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Objective: We recently initiated microcracks, i.e. micron-scale cracks in the collagen networks of cartilage, using
both single low-energy impacts and unconfined, cyclic compressions. We also tracked the propagation of
microcracks after cyclic compressions simulating 12,000 walking strides. In this study, we aimed to determine the
effect of one or more genipin treatments on: (1) the initiation of microcracks under mechanical impacts and (2)
the subsequent propagation of microcracks under cyclic, unconfined compression. We hypothesized that treat-
ments with genipin would improve the resistance of cartilage to microdamage, specifically reducing both the
initiation of microcracks under impact loading and the propagation of microcracks under cyclic compression.
Design: We tested 49 full-thickness, cylindrical osteochondral specimens. We incorporated one or two doses of
genipin in between mechanical treatments, i.e. single low-energy mechanical impacts to initiate microcracks and
unconfined, cyclic compressions to propagate microcracks. We also imaged specimens using second harmonic
generation confocal microscopy, and analyzed the resulting images to quantify changes in morphologies (length,
width, and depth) and orientations of microcracks. Finally, we used separate mixed-regression modeling to
evaluate the effects of genipin treatments on mechanically induced microcracks.

Results: Specimens treated with genipin presented significantly longer and marginally deeper microcracks after
mechanical impacts. Two doses of genipin caused significantly longer and wider microcracks under propagation
verses one dose.

Conclusions: Our results do not support our hypothesis: unfortunately treatments with genipin, and the resulting
mechanisms of cross-linking, do not provide resistance to microdamage, quantified as the initiation and propa-
gation of microcracks.

1. Introduction

Injuries to articulating joints, e.g. the knee joint, occur relatively often
due to complex and/or compound motions such as flexion, extension,
and rotation [1]. Damage to the articular cartilage within such joints is a
precursor to post-traumatic osteoarthritis (OA), a multifactorial cascade
of degeneration. OA is a painful disease that afflicts more than 32.5
million adults in the United States with an overall economic burden
estimated at $136.8 billion annually [2]. This economic burden has more
than doubled over the last decade.

Severe joint injuries may present visible (arthroscopically or other-
wise) millimeter-scale cracks or fissures on the surface of articular
cartilage [3-6]. More subtle microdamage to cartilage may be difficult to

identify (sub-millimeter, i.e. micrometer, scale) yet still compromise the
load-bearing structure of cartilage, possibly invoking progressive
degeneration. Recently we initiated microcracks, i.e. micron-scale cracks
in the collagen networks of articular cartilage narrower than lacunae (30
um), using both single low-energy impacts and cyclic unconfined com-
pressions [7,8]. To probe propagation we initiated microcracks in carti-
lage explants with low-energy mechanical impacts, and tracked the
propagation of microcracks after cyclic compression simulating 12,000
walking strides [9]. Using second harmonic generation (SHG) micro-
scopy, we measured microcrack area density before and after impact and
after cyclic loading, and quantified changes in microcrack morphology
(length, width, and depth) and orientation. The microcracks we initiated
under low-energy impacts increased in length and width during
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subsequent cyclic compression that simulated walking, suggesting a poor
outlook for joint health following injury even during routine physical
activities [5,8,9].

Microdamage to the collagen matrix and loss of mechanical integrity
in cartilage highlights the potential for repair strategies aimed at miti-
gating the initiation and progression of microcracks within cartilage.
Extended deterioration of extracellular matrix including growth of
microcracks, coupled with catabolic responses from cells [10], may
define some of the key early stages of OA pathogenesis [11]. Conse-
quently we sought to investigate possible therapeutics that would slow or
arrest the progression of microcracks, or even heal them, and minimize
the possibility of escalating pathologies within cartilage and joints.

Cross-linking of collagen can improve the mechanical stiffness and
structural rigidity of (especially monomeric) networks, through chemi-
cal, mechanical, or combined radiative means [12-14]. In particular,
carbodiimide cross-linkers (e.g. 1-ethyl-3-[3-dimethylaminopropyl]car-
bodiimide hydrochloride, or EDAC) can effectively increase the
modulus of collagen networks, but can also create toxic cellular envi-
ronments [15]. In contrast genipin, a well-known natural cross-linker for
proteins including collagen, can improve the ultimate tensile stress of
collagen networks [16] and promote regeneration of cartilage [17].
Genipin stimulates intra- and inter-molecular cross-links of the amino
residues on tropocollagen or proteoglycan molecules [18]. While genipin
cannot repair large (millimeter-scale) fissures [19], its ability to repair
(micrometer-scale) microcracks remains unknown.

