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Abstract
·AIM: To study the feasibility of using the discoloration
to evaluate the biomechanical properties after treating
with genipin.

· METHODS: Porcine cadaver eyes were treated for
30min with 1.0% (by w/v) genipin. Untreated samples
were used as controls. After treatment, scleral strips of
4.0 伊10.0 -mm2 were cut. The denaturation temperature
(Td) measurement and stress-strain test were performed
after taking photograph to analyze the color.

·RESULTS: Within 24h after treating with genipin, the
sclera exhibited a bluish color which became deeper with
time. And the denaturation temperature also was
increased gradually. Compared with untreated groups, at
1, 6, 12, 24 and 36h after treatment, the ultimate stress
were increased by 56% , 153% , 173% , 225% and 211%
respectively. The Young's modulus at 10% strain also
increased by 170% , 246% , 264% , 389% and 288%
respectively. There were strong correlation between the
discoloration and the biomechanical properties (驻E -
Ultimate stress:R2=0.892, =0.00; 驻E-Young’s modulus:
R2=0.602, =0.00).

·CONCLUSION: Genipin could be used to strengthen
collagen gradually in a relatively short time span. And
the biomechanical properties could be reliably evaluated

simple visible discoloration.

·KEYWORDS: genipin; crosslinking; sclera; biomechanics;
discoloration
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INTRODUCTION

M yopia is a very common refractive error around the
world. It affects about 20% -30% general population

in USA and Europe, and up to 80%-90% in school-leavers in
east Asia[1-4]. Now the pathogenesis of myopia is still unclear,
however most of myopia (＞95%) have strong correlation to
the axial extension [5]. The axial elongation is closely related
to the sclera biomechanics. In high myopia the sclera
extension was associated with a reduction in the size of
individual collagen fiber and as well the number of collagen
fiber[6-9].
Corneal crosslinking with riboflavin/UVA has been
successfully used to prevent the progress of keratoconus and
keratectasia after laser keratomileusis [10-12]. Based on
these studies, Wollensak and Spoerl [11] suggested that
collagen crosslinking may be a potential treatment to prevent
the progression of high myopia. At present, there are some
methods that could improve the sclera biomechanical
properties, including riboflavin/UVA, glyceraldehydes,
Aliphatic 茁-nitro alcohols and genipin[13-16].
As a natural crosslinking reagent, Genipin has been
suggested as an alternative reagent for improving the
mechanics of bioartificial tissues [17-19]. Meanwhile the tissue
treated with genipin exhibited blue discoloration and emitted
the fluorescence [20]. There was strong correlation of the
fluorescence intensity to the biomechanical properties [21].
However there has not report about the correlation of the
visible discoloration to the biomechanics. In our previous
study showed that genipin could improve the sclera
biomechanics and it may be the potential method to prevent
the progression of high myopia; meanwhile during the
preliminary experiment we found that the discoloration of
sclera strips did not occur immediately after treating with
genipin for 30min [16]. So in this paper we represented the
change of color, denaturation temperature and biomechanical
properties at 1, 6, 12, 24 and 36h after treat with 1.0%
genipin for 30min and investigated the feasibility of using the
discoloration to evaluate the biomechanical properties.
MATERIALS AND METHODS
Porcine Eye Preparation Forty-eight enucleated porcine
eyes were retrieved from the local abattoir within 5h
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postmortem. Adherent tissue was trimmed carefully from the
scleral surface. These eyes were equally divided into 6
groups including control and experimental groups treating
with 1.0% genipin for 30min. After treatment, 5 eyes were
used to take the stress-strain test and another 3 eyes for the
denaturation temperature measurement. Our study were
approved by the Institutional Animal Care and Use
Committee of the Sun Yet-sen University (2012-087).
Genipin Crosslinking 10 伊15-mm2 filter paper was laid
onto the target sclera located at the 12 o'clock position
between 4 mm after corneal limbus and the posterior sclera.
1.0% Genipin (Wako, Japan) in normal saline (NS) was
dropped on the filter at 3-5min intervals, which the sclera
could keep to contact genipin during the treatment. The
cross-linking reaction was performed at 25依1℃ for 30min.
After treatment, the eyes were rinsed extensively with NS to
remove all free genipin.
Scleral Strips After the treatment, a 4伊10-mm2 strip was
cut from 4 mm after corneal limbus in direction to the optic
nerve at 12 o'clock with a self-constructed double-blade
scalpel. To preserve the sclera hydration, the strips were
covered with hypromellose eye drops. And then the strips
were preserved at 25依1℃ in a moist chamber about 1, 6, 12,
24 and 36h before measurement.
Digital Photography and Analysis the Discoloration We
used a Nikon Coolpix S220 (Nikon CORP., Japan) to take
the photographs before measuring the denature temperature
and stress-strain test. All the photograph were performed at
the same conditions and every strip were taken photography
three times.
We employed Lab system of Adobe Photoshop CS6 software
(Adobe Systems, San Jose, CA, USA) for image analysis.
The L1, a1, and b1 values were measured on the surface of
sclera strips. L1 (from black to white) is the lightness
component which ranges from 0 to 100; a1 (from green to
red) and b1 (from blue if negative to yellow if positive) are
two color components which range from -120 to +120 [22].
The kinetics of color formation of sclera at different time
after treatment with genipin was followed by the parameter
total color change (Δ E) which was calculate the following
way Δ E =[(L1-L0)2 +(a1-a0)2 +(b1-b0)2]1/2. The L1a1b1 values
correspond to the values of sclera at different times and the
values of L0a0b0 corresponds to the color of the sclera before
treatment.
Denaturation Temperature Measurement Differential
scanning calorimeter (DSC) is a well developed analytic tool
used for measurement of denaturation temperature in
collagenous tissues [23,24]. In our experiment, the denaturation
temperature of sclera was determined using TA DSC

