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Abstract: Background: Gamma-ray irradiation could significantly induce widespread 
apoptosis in corneas and reduced the allogenicity of donor cornea. And the X-rays may 
have similar biological effects. The feasibility and effects of X-ray-irradiated corneal 
lamellae have not been assessed yet. 

Methods: Different doses (10 gray unit (Gy), 20 Gy, 50 Gy, 100 Gy) of X-ray irradiated 
corneal lamellae were collected from SMILE surgery. These corneal lamellae were 
assessed by physical characterization, hematoxylin and eosin (H-E) staining, Masson’s 
staining, TdT-mediated dUTP nick end labeling (TUNEL), cell viability assay and 
transmission electron microscopy (TEM). We selected the optimum dose (100Gy) to 
treat the corneal lamellae to be the grafts. The human grafts and fresh allogeneic 
monkey corneal lamellae were implanted into rhesus monkeys via the small incision 
femtosecond laser-assisted surgery, respectively. Clinical examinations and the 
immunostaining were performed after surgery. 

Results: There were no significant changes in the transparency of the corneal lamellae, 
but the absorbency of the corneal lamellae was increased. According to the H-E and 
Masson’s staining results, irradiation had little impact on the corneal collagen. The 
TUNEL assay and cell viability assay results showed that 100Gy X-ray irradiation 
resulted in complete apoptosis in the corneal lamellae, which was also confirmed by 
TEM observations. In the following animal model study, no immune reactions or severe 
inflammatory responses occurred, and the host corneas maintained transparency for 
24 weeks of observation. And the expression of CD4 and CD8 were negative in the all 
host corneas. 

Conclusion: X-ray irradiated corneal lamellae could serve as a potential material for 
xenogeneic inlay, and the small incision femtosecond laser-assisted implantation has 
the potential to become a new corneal transplantation surgical approach. 

Keywords: X-ray-irradiated, SMILE, femtosecond laser, xenotransplantation, rhesus monkey. 

1. INTRODUCTION 
 Keratopathy is one of the most common eye 
diseases worldwide [2]. Currently, there are more than 
10 million patients with binocular corneal blindness 
worldwide [1], and there is an increase trend that 1.5–2 
million new cases of corneal blindness emerged 
annually [3]. Corneal transplantation has been the most 
effective solution in decades. However, the insufficient  
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corneal materials donation and severe postoperative 
complications restrict the application of transplantation 
[4].  
 In recent years, novel corneal processing methods 
could help address the worldwide insufficient of corneal 
tissue by increasing the supply.  In 1963, flint glass and 
some other artificial synthetic materials [5] were used 
for the  grafts. However, there were serious compli-
cations, such as corneal necrosis, toxic parenchy-
matous keratitis, and implant discharge [6-8]. And the 
application of xenogeneic biomaterials has been 
considered. A recent study indicated that materials with 
low antigenicity, such as decellularized corneal 
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materials, can be used as supporting materials for 
corneal tissue regeneration [9]. However, how to 
effectively remove the cellular components from the 
transplanted tissues while maintaining the inherent 
tissue structure is difficult to accomplish simultaneously 
[10]. Many decellularization methods have been used 
to solve this problem by reducing the antigenicity, such 
as lyophilization and irradiation, chemical, and physical 
methods [11]. Lyophilization could reduce the protein 
denaturation [12, 13], but it will influence the keratocyte 
migration and growth [11]. The implantation of corneal 
materials decellularized via chemical or physical 
methods may failed because of the poor material 
flexibility [14] and the change of the microenvironment 
of the host cornea [15]. 
 Although the gamma-ray irradiation could 
significantly induce widespread apoptosis in corneas, 
and the allogenicity of donor cornea, but not elicit T-
cell-mediated alloimmunity [16]. It has been shown that 
X-rays have a greater biological effect than gamma-
rays [17], which means the X-rays also could induce 
apoptosis in tissues to a certain extent [1]. The 
energies and occurrence mechanisms of X-rays are 
different from the gamma rays. The amplitude of X-rays 
would decrease with distance, but the gamma-rays 
would not change [18]. The X-rays is a safer and more 
controllable technology as compared with gamma rays. 
And the X-rays could be easier to protect within the 
clinical application. The X-rays is also used in 
radiotherapies widely. Current studies on ocular X-rays 
have mostly been limited to treating ocular tumors [19]. 
Thus, X-irradiated corneal processed material is a 
newly area of study. 
 Known as an "all-in-one" technique, the small 
incision lenticule extraction (SMILE) is safer, more 
effective and more precise than other refractive 
surgical techniques [20, 21]. Another approach of the 
femtosecond laser is additive keratoplasty. This 
involves the insertion of a synthetic or biologic material 
into the cornea to alter the curvature of the cornea or 
replace the corneal partial stroma [22-26]. Our previous 
study has confirmed that implant rejection or any 
severe inflammatory responses were not observed 
after small incision femtosecond laser-assisted monkey 
corneal allotransplantation[27], which suggested that 
this surgical procedure avoids the vivid parts of ocular 
immunoreaction medium and could be applied in 
xenotransplantation. The lenticule extracted from the 
corneal stroma in SMILE surgery is a regular concave 
lens, but always abandoned intra-operatively. These 
lenticules are convenientto be collected and have the 
potential to be the inlay materials. 
 We applied X-rays to irradiate human corneal 
lamellae and explore the optimum irradiation dose. We 
adopted this X-ray dose to irradiate human corneal 
lamellae as xenogeneic grafts. The human xenogeneic 
grafts and fresh monkey allogeneic grafts were 
implanted into rhesus monkeys via small incision 
femtosecond laser-assisted surgery, respectively. The 
rejection reactions, inflammatory responses and graft 
stability were monitored for 24 weeks. 