In this study, we aimed to determine the effect of one or more genipin
treatments on: (1) the initiation of microcracks under mechanical im-
pacts and (2) the subsequent propagation of microcracks under cyclic,
unconfined compression. We hypothesized that treatments with genipin
would improve the resistance of cartilage to microdamage, specifically
reducing both the initiation of microcracks under impact loading and the
propagation of microcracks within the network of collagen under cyclic,
unconfined compression. To these ends, we incorporated one or two
doses of genipin in between mechanical treatments, i.e. single low-
energy mechanical impacts to initiate microcracks and unconfined, cy-
clic compressions to propagate microcracks, cf. Santos et al. [9]. Before
and after mechanical treatments we imaged specimens using SHG
confocal microscopy, and analyzed the resulting images to quantify
changes in microcrack morphologies (length, width, and depth) and
orientations. Finally, we used separate mixed-regression modeling to
evaluate the effects of genipin treatments on mechanically induced
microcracks. Understanding the effects of genipin treatments on the
initiation and progression of microdamage in the network of collagen
may suggest therapeutic targets for future studies and may lead to
improved clinical outcomes.

2. Materials and methods

We tested 49 full-thickness, cylindrical osteochondral plugs (speci-
mens). We pooled specimens from both the lateral and medial femoral
condyles and assigned them to one of four different cross-linking

Table 1

Distribution of specimens, total measurements (e.g. length, width, depth), and
cluster sizes (increasing thickness) by cross-linking treatments. — indicates no
treatment with genipin, + indicates treatment with 11 mM genipin.

Dose Dose # Total Cluster Sizes

A B Specimens Measurements

- - 10 162 3,13,28,23,32,43,4,15,
1

- + 14 165 8,10,16,3,1,2,5,87,3,
11, 10,5,3

+ - 12 72 5,6,5,1,9,11, 2,11, 12,
2,7,1

+ + 13 160 17,2, 48,5, 2, 13,17, 23,
9,3,96,6
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(genipin) treatments, cf. Table 1. We treated specimens with Dose A prior
to impact and Dose B after impact but prior to cyclic compression. The
first row (—, —), i.e. specimens undergoing the same mechanical treat-
ments but without cross-linking treatments, came from in a prior study
and served as our control (n = 10) [9]. We applied the same impact (by
energy density) and unconfined, cyclic compression treatments to all
specimens. To quantify outcomes we performed imaging via SHG (LSM
510, Carl Zeiss, Oberkochen, DE) at three phases of the experiment
(pristine, post-impact, and post-cyclic-compression). In Fig. 1 we show an
overview of the experimental protocol.

2.1. Preparation of specimens

We received full bovine knees from three skeletally mature animals
(18-30 months) packed on ice (Animal Technologies, Inc., Tyler, TX). We
prepared specimens as described previously [9]. Briefly, we extracted
cylindrical osteochondral plugs from visibly pristine load-bearing regions
on both the lateral and medial condyles while recording the local
split-line direction [20,21]. Using a scalpel, we removed a majority of the
subchondral bone while ensuring that the remaining subchondral bone
surface was visibly parallel to the articular surface. Using a digital camera
(EOS 70D DSLR, Canon, Tokyo, JP), we imaged each cylindrical spec-
imen and used standard image processing to determine the thickness of
cartilage [22]. We immersed specimens not immediately tested in
Phosphate Buffered Saline (PBS, pH 7.4) and stored them at —80 °C [20,
23]. On the day of testing we thawed specimens and mounted them to
custom, ultra-wear-resistant nylon platens using cyanoacrylate adhesive
for subsequent imaging, and genipin and mechanical treatments.

2.2. Treatments with genipin

We received the chemical compound genipin (Adipogen Life Sci-
ences, San Diego, CA) on ice, and stored it as a 200 mM stock solution in
anhydrous dimethyl sulfoxide (DMSO) at — 20 °C. We prepared working
solutions of 11 mM genipin using PBS [24]. In + treatments we incubated
specimens for 24 h in 300 uL of 11 mM genipin solution at 37 °C [19,24,
25]. In — treatments we incubated specimens for 24 h in 300 pL of PBS at
37 °C. After the incubation periods, we rinsed specimens in PBS for at
least 30 s prior to mechanical treatments.

2.3. Mechanical treatments

2.3.1. Low-energy impact

We applied low-energy impact treatments using our drop tower and
protocol as described previously [9]. Briefly, we impacted the articular
surface of unconfined, pristine specimens with an impact energy density
of 2.5 mJ/mm® using a custom drop tower with a 12.4 mm diameter flat,
stainless steel impactor at 0.5 m/s. Post-impact, we submerged speci-
mens in PBS at 37 °C for at least 1 h to equilibrate prior to subsequent
imaging, and genipin and mechanical treatments [8].

2.3.2. Cyclic, unconfined compression

We applied unconfined, cyclic compression treatments using our
uniaxial compression device and protocol as described previously [9].
Briefly, post-impact and post 24 h incubation with or without genipin, we
conducted unconfined cyclic compression tests in PBS 37 °C using a
custom device based on a Bose LM1 Electroforce linear motor with
WinTest 7 software (Bose, Eden Praire, MN). After force-controlled 0.2 N
compression for 3000 s, we applied a pattern of cyclic compression
including 0.69 s sinusoidal compression with an amplitude of 10% of the
cartilage thickness, followed by 0.67 s recovery (total cycle time equals
1.36 s or 0.74 Hz), cf. Zhang et al. [26] and Santos et al. [9]. Post-cyclic
compression, we submerged specimens in PBS at 37 °C for at least 1 h
prior to subsequent imaging [8].
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Fig. 1. Pictorial overview of the experimental protocol. We performed all imaging using Second Harmonic Generation (SHG) in Phosphate Buffered Saline (PBS,

pH 7.4).

