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A B S T R A C T   

Posterior capsule opacification (PCO) is the most common long-term postoperative complication of cataract 
surgery, leading to secondary vision loss. Optimized intraocular lens (IOL) structure and appropriate pharma-
cological intervention, which provides physical barriers and biological inhibition, respectively, can block the 
migration, proliferation, and epithelial-mesenchymal transition (EMT) of lens epithelial cells (LECs) for PCO 
prophylaxis. Herein, a novel indomethacin-eluting IOL (INDOM-IOL) with an optimized sharper edge and a 
sustained drug release behavior was developed for PCO prevention. Indomethacin (INDOM), an ophthalmic non- 
steroidal anti-inflammatory drug (NSAID) used for postoperative ocular inflammation, was demonstrated to not 
only be able to suppress cell migration and down-regulate the expression of cyclooxygenase-2 (COX-2) and EMT 
markers, including alpha-smooth muscle actin (α-SMA) and cyclin D1, but also promote the autophagy activation 
in LECs. Additionally, autophagy was also verified to be a potential therapeutic target for the down-regulation of 
EMT in LECs. The novel IOL, serving as a drug delivery platform, could carry an adjustable dose of hydrophobic 
indomethacin with sustained drug release ability for more than 28 days. In the rabbit PCO model, the 
indomethacin-eluting IOL showed excellent anti-inflammatory and anti-PCO effects. In summary, indomethacin 
is an effective pharmacological intervention in PCO prophylaxis, and the novel IOL we developed prevented PCO 
in vivo under its sustained indomethacin release property, which provided a promising approach for PCO pro-
phylaxis in clinical application.   

1. Introduction 

To date, cataract is still the primary cause of impaired vision in the 
world. Phacoemulsification surgery is the most commonly effective 
treatment strategy [1,2]. However, posterior capsule opacification 
(PCO) after surgery can lead to secondary vision loss, despite the success 
of the surgery [3]. PCO occurs in 20–40% of adult surgical patients 
within the first two years after surgery, and the incidence reaches almost 
100% in pediatric patients [4]. PCO also has a more serious impact on 
the low-income and uninsured patients living in developing counties due 

to the extra economic burden. Therefore, it is vital to explore a safe and 
effective prophylactic strategy for PCO. 

PCO is a wound-healing response after surgery, which results from 
the migration and proliferation of the surviving lens epithelial cells 
(LECs) into the posterior capsule [5]. Currently, neodymium-doped 
yttrium aluminum garnet (Nd: YAG) laser therapy is the only effective 
strategy when PCO occurs; however, this treatment still has various 
risks, including intraocular lens (IOL) damage, cystoid macular edema, 
uveitis, glaucoma, and retinal detachment [6,7]. Therefore, studies on 
PCO mainly focused on exploring prophylactic strategies, especially 
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including the redesign and modification of IOLs. IOLs with sharper edges 
were verified to be more effective in reducing the incidence of PCO [8]. 
Alternatively, the IOLs were surface-modified by heparin, polyethylene 
glycol (PEG), and phosphorylcholine to inhibit PCO by reducing cell 
adhesion [9–11]. Recently, various kinds of drugs, especially 
anti-proliferative drugs, such as disulfiram, methotrexate, and doxoru-
bicin, were loaded on IOLs as drug delivery platforms for directly killing 
residual LECs for PCO prevention [12–14]. However, the toxic drugs 
loading on IOLs carried the risk of corneal epitheliopathy, maculopathy, 
and dysfunctional tear syndrome, limiting their further clinical appli-
cation [15]. 

During the development of PCO, the migration, proliferation, and 
fibrosis of LECs are associated with epithelial-mesenchymal transition 
(EMT) [4,16]. Studies have shown that several cytokines with elevated 
concentrations in postoperative aqueous humor stimulated the EMT 
process of LECs [17–19]. Arnaud et al. found that postoperative intra-
ocular inflammation and PCO formation were related to the tumor ne-
crosis factor-alpha (TNF-α) with a high concentration in aqueous humor, 
which could even be considered as a predictor of PCO [20]. It is reported 
that cyclooxygenase-2 (COX-2) and prostaglandin had high expression 
levels in clinical specimens of PCO, and COX-2 inhibitors have also been 
shown to repress PCO formation in vivo [21]. However, the role of COX-2 
during the development of PCO remains unknown. Autophagy is known 
as an evolutionarily conserved process for cellular homeostasis main-
tenance, and it exerts self-degradation or self-protection according to the 
different conditions [22–25]. Previous studies demonstrated that 
cyclosporine A and rapamycin had the potential to suppress PCO by 
mediating autophagy in LECs [26,27]. Although these drugs also present 
risks to intraocular tissues, it sheds new light on the choice for anti-PCO 
medicines. In addition, whether there is an interaction between auto-
phagy and EMT needs further investigation. Indomethacin (INDOM), an 
ophthalmic non-steroidal anti-inflammatory drug (NSAID), is an effec-
tive inhibitor of cyclooxygenase (COX), especially on COX-2 [28–30]. 
Recent studies found that INDOM was capable of activating autophagy 
[31,32], which provides a more promising possibility for the growth 
inhibition of LECs, so as to prevent PCO. However, the bioavailability of 
ophthalmic drugs in ocular tissue through topical administration is 
limited to 3% by the corneal epithelial barrier [33,34], and the 

hydrophobic INDOM is more difficult to affect the posterior capsule for 
PCO prevention through topical eye drops. 

In this study, we designed and constructed an INDOM-eluting IOL 
(INDOM-IOL) based on ultrasonic spray technology. Degradable poly 
(lactic-co-glycolic acid) (PLGA) was adopted as the coating to release 
INDOM in the lens capsule directly and continuously for PCO prevention 
(Scheme 1). The safety and drug release properties of the novel IOL were 
evaluated scrupulously. Moreover, we investigated the effect of INDOM 
on EMT and the autophagy-mediated migration and proliferation in 
LECs, and established a rabbit PCO model to assess the prophylactic 
effect of the INDOM-IOL. This work demonstrated the efficacy of 
INDOM-IOL as a pharmacological intervention and brought a promising 
strategy for PCO prevention in clinic. 