2. MATERIALS AND METHODS 

2.1. Study Design 
 Corneal lamellae were obtained from SMILE 
surgery. Corneal lamellae were decellularized via 
different dose X-ray irradiation and denoted as 10 gray 
unit (Gy) group, 20 Gy group, 50 Gy group and 100 Gy 
group. After irradiation, physical characterization, 
immunostaining and TEM were examined. And we 
chose the corneal lamellae with the optimum irradiated 
dose to be the inlay xenogenic grafts. Xenogenic grafts 
and fresh allogeneic grafts were inlayed into rhesus 
monkey corneas by the SMILE assisted surgery. After 
surgery, we observed the ocular appearance of the 
monkeys every day and examined  8 monkeys that 
received grafts at 1, 4, 12 and 24 weeks after 
implantation. 

2.2. Animals 
 All experiments were approved by the Ethics 
Committee of the Zhongshan Ophthalmic Center, Sun 
Yat-Sen University (Acceptance NO. 2015-010). 12 
five-year-old healthy adult rhesus monkeys (4.5–
5.5 kg) obtained from Landao Biotechnology Co., Ltd., 
(Guangzhou, China) were used in this study. All the 
monkeys were housed per cage in clean 
environmentally controlled rooms in an Association for 
the Assessment and Accreditation of Laboratory 
Animal Care-accredited facility (Animal Experiment 
Center of the Zhongshan Ophthalmic Center) and 
provided free access to food and water throughout the 
study. 

2.3. Corneal Lamellae Collection & Procedure of  
X-ray Irradiation 
 Human corneal lamellae were collected from SMILE 
surgery for the treatment of myopia at the Zhongshan 
Ophthalmic Center (Guangzhou, China). Patients had a 
spherical equivalent ranging from -3.00 to -5.00 
diopters (D). All patients provided written consent to 
participate in this study.  
 Corneal lamellae were preserved temporarily at 4°C 
in a plate with a small amount of phosphate-buffered 
saline (PBS; Boshide, China). The RS2000 X-ray 
irradiation (Cancer Hospital, Sun Yat-Sen University) 
was used. The total doses of irradiation tested were 10 
Gy, 20 Gy, 50 Gy, and 100 Gy. The irradiation 
parameters were 160 kV and 25 mA with 0.3 mm 
copper filter and a 50 cm range. About 50 corneal 
lamellae were used in each radiation dosage group. 

2.4. Physical Characterization Examination 
2.4.1. Optical Property 
 The corneal lamellae were placed in a 96-well 
culture dish with a small amount of PBS. The light 
transparency was measured at an average wavelength 
of 450 nm using a spectral photometer (Synergy H1; 
BioTek, USA) [28]. After dehydration in 100 v/v% 
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glycerol for 1 hour, the transparency was measured 
again. 
2.4.2. Water Content 
 The corneal lamellae were weighed after excess 
fluid removed. The ability to retain water was assessed 
using the following formula: (W2–W1)/W2 × 100%. W1 
is the weight of the initial corneal lamellae sample, and 
W2 is the weight of the sample after being dried for 1 
hour at 65°C [29]. 

