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Abstract
Background: To investigate the effects of small incision lenticule extraction (SMILE)-derived
decellularized lenticule on intraocular pressure (IOP) and conjunctival scarring in a rabbit model of
glaucoma �ltration surgery.

Methods: Trabeculectomy was performed on both eyes of New Zealand rabbits. Decellularized lenticule
was placed in the subconjunctival space in one eye of the rabbits (decellularized lenticule group), and no
adjunctive treatment was performed in the fellow eye (control group). The �ltering bleb features and IOP
were evaluated 0, 3, 7, 14, 21, and 28 days after surgery, and histopathologic examination was performed
28 days after surgery.

Results: Decellularized lenticule signi�cantly increased bleb survival and decreased IOP postoperatively in
the rabbit model with no adverse side effects. Histopathologic results showed a larger subconjunctival
space and less subconjunctival �brosis in the decellularized lenticule group.

Conclusions: Decellularized lenticule can prevent postoperative conjunctiva-sclera adhesion and �brosis,
and it may represent a novel anti�brotic agent for trabeculectomy.

Background
Glaucoma is one of the leading causes of irreversible blindness worldwide.

Lowering of intraocular pressure (IOP) remains the only proven treatment to slow the progression of
glaucoma[1]. Trabeculectomy, in which a drainage bypass is created to allow excess aqueous humour to
drain into a conjunctival �ltering bleb, is one of the most effective glaucoma �ltration surgeries in
reducing IOP[2]. However, �ltration bleb dysfunction often occurs due to excessive scar tissue formation
at the surgical site[3]. To reduce excessive scar formation, antimetabolic agents such as mitomycin C
(MMC) and 5-�uorouracil (5-FU) are often used during trabeculectomy surgery and have been shown to
improve the surgical outcome[4, 5]. However, these antimetabolic agents may lead to serious
postoperative complications, such as persistent postoperative hypotony, corneal toxicity, �ltering bleb
leakage, blebitis, and endophthalmitis[4, 5]. Thus, a more physiological approach to suppressing
subconjunctival �brosis is needed.

Several investigations have been conducted of the prevention of bleb adhesion and �brosis using
physical barriers that are placed in the subconjunctival space or underneath the scleral �ap. These
include hyaluronate hydrogel, biodegradable polymers, or and nonbiodegradable polymers[5–7]. Recently,
small incision lenticule extraction (SMILE) has proved to be a safe, e�cient, and predictable corneal
refractive surgery[8, 9]. With increasing patients undergoing SMILE, the extracted lenticules could be used
for various purposes in the ophthalmic �eld, such as hyperopia correction, keratoconus treatment, and
management of corneal perforation[10–12]. Decellularized lenticules are thin and transparent and also
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exhibit good biocompatibility in vivo[13]. Therefore, we suggest that decellularized lenticule will act as a
physical adhesion barrier during trabeculectomy surgery.

The aim of this study was to evaluate the e�cacy of SMILE-derived decellularized lenticule in reducing
adhesions between the conjunctiva and sclera, and keeping �ltering bleb active after trabeculectomy in
rabbit eyes.

Materials And Methods
The use of SMILE-derived lenticules was approved by the Ethics Committee of the Second A�liated
Hospital, Zhejiang University School of Medicine, and the procedures used conformed to the tenets of the
Declaration of Helsinki. Male New Zealand white rabbits (weighing 2-2.5 kg, aging 3-4 months) were
supplied by the Academy of Medical Sciences of Zhejiang province. All animal experiments were
approved by the Animal Ethics Committee of the Second A�liated Hospital, School of Medicine, Zhejiang
University and were in accordance with the Association for Research in Vision and Ophthalmology
(ARVO) statement for the use of animals in ophthalmic and vision research. Study was carried out in
compliance with the ARRIVE guidelines.

Decellularization of SMILE-derived lenticule

SMILE-derived lenticule were collected during refractive surgery using the VisuMax femtosecond laser
system (Carl Zeiss Meditec AG, Jena, Germany) as our previous study[13]. Lenticules with a diameter of
6.6mm and a central thickness of 50 μm were selected for the following procedure. The fresh lenticules
were decellularized using sodium chloride (NaCl) and nucleases as our previous study (Fig. 1A)[13].