2. Material and methods 

2.1. Materials and reagents 

INDOM and ophthalmic 0.5% INDOM in castor oil solution was ob-
tained from Senju Pharmaceutical Co. Ltd. (Osaka, Japan). Hydrophobic 
acrylic IOLs with plate haptics were customized from Wuxi Vision Pro 
Ltd. (Wuxi, China). PLGA (lactide: glycolide 75:25, Mw: 40,000–75,000) 
was purchased from Sigma Chemical Co. (St. Louis, MO, USA). Re-
combinant human TNF-α was obtained from PeproTech, Inc. (Cranbury, 
NJ, USA). 3-Methyladenine (3-MA) was obtained from MedChemEx-
press LLC. (Shanghai, China). Dulbecco’s Modified Eagle Medium: 
Nutrient Mixture F-12 (DMEM/F12), 0.25% trypsin with 0.02% 
ethylene diamine tetraacetic acid (EDTA), Lipofectamine 2000 reagent, 
Opti-MEM, and fetal bovine serum (FBS), were purchased from Thermo 
Fisher Scientific (Carlsbad, CA, USA). Cell counting kit-8 (CCK-8) was 
obtained from Dojindo Laboratories (Kumamoto, Japan). Calcein-AM/ 
PI double stain kit was obtained from Yeasen Biotech Co., Ltd. 
(Shanghai, China). 

2.2. Preparation of drug-eluting IOLs 

The hydrophobic acrylic IOLs with plate haptics were used as drug 
delivery platforms. The PLGA (5 wt %) and INDOM in ethyl acetate 

Scheme 1. Schematic illustration of INDOM-IOL as a prophylactic strategy for PCO. INDOM could not only inhibit migration and EMT, but stimulate the 
activation of autophagy in LECs as well. INDOM-IOL was prepared as a drug delivery platform with INDOM/PLGA co-sprayed on the plate haptics. The prophylactic 
effect of the INDOM-IOL on PCO was confirmed in a rabbit PCO model. 
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solution were sprayed on the plate haptics of IOLs using an ultrasonic 
coating system (Shanghai Ruidu Photoelectric Co., Ltd, Shanghai, 
China) [35,36]. The coating was only sprayed on the haptics of IOLs, 
which ensured the smoothness and transparency of IOLs. Three kinds of 
IOLs were prepared and established in the present study: 1) control-IOL 
(Ctrl-IOL) = IOL without any treatment; 2) PLGA-IOL = IOL with PLGA 
sprayed; 3) INDOM-IOL = IOL with PLGA and INDOM sprayed. Each 
INDOM-IOL carried approximately 100 μg of INDOM. All IOLs were 
sterilized with exposure to ethylene oxide before being used in animal 
experiments. 

2.3. Drug-release kinetics and surface characterization of drug-eluting 
IOLs 

The water contact angle of the hydrophobic IOL surface was evalu-
ated with a Kruss DSA 100 system (Hamburg, Germany) to assess the 
surface wettability. The transmittance of the IOL optical center was 
measured by an Evolution 300 ultraviolet–visible spectrometer (UV–vis; 
Thermo Scientific, Carlsbad, CA, USA). The morphology and thickness of 
the coating on IOLs were observed by scanning electron microscopy 
(SEM; Hitachi S4800, Tokyo, Japan). 

The UV–vis spectrometer was used to detect the drug release profile 
of INDOM-IOLs in a phosphate-buffered saline (PBS) medium. Firstly, 
we use the UV–vis spectrometer to detect the absorbance value of the 
standard INDOM in PBS with different concentrations at 320 nm, and 
the standard curve of INDOM was obtained accordingly. Next, each 
INDOM-IOL was placed in a prepared tube which was filled with 10 mL 
PBS, and the IOL was wholly immersed in the solution. Afterward, the 
tube was incubated at 37 ◦C in a thermostated container with continu-
ously shaken (100 rpm). Subsequently, 4 mL of the solution in the tube 
was taken out and replaced with 4 mL fresh PBS medium at pre- 
determined time points. The absorbance value of the removed media 
was measured by the UV–vis spectrometer. Then, based on the standard 
curve we have established above, the concentrations of INDOM in the 
solution were figured out, and the release curve of INDOM was obtained 
through the repeated experiments. 

2.4. Cell culture and animals 

Three cell lines were involved in the present study, including human 
lens epithelial cell line (HLEC-B3), human corneal epithelial cells line 
(HCEC), and human retinal pigment epithelial cell line (ARPE-19). The 
cell lines were acquired from the American Type Culture Collection 
(ATCC, Manassas, VA, US) and cultured in DMEM/F12 with 15% FBS, 
incubated in a 5% CO2 humidified atmosphere at 37 ◦C, and passaged 
with 0.25% trypsin-EDTA every two days. 

Forty three-month-old Japanese white rabbits (female, bodyweight 
from 2.0 to 2.5 kg) were obtained from the Zhejiang Academy of Medical 
Sciences. All animals were handled in accordance with the ARVO 
Statement for the Use of Animals in Ophthalmic and Vision Research, 
and all animal experiments were approved by the Laboratory Animal 
Ethics Committee of the Second Affiliated Hospital, School of Medicine, 
Zhejiang University (approval No. 098/2022). The animals were 
randomly divided into four groups (n = 10), which are: 1) Ctrl-IOL 
group = the right eye was implanted with a Ctrl-IOL; 2) PLGA-IOL 
group = the right eye was implanted with a PLGA-IOL; 3) Ctrl-IOL 
with INDOM eye drops (INDOM drops) group = the right eye was 
implanted with a Ctrl-IOL and received 0.5% INDOM through topical 
route four times per day for 28 days postoperatively; 4) INDOM-IOL 
group = the right eye was implanted with an INDOM-IOL. 

