
Corneal collagen crosslinking (CXL) is a new treatment 
for corneal ectasia and keratoconus. Ultraviolet A/riboflavin 
CXL (UVA-CXL) has been proved to be an effective proce-
dure to strengthen the cornea, improve visual acuity, and halt 
the progression of keratoconus [1-4]. However, UVA leads 
to keratocyte apoptosis [5], changes in corneal sensitivity 
[6] and endothelial cell loss, especially in thin corneas [7,8]. 
Thus, new crosslinking agents with low cornea toxicity are 
needed.

Genipin is a natural CXL agent extracted from Gardenia 
jasminoides. Animal studies showed genipin can increase the 
stiffness of the cornea [9,10] and sclera [11], and the resistance 
of the cornea to enzymatic digest [12], with lower toxicity 
to endothelial cells compared to UVA-CXL [9]. Genipin 
crosslinked chitosan materials and hydrogel membranes 
have an excellent biocompatibility with eye tissues [13,14]. 
This evidence indicates genipin corneal collagen crosslinking 
(G-CXL) is an effective, low-cytotoxic, and promising new 
method for corneal collagen crosslinking.

Despite the positive results for G-CXL, thus far, most 
studies have been conducted on ex vivo animal models, and 
only instant effects were reported. Further in vivo studies 
on changes in the corneal structure and long- and short-term 
biomechanical properties of the cornea after the administra-
tion of G-CXL are needed. In this study, the effect of G-CXL 
on corneal structure and biomechanical properties was evalu-
ated in a 14-day observation, compared with UVA-CXL.

METHODS

Animals: Healthy New Zealand albino rabbits (weight 
3.0–3.5 kg) were selected, and no corneal abnormality was 
found with slit-lamp biomicroscopy before the experiments 
were conducted. All animal procedures adhered to the 
Chinese Ministry of Science and Technology Guidelines 
on the Humane Treatment of Laboratory Animals (Vgkfcz-
2006–398) and the ARVO Statement for the Use of Animals 
in Ophthalmic and Vision Research. This study was approved 
by the animal ethics committee of Peking University First 
Hospital (no. 201454).

Right eyes of 40 rabbits were equally divided into the 
0.20% G-CXL group, 0.25% G-CXL group, UVA-CXL 
group, and control group. Anterior segment optical coher-
ence tomography (ASOCT) and in vivo confocal microscopy 
(IVCM) were performed before, 7 days after, and 14 days 
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Purpose: Aim to assess the short-term effect of genipin collagen crosslinking (G-CXL) on corneal structure and bio-
mechanical properties compared with ultraviolet A/riboflavin collagen crosslinking (UVA-CXL) in rabbit corneas.
Methods: Right eyes of 40 healthy rabbits were divided into the 0.20% G-CXL group, 0.25% G-CXL group, UVA-CXL 
group, and control group. Anterior segment optical coherence tomography (ASOCT) and in vivo confocal microscopy 
(IVCM) were performed before, 7 days after, and 14 days after the CXL treatment. Corneal strips were harvested for 
tensile strain measurements 7 and 14 days after the CXL treatment.
Results: ASOCT showed the demarcation line (DL) in the UVA-CXL group was deeper than in the 0.20% G-CXL 
group and the 0.25% G-CXL group on day 7 (p=0.014) and day 14 (p=0.012). Nerve and keratocyte density in all CXL 
groups decreased, but was more obvious in the UVA-CXL group (p<0.001). Endothelial cell loss in the 0.20% G-CXL 
group, 0.25% G-CXL group, UVA-CXL group, and control group was 11.7%, 6.8%, 32.8%, and 2.0% 14 days after 
CXL, respectively. Young’s modulus and stress in the 0.25% G-CXL group and the UVA-CXL group were statistically 
significantly higher than in the control group (p<0.05) 7 and 14 days after CXL. No statistically significant differences 
were observed between the 0.25% G-CXL group and the UVA-CXL group (p>0.05). The DL depth was positively cor-
related with Young’s modulus (r=0.426, p=0.042) and stress (r=0.469, p=0.024).
Conclusions: The administration of 0.25% genipin enhances corneal biomechanical properties as long as 14 days after 
the CXL treatment with low toxicity. The DL exists in CXL-treated corneas, and the depth is related to the biomechani-
cal properties.
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after the CXL treatment. On day 7 and 14 after the CXL 
treatment, five rabbits in each group were euthanized with 
an intravenous overdose injection of 5% pentobarbital (1 
mg/kg, Sinopharm Chemical Reagent Co., Ltd, Shanghai, 
China). Then the corneal strips were harvested for tensile 
strain measurements.