2.4. Images via second harmonic generation

We performed SHG imaging using our confocal microscope and
protocol as described previously [9]. Briefly, we imaged specimens at
three separate experimental phases (pristine-P, post-impact-PI, and
post-cyclic compression-PC). We used tunable Ti: Sapphire lasers
(Coherent Chameleon, Santa Clara, CA) at 850 nm for excitation and we
acquired the signals in nondescanned detection using a 425 + 13 nm
bandpass filter (FF01-425/26-25, Semrock, Rochester, NY). We used a
water-immersion objective (W Plan-Apochromat 20 x /1.0) and a 600 x
600 um (512 x 512 pixel) field of view. For each specimen, we acquired a
7 x 7 tile grid (100 um tile overlap) of the entire articular surface at three
separate experimental phases (P, PI, and PC). Additionally, both post
impact and post cyclic compression we acquired through-thickness image
stacks between 50 and 200 ym (slice increment of 2.5 ym) froma 3 x 3
tile grid centered on the articular surface (to avoid edge effects).

2.5. Analyses of images

We combined our SHG images using Fiji's Grid/Collection Stitching
Plugin [27] for ImageJ (National Institutes of Health, Bethesda, MD) to
generate images of the full circular cross section at a resolution of 1.2
pm/pixel. Using only the 3 x 3 tile grid centered on the articular surface
(3618.8 x 3618.8 um, 3093 x 3093 pixels), independent observers
measured the length, width, depth, and orientation (principal angle
relative to the split-line direction) of each microcrack in each image
(parallel to the articular surface), using the measurement tools in Fiji. We
then calculated the length, width, depth, and orientation (angle from the
split-line direction) of all microcracks from both post-impact and
post-cyclic compression phases, and when possible, used specific
morphology and orientation to track microcracks from post-impact to
post-cyclic compression. We also calculated the microcrack area density
for each specimen using the total number of microcracks within the
centered 3 x 3 tile grid.

2.6. Statistical analyses

We used separate, mixed-regression modeling to evaluate the effects
of genipin treatments on subsequent microcrack density, and on the
length, width, depth, and orientation of microcracks. We included dose
as a fixed effect and the thickness of each specimen as a covariate; and we
considered measures made at each dose/thickness level as correlated
clusters of data. We used post-hoc tests to evaluate differences among
treatment combinations. To calculate means for our statistical analyses
we considered crack morphologies (i.e. length, width, depth, and
orientation) as individual data points associated with Dose A for each
specimen. We report both the p-values and the estimates for our statis-
tical tests.

To probe propagation of microcracks, we analyzed the subset of our
data where we tracked individual microcracks over the course of the
experiment using the same mixed-model regressions, but with specimen

included as an additional random variable. To quantify the magnitudes of
propagation of microcracks, we calculated the changes in length, width,
and depth for each microcrack and used this change in the mixed model.
In this case we report only the change in length, width, and depth of
microcracks as Ax = xpc — Xp;, Where x represents a specific morpho-
logical feature. We also report the p-values for our statistical tests. We
estimated all statistical models using the MIXED procedure in SAS 9.4
(SAS Institute Inc., Cary, NC).

3. Results

We completed combinations of genipin and mechanical treatments,
and imaging, on a total of 49 specimens. We confirmed our protocol
successfully caused cross-linking in the network of collagen since the
cartilage specimens transformed from their normal glossy white color to
a saturated black [28]. Additionally, we did not find any microcracks in
the untreated controls. We successfully initiated microcracks in visibly
pristine cartilage, and propagated the microcracks under cyclic
compression.

3.1. Microcrack initiation

Comparing untreated cartilage specimens and those treated with
genipin (Dose A) after low-energy impacts, we identified statistically
significant differences in microcrack lengths (p-value = 0.001) such that
the genipin treatments caused increases in the lengths of microcracks, see
Fig. 2. We found no statistically significant differences in median area
densities (0.905), widths (0.442), or orientations (0.831) of microcracks
initiated in untreated cartilage specimens versus those treated with
genipin. The genipin treatment caused a marginal increase in the depth of
microcracks, but these changes were not statistically significant (0.062).
Therefore, specimens treated with genipin tended to present longer and
(marginally) deeper microcracks after mechanical impacts.

We summarize the statistical results in Table 2 and summarize the
corresponding raw data in Appendix A, Table A4.