2.5. Transwell migration assay 

The LECs were seeded in the trans-well chamber (Merck Millipore) 
200 μL serum-free DMEM/F12 medium, while the compartment be-
tween the chamber and 24-well plates was added with 600 μL DMEM/ 

F12 with 15% FBS. Afterward, the LECs were fixed in 4% para-
formaldehyde (PFA) for 15min. Next, the cells were stained with 0.3% 
crystal violet after 24 h of incubation. The images were captured with a 
Leica phase-contrast microscopy (Wetzlar, Germany). 

2.6. Wound-healing assay 

The LECs were seeded in 6-well plates and incubated for 24 h. The 
LECs were divided into four groups: 1) control group = LECs without 
treatment; 2) TNF-α group = LECs were treated with TNF-α (10 ng/mL) 
alone; 3) TNF-α + 100 INDOM group = LECs treated with TNF-α (10 ng/ 
mL) and 100 μM INDOM; 4) TNF-α + 300 INDOM group = LECs treated 
with TNF-α (10 ng/mL) and 300 μM INDOM. After being treated with 
INDOM for 2 h, the LECs were triggered by TNF-α (10 ng/mL). Then, the 
wounds were generated with a 1 mL sterile pipette tip. The images were 
captured with microscopy (Olympus, Tokyo, Japan) at 0 h and 24 h after 
wound generation. 

2.7. Western blot analysis 

The treated LECs were harvested and lysed from 6 cm culture dishes 
with lysis buffer (Sangon, Shanghai, China). A bicinchoninic acid Pro-
tein Assay Kit (Thermo Scientific, Carlsbad, CA, USA) and A spectro-
photometer (Bio-Rad, CA, USA) were applied in this section for protein 
concentration detection. Equal proteins from each sample were loaded 
onto the sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE), and then transferred onto PVDF membranes. Afterward, 
immunoblot assay was performed. Antibodies and their dilution ratios 
were as follows: anti-rabbit LC3 (1:1000; Sigma Aldrich, MO, USA); anti- 
rabbit Atg5 (1:1000; CST, MA, USA); anti-rabbit Beclin-1 (1:1000; CST, 
MA, USA); anti-rabbit P62 (1:1000; CST, MA, USA); anti-rabbit COX-2 
(1:1000; CST, MA, USA); anti-rabbit alpha-smooth muscle actin (α-SMA; 
1: 3000; Abcam, Waltham, MA, USA); anti-rabbit Snail (1: 1000; CST, 
MA, USA); anti-rabbit GAPDH (1:2000; CST, MA, USA); anti-rabbit 
β-tubulin (1:2000; CST, MA, USA); anti-mouse cyclin D1 (1:1000; CST, 
MA, USA); horseradish peroxidase (HRP)-conjugated secondary anti-
body (1:5000; CST, MA, USA). 

2.8. Immunofluorescence assay 

The LECs were seeded in 24-well plates with DMEM/F12 containing 
15% FBS. The LECs were fixed with 4% PFA for 30 min after treatment. 
Next, The LECs were permeated with 0.5% Triton X-100 (Sigma Aldrich, 
MO, USA) for 15 min. Afterward, the cells were blocked with 10% goat 
serum (Sigma Aldrich, MO, USA) for 1 h. Anti-rabbit LC3 antibody 
(1:100; Sigma Aldrich, MO, USA), anti-rabbit Snail antibody (1:100; 
Proteintech, Rosemont, IL, USA), and anti-mouse P62 antibody (1: 100; 
Abcam, Waltham, MA, USA) were used as primary antibodies. Alexa 
Fluor 488-conjugated anti-rabbit IgG antibody (1:1000; CST, MA, USA), 
Alexa Fluor 488-conjugated anti-mouse IgG antibody (1:1000; CST, MA, 
USA), and Alexa Fluor 555-conjugated anti-rabbit IgG antibody (1:1000; 
CST, MA, USA) were used as secondary antibodies. Alexa Fluor 555- 
Phalloidin (1:100, Thermo Fisher Scientific, Carlsbad, CA, USA) was 
used to stain the F-actin of cells for 45 min. The images were captured 
with a confocal microscope (Leica TCS SP8, Wetzlar, Germany). In 
addition, the cells were stained with 100 nM Lysotracker Red (Solarbio, 
Beijing, China) for 10 min to detect the lysosomes, and the results were 
captured with a fluorescence microscope (Leica, Wetzlar, Germany). 

The tissues from the rabbit eyes were fixed with 4% PFA for 24 h. 
Afterward, the samples were permeated with 0.5% Triton X-100 (Sigma 
Aldrich, MO, USA) for 15 min. After being blocked with 10% goat serum, 
the tissues were incubated with a mouse monoclonal anti-tubulin anti-
body (1:100; Proteintech, Rosemont, IL, USA) and Alexa Fluor 488-con-
jugated anti-rabbit IgG secondary antibody. Then, Alexa Fluor 555- 
Phalloidin (1:100, Thermo Fisher Scientific, Carlsbad, CA, USA) was 
used to stain the F-actin of the samples for 45 min, and the results were 
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obtained with a Leica fluorescence microscope (Wetzlar, Germany). All 
immunofluorescence assays were performed using DAPI (Sigma Aldrich, 
MO, USA) staining for nuclear localization. 