Surgical method: Genipin powder (Wako Pure Chemical 
Industry, Osaka, Japan) was dissolved in PBS buffer (1X, 
pH 7.3±0.2, ZSGB-BIO, Beijing, China) to a concentra-
tion of 0.20% or 0.25%. Rabbits were placed under general 
anesthesia of 5% pentobarbital (0.5 ml/kg, obtained from the 
Peking University First Hospital Animal Center) and ocular 
surface anesthesia of 0.4% oxybuprocaine hydrochloride 
(Benoxil, Santen Pharmaceutical Co. Ltd., Osaka, Japan).

For the G-CXL group, the central 8 mm of the corneal 
epithelium were removed for better penetration. Then a drop 
of 0.20% or 0.25% genipin solution was applied on the cornea 
every 2 min for 30 min. During the interval of genipin appli-
cation, the eyelids were closed to avoid stroma dehydration. 
UVA-CXL was performed following the Dresden protocol 
[15]. After the CXL treatment in the G-CXL and UVA-CXL 
groups was completed, the extra CXL agent was washed 
away with sterile saline. In the control group, only corneal 
epithelial debridement was applied. For each group, Loxacin 
gel (Sinqi Pharmaceutical, Shenyang, China) was applied 
daily to prevent infection.

ASOCT and IVCM: All rabbits underwent ASOCT (Heidel-
berg Engineering, Heidelberg, Germany) and IVCM (HRT3 
RCM, Heidelberg Engineering, Heidelberg, Germany) scans 
in vivo to evaluate changes in corneal morphology before 
and after CXL treatment. If a well-defined demarcation line 
(DL) was observed on the ASOCT images, the depth from the 
corneal surface to the DL at the center cornea was measured 
with the software on ASOCT. Five nonoverlapping images 
of the subepithelium nerve, cornea stroma, and endothelial 
cells were selected from IVCM for quantified analysis. The 
average cell count of keratocytes and endothelium cells was 
calculated with software on IVCM. NeuronJ, a semiauto-
mated tracing plugin program for ImageJ, was used for nerve 
density analysis [16,17].

Tensile strain measurement: Seven or 14 days after the CXL 
treatment, five rabbits in each group were euthanized with an 
overdose of 5% pentobarbital( Sinopharm Chemical Reagent 
Co., Ltd, Shanghai, China). A 4-mm-wide vertical corneal 
strip was harvested from the central cornea at 12 o’clock with 
a double-bladed scalpel.

The tensile strain test was performed at a temperature 
of 23±2.0 °C and relative humidity of 50–60%. The corneal 

strips were vertically clamped between jaws in a computer-
controlled microtester (5848 MicroTester, Instron, Norwood, 
State). The distance between the jaws was 10 mm. Then the 
corneal strips were stretched at a speed of 2 mm/min until a 
maximum force of 5N was reached, or the tissue ruptured.

The stress-deformity curve was obtained from the 
microtester. Young’s modulus and stress at 10% strain were 
calculated by fitting the curve with the exponential function .