Surgical Procedure

As different rabbits had signi�cantly different baseline IOP and wound-healing reactions, surgery was
performed on both eyes of the rabbits. After creating the scleral �ap, the eye was randomly assigned to
the decellularized lenticule group or control group. Twelve eyes of 6 rabbits were used in this study. The
rabbits were anesthetized with an auricular vein injection of sodium pentobarbital (30 mg/kg), and
topical anaesthesia using 0.4% oxybuprocaine hydrochloride eye drops was administered before surgery.
Trabeculectomy was then performed with previously reported methods by an experienced glaucoma
specialist (J.F.Y) with few modi�cations[14]. Brie�y, a fornix-based �ap of conjunctiva was carefully
dissected and a 3 × 3 mm partial thickness scleral �ap was separated. After a 1 × 2 mm trabecular tissue
was removed, peripheral iridectomy was performed. The scleral �ap was not sutured, but the conjunctiva
was closed with a 10-0 nylon suture. In the decellularized lenticule group, the decellularized lenticule was
loosely secured by suturing on the sclera with 10-0 nylon (Fig. 1B). Only trabeculectomy was conducted
on the control group, and no decellularized lenticule was placed.

Clinical evaluation
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After topical anaesthesia, IOP was measured by Tono-pen (Reichert, Depew, NY, USA) at baseline and 3, 7,
14, 21, and 28 days after surgery. An average of three measurements taken from each eye was recorded.
Bleb appearance was examined via a slit lamp and was graded as previously described at 3, 7, 14, 21,
and 28 days after surgery.

Histological analysis and immunohistochemistry

Rabbits were euthanized 28 days after surgery by an overdose intravenous injection of sodium
pentobarbital. Eyeballs were enucleated and �xed in 4% paraformaldehyde solution overnight. Then the
eyeballs were dissected at the equator and embedded in para�n. Four-micrometre-thick serial sections
were cut through the centre of the operation site, and stained with hematoxylin and eosin (H&E) for
general histologic examination. Masson trichrome staining was performed to evaluate scar tissue
formation. To examine the myo�broblast adjacent to the surgical site, we immunohistochemically
measured the expressions of α-smooth muscle actin (α-SMA).

Statistical analysis

Each measurement was expressed as the mean ± standard deviation (SD). The Mann-Whitney U test and
an unpaired t test were used to compare Bleb score and IOP between the 2 groups. A P value less than
0.05 was considered statistically signi�cant. All analyses were performed using Statistical Package for
the Social Sciences software (version 22.0, International Business Machines Corp.)

Results
Slit-lamp examination and bleb appearance

Slit-lamp examination revealed no severe postoperative in�ammation in the anterior chamber, and no
bleb leakage, blebitis, or endophthalmitis was observed during the postoperative period in both groups.
Bleb morphology was scored based on its appearance and size as previously described at 3, 7, 14, 21,
and 28 days after surgery[15]. Filtering blebs were maintained over the scleral �ap in the decellularized
lenticule group for at least 28 days in the decellularized lenticule group, whereas the �ltering bleb
collapsed within 14 days after surgery in the control group. Bleb scores were signi�cantly higher in the
decellularized lenticule group than those in the control group on day 3 and from day 14 to day 28 (P<0.05,
Fig. 2).

Postoperative IOP changes

There was no statistically signi�cant difference of the initial IOP between the decellularized lenticule
group and the control group (Fig. 3). The IOP was reduced 3 days after surgery in both groups, and it did
not differ signi�cantly between two groups within 7 days after surgery (Fig. 3). However, IOP began to
increase again in the control group 7 days after surgery, and the IOP of the decellularized lenticule group
was signi�cantly lower than that of the control group from day 14 to day 28 (P<0.05, Fig. 3).
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Histopathologic features

Histopathologic examination was performed 28 days after surgery to evaluate the effects of
decellularized lenticule on bleb scarring. H&E staining revealed that �ltering space between the
conjunctiva and lenticule remained prominent in the decellularized lenticule group while no �ltering space
was observed in the control group; however, massive scarring was observed in the control group (Fig. 4A
and 4B). No evidence of obvious in�ammatory change or tissue damage was observed in either group
(Fig. 5B). To assess the degree of subconjunctival �brotic response, we performed immunohistochemical
staining for α-SMA (a marker of myo�broblasts). Many cells with intensive α-SMA expression were
observed in the subconjunctival area in the control group, which indicated severe �brosis (Fig. 5A).
However, the bleb �brosis was signi�cantly attenuated in the decellularized lenticule group (Fig. 5B).
Consistent with α-SMA expression, Masson’s trichrome staining demonstrated signi�cant collagen
deposition in the subconjunctival region of the control group (Fig. 6A). In contrast, there was less collagen
deposition in the decellularized lenticule group (Fig. 6B).