2.9. Transmission electron microscopy (TEM) analysis 

The LECs were fixed in 2% glutaraldehyde and 2% PFA in 100 μM 
phosphate buffer (pH 7.4) at 4 ◦C for 4 h. Then, the samples were post- 
fixed with 1% OsO4 in 100 μM phosphate buffer (pH 7.4) for 2 h. Af-
terward, the samples were dehydrated gradually and embedded in epon 
resin, and then cut to 65–70 nm thin sections. The ultrathin sections 
were examined with TEM (Hitachi HT7800, Tokyo, Japan). 

2.10. siRNA transfection 

The LECs were seeded in 6-well plates and transfected with 100 pmol 
of P62 siRNA or negative control (NC) siRNA using Lipofectamine 2000 
reagent (Invitrogen, Carlsbad, CA, US) and a reduced serum medium 
(Opti-MEM, Gibco, Grand Island, NY, US) according to the manufac-
turer’s protocol. The following siRNA sequences were involved in this 
experiment: P62 siRNA (sense: 5′- GUG ACG AGG AAU UGA CAA UTT - 
3′, anti-sense: 5′- AUU GUC AAU UCC UCG UCA CTT - 3′), and NC siRNA 
(sense: 5′- UUC UCC GAA CGU GUC ACG UTT - 3′, anti-sense: 5′- ACG 
UGA CAC GUU CGG AGA ATT - 3′). All the siRNAs were synthesized by 
GenePharma Co. (Shanghai, China). The LECs were divided into 
different groups as follows: 1) NC siRNA group = NC siRNA transfection 
only; 2) P62 siRNA group = P62 siRNA transfection only; 3) NC siRNA +
TNF-α group = NC siRNA transfection and treated with 10 ng/mL TNF-α; 
4) P62 siRNA + TNF-α group = P62 siRNA transfection and treated with 
10 ng/mL TNF-α; 5) NC siRNA + TNF-α + INDOM group = NC siRNA 
transfection and treated with 10 ng/mL TNF-α and 300 μM INDOM; 6) 
P62 siRNA + TNF-α + INDOM group = P62 siRNA transfection and 
treated with 10 ng/mL TNF-α and 300 μM INDOM. 

2.11. Cell counting kit-8 (CCK-8) assay 

The LECs were seeded in 96-well plates with DMEM/F12 containing 
15% FBS. After being treated with INDOM in different concentrations for 
24 h, the cells were incubated with 10% CCK-8 in PBS solution at 37 ◦C 
for 2 h. Finally, the optical density (OD) at 450 nm was measured with 
an absorbance microplate reader (Bio-Rad iMark, Hercules, CA, USA). 

2.12. Live/dead (calcein-AM/PI) double stain test 

The LECs were seeded in 24-well plates with DMEM/F12 containing 
15% FBS. After being treated with INDOM in different concentrations for 
24 h, the LECs were stained with calcein-AM (green) and propidium 
iodide (PI, red) for 20 min at 37 ◦C. The results were obtained with a 
fluorescence microscope (Leica, Wetzlar, Germany). 

2.13. IOL implantation experiments in vivo 

The right eyes of all rabbits underwent phacoemulsification and 
intraocular lens implantation. All rabbits were anesthetized with 3% 
pentobarbital sodium (IV injection, 1 mL/kg of body weight) and 
dropped with 0.5% tropicamide for pupillary dilation before surgery. All 
operations were performed by the same surgeon (Dr. Shuang Ni). The 
primary corneal incision (3.0 mm) and secondary corneal incision (1.0 
mm) were made with a keratome. Then, phacoemulsification and IOL 
implantation were performed with a Bausch & Lomb Stellaris phaco-
emulsification platform (Bridgewater, NJ, USA). All groups received 
postoperative topical administration of Pranopulin® (Senju Pharma-
ceutical Co. Ltd., Osaka, Japan) and Tobradex® (Alcon Laboratories, 
Inc., USA) four times per day for 14 days. Meanwhile, the rabbits of the 
INDOM drops group were required an additional 0.5% INDOM topical 
administration per day for 28 days postoperatively. The right eyes of all 

rabbits were evaluated using a slit-lamp camera system (Suzhou 66 
Vision-Tech Co. Ltd., Jiangsu, China) at 3 days, 7 days, 14 days, and 42 
days after phacoemulsification and IOL implantation surgery, and all the 
rabbits underwent pupillary dilation with 0.5% tropicamide before 
being observed. The grading of PCO formation was assessed using retro- 
illumination images following the previous literature, as shown in 
Table 1 [37]. 

All rabbits were sacrificed by overdose anesthesia 42 days after 
surgery. The sample eyes were fixed with 4% PFA for 24 h. Afterward, 
the PCO development was further evaluated from the back of the capsule 
(Miyake-Apple view). The standard hematoxylin and eosin (H&E) 
staining was performed to observed the ocular tissues, including the 
corneas, irises, retinas, and posterior capsules. Moreover, the posterior 
capsules were further assessed using an immunofluorescence assay. 

2.14. Statistical analysis 

All the data were analyzed with SPSS 23.0 software (SPSS Inc., 
Chicago, IL, US). The results are presented as means ± standard error of 
the mean (SEM). Statistical differences were determined using unpaired 
or paired Student’s t-test and one-way ANOVA. A p-value <0.05 was 
considered significantly different. 