2.5. Hematoxylin and Eosin (H-E) Staining and 
Masson’s Staining 
Corneal lamellae were fixed in optimal cutting 
temperature compound (O.C.T. Compound, SAKURA, 
Japan) and frozen at -20°C overnight. The sections 
were prepared at a thickness of 7 μm, and the standard 
procedures for H-E staining and Masson’s staining 
were performed. 

2.6. TdT-Mediated DUTP Nick End Labeling 
(TUNEL) Assay 
 TUNEL was performed using a commercially 
available kit (In Situ Cell Death Detection Kit; Roche 
Diagnostics Corp., Indianapolis, IN). The sections were 
fixed in 4% paraformaldehyde for 20 minutes and 
washed in PBS for 30 minutes at room temperature. 
Samples were permeabilized on ice for 2 minutes in a 
solution containing 0.1% Triton X-100 and 0.1% 
sodium citrate. TUNEL and labeling solutions were 
prepared as recommended, and the treated samples 
were incubated in a humidified chamber at 37°C for 60 
minutes in the dark. The corneal lamellae were washed 
in PBS and mounted using mounting media with 4,6-
diamidino-2-phenylindole (DAPI). The stained corneal 
sections were examined at 40x magnification by 
confocal microscopy (Leica CM1850; Leica 
Microsystems, Buffalo Grove, IL). 

2.7. Cell Viability Assay 
 Cell viability was assessed with a commercially 
available kit (LIVE/DEAD viability/cytotoxicity kit for 
mammalian cells; Invitrogen, Carlsbad, CA). Fresh 
human corneal lamellae were washed 3 times in sterile 
PBS for 10 minutes. A solution containing 2.5μL 
calcein AM (4 mM in dimethyl sulfoxide [DMSO]) and 
10μL ethidium homodimer-1 (2 mM in 1:4 DMSO/H2O) 
in 5mL PBS was prepared before staining. Corneal 
lamellae were incubated in this solution for 40 minutes 
in the dark at room temperature and subsequently 
washed one time in PBS for 5 minutes. And corneal 
lamellae were mounted using mounting media with 
DAPI. Samples were examined using a fluorescence 
microscopy (OLYMPUS BX53, JP) at 40× 
magnification. 

2.8. Transmission Electron Microscopy (TEM) 
Observation 
 Corneal lamellae were fixed in 2.5% glutaraldehyde, 
embedded in resin, and cut into ultrathin sections. The 

sections were then analyzed by TEM (H600; Hitachi, 
Japan). 

2.9. Formation of the Rhesus Monkey Allografts 
 Four selected rhesus monkeys were anesthetized 
with an intramuscular injection of Zoletil 50 (5 mg/kg, 
Virbac, Carros, France) and underwent SMILE surgery 
in one random eye with a myopic treatment correction 
of -4.00 D. The femtosecond laser parameters were as 
follows: power, 135 nJ; cap thickness, 120 μm; and cap 
diameter, 7.5 mm. The small incision (3 mm) was 
located at  the 140° position. The corneal lamellae 
were separated as the allograft. 

2.10. Small Incision Femtosecond Laser-Assisted 
Transplantation Surgical Procedure in Rhesus 
Monkeys 
 The remaining eight rhesus monkeys were 
anesthetized with an intramuscular injection of Zoletil 
50 (5 mg/kg, Virbac, Carros, France) and underwent 
SMILE surgery in one random eye with a myopic 
correction of -0.75 D. The femtosecond laser 
parameters were as follows: power, 135 nJ; cap 
thickness, 160 μm; cap diameter, 7.8 mm; and corneal 
lamellae diameter, 7.8 mm. The small incision (3 mm) 
was located at  the 140° position, with a side cut angle 
of 90°. The lenticule (28 μm in thickness) was 
separated out, and that produced a space similar to a 
“stromal pocket” (Fig. 1). Use forceps to implant the 
graft into the “stromal pocket.”  
 

 
Fig. (1). Use forceps to inlayed the graft into the “stromal 
pocket”. 

 
 Fore human corneal lamellae treated with X-ray 
irradiation were implanted into the monkeys, 
respectively, as the xenotransplantation group. Other 
four monkeys received the allogeneic grafts, as the 
allotransplantation group.  