Statistical analysis: SPSS 20.0 (IBM Corporation, Armonk, 
NY) was used for all statistical analyses. The mean ± stan-
dard deviation of Young’s modulus, stress, DL depth, cornea 
nerve density, stroma keratocyte density, and endothelial 
cell count are presented. Outcome measures comparisons 
among groups at different time points were analyzed using 
one-way ANOVA. The stroma keratocyte density before and 
after the CXL treatment was compared with the Student t test. 
DL depth differences between 7 and 14 days after the CXL 
treatment were analyzed with the Student t test. The Pearson 
correlation coefficient was used to analyze the correlation of 
the biomechanical properties and the DL depth. Statistical 
significance was set at the α = 0.05 level.

RESULTS

ASOCT and DL: A well-defined DL were visible in 9/10 
eyes in the 0.20% G-CXL group and 8/10 eyes in the 0.25% 
G-CXL group on 7 and 14 days after the CXL treatment 
(Figure 1A,B, arrows). The deepest position of the DL was 
mainly located on the edge of the pupil (Figure 1A,B, arrow-
head). A DL was visible in all ten eyes in the UVA-CXL 
group on 7 and 14 days after the CXL treatment (Figure 1C, 
arrows). The deepest position of the DL was located in the 
central cornea (Figure 1C, arrowhead). No DL in the control 
group was observed (Figure 1D).

Seven days after the CXL treatment, the DL depth in the 
0.20% G-CXL group (n = 5), 0.25% G-CXL group (n = 3), 
and UVA-CXL group (n = 5) was 144.2±24.10, 206.3±80.40, 
and 241.6±24.70 μm, respectively (p=0.014). And 14 days 
after CXL treatment, the DL depth was shallower compared 
to day 7 (p>0.05). The DL depth in the 0.20% G-CXL group 
(n = 4), 0.25% G-CXL group (n = 5), and UVA-CXL group 
(n = 5) was 120.8±23.10, 182.4±65.50, and 233.0±31.70 μm, 
respectively (p=0.012). The DL in the UVA-CXL group was 
statistically significant deeper than in the 0.20% G-CXL 
group 7 days (p=0.004) and 14 days (p=0.004) after the CXL 
treatment. No statistically significant difference was found 
between the 0.25% G-CXL group and the UVA-CXL group 
(p>0.05).
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IVCM scans:

Nerves—Seven days after the CXL treatment, nerve 
density diminished in all CXL groups (Table 1, p<0.001), 
although it was statistically significantly severe in the 
UVA-CXL group compared to the 0.20% G-CXL and 0.25% 
G-CXL groups (p<0.05). Fourteen days after the CXL treat-
ment, no statistically significant difference in the nerve 
density was found among the 0.20% G-CXL group (Figure 
2B), the 0.25% G-CXL group (Figure 2C), and the control 
group (Figure 2A), but the nerve density in the UVA-CXL 
group (Figure 2D) was statistically significant diminished 
compared to that in the control group (Table 1, p<0.05).

Stroma—The IVCM scan results on day 7 and 14 
were similar in all groups. Analysis of keratocyte density at 
different depths is shown in Table 2 and Table 3. Keratocyte 
nuclei in the subepithelial cells to the mid-stroma in the 
UVA-CXL group had disappeared or shrunk (Figure 2D,H,L). 
A hyperreflective needle-shaped structure was visible in the 
mid-stroma (Figure 2L). The morphology of the keratocytes 
remained normal in the posterior stroma (Figure 2P). In the 
0.20% G-CXL group and the 0.25% G-CXL group, reduction 
in keratocytes was noticed in the subepithelial cells to the 
anterior stroma (Figure 2B,C,F,G). The remaining keratocytes 
were activated, showing gray, enlarged, star-shape plasma 
(Figure 2J, K). A needle-shaped structure was visible in the 

Figure 1. ASOCT images of each group on day 14. A: DL in 0.20% G-CXL group, located in the anterior stroma(arrows). The deepest 
position was on the superior edge of pupil (arrowhead). B: DL in 0.25% G-CXL group, located in anterior-mid stroma (arrows). The deepest 
position was on the nasal edge of pupil. C: DL in UVA-CXL group (arrows). The deepest position was in the cornea center (arrowheads). 
D: The control group, no DL was noticed.
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anterior stroma (Figure 2, F, G). The posterior stroma was 
normal (Figure 2N,O). In the control group, the keratocytes 
decreased in the subepithelial stroma (Figure 2A), while the 
rest of the stroma remained normal (Figure 2E,I,M).