3. Results 

3.1. Preparation and characterization of INDOM-IOLs 

We prepared drug-eluting IOLs, namely INDOM-IOLs, using the 
custom-made hydrophobic acrylic IOLs with plate haptics and sharp 
square-edge by ultrasonic spraying equipment, for PCO prevention [38]. 
In order to avoid impact on optics of IOLs, INDOM and degradable PLGA 
were uniformly and precisely sprayed on the IOLs’ plate haptics. As 
shown in Fig. 1A, the coating was only sprayed on the plate haptics of 
IOLs, and the optics remained untreated. The thickness of the coating on 
the INDOM-IOL was ~6 μm, close to that of the PLGA-IOL, indicating the 
excellent dispersion of INDOM in PLGA coating (Fig. 1B). UV–vis spectra 
showed no transparency loss of the IOLs optics since the drug coating 
only exists on the IOLs’ plate haptics (Fig. 1C). The water contact angle 
of hydrophobic IOLs was measured as 88.7 ± 1.6◦. After coating with 
PLGA or INDOM-PLGA, as shown in Fig. 1D, the water contact angle of 
the IOLs’ coating slightly decreased to 82.3 ± 1.7◦ or 78.4 ± 1.5◦, 
respectively. The release behaviors of the INDOM-PLGA were evaluated 
in a PBS medium, which simulated the aqueous humor environment. Of 
note, approximately 15.3% of the INDOM was released on the first day. 
40.7% and 75.7% of the INDOM were released on the 7th day and 28th 
day, respectively (Fig. 1E). This PLGA-based drug delivery system holds 
the potential to increase the water solubility of the hydrophobic INDOM, 
making it more efficient in PCO prevention. 

3.2. INDOM inhibited TNF-α-induced migration and EMT in LECs 

To investigate the effect of INDOM on migration and EMT in LECs, 
the cells were treated with INDOM in different concentrations for 24 h. 
To have a better evaluation, the LECs were triggered by 10 ng/mL TNF-α 
for another 24 h. The expression of COX-2 and EMT markers, including 
α-SMA and cyclin D1, were assessed by Western blot. As shown in 

Table 1 
Grading of PCO formation.  

Grades Severity PCO formation 

0 None No PCO 
1 Slight PCO not reaching the edge of optic 
2 Moderate PCO reaching the edge 
3 Pronounced PCO beyond the edge but the visual axis is clear 
4 Severe PCO on the visual axis  
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Fig. 2A, B, 2C, and 2D, compared with the TNF-α group, the protein 
expression levels of COX-2, α-SMA, and cyclin D1 were down-regulated 
to 0.36 ± 0.03 folds (p = 0.006), 0.33 ± 0.02 folds (p = 0.002), and 0.34 
± 0.03 folds (p = 0.004) by 300 μM INDOM, respectively. 

The cell migration capacity was assessed by transwell migration and 
wound-healing assay. The transwell migration assay showed that the 
vertical migration ability of the LECs with 10 ng/mL TNF-α treatment 
was enhanced significantly compared with the control group. Simulta-
neously, this vertical migration ability was repressed considerably by 
300 μM INDOM treatment (Fig. 2E). In the wound-healing assay, after 
24 h TNF-α stimulation, similarly, the remaining blank area of the TNF-α 
group was narrower than that of the group without treatment, indicating 
that TNF-α significantly promoted cell migration; however, this effect 
was suppressed by 300 μM INDOM (Fig. 2F). Briefly, these results sug-
gested that INDOM inhibited the migration and EMT of LECs stimulated 
by TNF-α. 

3.3. Activation of autophagy in INDOM-treated LECs 

To evaluate the effect of INDOM on autophagy in LECs, we detected 
the autophagy-related proteins, including Atg5, Beclin-1, P62, and LC3- 
I/II. Western blot analysis showed that the expression of LC3-II, the 
activated LC3, significantly increased after exposure to INDOM in a 
dose-dependent manner, and the relative expression of LC3-II increased 
to 2.82 ± 0.19 folds (p = 0.016) when treated with 300 μM INDOM for 
24 h, compared with the control group (Fig. 3A and F). Similar results 
were detected in the expression levels of Atg5 and Beclin-1, which also 
increased after exposure to INDOM in a dose-dependent manner. The 
expressions of Atg5 and Beclin-1 increased to 3.66 ± 0.21 folds (p =
0.011) and 7.15 ± 0.48 folds (p = 0.009) after being treated with 300 
μM INDOM, respectively, compared with the control group (Fig. 3A, C, 
and 3D). Moreover, the expressions of P62 decreased to 0.19 ± 0.03 
folds (p = 0.002) after exposure to 300 μM INDOM compared with the 
control group (Fig. 3A and E). To further clarify the role of INDOM in 
autophagy activation, 3-MA, an early-stage autophagy inhibitor, was 
involved in this study. As shown in Fig. 3B, G, 3H, and 3J, the up- 
regulation of Atg5, Beclin-1, and LC3-II expressions by 300 μM 
INDOM were significantly inhibited by 200 μM 3-MA, and similarly, the 
downregulation of P62 expressions by INDOM was also blocked by 3-MA 
(Fig. 3B and I). These results indicated that INDOM could significantly 
promote autophagy activation in LECs. 

To further confirm the effect of INDOM on autophagy, immunoflu-
orescence assays were performed. Immunofluorescent images showed 
that the number of puncta stained with LC3 in the group treated with 
300 μM INDOM for 24 h remarkably increased compared with that of the 
control group (Fig. 4A). Treatment with 300 μM INDOM and 200 μM 3- 
MA significantly decreased the number of LC3 stained puncta compared 
with the number in the group treated with INDOM alone. In addition, 
Lysotracker Red was applied in this section to visualize the autophagy- 
lysosomes in LECs after staining [39,40]. The enhanced fluorescence 
signal demonstrated the lysosomal activity in the group treated with 
INDOM alone, which suggested an activation of autophagy in this group 
(Fig. 4B). However, in the control group and the group treated with 
INDOM and 3-MA, few active lysosomes were observed. TEM was used 
to further observe the autophagy activated by INDOM. The group 
treated with 1 μM rapamycin (RAPA), an autophagy activator, was 
introduced as a positive control group in this section. As shown in 
Fig. 4C, the number of autophagic vacuoles (AV) was increased signif-
icantly in both rapamycin (RAPA) group and INDOM group, which 
indicated the activation of autophagy. To sum up, the above results 
demonstrated that INDOM effectively stimulated the activation of 
autophagy in LECs. 