3.2. Microcrack propagation

Comparing the propagation of microcracks under our four different
combinations of genipin treatments (Dose A was before impact, Dose B was
before cyclic compression, cf. Fig. 1), we found that two doses of genipin
caused significantly greater lengths and widths of propagated microcracks
verses one dose, seen Fig. 3. Specifically, in comparing one dose of genipin
before impact (Dose A) versus two doses (both Dose A and Dose B), micro-
cracks propagated significantly by length (0.026) and width (0.030). Addi-
tionally, in comparing one dose of genipin before cyclic compression (Dose B)
versus two doses (both Dose A and Dose B), microcracks propagated signifi-
cantly only by width (0.034). Overall, one dose of genipin marginally
decreased the change in the width of propagated microcracks compared to the
untreated control, but these changes were not statistically significant. We saw
no change in propagation by depth among any of the treatment combinations.
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Fig. 2. Comparison of microcracks initiated under low-energy impacts in un-
treated cartilage specimens and those treated with genipin (11 mM). Box plots
show the median (red line) and interquartile ranges (black lines) of (a) area
densities, (b) lengths, (c) widths, (d) depths, and (e) orientations (principal
angle relative to the split-line direction) of initiated microcracks.

Table 2

Summary of statistical results comparing microcracks initiated under low-energy
impacts in untreated cartilage specimens and those treated with genipin (11
mM). Positive estimates indicate increases in the corresponding mechanical
measures. We denote statistically significant differences (p < 0.05) with bold
font.

Measure p-value Estimate
Density (#/mm?) 0.905 —-0.170
Length (um) 0.001 108
Width (gm) 0.442 -1.37
Depth (um) 0.062 32.9
Angle (°) 0.831 5.21

We summarize the statistical results in Table 3 and summarize the
corresponding raw data in Appendix B, Table B5.

4. Discussion

In this study, we induced microscale damage (microcracks) to the
network of collagen using low-energy impacts, and propagated the
microcracks in unconfined, cyclic compression. Specimens treated with
genipin presented significantly longer and (marginally) deeper
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Fig. 3. Comparison of propagation of microcracks under unconfined, cyclic
compression and our four different combinations of genipin treatments (Dose A
was before impact, Dose B was before cyclic compression, cf. Fig. 1). Box plots
show the median (red line) and interquartile ranges (black lines) of changes in
(a) lengths, (b) widths, and (c), depths of propagated microcracks.

microcracks after mechanical impacts. Specimens treated with two doses
of genipin also presented significantly greater lengths and widths of
propagated microcracks verses one dose. Microcracks compromise the
load-bearing function of cartilage [7,19], likely by disrupting the ability
of collagen to restrain densely-packed proteoglycan and retain fluid
pressure. Continued propagation of microcracks under mechanical loads
may create macroscale fissures that further deteriorate the mechanical
function of cartilage. Cartilage degradation is associated with OA; how-
ever it is unclear whether microcracks are a precursor to OA. Nonethe-
less, mitigating, arresting, or even healing microcracks would provide
insight towards understanding the mechanisms behind cartilage damage
and repair.

Genipin, a cross-linker derived from plants, has received attention as
a means to enhance mechanical properties of cartilage and tissue-
engineered cartilage constructs [18,19], and as a potential repair for
collagen damage [17]. Cartilage turns black in color when genipin reacts
with the amino groups, and the color associates with oxygen
radical-induced polymerization of genipin [28]. Its low cytotoxicity
makes genipin an appealing option to stimulate structural changes that
may improve outcomes after severe mechanical loading [17].

In this study, we aimed to evaluate the efficacy of genipin as a
treatment against the initiation and propagation of microcracks. Our
results do not support our hypothesis (that treatments with genipin
improve the resistance of cartilage to microdamage, specifically reducing
the initiation of microcracks under impact loading, and the subsequent
propagation of microcracks within the network of collagen under cyclic,
unconfined compression). Our statistical analyses produced some statis-
tically significant results relating to both initiation and propagation of
microcracks. Since there are significant results within our statistical an-
alyses addressing both of these driving questions we are confident that
where we didn't find significance we did not commit a type 2 error. We
determined the natural crosslinker genipin is not an effective treatment
for preventing or repairing damage within the network of collagen, at
least not in the treatments we tested.
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Table 3
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Summary of statistical results comparing microcracks propagated under unconfined, cyclic compression and our four different combinations of genipin treatments (Dose
A was before impact, Dose B was before cyclic compression, cf. Fig. 1). To quantify the magnitudes of propagation of microcracks, we calculated the mean changes in
length, width, and depth for each microcrack. We denote statistically significant differences (p < 0.05) with bold font.

Measure Length (um) Width (um) Depth (ym)
Dose A,B Dose A,B

-+ + - + + -+ + - + + -+ + - + +
- — 0.999 0.656 0.121 0.545 0.494 0.392 0.968 0.961 0.411
-+ 0.832 0.248 0.999 0.034 0.999 0.311
+ — 0.026 0.030 0.295

4.1. Microcrack initiation

We initiated microcracks using an impact-energy density of 2.5 mJ/
mm®, and a velocity of 0.5 m/s. At this impact-energy density, the
probability of initiating microcracks in the network of collagen in human
cartilage is approximately 40% [8]. The morphology of cracks initiated in
this study matched those initiated at similar impact energy densities in
prior work [9].