Endothelial cells: In the 0.20% G-CXL group (Figure 2R) 
and the control group (Figure 2Q), no endothelial cell damage 
was observed on day 7 and 14 after the CXL treatment. 
Seven days after the 0.25% G-CXL treatment, endothelial 
cell border was blurred, and minimum cell damage was 
observed, which improved by day 14 after the CXL treatment 
(Figure 2S). Obvious endothelial damage was observed in the 
UVA-CXL group (Figure 2T).

No difference in the endothelial cell count among the 
four groups was found before treatment. Seven days after 
the CXL treatment, endothelial cell loss existed in all CXL 
groups (Table 4, p<0.001), and it was statistically signifi-
cantly severe in the UVA-CXL group (41.9%) compared to 
the 0.20% G-CXL (19.4%) and 0.25% G-CXL groups (13.1%; 
p<0.05). Fourteen days after the CXL treatment, no statisti-
cally significant difference in endothelial cell loss was found 
among the 0.20% G-CXL group (11.7%), the 0.25% G-CXL 
group (6.8%), and the control group, while endothelial cell 
loss in the UVA-CXL group (31.8%) was statistically signifi-
cant higher compared to that in the control group (Table 4, 
p<0.05).

Biomechanics measurements: Seven days after the CXL treat-
ment, Young’s modulus was 15.04±3.800 MPa in the 0.20% 
G-CXL group, 21.24±6.770 MPa in the 0.25% G-CXL group, 
18.76±3.340 MPa in the UVA-CXL group, and 12.10±3.870 
MPa in the control group. The stress at 10% strain was 
0.73±0.17, 1.20±0.25, 1.01±0.30, and 0.71±0.28 MPa, respec-
tively. A similar stiffening effect was observed on day 14 
after the CXL treatment. Young’s modulus in the 0.20% 
G-CXL group, the 0.25% G-CXL group, the UVA-CXL 
group, and the control group was 16.65±3.190, 19.12±2.390, 
22.83±4.380, and 12.66±3.100 MPa and the stress at 10% 

strain was 0.83±0.12, 0.97±0.04, 1.23±0.30, and 0.68±0.23 
MPa, respectively.

On day 7 and 14 after CXL, the differences in Young’s 
modulus and the stress at 10% strain among the four groups 
were statistically significant (p<0.05, Figure 3). Young’s 
modulus and the stress at 10% strain in the 0.25% G-CXL 
group and the UVA-CXL group were statistically significantly 
increased in comparison with the control group (p<0.05, 
Figure 3). No statistically significant differences were found 
between the 0.25% G-CXL group and the UVA-CXL group 
(p>0.05, Figure 3).

Correlation of biomechanical properties and DL depth: As 
shown in Figure 4, with a higher concentration of genipin 
solution, a deeper DL and an increasing Young’s modulus and 
stress at 10% strain were observed. The DL depth positively 
correlated with Young’s modulus (r=0.467, p=0.014) and 
stress (r=0.413, p=0.032).

DISCUSSION

In this study, we chose 0.20% and 0.25% genipin solution 
for use on rabbit corneas. During the 14-day observation, 
changes in the corneal structure and biomechanical proper-
ties were evaluated in comparison with the UVA-CXL group, 
and the correlation was analyzed. Observation in this study 
showed a similar stiffening effect on the corneas between the 
0.25% G-CXL and UVA-CXL groups at least for 14 days, 
while G-CXL was less toxic to nerves, keratocytes, and 
endothelium cells. In this study, topical corticosteroid was not 
used after the CXL treatment, to avoid possible interference 
with the corneal biomechanics [18].