3.4. Activation of autophagy suppressed TNF-α-stimulated EMT in LECs 

To further investigate the relationship between autophagy and EMT 
in LECs, the siRNA transfection was used in this study. The function of 
the specific genes could be elucidated more definitively by knocking 
down with siRNA transfection. P62 is an essential autophagy substrate, 
which has a positive regulatory effect on Snail [41]. Snail is known as a 
critical transcription factor in the process of EMT in LECs [38]. There-
fore, the interaction of P62 and Snail was investigated. As shown in 
Fig. 4, knockdown of P62 by siRNA significantly suppressed Snail 
expression after TNF-α treatment. Fig. 4D illustrated the mechanism of 
INDOM inhibiting EMT via activation of autophagy in LECs. Compared 
with the NC siRNA + TNF-α group, 300 μM INDOM showed significant 
down-regulation of the TNF-α-triggered over-expression of Snail (0.16 
± 0.01 folds, p = 0.006, Fig. 4E and I), α-SMA (0.39 ± 0.06 folds, p =
0.014, Fig. 4E and G), and cyclin D1(0.33 ± 0.05 folds, p = 0.024, 
Fig. 4E and H). Instead, there were no statistical differences in the 
expression of Snail (1.07 ± 0.04 folds, p = 0.745, Fig. 4E and I), α-SMA 
(0.82 ± 0.10 folds, p = 0.0503, Fig. 4E and G), and cyclin D1 (0.81 ±

Fig. 1. Surface characterization of INDOM-IOLs. (A) Schematic diagram of the INDOM-IOL. (B) SEM and bright-field photographs of the three IOLs. SEM pictures 
exhibited that the coating thickness of INDOM-IOL and PLGA-IOL was ~6 μm (Scale bar, 5 μm). (C) The transmittance of the three IOLs. (D) The water contact angle 
of the three IOLs. (E) The drug release curve of INDOM-IOLs. 
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0.10 folds, p = 0.313, Fig. 4E and H) between the P62 siRNA + TNF-α 
group and P62 siRNA + TNF-α + INDOM group, which indicated that 
the inhibitory effect of INDOM on EMT was significantly limited by P62 
siRNA transfection. 

Further, the immunofluorescence assay was performed to visualize 
the interaction between P62 and the transcription factor Snail. Immu-
nofluorescent images showed that the fluorescence intensities of both 
P62 and Snail in the group treated with 10 ng/mL TNF-α remarkably 
increased compared with that of the control group, and their obvious co- 
localization was detected in the cytoplasm after TNF-α stimulation 
(Fig. 4F). Treatment with 300 μM INDOM significantly decreased the 
fluorescence intensities of both P62 and Snail compared with those in 
the group treated with TNF-α alone. To sum up, these results suggested 
that activation of autophagy could suppress TNF-α-stimulated EMT in 
LECs, and the regulation of Snail by P62 is critical in this process. 

3.5. PCO prophylaxis experiments in vivo 

The rabbit PCO model was established to evaluate the effects of 
INDOM-IOLs in vivo. The slit-lamp system was used to assess the PCO 
and anterior chamber inflammations at 3 days, 7 days, 14 days, and 42 
days after phacoemulsification and IOL implantation surgery. As shown 
in Fig. 5B and C, both short-term postoperative inflammation and long- 
term PCO development were significantly reduced in the INDOM-IOL 
group compared with the Ctrl-IOL group and PLGA-IOL group. Intrigu-
ingly, the PCO development in the INDOM drops group was not effec-
tively controlled. The PCO of the Ctrl-IOL, PLGA-IOL, and INDOM drops 
groups could be detected at 14 days post-operation. The gradings of PCO 
at 42 days were shown in Fig. 5E. The mean grading of the INDOM-IOL 
group was 1.20 ± 0.34, significantly lower than that of the Ctrl-IOL 
group (3.10 ± 0.36), PLGA-IOL group (3.00 ± 0.32), and INDOM 
drops group (2.60 ± 0.29). The Miyake-Apple images provided a more 
intuitively clear view of the posterior capsule in each group, which 

Fig. 2. Effects of INDOM on migration and EMT in 
lens epithelial cells. (A) Effects of INDOM in different 
concentrations on the TNF-α-activated up-regulation 
of COX-2, α-SMA, and cyclin D1 protein expression 
levels detected by Western blot. Quantification of 
COX-2 (B), α-SMA (C), and cyclin D1 (D) protein 
expression was shown above (**p < 0.01 between 
groups, n = 3). The transwell (E) and wound-healing 
results (F) showed the inhibitory effects of INDOM on 
TNF-α-activated cell migration (Scale bar, 500 μm).   
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showed that the posterior capsules were still extremely smooth and 
transparent in the INDOM-IOL group; meanwhile, the posterior capsules 
of Ctrl-IOL, PLGA-IOL, and INDOM drops groups were accumulated with 
lots of proliferative and fibrous materials (Fig. 5D). Furthermore, his-
tological and immunofluorescence images showed no accumulated cells 
and proliferative layers in posterior capsules, especially in the central 
zone, of the INDOM-IOL group (Fig. 5D). However, a large number of 
cells, stained with tubulin and F-actin, were detected in the posterior 
capsules of the Ctrl-IOL, PLGA-IOL, and INDOM drops groups (Fig. 5F). 
These results revealed that the novel INDOM-IOL exhibited an excellent 
effect on PCO prophylaxis in the rabbit model. 

Of note, after the inflammation of the anterior chamber subsided by 
14 days postoperatively, the morphology and characteristics of the 
posterior capsule could be clearly observed through the novel INDOM- 
IOL, which indicated that INDOM-IOL maintained excellent trans-
mittance in vivo (Fig. 5B and C). 