We aimed to improve the resistance of the collagen network to
damage via increased cross-linking, however the resulting increase in
stiffness reduced damage resistance. Genipin treatments to cartilage can
significantly increase stiffness [18,19], e.g. in cartilage specimens treated
with 10 mM for 24 h [19]. Considering genipin as a preventative treat-
ment, adding genipin (11 mM) had no statistically significant effect on
the total number of microcracks initiated under low-energy impacts.
However, treatment with genipin did negatively change the morphology
of the microcracks initiated, specifically in the length and depth of the
resulting microcracks. Thus, the increased stiffness likely caused a
reduction in ductility, which caused the cartilage to be less resistant to
microdamage under impacts. Cross-linking may alter mechanisms of
energy transfer and thus the ability to store energy (potentially to
withstand greater loads) must be weighed against changes to the mech-
anisms of energy dissipation.

Genipin causes bonding between amino residues both between
collagen fibrils (via intermolecular cross-linking), and within collagen
fibrils (via intramolecular cross-linking) [18]. Damage mechanisms in
collagen within cartilage include fibril breaking [29] and peeling [30].
The number of bonds induced by cross-linkers such as genipin may also
depend on the collagen arrangement (fiber orientation) since increased
cross-linking may restrain collagen from realigning to better withstand
mechanical loads. The collagen microcracks that we measured resided
principally within the superficial zone where fibers are relatively
well-aligned and parallel to the articulating surface. For microcracks
forming parallel to the split-line direction [9], breaks in the network of
collagen likely occurred between fibrils. Since cross-linking with genipin
did not mitigate the initiation of microcracks, the additional cross-links
formed by genipin appear insufficient to prevent this microdamage.
Perhaps cross-linking within the middle zone of cartilage would reinforce
collagen to be more resistant to the initiation and propagation of
microcracks.

4.2. Microcrack propagation

After initiating microcracks using impact loading, we propagated
them using unconfined cyclic compression, a technique well-established
in the literature [31-33], with an axial strain profile that simulated
walking. Under these mechanical treatments and in the absence of gen-
ipin, microcracks typically propagated primarily by width and also by
length, but not depth [9].

Bonitsky et al. [19] reported that impacted articular cartilage pre-
sented diminished wear resistance compared to undamaged cartilage;
however, the decrease in wear resistance was completely reversed by
cross-linking treatments with genipin [19]. Specifically, cartilage was
worn at room temperature against 316L stainless steel within a

pin-on-disk tribometer with a sliding velocity of 4 mm/s and an effective
contact pressure of approximately 1.6 MPa (removed 45% of the total
time to permit rehydration) [19]. We found that treatment with genipin
did not mitigate propagation of microcracks via unconfined cyclic
compression. These mechanical tests are fundamentally different, but do
suggest that load rate and amplitude may affect the mechanical response
of cartilage treated with genipin.

Changes in the propagation of microcracks due to treatments with
genipin may result from changes in bulk stiffness or changes in the
mechanisms of energy transfer within the network of cartilage. The sig-
nificant increases in the propagation of micocracks reported here may
relate to an inability both to store and to dissipate energy. It is also
possible that increased stiffness from cross-linking restricts the realign-
ment of networked collagen, preventing rearrangements that may better
withstand loading.

4.2.1. Effects of number of treatments with genipin

We found no statistically significant difference in microcrack propa-
gation between untreated specimens and specimens treated with one
dose of genipin, either before impact (Dose A) or before cyclic
compression (Dose B). Therefore, applying one preventative dose of
genipin before mechanical treatments has no effect on the subsequent
propagation of microcracks.

Specimens treated with two doses of genipin presented statistically
significantly greater propagation of microcracks compared to one dose
(either Dose A or Dose B alone). Cartilage specimens undergoing 12,000
cycles or unconfined cyclic compression at 1.44 Hz presented an
increased effective stiffness due to compaction of the specimens [7].
Perhaps a combination of increased stiffness from compaction and al-
terations in structure and stiffness from multiple doses of genipin caused
the relatively severe increases in propagation of microcracks we saw in
the specimens treated with two doses of genipin. It is possible that the
increased stiffness is coupled with a decrease in toughness since our data
do not support our hypothesis that genipin (and additional doses) would
improve the resistance of cartilage to microdamage, specifically reducing
both the initiation and the propagation of microcracks within the
network of collagen.

4.3. Limitations and outlook

We made every effort to balance our study across cows (three total)
but this was difficult in practice. We found no statistically significant
differences in mechanical responses among specimens from lateral versus
medial condyles or from different cows (consistent with our prior results,
cf. Santos et al. [34]) and thus we grouped them while controlling for
cow as a random variable. Nonetheless the design of our study, which
included a limited number of cows, likely created intra-class correlation
among measures from the same cluster (see Table 1). Although our sta-
tistical models corrected for some of the correlation in our analyses, the
study did have pseudo-replicates which may have induced correlations
among data points that can lead to reduced variance and, in some cases,
smaller than expected p-values [35]. Some specimens also failed during
the course of the experiments which resulted in treatment groups with
different sizes (n = 10-14).
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We performed our experiments on cartilage explants and did not
include cell culture nor any means to maintain cell viability. Our findings
therefore only address the passive mechanical responses of the collagen
network to external loads. Some cartilage specimens presented matrix
damage at the free edges resulting from the extraction process. Thus we
analyzed only a central region (centered on the main axis of the spec-
imen) excluding the edges of the specimens to reduce edge effects [9].
We did not quantify the degree of cross-linking in the network of
collagen, and based our treatment protocol for genipin on previous
studies [19,24,25]. Thus, our assessment of cross-linking was dependent
on prior research and our own qualitative measures which indicated
structural changes, but not the quantity nor mechanism.