2.11. Postoperative Treatment and Clinical 
Examinations 
 Following the surgery, all 12 monkeys were 
administered tobramycin and dexamethasone (Alcon 
Laboratories) eye drop 4 times a day for 1 week. The 
ocular examinations were followed by a slit-lamp 
examination to assess corneal transparency, corneal 
edema and neovascularization. 
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2.12. Immunohistochemistry 
 At 24 weeks after the surgery, the monkeys were 
euthanized with an overdose intramuscular injection of 
Zoletil 50 (50 mg/kg). The corneas were dehydrated 
with dehydrated alcohol and were embedded in 
paraffin. Then, samples were cut into 7μm-thickness 
sections using a cryostat. A standard procedure for H-E 
staining was performed.  
 After paraffin removal and microwave treated 
antigen retrieval, the sections were treated with 0.3% 
H2O2 in PBS to quench endogenous peroxidase activity 
and then incubated with 5% goat serum to block the 
non-specific sites. CD4 (1:50) or CD8 (1:200). Antibody 
was applied and incubated at 4°C overnight, followed 
by incubation with secondary antibody at room 
temperature for 30 minutes.  

2.13. Statistical Analysis 
 Statistical analysis was conducted using SPSS 16.0 
statistical software. Optical property and water content 
data (Fig. 2B & C) were  expressed as mean±standard 
deviation (SD) from five separate experiments. All the 

data above were assessed using one-way ANOVA. For 
pairwise comparisons within the group, we used either 
the least significant difference test (LSD-t) or 
Tamhane’s T2. P<0.05 was considered significant. 

3. RESULTS 

3.1. Physical and Mechanical Characterization of 
Corneal Lamellae 
 The corneal lamellae remained transparent after the 
X-ray irradiation, as revealed by gross observation (Fig. 
2A). Comparisons in terms of the transparency of non-
irradiated corneal lamellae (control group) and those 
exposed to X-ray irradiation with dehydration showed 
no significant differences (Fig. 2B). However, the 
corneal lamellae from the control group showed a 
significantly lower level of water content ratio than 
those of the other groups (Fig. 2C).  

3.2. H-E Staining and Masson’s Staining 
 H-E staining and Masson’s staining revealed no 
obvious changes in collagen (Fig. 3). In addition, H-E 

 

Fig. (2). (A) Representative images of corneal lamellae. Though different dose of irradiation, corneal lamellae still stayed same 
transparency compare to the non-irradiated one. (B) The optical property at an average of 450 nm in the visible region of the 
corneal lamellae treated with two conditions. The optical property decreased in the 100Gy group (P=0.001), and those exposed 
to X-ray irradiation with dehydration showed no significant differences P10Gy=0.515，P20 Gy =0.052，P50 Gy =0.150，P100 Gy 
=0.820). (C) The radio of water content was calculated by the equation. The water content of corneal lamellae increased after X-
ray irradiation (P10Gy=0.001，P20 Gy =0.001，P50 Gy =0.001，P100 Gy =0.001). 
Values are expressed as the mean ± SD (standard deviation). Statistically significant differences are indicated as *P < 0.05, 
compared with the non-irradiate group, respectively. 
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staining revealed that blue�stained cell nuclei and cell 
debris remained present in the corneal stroma.  

3.3. TUNEL Assay & Cell Viability Assay 
 The TUNEL assay was used to evaluate cell 
viability by analyzing the irradiated corneal lamellae 
and non-irradiated corneas (Fig. 4). TUNEL was 
performed on corneal sections to identify DNA strand 
breaks generated by apoptosis. Apoptosis is a 
widespread occurrence in high dose irradiation corneal 
lamellae. These results were associated with the cell 
viability assay that allowed for the detection of live and 
dead cells. The intracellular esterase activity of live 

cells was analyzed by staining with calcein AM, while 
dead cells with disrupted cell membranes were stained 
with ethidium homodimer-1. In 100Gy X-ray irradiated 
corneal lamellae, viable cells were absent universally 
and all cells were positive for ethidium homodimer-1, 
indicating widespread cell death (Fig. 5). 

3.4. TEM 
 There were significant alterations in the shape of 
keratocytes and the arrangement of collagen after 
exposed to high-dose (50 Gy or 100 Gy) X-ray 
irradiation (Fig. 6 G, H, I, J). 
 

 

Fig. (3). H-E staining and Masson staining corneal lamellae. After 10 Gy, 20 Gy, 50 Gy, 100 Gy irradiation, H-E staining of 
lamellar cornea (original magnification, X40), blue-stain cell nucleus and cell debris were found in the matrix. The collagens 
were lined up similarly to the non-irradiated corneal lamellae. 