3.6. Cytotoxicity assessments in vitro and vivo 

To confirm the biosafety of INDOM, the cell viability test was verified 
by CCK-8 assay with three human ocular tissue-derived cell lines, 
including HCEC, ARPE-19, and HLEC-B3 [42,43]. The results showed 
that the cell viability of the three cell lines was all above 80% after 
exposure to 500 μM INDOM (Fig. 6A, B, and 6C). In addition, a live/dead 
cell (calcein-AM/PI) test was performed in HLEC-B3, and the results 

showed that the vast majority of cells were stained with green fluores-
cence, and few cells were stained red after exposure to INDOM, which is 
consistent with the CCK-8 results (Fig. 6D). Collectively, these results 
demonstrated the low cytotoxicity and safety of INDOM in vitro. 

In vivo, the rabbits were sacrificed by overdose anesthesia 42 days 
after surgery, and the H&E staining was performed to observed the 
ocular tissues. No obvious abnormality was found in the ocular tissues, 
including corneas, irises, and retinas, of all the groups (Figs. 5D and 6E). 
The cornea and retina of all animals were structurally intact and well- 
defined without edema and inflammatory cell infiltration. All animals 
had no abnormal performance during the whole experiment. Therefore, 
a conclusion can be drawn that the novel INDOM-IOL has good safety 
and biocompatibility while exerting the effect on PCO prophylaxis in 
vivo. 

4. Discussion 

PCO is a severe long-term complication after cataract surgery, and 
the pathogenesis has not been fully revealed yet [44]. The redesign and 
surface modification of IOLs is a vital topic in PCO prevention recently 
[45,46]. The redesign of IOLs is mainly to modify the IOLs into sharper 
square-edged ones, which can act as a physical barrier in the capsular 
bag to prevent the LECs from migrating toward the posterior capsule. 
Therefore, the sharp square-edged IOLs with barrier effect were used in 
the present study. Previous studies argued that IOLs could be assembled 

Fig. 3. Effects of INDOM on autophagy-related proteins in LECs. (A) Effects of INDOM in different concentrations on expression levels of Atg5, Beclin-1, P62, and 
LC3-I/II detected by Western blot. (B) Effects of 3-MA on INDOM-activated expression levels of Atg5, Beclin-1, P62, and LC3-I/II detected by Western blot. 
Quantification of Atg5 (C), Beclin-1 (D), P62 (E), and LC3-I/II (F) protein expression was shown above (*p < 0.05, **p < 0.01 between groups, n = 3). Quantification 
of Atg5 (G), Beclin-1 (H), P62 (I), and LC3-I/II (J) protein expression was shown above (*p < 0.05, **p < 0.01 between groups, n = 3). 
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with anti-adhesion properties through surface modification to prevent 
the formation of PCO [10,45]. However, recent literature suggested that 
residual lens epithelial cells tend to proliferate on the native capsule 
rather than on the surface of IOL, that is, IOL materials are hardly able to 
enhance the barrier effect of IOLs through its bioactive properties, and 
the anti-adhesion properties of IOL materials may have minimal impact 
on PCO prevention [47]. Pharmacological intervention against PCO may 
be a better alternative. 

INDOM is a commonly used anti-inflammatory drug. Interestingly, 
our study demonstrated its effect on the activation of autophagy in LECs. 
Autophagy plays a vital role in tissue development and cell homeostasis 
maintenance [48–50]. Previous studies found that several lens diseases, 
such as age-related cataracts, congenital cataracts, and diabetic cata-
racts, are associated with abnormal autophagy regulation [51,52]. In 
terms of PCO, Chandler et al. reported that cyclosporine A could activate 

the autophagy-mediated cell death ex vivo [26]. Liu et al. also found that 
sulforaphane could promote endoplasmic reticulum (ER) stress and 
autophagy through reactive oxygen species (ROS) stimulation to inhibit 
cell growth in the human lens capsular bag model [53]. In this study, we 
found that INDOM significantly up-regulated autophagy-related pro-
teins, including Atg5, Beclin-1, and LC3-I/II, which could be inhibited 
by the established autophagy inhibitor 3-MA, illustrating that INDOM 
was capable of stimulating the activation of autophagy in LECs. Of note, 
INDOM also inhibited the expression of P62. Meanwhile, we also veri-
fied that INDOM could inhibit the over-expression of EMT markers 
triggered by TNF-α in LECs. A recent study reported that, in the high 
glucose-induced EMT of LECs, P62 has a positive regulatory effect on 
Snail, which was identified as a key moderator in the EMT process [41]. 
In addition, the inhibition of autophagy induced the EMT of alveolar 
epithelial cells, which would contribute to augmenting local 

Fig. 4. INDOM regulates EMT by activating auto-
phagy in LECs. (A) Immunofluorescence assay 
exhibited the effects of INDOM on the activation of 
autophagy in LECs. The number of LC3 stained 
puncta (green) in LECs increased significantly in the 
group treated with 300 μM INDOM for 24 h; and 200 
μM 3-MA inhibited the effect of INDOM (Scale bar, 
100 μm). (B) Lysosomes were stained with Lyso-
tracker Red in the group treated with 300 μM INDOM 
for 24 h (Scale bar, 100 μm). (C) TEM images showed 
that the number of autophagic vacuoles (AV, yellow 
arrows) was significantly increased in both the posi-
tive control rapamycin (RAPA, 1 μM) group and 
INDOM (300 μM) group compared with that in the 
control group (Scale bar, 5 μm, 2 μm, and 1 μm). (D) 
Schematic illustration of the mechanism of INDOM 
inhibiting EMT by activating autophagy in LECs. (E) 
The LECs were transfected with P62 siRNA or NC 
siRNA, and treated with or without 300 μM INDOM 
and 10 ng/mL TNF-α. The expression levels of Snail, 
cyclin D1, and α-SMA was detected by Western blot. 
Quantification of α-SMA (G), cyclin D1 (H), and Snail 
(I) protein expression was shown above (*p < 0.05, 
**p < 0.01 between groups, ns represents no signifi-
cance, n = 3). (F) Immunofluorescence staining of 
P62 (green) and Snail (red) in LECs was detected after 
treatment with or without 300 μM INDOM and 10 ng/ 
mL TNF-α. The co-localization sites of P62 and Snail 
were marked by yellow arrows (Scale bar, 40 μm).   
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myofibroblast differentiation in pulmonary fibrosis [54]. The tran-
scription factors for EMT might be protected in a P62-dependent 
manner, leading to the augmentation of EMT and migration in hepato-
cytes [55]. Therefore, we inferred that the activation of autophagy by 
INDOM might promote the inhibition of EMT in LECs, and P62 was 
likely to be the functional link between EMT and autophagy. Notably, 
impaired autophagy is involved in the pathogenesis of several fibrotic 
diseases, such as hepatic fibrosis, idiopathic pulmonary fibrosis and 
kidney fibrosis, and it is reported that autophagy activation can inhibit 
cell proliferation, EMT and fibrosis by suppressing tissue damage, 
chronic inflammation, DNA damage, and abnormal mitosis, rather than 

