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Abstract
● AIM: To strengthen the biomechanics of collagen by 
crosslinking rabbit scleral collagen with genipin to develop 
a new therapy for preventing myopic progression. 
● METHODS: Ten New Zealand rabbits were treated with 
0.5 mmol/L genipin injected into the sub-Tenon’s capsule 
in the right eyes. Untreated contralateral eyes served as
the control. The treated area was cut into scleral strips 
measuring 4.0 mm×10.0 mm for stress-strain measurements 
(n=5). The remaining five treated eyes were prepared for 
histological examination.
● RESULTS: Compared to the untreated scleral strips, the 
genipin-crosslinked scleral strips showed that the ultimate 
stress and Young’s modulus at 10% strain were increased 
by the amplitude of 130% and 303% respectively, ultimate 
strain was decreased by 24%. There had no α-smooth 
muscle actin (α-SMA) positive cells in control and treated 
sclera. Histologically, there was no sign of apoptosis in the 
sclera, choroid, and retina; and no side effects were found 
in the peripheral cornea and optic nerve adjacent to the 
treatment area.
● CONCLUSION: Genipin induced crosslinking of collagen 
can increase its biomechanical behavior by direct stren-
gthening of the extracellular matrix in rabbit sclera, with 
no α-SMA expression seen in the myofibroblasts. As there 
is no evidence of cytotoxicity in the scleral, choroidal, and 
retinal cells, genipin is likely a promising agent to strengthen 
the weakened sclera to prevent myopic progression.
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INTRODUCTION

M yopia is one of the most prevalent eye diseases, in 
which the refractive power of the eye is incompatible 

with its axial length. Epidemiological studies have shown that 
its prevalence was about 20%-30% of the general population 
in the USA and Europe. Overall, the prevalence was 52.6% 
in school-aged children, with numbers as high as 80%-90% 
among school-leavers in East Asia[1-3]. For most patients, 
myopia develops mainly during the school years and stabilizes 
in the teenage years[4]. However, in some adult patients with 
high myopia, the myopia continues to progress. Saka et al[5] 
followed up with 184 high myopic eyes in adults for about 
8.2y; they noted that the axial length increased by more than 
1 mm in 31% of the eyes. Axial length is the most important 
determinant factor for myopic progression. 
The elongation of the eye was associated with the biome-
chanical properties of sclera[6]. During myopia development, 
the sclera undergoes an active remodeling process, which 
causes progressive thinning and weakening of the tissue. A 
reduction in the size of individual collagen fibers as well as 
the number of collagen fibers of the sclera are known to be 
the main pathogenic factors in progressive myopia; the sclera 
thus becomes weaker and more extensible[7]. Therefore, even 
under normal intraocular pressure, the sclera could expand, 
leading to axis elongation. Despite extensive research, there is 
still no effective method to prevent the progression of myopia. 
Recently, riboflavin/UVA-induced collagen crosslinking was 
successfully used to prevent the progression of keratoconus 
and keratectasia after photorefractive keratectomy (PRK) 
and laser in situ keratomileusis (LASIK)[8-9]. Therefore, for 
typically collagenous tissues like the cornea, it can be logically 
hypothesized that scleral collagen crosslinking may strengthen 
the sclera to prevent myopic progression.
Genipin is a natural crosslinking reagent that may be obtained 
from gardenia fruits. As a part of traditional Chinese medicine 
or herbal medicine, genipin has been used to treat jaundice (to 
increase bile secretion) and various other inflammatory and 
hepatic diseases[10]. A previous study showed that genipin could 
also significantly strengthen the stiffness of porcine cornea and 
sclera in vitro[11-12]. Further, it also showed promising results as 
a therapeutic agent for strengthening the weakened sclera in 
progressive myopia[13]. With this background, we designed the 
present study to explore in vivo the biomechanical efficiency 
of genipin-induced scleral crosslinking and its possible 
cytotoxicity in rabbits. 
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MATERIALS AND METHODS 
Animals  Ten New Zealand rabbits (weight, 2.5-3.5 kg) 
were included for treatment. The crosslinked right eyes were 
used for biomechanical measurements (n=5) and histological 
examination (n=5). The untreated contralateral eyes were used 
as control.
Treatment Procedure  Alcaine eye drops were instilled for 
induction of local anesthesia. Our previous study showed 
that 0.5 mmol/L genipin (Wako, Japan) could improve the 
stiffness of porcine sclera, and resulted in no significant 
discoloration[13]. Therefore, this in vivo study, we chose the 
same concentration, i.e. 0.5 mmol/L genipin (0.5 mL) to be 
injected into the sub-Tenon’s capsule at 3.0 mm behind the 
limbus in the superonasal quadrant (1 o’clock position in the 
right eyes) by using a 1.0 mL syringe with a sharp 25-gauge 
injection needle. The injections were repeated 4 times within 
two weeks with 2-3d intervals between injections. After the 
injections, tobramycin eye drops and ointment were used. Two 
weeks after the first injection (i.e. 2d after the last injection), 
the animals were humanely killed under general anesthesia 
using an overdose of intramuscular ketamine hydrochloride 
and chlorpromazine. All animal procedures complied with the 
ARVO Statement for the Use of Animals in Ophthalmic and 
Visual Research and were approved by the Institutional 
Animal Care and Use Committee of the Sun Yet-sen University   
(2012-087).
Biomechanical Measurement  After sacrificing, a scleral strip 
measuring 4.0 mm×10.0 mm was cut from an area 2.0 mm-
12.0 mm behind the limbus at the 1 o’clock position (11 o’clock 
position in the left eyes) in the direction of the optic nerve, 
by using a self-constructed double-blade scalpel. To preserve 
the hydration, the strips were submerged in hypromellose eye 
drops. The scleral thickness was measured using a digimatic 
caliper [Sanling group (HK, China) Ltd.] before undergoing 
the stress-strain tests.
The biomechanical measurement was performed at room 
temperature in air. The stress-strain test of the scleral strips 
was measured using an Instron 3343 microtester (Illinois 
Tool Works Inc., Glenview, IL, USA) in air. During the 
examination, the strips were submerged in hypromellose eye 
drops. To perform the stress-strain test on the scleral strips, 
each strip was subjected to 5 cycles of deformation-load testing 
at a stress level of 0.003 MPa. Strain was increased linearly 
at a velocity of 1.5 mm/min until tissue rupture. The ultimate 
stress, ultimate strain, and Young’s modulus at 10% strain were 
measured.
Histology  After sacrificing, the treated area was positioned 
with 10-0 silk thread. Subsequently, enucleation was performed 
and the eyeballs were immersed in neutral buffered formalin 
(obtained from Zhongshan Ophthalmic Center) for 2d. 
Subsequently, the following sections were cut for histological 