This is the first study to reveal well-defined demarca-
tion lines in a genipin crosslinked cornea with the help of 
ASOCT. In this and a previous study [19], the deepest part of 
the DL in the UVA/riboflavin crosslinked cornea was mainly 
located in the central cornea with a shallower course toward 
the periphery. However, in the G-CXL group, the deepest part 
was mainly located in the paracentral cornea. We presume the 

Table 1. Subepithelial nerve density of each group at different time point(μm/mm2).

Duration 0.20% G-CXL 0.25% G-CXL UVA-CXL control P
7-day observation (n=5 in each group)

pre-CXL 4710.5±506.8 4616.6±590.7 4644.6±250.1 4632.5±700.6 0.995
post-CXL 1988.0±667.1† ‡ 2089.6±397.7† ‡ 713.4±282.8† 4517.9±397.1 <0.001

14-day observation (n=5 in each group)
pre-CXL 4594.0±367.0 4582.5±452.1 4594.8±159.3 4653.5±237.2 0.985
post-CXL 4446.2±357.2†‡ 4500.4±230.5†‡ 841.9±512.5†‡ 4627.0±215.4 <0.001

† p<0.05 compared to the control group, ‡ p<0.05 compared to the UVA-CXL group. N=5 in each group.
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Figure 2. IVCM images of each group on day 14 after the CXL. The control group: nerves existed in subepithelium stroma (A, arrow) 
while keratocytes reduced (A). Keratocytes in deeper stroma (E, I, M) and endothelial cell (Q) remained normal. 0.20% G-CXL group: 
visible nerves (B, arrow) and reduced keratocytes (B, F) were noticed. Needle-shaped structure existed in anterior stroma (F, arrowhead). 
Keratocytes in anterior (F) and mid-stroma (J) were activated. Posterior stroma (N) and endothelial cell were normal (R). 0.25% G-CXL 
group: nerves were visible (C, arrow). Needle-shaped structure existed in anterior stroma (G, arrowhead). Keratocytes in anterior to mid-
stroma were reduced and activated (G, K). Posterior stroma (O) and endothelial cell (S) was normal. UVA-CXL group: nerves (D) and most 
keratocytes in anterior to mid-stroma (D, H, L) disappeared. Needle-shaped structure existed in mid-stroma (L, arrowhead). Posterior stroma 
(P) was normal. Endothelial cell was obvious damaged (T).
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difference results from the surgical method. In the present 
study, genipin solution was applied on the central cornea, 
but not limited to the cornea. Thus, genipin solution spread 
over the conjunctiva sac, and the paracentral cornea may have 
been soaked in the genipin solution, which could have led to 

better penetration. Avila et al. [20] reported the usage of a 

vacuum device in G-CXL surgery to ensure genipin affected 

the central cornea only. In the future, a similar device should 

be considered in G-CXL surgery for better permeability, 

Table 2. Keratocytes density at different depth of stroma 7 days after CXL (cell/mm2). 

Duration 0.20% G-CXL 0.25% G-CXL UVA-CXL control P
Subepithelial stroma at 50 μm depth

pre CXL 452.6±15.8 464.1±5.8 461.2±23.5 456.1±41.8 0.95
post CXL 245.9±76.1†‡ 171.7±41.9†‡ 78.7±54.7† 308.7±39.2 <0.001

P <0.001 0.001 <0.001 <0.001  
Anterior stroma at 100 μm depth

pre CXL 364.8±11.6 359.5±12.0 367.9±14.2 359.2±22.1 0.831
post CXL 255.5±34.3†‡ 244.2±16.3†‡ 89.6±30.9† 359.8±17.9 <0.001