 

 
Fig. (4). Representative TUNEL staining. The apoptosis was relatively rare occurrence in non-irradiated corneas and corneal 
lamellae treated with 10 Gy or 20 Gy X-ray irradiation. However, the TUNEL assay revealed that apoptosis in 100 Gy X-ray 
irradiated corneal lamellae was remarkably widespread, and the apoptosis also occurred in 50 Gy X-ray irradiated ones 
(DAPI=blue, TUNEL= red).  
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3.5. Clinical Examinations 
 After 100Gy X-ray irradiation, significant apoptosis 
was observed, and the corneal lamellae remain 
transparency. We chose the corneal lamellae exposed 
to 100Gy X-ray irradiation to be the xenogenic grafts. 
 Throughout the observation period, all rhesus 
monkeys in both allotransplantation group (Fig. 7A) 
and xenotransplantation group (Fig. 7A) survived 
without infectious or hemorrhagic complications. No 

rejection reactions, severe inflammation responses, 
corneal neovascularization, or graft degradation were 
observed within 24 weeks after implantation. All the 
host cornea maintained transparency (Fig. 7). 

3.6. Immunohistochemistry Staining  
 The grafts could be recognized in the monkey 
corneas at 24 weeks after surgery. There were no 
signs of neovascularization, inflammation cells or 
implant disposition, as demonstrated by H-E staining 

 

Fig. (5). Representative cell viability staining. After 100 Gy X-ray irradiation, all of the corneal cells in corneal lamellae were 
positive for ethidium homodimer-1 (EthD-1), indicating widespread plasma membrane disruption and cell death (DAPI=blue, 
EthD-1=red). 

 

Fig. (6). Representative images of TEM. The collagen in the non-irradiated corneal lamellae (A) arranged in a compact 
structure. Keratocytes in the non-irradiated one were long spindle (B). After 10 Gy or 20 Gy X-ray irradiation, collagens were 
arranged in a loose formation that was still similar to the normal corneal matrix fiber. (C, E), and keratocytes nuclear membrane 
turn to shrivel (D, F). After 50 Gy or 100 Gy irradiation, the collagen arranged in an obvious loose formation (G, I). After 100 Gy 
irradiation, keratocytes nuclear membrane remarkably disrupted, and autophagic vacuoles were observed (J). Moreover, 
keratocytes nuclear membrane disruption also occurred in 50 Gy X-irradiated the corneal lamellae (H). 
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(Fig. 8A & Fig. 8B). And in the both groups, there was 
no expression of CD4 (Fig. 8C & Fig. 8D) and CD8 
(Fig. 8E & Fig. 8F) in the corneas, as demonstrated by 
immunohistochemical staining. 

4. DISCUSSION 
 100Gy X-ray irradiated human corneal inlays were 
well tolerated by all rhesus monkey corneas over the 
24 weeks of this trial, demonstrating that it is possible 
to successfully maintain an inlay under a corneal flap. 

In these animals, the implants were centered under the 
corneal flap, and the corneas remained clear apart 
from low levels of interfacial debris with no signs of 
infiltration or neovascularization in the implanted 
corneas for the duration of the study period. In each 
case, the tear film was normal, the epithelium was 
intact and healthy, and there was no obvious stromal 
thinning. The small incision femtosecond laser 
technique achieved a corneal flap of consistent depth 
and thickness on every occasion gave a good long-

 

Fig. (7). Representative images of preoperation and postoperation. (A) Allotransplantation group (B) Xenotransplantation group. 

 