analysis: 2 mm×4 mm strips including the sclera, choroid, and 
retina at the equator; the adjacent corneal tissue measuring 
about 2 mm×4 mm (at the 1 o’clock position in the right eyes 
and 11 o’clock position in the left eyes); and the optical nerve 
measuring about 2 mm in length, adjacent to the eye ball. All 
the sections were subsequently embedded in paraffin. 
To compare the histological change, 4 µm thick paraffin 
sections of the cornea; wall of the eyeball (including sclera, 
choroid, and retina); and optic nerve were prepared for staining 
with hematoxylin and eosin. Terminal deoxynucleotidyl 
transferase (TdT) mediated biotin dUTP nick-end labeling 
(TUNEL) assay was performed using the TUNEL assay 
kit (Promega, USA), and was carried out according to the 
manufacturer’s instructions. 
a-smooth muscle actin (a-SMA) expression is a reliable marker 
of myofibroblast proliferation. To evaluate this, mouse mo-
noclonal anti-a-SMA antibody (1:100 dilution in PBS, Merck 
KGaA, Darmstadt, Germany) was used along with biotinylated 
goat anti-mouse IgG (code B-6398; Sigma-Aldrich) as 
the secondary antibody, according to the manufacturer’s 
instructions. 
All sections were examined with light microscopy (Axioplan 
2 imaging; Zeiss, Oberkochen, Germany). Five fields were 
randomly selected from each section at a magnification of 
400× for histological evaluation. Data are reported as the 
number of TUNEL and a-SMA positive cells per field counted 
manually.
Statistical Analysis  The ultimate stress, ultimate strain, 
and Young’s modulus data at 10% strain between untreated 
and treated groups were analyzed using the independent 
sample’s t-test. A P value of <0.05 was considered statistically 
significant.
RESULTS
Observation with Slit Lamp  In the treated area, a bubble-
like elevation appeared immediately after injection, which 
gradually vanished within the next 1-2d. During the follow-
up, the conjunctiva showed slight congestion, but there was no 
discoloration of the conjunctiva and sclera in the treated eyes 
(Figure 1). There were no cloudy and edematous regions, and 
no loss of corneal epithelium in the area adjacent to the treated 
area.
Biomechanical Properties  The biomechanical properties of 
genipin-treated sclera were improved (Table 1). Compared 
with the untreated scleral strips, the ultimate stress, and 
Young’s modulus at 10% strain of genipin-crosslinked sclera 
was increased by amplitude of 130% and 303%, respectively. 
The ultimate strain was decreased by 24%. The stress-strain 
curves of strips treated with genipin were steeper than those of 
untreated strips (Figure 2). 
Histology Analysis  The rabbit scleral thickness was 389.40± 
4.95 µm (SE) and 377.00±5.73 µm (SE) in the controls and 
treated eyes, respectively (P=0.140).