Discussion
The present study demonstrates for the �rst time that the use of decellularized lenticule for
trabeculectomy in rabbits keeps the �ltering bleb active and maintains IOP reduction by inhibiting the
formation of subconjunctival �brosis.

Antimetabolites such as MMC and 5-FU are commonly used during trabeculectomy to inhibit
subconjunctival �brosis[4, 5]. However, the usage of these antimetabolites has been associated with
higher risk for wound healing disorders and severe infections due to their non-selectivity[4, 5]. In recent
years, adhesion barriers between the conjunctiva and sclera have been investigated as alternative
methods for preventing bleb adhesion and �brosis, including PDMAA polymer, expanded
polytetra�uoroethylene (Gore-Tex) membrane, sepra�lm, biodegradable collagen, and honeycomb-
patterned �lm[5–7, 14]. Although some of these adhesion barriers have proven effective in reducing bleb
adhesion and �brosis in animal models, clinical trials showed inconsistent results concerning the surgical
outcome[5].

SMILE has become clinically available as an alternative to laser in situ keratomileusis since 2011[16, 17].
The extracted lenticule is the immediate by-product of this procedure and is typically discarded after
surgery. The increasing popularity of this surgery has made it easier to obtain SMILE-derived lenticules.
The decellularized lenticule is a thin stromal layer with low immunogenicity and good biocompatibility,
which makes it an excellent candidate for corneal stromal regeneration[18, 19]. We have previously
shown that decellularized lenticule could safely and effectively repair damage to the anterior cornea in
rabbits[13]. Recently, Gu et al also reported that subretinally transplanted decellularized lenticule exhibited
excellent biocompatibility without obvious adverse reactions and �brosis[20]. Therefore, decellularized
lenticule might be a useful biomaterial in various types of ophthalmic surgery.
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The present study reveals that decellularized lenticule promotes IOP reduction and prolongs bleb survival
in trabeculectomy in rabbits with no complications. A strategy to reduce scar formation following
glaucoma �ltration surgery is to reduce the adhesion of the tenon �broblasts to the underlying sclera at
the surgical site[21]. Our in vivo studies suggest that decellularized lenticule has a space-keeping effect
that prevents adhesion between the tenon �broblasts and sclera (Fig. 1C). To �x the decellularized
lenticule precisely in the desired area, it was loosely sutured onto the sclera. However, we speculate that
there is a passage between the sclera and the decellularized lenticule to divert aqueous humour from the
anterior chamber to the subconjunctival space, given that the IOP reduction and bleb formation observed
in the postoperative period (Fig. 1C).

Myo�broblast accumulation and excessive collagen deposition in the subconjunctiva are major causes
of bleb failure[22]. Histopathologic examination showed that myo�broblasts in�ltrated the
subconjunctival area with compact collagen deposition in the control group; however, there were fewer
myo�broblasts and less collagen deposition in the subconjunctiva in the decellularized lenticule. These
�ndings indicate that decellularized lenticule may effectively inhibit excessive scar formation in
glaucoma �ltering surgery and improve the surgical outcome.

Conclusions
Although further studies with larger sample sizes and longer follow-ups are warranted to clarify the safety
and e�cacy of decellularized lenticule in glaucoma �ltering surgery, our study provides a novel
separating agent to prevent subconjunctival �brosis after trabeculectomy and increase the success rate
of glaucoma �ltering surgery.

Abbreviations
5-FU: 5-�uorouracil; α-SMA: α-smooth muscle actin; ARVO: Association for Research in Vision and
Ophthalmology; H&E: hematoxylin and eosin; IOP: intraocular pressure; MMC: mitomycin C; NaCl: sodium
chloride; SD: standard deviation; SMILE: small incision lenticule extraction.

Declarations
Ethics approval and consent to participate

The study protocol was approved by the Ethics Committee of the Second A�liated Hospital, Zhejiang
University School of Medicine, and the research followed the tenets of the Declaration of Helsinki. Written
consent was obtained from all patients and controls. All animal experiments were approved by the
Animal Ethics Committee of the Second A�liated Hospital, School of Medicine, Zhejiang University and
were in accordance with the Association for Research in Vision and Ophthalmology (ARVO) statement for
the use of animals in ophthalmic and vision research.