Unfortunately treatments with genipin, and the resulting mechanisms
of cross-linking, do not provide resistance to microdamage, quantified as
the initiation and prorogation of microcracks. Other available cross-
linkers, such as carbodiimide or riboflavin/Ultraviolet-A may enhance
the resistance of articular cartilage and collagen networks to
microdamage.
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We summarize of our mechanical measurements on the initiation of microcracks in Table A4.

Table A4

Summary of mechanical measurements comparing microcracks initiated under low-energy impacts in untreated (Dose A: —) cartilage specimens and those treated with

genipin (Dose A: +, 11 mM).

Dose A Measure Mean SD

- Density (#/mm?) 8.18 10.3
Length (um) 135 114
Width (um) 7.59 6.68
Depth (;m) 37.5 30.1
Angle (°) 38.3 24.7

+ Density (#/mm?) 10.3 5.14
Length (um) 218 213
Width (um) 7.34 6.87
Depth (um) 54.6 49.7
Angle (°) 45.7 15.4

Appendix B

We summarize our mechanical measurements on the propagation of microcracks in Table B5.

Table B5

Summary of mechanical measurements comparing microcracks propagated under unconfined cyclic compression and four different combinations of genipin treatments
(Dose A was before impact, Dose B was before cyclic compression, cf. Fig. 1). To quantify the magnitudes of propagation of microcracks, we calculated the mean changes
in length, width, and depth for each microcrack. SD = Standard Deviation, PI = Post Impact, PC = Post Cyclic Compression.

Dose A Dose B Measure Phase Mean SD
- - Length (ym) PI 125 119
PC 707 106
Width (gm) PI 9.41 7.36

