]. Bovine articular cartilage fixed in
0.009% EGCG was approximately 25% degraded by collagenase in 4 days [22]. This
slightly faster rate of degradation compared to that observed in our study is likely due to the
lower concentration of EGCG used for crosslinking. How the rate of degradation in
collagenase solution /n vitro corresponds to the rate of intra-articular degradation /7 vivois
unclear. The cartilage portion of decellularized, uncrosslinked osteochondral xenografts
displayed little degradation eight weeks after implantation into rabbit joints [49]. And
remnants of photo-oxidized bovine cartilage could be found in the stifle joints of sheep up to
12 months after implantation, suggesting that chemically crosslinked cartilage would have
similar durability /n vivo [50]. In general, crosslinking can affect not only the rate but also
the nature of degradation /n vivo. Genepin fixation, for example, has been shown to inhibit
the overall level of macrophage infiltration as well as lead to recruitment of more
immunomodulatory M2 macrophages and fewer pro-inflammatory M1 macrophages [51,
14]. Crosslinking of a decellularized osteochondral xenograft may retard the rate of
degradation so as to allow adequate time for invasion of host cells and the gradual
replacement of the graft with regenerated tissue. Such host cell repopulation and creeping
substitution of a crosslinked bovine osteochondral xenograft has in fact been observed 6 and
12 months after transplantation in a sheep model [27]. Stability of the crosslinks during
storage, in addition to the rate of degradation /n vivo, may depend on the nature of the
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crosslinking. Because it involves covalent bonds, genipin-fixed tissue might be expected to
degrade at a slower rate than tissue fixed in EGCG or PA, which form hydrogen bonds.
However, the optimal rate of osteochondral graft degradation has yet to be determined.

Testing the crosslinking agents at a single concentration is a limitation of this study. The
main purpose was to perform an initial screening of the crosslinkers, including evaluation of
their relative potencies. Follow-up studies are planned to compare them after adjusting the
concentrations to achieve equivalent degrees of crosslinking. Another limitation is this
study’s focus on the cartilage portion of an osteochondral xenograft. However, bone’s
properties are dominated by the mineral phase, and crosslinking is expected to have less of
an impact on bone remodeling than it does on cartilage regeneration. This study also does
not characterize cellular responses to crosslinked collagen. The general non-cytoxic nature
of genipin, proanthocyanidin, and EGCG are well established, and genipin and EGCG have
been shown to be compatible with chondrogenesis /in vitro [52, 53].

Conclusion

This study indicates crosslinking with plant-derived agents of low cytotoxicity is a feasible
approach to stabilization of decellularized osteochondral xenografts. On a mass
concentration basis, genipin is the strongest crosslinker among those studied and its effects
are comparable to those of a 10-fold higher concentration of glutaraldehyde. Treatment with
0.25% wt/vol genipin was able to fully restore the aggregate modulus of decellularized
cartilage and drastically increase its collagenase resistance with minor effects on its
dimensions and swelling ratio. These properties and genipin’s proven biocompatibility with
mesenchymal stem cells and chondrocytes distinguishes it from the other agents evaluated
[54, 52].
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Figurel.
Photomicrographs of porcine stifle joint cartilage which demonstrate the effect of SDS

treatment on tissue cellularity, GAG content (safranin-O), collagen content (picro-sirius red),
and collagen organization (picro-sirius red under cross polarization). SDS depleted GAG,
particularly in the superficial zone, but had no discernable effect on either collagen content
or organization.
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Figure 2.
Gross appearance of porcine articular cartilage. Control: native tissue; Decellularized:

treated with 2% SDS; GA: decellularized and fixed in 2.5% glutaraldehyde; GNP:
decellularized and fixed in 0.25% genipin; EGCG: decellularized and fixed in 0.25%
epigallocatechin gallate; PA: decellularized and fixed in 0.25% proanthocyanidin (grape
seed extract).
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Figure 3.

Average mechanical properties of porcine articular cartilage determined by confined stress
relaxation test and fitting of results to the biphasic model. Decellularization in 2% SDS for 6
h decreased the aggregate modulus, which was restored to its original level by crosslinking
in glutaraldehyde or genipin. Crosslinking had little effect on the permeability of
decellularized cartilage. Error bars = one standard deviation. Letters above the bars indicate
members of statistically homogeneous groups (one-way ANOVA and Tukey HSD).
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Figure 4.
Effect of crosslinking on the collagenase resistance of decellularized porcine articular

cartilage. Improved resistance is indicated by less reduction of starting weight. All of the
crosslinking agents tested significantly improved resistance of decellularized tissue to a level
which greatly exceeded that of native and decellularized cartilage. Error bars = one standard
deviation. Letters beside plots indicate members of statistically homogeneous groups
(repeated measures ANOVA and Tukey HSD).
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Effect of Crosslinking on Radial Shrinkage and Swelling Ratio of Porcine Articular Cartilage.

Table 1.

Group Degree of crosslinking (%) Diameter (mm)  Swelling Ratio (%)
Control NA 5.0420.17% 342+34°
Decellularized 0 4.9420.08” 3112340

GA 8315 4.95:0119 2734307

GNP 7815 4.86+0.09° 308 +35%7

EGCG 519 4.94+0.07° 3244337

PA 7243 489:0007¢ 2784267

Values are meanstandard deviation.

ab.c - -
Letters indicate members of statistically homogeneous groups.
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