Consent for publication



Page 8/15

Not Applicable.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author
on reasonable request.

Competing interests

The authors declare that they have no competing interests.

Funding

This work was supported by the grant from the Natural Science Foundation of Zhejiang Province
(LQ19H120011, LGF19H120003); and by the Program of Zhejiang Medical Technology (2019328715).

Authors' contributions

Participated in study design: HF Yin, XY Chen and YB Yang. Conduct of the study: HF Yin, XG Hong, F Wu,
T Wan, YW Sang, QL Fu, W Wu, and JF Yin. Performed data analysis: XY Chen, ZW Qin, and DN Lyu.
Wrote or contributed to the writing of the manuscript: HF Yin, XY Chen, J Ma and YB Yang. All authors
have read and approved the �nal manuscript.

Acknowledgements

Not Applicable.

References
1. Jonas JB, Aung T, Bourne RR, Bron AM, Ritch R, Panda-Jonas S: Glaucoma. Lancet 2017,

390(10108):2183–2193.

2. Grover DS, Kornmann HL, Fellman RL: Historical Considerations and Innovations in the Perioperative
Use of Mitomycin C for Glaucoma Filtration Surgery and Bleb Revisions. J Glaucoma 2020,
29(3):226–235.

3. Seibold LK, Sherwood MB, Kahook MY: Wound modulation after �ltration surgery. Surv Ophthalmol
2012, 57(6):530–550.

4. Al Habash A, Aljasim LA, Owaidhah O, Edward DP: A review of the e�cacy of mitomycin C in
glaucoma �ltration surgery. Clin Ophthalmol 2015, 9:1945–1951.

5. Chong RS, Crowston JG, Wong TT: Experimental models of glaucoma �ltration surgery. Acta
Ophthalmol 2021, 99(1):9–15.

�. Tsurumaru N, Arai M, Teruya K, Sueda J, Yamakawa R: Sepra�lm as a new anti�brotic agent
following trabeculectomy in rabbit eyes. Jpn J Ophthalmol 2009, 53(2):164–170.



Page 9/15

7. Takeuchi K, Nakazawa M, Yamazaki H, Miyagawa Y, Ito T, Ishikawa F, Metoki T: Solid hyaluronic acid
�lm and the prevention of postoperative �brous scar formation in experimental animal eyes. Arch
Ophthalmol 2009, 127(4):460–464.

�. Lin F, Xu Y, Yang Y: Comparison of the visual results after SMILE and femtosecond laser-assisted
LASIK for myopia. J Refract Surg 2014, 30(4):248–254.

9. Han T, Zheng K, Chen Y, Gao Y, He L, Zhou X: Four-year observation of predictability and stability of
small incision lenticule extraction. BMC Ophthalmol 2016, 16(1):149.

10. Wu F, Jin X, Xu Y, Yang Y: Treatment of corneal perforation with lenticules from small incision
lenticule extraction surgery: a preliminary study of 6 patients. Cornea 2015, 34(6):658–663.

11. Li M, Li M, Sun L, Ni K, Zhou X: Predictive Formula for Refraction of Autologous Lenticule
Implantation for Hyperopia Correction. J Refract Surg 2017, 33(12):827–833.

12. Zhao J, Shang J, Zhao Y, Fu D, Zhang X, Zeng L, Xu H, Zhou X: Epikeratophakia using small-incision
lenticule extraction lenticule addition combined with corneal crosslinking for keratoconus. J Cataract
Refract Surg 2019, 45(8):1191–1194.

13. Yin H, Qiu P, Wu F, Zhang W, Teng W, Qin Z, Li C, Zhou J, Fang Z, Tang Q et al: Construction of a
Corneal Stromal Equivalent with SMILE-Derived Lenticules and Fibrin Glue. Sci Rep 2016, 6:33848.

14. Okuda T, Higashide T, Fukuhira Y, Sumi Y, Shimomura M, Sugiyama K: A thin honeycomb-patterned
�lm as an adhesion barrier in an animal model of glaucoma �ltration surgery. J Glaucoma 2009,
18(3):220–226.