(continued on next page)
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Table B5 (continued)
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Dose A Dose B Measure Phase Mean SD
PC 13.1 22.4
Depth (um) PI 36.2 28.5
PC 325 35.1
- + Length (um) PI 145 109
PC 142 101
Width (um) 5.86 5.46
PC 7.41 16.9
Depth (um) PI 38.7 31.8
PC 29.8 20.6
+ - Length (ym) PI 108 143
PC 141 171
Width (um) PI 3.85 2.01
PC 4.32 2.56
Depth (um) PI 28.3 20.3
PC 35.7 26.0
+ + Length (um) PI 283 221
PC 229 211
Width (gm) PI 9.42 7.85
PC 13.4 17.9
Depth (um) PI 70.3 55.2
PC 52.7 59.6
References [18] E.G. Lima, A.R. Tan, T. Tai, K.G. Marra, A. DeFail, G.A. Ateshian, et al., Genipin
enhances the mechanical properties of tissue-engineered cartilage and protects
[1] RA. Goes, LR. Lopes, V.R.A. Cossich, V.AR. de Miranda, O.N. Coelho against inflammatory degradation when used as a medium supplement, J. Biomed.
R.d.C. Bastosand, et al., Musculoskeletal injuries in athletes from five modalities: a g/l'ater.tResI.(Par; A (;ff J- t&‘,oc.glimrzrgggr. g;zpa;l(e)ze Soc. Biomater. Australian Soc.
cross-sectional study, BMC Muscoskel. Disord. 21 (2020) 122. [19] Clo};na ,iri( 0;/'[ Eoi\./l éoma ?v[r.J S(l "l)"C O_ t S.B. Trippel. D.R. W
[2] United States Bone and Joint Initiative, The Burden of Musculoskeletal Diseases in : _0 I?l SXYs o ciann, MLJ. Selep, 1. B vaert, 5.5. rl.ppe T agner, .
the united states (BMUS), fourth ed., 2020, 2021-05-12, htps://www.boneandjoint Genipin Crosslinking Decreases the Mechanical Wear and Biochemical Degradation
burden.org/fourth-edi tiO;l v ’ ’ of Impacted Cartilage in Vitro, vol. 35, 2017, pp. 558-565.
[3] R.U.Repo, J.B. Finlay, Survival of articular cartilage after controlled impact, J. Bone [20] KA. Atha'nasmu, MP Rosenyvas?er, J-A: B_HCkwalter,‘ T.L Mallnlljl, V.C. Mow,
Joint Surg. Am. 59 (1977) 1-2. Interspecies Comparisons of in Situ Intrinsic Mechanical Properties of Distal
[4] A. Thambyah, V.P.W. Shim, L.M. Chong, V.S. Lee, Impact-induced Osteochondral 21 f:elr)nol\ll‘al C:rt;lflgf’ f‘ll 011<' 9]& 1991, ppl' 33,?“713[4% hmid. AH. Reddi
Fracture in the Tibial Plateau, vol. 41, 2008, pp. 1236-1242. [21] CP. Neu, A. Kha a- Co omyopou ,OS’ o C mid, A. . Ae L .
[5] F. Malekipour, C. Whitton, D. Oetomo, P.V. Lee, Shock Absorbing Ability of Mechanotransduction of bovine articular cartilage superficial zone protein by
Articular Cartilage and Subchondral Bone under Impact Compression, vol. 26, transforming growth factor j signaling, Arthr. Rheum.: Off. J. Am. Colleg.
2013, pp. 127-135. Rheumatol. 56 (2007) 3706-3714.
[6] J. Workman, A. Thambyah, N. Broom, The influence of carly degenerative changes [22] J: Schlgdelln, I Argande.n-Carreras, E. Frise, Fiji: an Open-Source Platform for
on the vulnerability of articular cartilage to impact-induced, Injury 43 (2017) Biological-Image Analysis, vol. 9, 2012, pp. 676-682.
40-49. [23] M. Szarko, K. Muldrew, J.E.A. Bertram, Freeze-thaw treatment effects on the
[71 J.T. Kaplan, C.P. Neu, H. Drissi, N.C. Emery, D.M. Pierce, Cyclic loading of human dynamic mechanical properties of articular cartilage, BMC Muscoskel. Disord. 11
articular cartilage: the transition from compaction to, fatigue 65 (2017) 734-742. o4 E“ZOPl.O)hl.— 8. A. Cooley. J. Liao. R. Prabhu. S. Elder. G . £N 1
[8] B. Kaleem, F. Maier, H. Drissi, D. Pierce, Low-energy impact of human cartilage: [24] A. m- el.ro, - Looley, J. Liao, ra} U, S €T, .omp?mson 0 .atura
Predictors for microcracking the network of collagen, Osteoarthr. Cartil. 25 (2017) Crosslinking Agents for the Stabilization of Xenogenic Articular Cartilage, vol. 34,
44553 ’ 2016, pp. 1037-1046.
[9] S. Santos, N. Emery, C.P. Neu, D.M. Pierce, Propagation of Microcracks in Collagen [251 . Elr;l.er, A Pinheiro, C. Y'oung, P. Smlth, E,’ Wright, Evaluation of Genipin for
Networks of Cartilage under Mechanical Loads, vol. 27, 2019, pp. 1392-1402. Stabilization of Decellularized Porcine Cartilage, vol. 35, 2017, pp. 1949-1957.
[10] S. Santos, K. Richard, M.C. Fisher, C.N. Dealy, D.M. Pierce, Chondrocytes respond [26] ; %hangéhs. erar:llm, D. gmitil’ B. G::irdlréer, 11,\' fro((iilzmsky,l T;?ezlf)\i(;lutlon of
both anabolically and catabolically to impact loading generally considered, non- © Oﬁréae 1?117“71 a Human Lartifage under Lyclic Loading, vol. 43, ’
injurious 115 (2021) 104252. pp. & 05177 ) . )
[11] T. Aigner, S. Soder, P. Gebhard, A. McAlinden, J. Haag, Mechanisms of disease: role [27] S. Preibisch, S. Saalfeld, P. Tomancak, Globally optimal stitching of tiled 3d
of chondrocytes in the pathogenesis of osteoarthritis- structure, chaos and microscopic 1mage, A“‘,l“_‘ sitions ,25 (200?) 1463-1465. . .
senescence, Nat. Clin. Pract. Rheumatol. 3 (2007) 391-399. [28] R.A.A. Muzzarelli, Genipin-crosslinked chitosan hydrogels as biomedical and
[12] G. Wollensak, E. Spoerl, T. Seiler, Riboflavin/ultraviolet-a-induced collagen pharmaceutical aids, Carbohydr. Polym. 77 (2009) 1_?' . .
crosslinking for the treatment of keratoconus, Am. J. Ophthalmol. 135 (2003) [29] S. Henzgen, P.K. Petrow, K. Thoss, R. Braur, Degradation of articular cartilage
620-627 ’ during the progressionof antigen-induced arthritis in mice: A scanning and
[13] K.D. Novakofski, I.C. Berg, I. Bronzini, E.D. Bonnevie, S.G. Poland, L.J. Bonassar, et transmission electron microscope study, Exper. Toxicol. Pathol. 48 (1996) 255-263.
al.. Joint- depenéent respo;se o impa’ct and implicat’ions for pos t’—traumatic ’ [30] J.L. Lewis, S.L. Johnson, Collagen Architecture and Failure Processes in Bovine
Osteoarthritis 23 (2015) 1130-1137. Patellar Cartilage, vol. 199, 2001, pp. 483-492.
[14] T. Novak, B. Seelbinder, C.M. Twitchell, C.C. van Donkelaar, S.L. Voytik-Harbin [31] V.C. Mow, C.C. Wang, C.T. Hung, The extracellular matrix, instertitial fluid and ion
C.P Neu, M.echanisms e;n d. rrl.icroenviro;1m.f:r;t investigation (,)f 'ce.llularize 4 high ’ as a mechanical signal transducer in articular cartilage, Osteoarthr. Cartil. 7 (1999)
U . . e 41-58.
densit dient coll; t densification, Adv. Funct. Mater. 26 (2016 - . . .
22?571}; g;; 1ent collagen matrices via densilication V- e ater ( ) [32] R.K. Korhonen, M.S. Laasanen, J. Toyras, J. Rieppo, J. Hirvonen, H.J. Helminen, et
[15] CR. Lee, AJ. Grodzinsky, M. Spector, The effects of cross-linking of collagen- al., Comparison of the equilibrium response of articular cartilage in unconfined
glycosaminoglycan scaffolds on compressive stiffness, chondrocyte-mediated ;(())r;lp;(e)sgswn, confined compression and indentation, J. Bomech. 35 (2002)
contraction, proliferation and biosynthesis, Biomaterial 22 (2001) 3145-3154. A . . . . .
[16] J.A. Uquillas, V. Kishore, O. Akkus, Genipin Crosslinking Elevates the Strength of [33] S. Park, C. Hl,mg’ G AFeshlan, Mecha.mcal re;ponse of bF)Vln(e. articular cartilage
Electrochemically Aligned Collagen to the Level of Tendons, vol. 15, 2012 under dynamic unconfined compression loading at physiological stress levels,
pp. 176-189 ’ ’ ’ Osteoarthr. Cartil. 12 (2004) 65-73.
[17] K.Y. Ching, O. Andriotis, B. Sengers, M. Stolz, Genipin crosslinked chitosan/peo [34] S. Santos, F. Maier, D.M. Pierce, Anisotropy and inter-condyle heterogeneity of
nanofibrous scaffolds exhibiting an improved microenvironment for the cartilage under large-strain shear, J. Bo.mech. 52 (2017_) 74-82. .
[35] J. Ranstam, Repeated measurements, bilateral observations and pseudoreplicates,