Fig. (8). In both groups, H-E staining showed implanted corneal lamellae material (asterisk) and no cell inside them (A&B). And 
there was no expression of CD4 (C&D) and CD8 (E&F), as demonstrated by immunohistochemical staining. 
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term outcome in the present study. And the X-ray-
irradiated corneal lamellae might be a potential inlay 
xenogeneic material. 
 In this study, we chose human corneal lamellae 
collected from SMILE surgery, for the acquirement 
were easy and convenient [30]. The thickness of these 
collected corneal lamellae ranged from 100µm to 
150µm. In the radiation therapy, the normal X-ray dose 
for the human eye was 10–20 Gy [31]. In our 
preliminary study, low levels doses of X-ray irradiation 
were used (2 Gy, 4 Gy, 6 Gy, 8 Gy, 10 Gy). Physical 
characters of corneal lamellae were not significantly 
changed, neither the apoptosis was observed. 
Therefore, these levels of X-ray doses (10 Gy, 20 Gy, 
50 Gy, 100 Gy) were selected to form different 
irradiation dose groups, and non-irradiated corneal 
lamellae were used as the control group. We chose the 
one dose with the optimum change to be used to from 
xenogenic grafts by exploring different aspects of the 
corneal lamellae after irradiation.  
 The transparency of corneal lamellae in each group 
changed after radiation, while there were no significant 
differences in transparency after the glycerol 
dehydration. This result may be related to the change 
in the absorbency of the materials, for the increase of 
the water content in the materials after irradiation could 
result in temporary edema and opaqueness. A normal 
cornea stroma structure and intact collagen tissue 
arrangement are necessary conditions for maintaining 
the corneal transparency [32]. When the structure is 
irreversibly changed, the transparency of the cornea 
cannot be recovered [33, 34]. The water content 
increased in a dose-dependent manner after X-ray 
irradiation. The Masson’s staining showed that the 
collagen structure was maintained, but changes in the 
collagen structure were still observed by TEM. The 
increased water content may have been caused by 
loose collagen matrix tissues of the corneal lamellae. 
Although there were changes in the collagen structure 
of the corneal lamellae (the collagen structure became 
sparse), the transparency of the corneal lamellae was 
not influenced. This outcome was consistent with the 
results from a previous study conducted by Chae et al. 
[35], who indicated that smaller collagen fibril diameters 
increase transparency, which compensates for 
decreased corneal transparency by increasing 
interfibrillar spacing.  
 Gotoh [36] and Stevenson et al. [37, 38] found that 
high doses of radiation can reduce the immunological 
transplant rejection of islet cells. Stevenson W et. [16] 
findings suggested that the inability of irradiated 
corneal grafts to remain optically clear was not 
immune-mediated. Cellular immunity is the most 
important rejection process in corneal transplantation 
[39]. External DNA and keratocytes can activate 
histocompatibility class I molecules and cause 
immunological rejection [40-42]. Cell processed 
techniques that devitalize cells have demonstrated 
immunosuppressive effects in a variety of experimental 
models [43]. The reduced allogenicity of irradiated 
corneas is likely related to the devitalization of 

potentially antigenic corneal cells, including the 
resident antigen-presenting cells. Therefore, gamma-
ray irradiation can reduce the antigenicity of corneal 
implants [16]. X-rays and gamma rays have specific 
abilities for penetrating tissues and inducing apoptosis. 
In the present study, significant apoptosis was found in 
100Gy X-ray irradiated corneal lamellae and the 
physical characters of these processed corneal 
lamellae still remained. Therefore, the 100Gy X-ray 
irradiation is the optimal process for inlay grafts. 
 In recent years, the femtosecond laser provides a 
novel approach for corneal transplantation due to its 
accuracy and predictability [44-46]. In this small 
incision femtosecond laser-assisted corneal 
intrastromal implantation, grafts were implanted into the 
corneal “stromal pocket” without being affected by 
aqueous humor or tears rich in inflammatory mediators 
[47]. This greatly reduced the incidence of implant 
rejection. The negative expression of CD4 and CD8 
also confirms that the immunoreaction is negligible 
after implantation. The implantation used no sutures, 
and increased the degree of postoperative comfort. 
Twenty-four weeks after implantation, cell components 
were not found in the grafts of both groups and the 
grafts maintained their  collagen structure.  
 Therefore, the host keratocytes still need further 
study to observe their  migratory influence. And with 
small incision femtosecond-laser assisted, X-ray 
irradiated xenogeneic graft might be a potential inlay 
material. The small incision femtosecond laser-assisted 
surgery applied in this study also provides a new 
treatment method for aphakia, high hyperopia, and 
keratoconus.  

CONCLUSION 
 This pilot study showed that the application of 
100Gy X-ray irradiation can result in complete 
apoptosis in corneal lamellae and exert minimal impact 
on collagen. The 100Gy X-ray-irradiated corneal 
lamellae maintained transparency, presented no 
immunological rejection, and possess high stability. 
The small incision femtosecond laser implantation was 
highly efficient and safe treatment method. Thus, this 
study presents a new method for manufacturing inlay 
xenogeneic grafts and provides a new treatment for 
keratoconus, corneal ectasia, and presbyopia, among 
other diseases. Additionally, we will conduct more 
studies on the potential immune mechanisms involved 
and the changes in the corneal refraction state after 
implantation to support future clinical applications. 

LIST OF ABBREVIATIONS  
SMILE = small incision lenticule extraction  
H-E staining = hematoxylin and eosin staining 
TUNEL = TdT-mediated dUTP nick end 

labeling 
TEM = transmission electron microscopy  
PBS = phosphate-buffered saline  
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