instrument (TA Q20, USA). One aluminum pan contains
about 5.0 mg sclera sample and using an empty pan as
reference. The tissues were heated at 10℃ per minute from
30℃ to an appropriate specified temperature.
Stress -strain Test The scleral thickness was determined
using a digimatic caliper [Sanling group (H.K.) Ltd.]. The
stress-strain test was performed using an Instron 3343
microtester (Illinois Tool Works Inc., Glenview, IL, USA).
The strips were clamped vertically with 6 mm between the
jaws. They were subjected to a stress level of 0.02 mPa and
5 cycles in total of deformation-load testing. And then, strain
was increased linearly at a velocity of 1.5 mm/min up to
tissue rupture. The parameters ultimate stress, ultimate strain
and Young's modulus at 10% strain were used for analysis.
Statistical Analysis The ultimate stress, Young's modulus
and Δ E were analyzed using SPSS for Windows (SPSS, Inc,
Chicago, IL, USA. version 17.0). A value of <0.05 was
considered statistically significant.
RESULTS
The mean thickness of the porcine sclera was 815依20 滋m
(607-1085 滋m). There were no statistically significant
differences among all groups (all ＞0.05).
Figure 1 and Table 1 display the coloration of sclera at
different time after treating with genipin and the L1a1b1 value
respectively. The total color change (Δ E) refers to the
difference of sclera color untreated and post-treated with
genipin. All untreated sclera show white. At one hour after
treating, the strips turn into yellowish, and then sclera
exhibited blue gradually with time with 24h (Table 1). At
24h and 36h, the strips become dark bluish and had very
closed Δ E value.
The stability of triple-helical structure of collagen depends

Table 1 Analysis of the discoloration after treatment with genipin 
Lab 

Time (h) 
L a b 

ΔE 

Control 66.60±2.91 -0.20±0.20 2.00±0.32 0 
1 65.40±1.99 -3.20±2.49 9.60±1.81 10.98±1.89 
6  40.20±4.53 -9.20±2.06 -5.60±1.86 32.10±3.69 
12  28.00±1.58 -13.4±1.94 -6.00±1.30 44.15±1.31 
24  20.00±2.55 -5.60±1.99 -13.40±0.93 51.91±2.23 
36  20.00±3.85 -6.80±1.16 -12.00±0.55 51.36±3.59 

 

Figure 1 The scleral color after treating with 1.0% genipin/
30min (Control, 1, 6, 12, 24, 36h).

Correlation of discoloration and biomechanics
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on the weak hydrogen bonds. Genipin cQrosslinking could
strength the bonds by forming intramolecular and
intermolecular crosslinks of the amino residues in collagen
molecules [25]. When the collagen is heat-denatured, these
bonds are broken and the triple-helical structure collapse into
random coils [26,27]. In the crosslinking of collagenous tissue,
the denaturation temperature is often regarded as an indicator
of degree of crosslinking. Higher Td means higher degree of
collagen crosslinking [28]. The Td of sclera strips were
measured using differential scanning calorimeter (Table 2).
At one hour after treatment, the Td (about 70℃ ) was higher
than that of fresh sclera (about 64℃ ). Subsequently, the Td
was increased gradually with time up to 24h after treatment.
These results suggested that within 24h after treatment the
degree of collagen crosslinking-induced by genipin could be
enhanced gradually.
After treatment, the stress-strain curve of strip is nonlinear
curve (Figure 2). The curves became steeper with time after
treatment. Meanwhile 24h after treating had similar
stress-strain curve with 36h. At 1, 6, 12, 24 and 36h,
compared to the untreated group, the ultimate stress
increased by 56% , 153% , 173% , 225% and 211%
respectively (all ＜0.05, Table 2). The modulus at 10%
strain also increased by 170% , 246% , 264% , 389% and
288% respectively (all ＜0.05, Table 2). However, the
ultimate strain had no significant difference between
untreated and treated groups. The peak of the change of
ultimate stress and Young's modulus occurred at 24h after
treatment. And there had strong correlation of the total color
difference (Δ E) to biomechanical properties (Δ E-ultimate
stress: R2=0.892, =0.00; Δ E-Young's modulus: R2=0.602,