directly leading to cell death [56–61]. Therefore, as a fibrotic disease, it 
is inferred that autophagy may also play a similar role in the process of 
PCO, and INDOM is able to inhibit the EMT and fibrosis of pathological 
LECs, but has no direct leading to healthy cell death in other intraocular 
tissues. Furthermore, we revealed that activation of autophagy could 
suppress EMT via interaction of P62 and Snail in LECs, and INDOM could 
regulate the expression of the transcription factor Snail to suppress EMT 
by repressing P62 expression upon activation of autophagy. Signifi-
cantly, autophagy was demonstrated to be a potential therapeutic target 
for the down-regulation of EMT in LECs. 

Optimized IOL combined with appropriate drug intervention can 

Fig. 5. Effect of INDOM-IOLs on PCO prophylaxis in 
rabbit PCO model: (A) Scheme of rabbit PCO model 
establishment and treatment. (B) Slit-lamp system 
was used to assess anterior chamber at 3 days, 7 days, 
14 days, and 42 days postoperatively. (C) Slit-lamp 
system was used to assess posterior capsules at 3 
days, 7 days, 14 days, and 42 days postoperatively. 
(D) Miyake-Apple view images of the posterior 
capsule and the hematoxylin and eosin (H&E) stain-
ing of the whole anterior segment structures in each 
group. Black arrows showed that no accumulation of 
proliferative layers in posterior capsules of the 
INDOM-IOL group, while many proliferative mate-
rials detected in the posterior capsules of the Ctrl-IOL, 
PLGA-IOL, and INDOM drops groups (Scale bar, 2.5 
mm). (E) Grading of PCO formation in each group 
(**p < 0.01 between groups, n = 10). (F) Immuno-
fluorescence assay of posterior capsule stained with 
tubulin (green) and F-actin (red), which showed that 
there was no cell deposition in the posterior capsule 
only in the INDOM-IOL group (Scale bar, 50 μm).   
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provide the best opportunity for PCO prevention. Previous studies have 
reported that hydrophobic IOLs have shown better PCO prevention 
because they adhere better to the posterior capsular bag, therefore, 
hydrophobic acrylic IOLs with plate haptics and sharp square-edge were 
involved in this study [12,47]. Encouraged by the results of in vitro ex-
periments, we loaded INDOM on the plate haptics of IOLs with PLGA 
using ultrasonic spray technology. PLGA, approved by the Food and 
Drug Administration (FDA) for drug delivery system in clinic, provides 
the present IOL with excellent sustained drug release properties, which 
maintains a smooth release of INDOM for 42 days. The PLGA coating is 
firmly attached to the surface of IOL haptics and has excellent biocom-
patibility and biodegradability [62–64]. In animal experiments, the 
PLGA coating did not fall off during IOL implantation, even the IOLs 
completely folded through the corneal tunnel incisions. Most impor-
tantly, the INDOM-IOL exhibited excellent anti-inflammation and 
anti-PCO effects in vivo. In contrast, topical administration of INDOM 
had few anti-PCO effects. Regardless of the route of drug delivery, it is 
indispensable to deliver a constant and adequate drug dosage to the 
target tissues. As expected, this novel drug-eluting IOL achieved high 

efficacy with low drug dosage. 

5. Conclusion 

The present study demonstrated the potential of INDOM as a phar-
macological intervention for PCO prevention. INDOM could not only 
inhibit the migration and EMT triggered by TNF-α but also stimulate the 
activation of autophagy in LECs as autophagy was a potential thera-
peutic target for the down-regulation of EMT in LECs. Afterward, the 
INDOM-IOLs with optimized IOL structures and sustained drug release 
properties were developed for PCO prophylaxis. These novel INDOM- 
IOLs showed excellent anti-inflammatory and anti-PCO effects with 
high efficiency in vivo, thus providing a promising approach for PCO 
prophylaxis. 

Ethic approval 

All animal experiments were approved by the Laboratory Animal 
Ethics Committee of the Second Affiliated Hospital, School of Medicine, 

Fig. 6. Cytotoxicity assessments. Cell viability of HLEC (A), HCEC (B), and ARPE-19 (C) exposed to different concentrations of INDOM (50 μM, 100 μM, 300 μM, and 
500 μM) for 24 h. (D) Live/dead cell (calcein-AM/PI) test of the HCECs exposed to different concentrations of INDOM (100 μM, 300 μM, and 500 μM) for 24 h (Scale 
bar, 500 μm). (E) H&E staining of the corneas, and retinas in each group (Scale bar in cornea images, 250 μm; scale bar in retina images, 100 μm). 
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Zhejiang University (approval No. 098/2022). 
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