15. Kokubun T, Yamamoto K, Sato K, Akaishi T, Shimazaki A, Nakamura M, Shiga Y, Tsuda S, Omodaka
K, Nakazawa T: The effectiveness of colchicine combined with mitomycin C to prolong bleb function
in trabeculectomy in rabbits. PLoS One 2019, 14(3):e0213811.

1�. Sekundo W, Kunert KS, Blum M: Small incision corneal refractive surgery using the small incision
lenticule extraction (SMILE) procedure for the correction of myopia and myopic astigmatism: results
of a 6 month prospective study. Br J Ophthalmol 2011, 95(3):335–339.

17. Shah R, Shah S, Sengupta S: Results of small incision lenticule extraction: All-in-one femtosecond
laser refractive surgery. J Cataract Refract Surg 2011, 37(1):127–137.

1�. Li M, Wei R, Yang W, Shang J, Fu D, Xia F, Choi J, Zhou X: Femtosecond Laser-Assisted Allogenic
Lenticule Implantation for Corneal Ectasia After LASIK: A 3-Year In Vivo Confocal Microscopic
Investigation. J Refract Surg 2020, 36(11):714–722.

19. Jin H, Liu L, Ding H, He M, Zhang C, Zhong X: Comparison of femtosecond laser-assisted corneal
intrastromal xenotransplantation and the allotransplantation in rhesus monkeys. BMC Ophthalmol
2017, 17(1):202.

20. Gu J, Wang Y, Cui Z, Li H, Li S, Yang X, Yan X, Ding C, Tang S, Chen J: The Construction of Retinal
Pigment Epithelium Sheets with Enhanced Characteristics and Cilium Assembly Using iPS
Conditioned Medium and Small Incision Lenticule Extraction Derived Lenticules. Acta Biomater 2019,
92:115–131.



Page 10/15

21. Martin G, Lubke J, Schefold S, Jordan JF, Schlunck G, Reinhard T, Kanokwijitsilp T, Prucker O, Ruhe J,
Anton A: Prevention of Ocular Tenon Adhesion to Sclera by a PDMAA Polymer to Improve Results
after Glaucoma Surgery. Macromol Rapid Commun 2020, 41(3):e1900352.

22. Shi H, Wang H, Fu S, Xu K, Zhang X, Xiao Y, Ye W: Losartan Attenuates Scar Formation in Filtering
Bleb After Trabeculectomy. Invest Ophthalmol Vis Sci 2017, 58(3):1478–1486.

Figures



Page 11/15

Figure 1

The schematic illustration of decellularized lenticule for the prevention of subconjunctival �brosis after
trabeculectomy. (A) Decellularization of SMILE-derived lenticule. (B) Schematic diagram to illustrate the
surgical procedures used to place the decellularized lenticule. (C) Schematic depiction of the concept to
prevent subconjunctival �brosis after trabeculectomy.
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Figure 2

Bleb scoring via slit-lamp examination. (A) Bleb score changes in the control group and the decellularized
lenticule group. *P < 0.05, **P < 0.01 versus the control group. (B) Representative photographs of blebs in
the control group and the decellularized lenticule group 7 days after surgery.
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Figure 3

IOP changes in the control group and the decellularized lenticule group. *P < 0.05 versus the control
group.

Figure 4

Histologic characteristics of the �ltration site stained with H&E 28 days after surgery. (A)The control
group. (B) The decellularized lenticule group. Prominent �ltering space was observed in the decellularized
lenticule group; however, �ltering space disappeared and scar tissues signi�cantly deposited in the
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subconjunctival area in the control group. c, conjunctiva; b, subconjunctival space; f, scar tissues; l:
decellularized lenticule; s, sclera. Scale bar: 100 μm.

Figure 5

Immunohistochemical staining for α-SMA in the �ltration site 28 days after surgery. (A)The control group.
(B) The decellularized lenticule group. The subconjunctival area showed increased expression of α-SMA
in the control group. In contrast, only a few positive-staining cells were observed in the decellularized
lenticule group. b, subconjunctival space; f, α-SMA positive -staining cells; l: decellularized lenticule; s,
sclera. Scale bar: 100 μm.

Figure 6
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Histologic characteristics of the �ltration site stained with Masson's trichrome 28 days after surgery.
(A)The control group. (B) The decellularized lenticule group. The subconjunctival area showed reduced
collagen deposition in the decellularized lenticule group. b, subconjunctival space; l: decellularized
lenticule. Scale bar: 100 μm.