Scleral biomechanics induced by genipin
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There was no evidence of stromal edema and loss of ker-
atocytes and corneal epithelium in the peripheral cornea 
immediately adjacent to the injection site in all treated eyes. 
The endothelium was integrated (Figure 3A, 3B). The sclera 
appeared normal, specifically, without inflammatory infiltrates 
or scarring (Figure 3C, 3D). The choroid and retina in all 
samples were without abnormalities. Additionally, there was 
no nerve fiber swelling and rupture in the optic nerve (Figure 
3E, 3F).
To detect the cytotoxicity of 0.5 mmol/L genipin in rabbit 
tissues, we used the TUNEL assay to check for cellular 
apoptosis (Figure 4). However, there were no TUNEL-positive 
cells in the inner and outer nuclear retinal layer, choroid, or 
sclera in both treated and untreated eyes.
Figure 5 showed no staining for a-SMA in either treated or 
untreated rabbit sclera.
DISCUSSION
In this study, we examined the in vivo efficacy, safety, and 

biomechanics of genipin crosslinking in rabbit scleral collagen. 
It has been shown that macromolecules as large as 150 000 Da 
could be transclerally delivered to the choroid and retina in 
rabbit sclera[14]. Hence, we hypothesized that it was possible 
for genipin (MW 226) to infiltrate the retina across the sclera 
or diffuse into adjacent tissues.
Axis elongation is the main feature of myopic progression, and 
has thus understandably been the focus of myopia research. It 
has been related to the weakened biomechanical properties of 
the sclera[15]. The biomechanical properties of myopic sclera 
including the ultimate stress, ultimate load, and the Young’s 
modulus were lower than that of the normal sclera, but ultimate 
strain was higher[16]. This was because of the insufficient 
formation of stabilizing intra- and inter-molecular crosslinks 
in the myopic scleral collagen[17]. Therefore, modulation of 
axial length might be the key factor to halt myopic progression 
through scleral collagen crosslinking to control scleral 
resistance[18].
Collagen crosslinking is a commonly understood phenomenon, 
which can strengthen the collagenous structure by induction 
of intra- and inter-molecular covalent bonds. In diabetic 
patients, the collagenous tissues were strengthened through 

Table 1 The biomechanical parameters of rabbit scleral strips             
                                                                                                  sx ±
Groups Ultimate stress 

(kPa)
Ultimate strain 

(%)
Young’s modulus 

(MPa)
Control 4.36±1.64 46.66±5.42 5.56±1.95
Genipin 
0.5 mmol/L 10.03±1.36 35.44±5.80 22.42±12.61
aP 0.000 0.013 0.018

at-test.

Figure 1 Observation after genipin injection in the sub-Tenon’s 
capsule  No discoloration in untreated (A) and treated (B) eyes. 
Slight conjunctival congestion (B). 

Figure 2 Stress-strain curves in rabbit scleral strips treated with 
genipin.

Figure 3 Photomicrographs of tissues in rabbit eye hematoxylin 
& eosin  Panels (A, C, and E) are sections of untreated eyes, while 
panels (B, D, and F) are those of treated eyes. A, B: The cornea 
immediately adjacent to the scleral treatment quadrant with 
integrated endothelium and without stromal edema and loss of 
keratocytes; C, D: Intact retina, choroid, and sclera; E, F: The 
adjacent optic nerve without fiber swelling and rupture (400×).
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glucose-induced crosslinking[19]. Further, the biomechanics of 
collagenous tissues has been reported to increase with age[20]. 
This is probably why axial elongation of myopia among 
diabetic patients and elderly people is rare. 
There are several methods to strengthen collagenous tissues 
by collagen crosslinking. Ultraviolet A (UVA) radiation could 
lead to retinal damage[1], and it is difficult to use UVA radiation 
in the posterior pole sclera. Glyceraldehyde is nontoxic and 
is a natural product of metabolism; however, it requires 
several sub-Tenon injections[2]. As a natural crosslinking 
reagent obtained from gardenia fruits, genipin has been found 
to crosslink gelatin by nucleophilic attack through primary 
amine groups on lysine and arginine residues on the C3 
atom of genipin[1], and then embedding a tertiary nitrogen 
in the six-membered ring in place of an oxygen atom[2]. 
Moreover, genipin crosslinking has been shown to improve 
the mechanical properties of biological tissues[21]. Our present 
experiment showed that the application of genipin in vivo had 
an obvious stiffening effect on crosslinked rabbit sclera. The 
ultimate stress and Young’s modulus at 10% strain of genipin-
crosslinked sclera were increased by an amplitude of 130% and 
303%, respectively; the ultimate strain was decreased by 24%. 
The stress-strain curve, which reflected the scleral capacity 
of deformation under different stress, was steeper than that 
of untreated strips. This implied that sclera crosslinked with 