=0.00. Figure 3).
DISCUSSION
In this paper we analyzed the changes of color, thermal
stability and biomechanical properties in porcine sclera
treated by 1.0% genipin for 30min. Our results showed that
at room temperature, the discoloration, biomechanical
properties and denaturation temperature were enhanced
gradually. There was strong correlation of discoloration to
mechanical properties.
Collagen crosslinking is a common phenomenon in

biological tissues. There are various methods to induce
crosslinking, including physical, chemical reagent and
enzyme. Crosslinking reagent could strengthen the collagen
biomechanics by inducing the crosslinking covalent bonds of
intramolecular and intermolecular in collagen fiber [29]. As a

Figure 2 The stress-strain curves of porcine sclera.

Table 2 Denaturation temperature and biomechanical properties of porcine sclera after treatment 
Time (h) Td (℃) Ultimate stress (mPa) Ultimate strain (%) Modulus (mPa) 
Control 64.33±0.33 5.12±0.60 30.85±2.58 11.71±4.10 
1 70.50±1.50 8.02±0.56 24.31±0.82 31.63±3.37 
6 74.00±2.00 12.96±0.64 30.45±3.08 40.52±3.69 
12 77.50±1.24 13.96±1.46 28.20±1.46 42.57±6.45 
24 83.00±3.51 16.63±1.00 28.18±0.89 51.38±8.20 
36 81.00±4.04 15.94±1.12 28.91±3.25 45.43±10.96 

 

Figure 3 The scatter diagram A: Δ E-Ultimate stress, R2=0.874,
=0.00; B: Δ E-Young's modulus, R2=0.437, =0.02.
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natural collagen crosslinking reagent, Genipin has been used
as an alternative reagent to improve the biomechanical
properties of collagenous tissues[17-19].
In the crosslinking of collagenous tissue, the denaturation
temperature is often regarded as an indicator of degree of
crosslinking. Td means that the triple-helical structure of
collagen collapse into random coil [26,27]. Higher Td shows
higher degree of collagen crosslinking [28]. In the present
experiment, the Td of sclera genipin-induced was higher than
that of the fresh tissue. And the denaturation temperature
increased with time within 24h after treatment. This
suggested that the crosslinking in collagen molecular was
continued to occur up to the finish of the reaction process of
genipin with amino acid residues at 24h after treatment.
Genipin could strengthen the biomechanics of collagenous
tissues, while the tissues appeared bluish discoloration and
emitted the fluorescence [20]. And there had strong correlation
of fluorescence intensity to the biomechanical properties [21].
Due to its sensitivity to the bluish discoloration of biological
tissues, genipin was used to detect the fingerprint [20]. The
reaction mechanism is still not well clear at present. It could
form blue pigment upon spontaneous reaction with amino
acid residues [30]. In our study at one hour after treatment, the
sclera strips appeared yellowish, and then exhibited bluish
discoloration with time, up to dark blue at 24h and 36h. We
speculated that the sclera appeared yellowish because of the
small amount of crosslinking genipin-induced at the early
stage. Subsequently, more and more crosslinking were
occurred; and the sclera discoloration depended on the
degree of collagen crosslinking. However, in our previous
and present investigation, the color of the specimens were
not uniform across the surface [16]. Even at the same time or
concentration, there was still a certain range of color
variation. It may be due to the thickness and proportion of
collagen of sclera. Meanwhile, the stress and Young's
modulus measurements also were increasingly improved
over time. Compared to the untreated group, the ultimate
stress increased by 56% , 153% , 173% , 225% and 211%
respectively at 1, 6, 12, 24 and 36h after treatment. The
modulus also increased by 170%, 246%, 264%, 389% and
288% . And these changes were strong correlation to the
sclera discoloration. These showed that the visible
discoloration may be a feasible method to evaluate the
biomechanical properties after genipin-treatment.
In conclusion, the preliminary study has shown that the
effect genipin-induced could be improved gradually within
24h at the room temperature. The degree of collagen
crosslinking and the biomechanical properties could be
indirectly reflected by the discoloration of sclera. And this

ability also may help to directly observe the area of
crosslinking in biological tissues. It is a potential method
using the simple visible discoloration to evaluate the
biomechanical properties of genipin-induced collagen
cross-linking. However, in the long run, due to the
metabolism the color and biomechanical properties of
collagenous tissues after treatment with genipin may change
with time. The further study should be performed about the
correlation of discoloration to biomechanical properties

and we also need more accurate and reliable method to
monitor the discoloration. Of course the safety of genipin
will be examined in the future. Once the proper
concentration which has no side effect is decided, genipin
might be a potential reagent for strengthening scleral tissue
to prevent the myopic progression.
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