P 0.001 0.001 <0.001 0.966  
Mid-stroma ant 200 μm depth

pre CXL 308.5±10.3 298.6±3.6 299.3±9.1 312.9±9.2 0.087
post CXL 293.5±17.3‡ 295.5±3.8‡ 197.5±52.5† 317.2±7.0 <0.001

P 0.187 0.523 0.003 0.438  
Posterior stroma at 300 μm depth

pre CXL 261.5±12.5 263.2±19.2 264.1±15.1 258.2±14.2 0.934
post CXL 272.1±16.3 268.4±20.7 246.6±17.7 259.4±19.7 0.242

P 0.322 0.762 0.154 0.917  

† p<0.05 compared to the control group, ‡ p<0.05 compared to the UVA-CXL group. N=5 in each group.

Table 3. Keratocytes density at different depth of stroma 14 days after CXL(cell/mm2). 

Duration 0.20% G-CXL 0.25% G-CXL UVA-CXL control P
Subepithelial stroma at 50 μm depth

pre CXL 450.0±35.8 457.7±33.4 459.2±38.0 452.9±30.2 0.977
post CXL 286.2±25.3‡ 193.8±62.5‡ 77.3±77.7† 279.7±50.9 0.001

P <0.001 0.003 <0.001 <0.001  
Anterior stroma at 100 μm depth

pre CXL 361.3±10.5 355.3±10.1 363.1±23.2 358.7±17.4 0.95
post CXL 356.6±17.1‡ 338.9±28.5‡ 112.5±83.5† 353.9±14.4 <0.001

P 0.716 0.4 0.001 0.644  
Mid-stroma ant 200 μm depth

pre CXL 318.5±14.7 307.9±8.1 312.1±25.2 308.8±14.8 0.785
post CXL 302.3±17.2‡ 306.0±40.1‡ 228.8±31.2† 3104.2±11.2 0.002

P 0.171 0.938 0.006 0.592  
Posterior stroma at 300 μm depth

pre CXL 265.0±23.6 265.2±14.2 267.0±22.5 257.3±20.0 0.901
post CXL 270.2±6.2 268.6±12.6 262.1±32.0 259.5±19.4 0.854

P 0.695 0.772 0.812 0.86  

† p<0.05 compared to the control group, ‡ p<0.05 compared to the UVA-CXL group. N=5 in each group
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and avoidance of non-specific cross-linking effects of 
surrounding structures.

Ex vivo studies showed genipin can increase the cornea 
Young’s modulus and stress in a concentration-dependent 

manner [10]. In the present study, the tensile stress test showed 
that the cornea strength increased in the order of the control 
group, the 0.20% G-CXL group, and the 0.25% G-CXL group 
on day 7 and 14 after CXL treatment. This result indicated 

Table 4. Endothelial cell density of each group at different time point(cell/mm2). 

Duration 0.20% G-CXL 0.25% G-CXL UVA-CXL control P
7-day observation (n=5 in each group)

pre-CXL 2471.6±216.3 2304.9±204.1 2353.0±194.4 2504.4±139.6 0.425
post-CXL 1991.6±381.1† ‡ 2003.7±188.0† ‡ 1367.0±308.1† 2491.0±134.5 <0.001
change% −19.4% −13.1% −41.9% −0.5%  

14-day observation (n=5 in each group)
pre-CXL 2426.1±208.2 2424.9±58.0 2555.3±256.9 2542.2±106.3 0.595
post-CXL 2141.7±554.3 2260.9±93.5 1716.3±225.7† 2493.0±117.5 0.03
change% −11.7% −6.8% −32.8% −2.0%  

† p<0.05 compared to the control group, ‡ p<0.05 compared to the UVA-CXL group. N=5 in each group

Figure 3. Young’s modulus and stress at 10% strain of treated and control eyes.