regeneration of articular cartilage, J. Biomater. Appl. 36 (2021) 503-516.

why does it matter? Osteoarthr. Cartil. 20 (2012) 473-475.


http://refhub.elsevier.com/S2665-9131(22)00001-2/sref1
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref1
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref1
https://www.boneandjointburden.org/fourth-edition
https://www.boneandjointburden.org/fourth-edition
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref3
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref3
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref3
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref4
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref4
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref4
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref5
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref5
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref5
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref5
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref6
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref6
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref6
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref6
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref7
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref7
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref7
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref8
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref8
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref8
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref8
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref9
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref9
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref9
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref10
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref10
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref10
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref11
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref11
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref11
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref11
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref11
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref12
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref12
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref12
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref12
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref13
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref13
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref13
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref13
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref14
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref14
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref14
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref14
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref14
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref15
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref15
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref15
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref15
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref16
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref16
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref16
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref16
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref17
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref17
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref17
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref17
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref18
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref18
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref18
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref18
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref18
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref18
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref19
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref19
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref19
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref19
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref20
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref20
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref20
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref20
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref21
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref21
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref21
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref21
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref21
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref21
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref22
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref22
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref22
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref23
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref23
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref23
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref23
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref24
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref24
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref24
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref24
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref25
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref25
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref25
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref26
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref26
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref26
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref26
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref27
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref27
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref27
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref28
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref28
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref28
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref29
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref29
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref29
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref29
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref30
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref30
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref30
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref31
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref31
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref31
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref31
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref32
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref32
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref32
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref32
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref32
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref32
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref32
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref33
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref33
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref33
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref33
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref34
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref34
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref34
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref35
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref35
http://refhub.elsevier.com/S2665-9131(22)00001-2/sref35

	Genipin does not reduce the initiation or propagation of microcracks in collagen networks of cartilage
	1. Introduction
	2. Materials and methods
	2.1. Preparation of specimens
	2.2. Treatments with genipin
	2.3. Mechanical treatments
	2.3.1. Low-energy impact
	2.3.2. Cyclic, unconfined compression

	2.4. Images via second harmonic generation
	2.5. Analyses of images
	2.6. Statistical analyses

	3. Results
	3.1. Microcrack initiation
	3.2. Microcrack propagation

	4. Discussion
	4.1. Microcrack initiation
	4.2. Microcrack propagation
	4.2.1. Effects of number of treatments with genipin

	4.3. Limitations and outlook

	Author contributions
	Role of the funding source
	Declaration of competing interest
	Acknowledgments
	Appendix AAcknowledgments
	Appendix BAppendix AAcknowledgments
	References