genipin could resist higher stress and deform less than non-
crosslinked sclera under the same stress. However, the correct 
degree of scleral crosslinking to halt myopic progression is 
still unknown. Further studies in animal models of myopia 
are required in order to explore the correct degree of scleral 
collagen crosslinking to prevent progression of myopia.  
Some recent studies have shown that, same as biochemical 
structure, myofibroblast was also the contributor of 
biomechanical properties in sclera[22-23]. The sclera is mostly 
composed of extracellular matrix, particularly collagen and 
few cells. Scleral fibroblasts are the characteristic cells types 
of the sclera and can differentiate into myofibroblasts upon 
undergoing any insult such as physical or chemotherapeutic-
agent stimulation, especially stress and β-TGF[23]. Myofi-
broblasts have potential contractile capacities that can be 
identified owing to the main marker protein known- a-SMA. 
Once the stress was applied, these cells could rapidly contract 
to limit the expansion of the surrounding matrix[24]. Hinz 
et al[25] showed that a-SMA played an important role in 
fibroblast contractility, as increased a-SMA expression could 
enhance fibroblast contractile activity.
In monkeys, humans, and tree shrews, scleral fibroblasts 
displayed a myofibroblastic phenotype[26-28]. Thus, we wanted to 
explore whether myofibroblasts contribute to the biomechanics 
of rabbit sclera. Interestingly, we did not detect any a-SMA 

Figure 5 Immunohistochemical staining of a-SMA  No a-SMA-positive cells seen in the sclera of untreated (A) and treated (B) eyes (400×).

Figure 4 Photomicrograph of the TUNEL assay  No TUNEL-positive cells in the sclera, choroid, and retina in both untreated (A) and 
treated (B) eyes (400×).

Scleral biomechanics induced by genipin
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positive cells in either untreated or treated sclera. The absence 
of myofibroblasts in rabbit sclera implied that these cell types 
did not contribute to the biomechanical properties of rabbit 
sclera. Further, genipin did not improve the biomechanics 
through modulating the a-SMA expression. However, little is 
still known about the characterization and functions of scleral 
fibroblasts and myofibroblasts and the influence of genipin on 
them, thereby requiring further investigation. 
The cytotoxicity of genipin is dose dependent, which was 
well tolerated by the scleral cells[29-30], and the threshold of 
genipin cytotoxicity varied among different tissues or cells. 
Previous data showed that even when exposed to 10 mmol/L 
genipin, crosslinked chitosan was still compatible with human 
RPE cells[31]. L929 fibroblasts treated with 1 mmol/L genipin 
for 24h experienced mild toxicity[29]. In the present study, 
while the genipin concentration was highest in the vicinity of 
the injection area, it did not cause the loss and apoptosis of 
scleral cells. Additionally, we examined the effect of genipin 
on adjacent tissues. Our study showed there were no adverse 
effects to the peripheral cornea, optical nerve, retina, or 
choroid. Meanwhile, negligible discoloration was exhibited in 
the sclera, sub-Tenon’s capsule, and conjunctiva. These results 
suggest that 0.5 mmol/L genipin might be safe for use in rabbit 
eyes in vivo. 
However, strip extensometry is a simple technique for mea-
suring biomechanics, which could not accurately simulate true 
conditions of myopic onset and progression. Moreover, the 
effects of the treatment on myopic sclera might be different 
from that of normal sclera. Therefore, further studies should 
be performed in myopic animal models to verify the effect and 
safety of genipin.
In conclusion, our study showed that genipin-induced 
crosslinking could increase the biomechanical properties by 
direct strengthening of the extracellular matrix in rabbit sclera; 
further, a-SMA expression of myofibroblasts was not detected. 
Moreover, 0.5 mmol/L genipin caused no cytotoxicity in the 
scleral, choroidal, or retinal cells. Negligible discoloration 
was exhibited in the treated area. Genipin is likely a promising 
natural, crosslinking agent to increase scleral capacity by 
increasing its stiffness and preventing myopic progression. 
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