Figure 4. Correlations of depth of demarcation line and Young’s modulus (left) stress (right) at 10% strain(n=27) circle ○, 0.20% G-CXL; 
dot ●, 0.25%G-CXL; half filled circleUVA-CXL.
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that dose dependence and the stiffness effect of G-CXL last 
at least 14 days. Although a decrease in Young’s modulus 
and stress was observed in the 0.25% G-CXL group over 
14 days after the CXL treatment, the 0.25% G-CXL group 
still showed a similar biomechanical effect as the UVA-CXL 
group. To clarify the stability of the G-CXL biomechanical 
effect and the formation of a DL, long-term observation is 
needed in the future.

The demarcation line is considered the transition zone 
between the crosslinked and untreated corneal stroma. Thus, 
the DL can be used as a measure of the extension of CXL 
treatment into the stroma [21,22]. Although in vivo corneal 
biomechanical measurements are available in the clinical 
setting , the test results of such techniques are controversial 
[23]. The correlation analysis in the present study showed that 
the DL depth positively correlated with Young’s modulus and 
stress. Thus, the DL may be a helpful measure of the corneal 
stiffness. However, more research is needed.

The IVCM scan showed a reduction in the keratocytes 
in the anterior stoma in the control group, which indicated 
epithelial debridement may cause keratocyte loss [5]. 
However, the keratocyte cell counts, nerve density, and 
endothelial cell density in all CXL groups decreased after 
the CXL treatment, when compared to the control group, but 
the decreases were more obvious in the UVA-CXL group. 
Song et al. [24] reported minimum endothelial damage of 
0.20% G-CXL on day 1 after the CXL treatment compared 
with UVA-CXL. In the present study, the endothelial cell 
count decreased in the G-CXL group on day 14 after the 
CXL treatment (the 0.20% G-CXL group, 11.7%, versus 
the 0.25% G-CXL group, 6.8%). The decrease is within the 
range of endothelial cell loss after cataract surgery (4–25%) 
[25], while in the UVA-CXL group, the endothelial cell loss 
was 32.8%. Considering the thickness of the rabbit corneas 
is thinner, we presumed that genipin may be a safer CXL 
procedure in patients with thin corneas.

Moreover, IVCM detected a hyper-refractive needle-
shaped structure in the corneal stroma after CXL treatment. 
Haze or scarring sometimes can be observed after CXL treat-
ment or epithelial debridement, which is usually presented as 
hyper-reflective extracellular tissue surrounding keratocyte 
nuclei or hyper-reflective tissue without cells on IVCM [26]. 
Thus, the needle-shaped structure is different from haze 
or scarring. Mazzotta et al. reported similar needle-shaped 
structure changes in UVA/riboflavin crosslinked patients 
[27]. The authors hypothesized that the needle-shaped 
structure represented newly replaced collagen fiber and new 
connections formed between lamellas. In the present study, 
the needle-shaped structure existed in the stroma near the DL 

(anterior to the mid-stroma in the G-CXL group and mid to 
the posterior stroma in the UVA-CXL group). As mentioned 
above, the DL is considered a transition zone between the 
crosslinked and untreated corneal stroma. These findings 
support the hypothesis of the Mazzotta team. However, more 
studies that explore the theory of the formation of such a 
structure are needed.

There are limitations in the present study. First, the 
surgical method of G-CXL needs improvement. Devices 
that ensure genipin affects only the central cornea should 
be considered. Second, control groups with sham treatment 
should be set in a future study. Moreover, a longer obser-
vation period of biomechanical properties and the safety of 
G-CXL is needed.

Conclusion: The concentration of 0.25% genipin enhances 
corneal biomechanical properties as long as 14 days after 
CXL treatment. The concentrations of 0.20% and 0.25% 
genipin are less cytotoxic to the corneal nerves, keratocytes, 
and endothelial cells compared to UVA-CXL. A demarca-
tion line is formed after G-CXL treatment, and the depth is 
positively related to the biomechanical properties.
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