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Editorial on the Research Topic
 Updates in ocular therapeutics and surgery, volume IV





1 Introduction

The fourth volume of Updates in ocular therapeutics and surgery, volume IV showcases how our field is advancing along three converging fronts: (i) surgical techniques and visualisation, (ii) biomaterials and drug delivery, and (iii) pharmacotherapy informed by real-world evidence and data-driven discovery. Together, the nine articles in this Research Topic—spanning the cornea, lens and retina and including one surgical methods article—highlight pragmatic solutions to persistent clinical bottlenecks and point to platforms with cross-disease applicability. A Corrigendum in this Research Topic also underscores the value of transparent corrections without altering scientific conclusions.



2 Surgery and visualisation


2.1 Refining corneal endothelial surgery

Cheong (a) et al. directly compared Descemet membrane endothelial keratoplasty (DMEK) insertion techniques in an Asian cohort—“injector” (endothelium-out) vs. “pull-through” (endothelium-in). Adjusted analyses showed comparable overall clinical outcomes, with surgical indication (not technique) chiefly driving graft failure, and pseudophakic bullous keratopathy faring worse than Fuchs dystrophy. A linked Corrigendum corrected the order of the panels in a figure and did not change the conclusions. These data will help surgeons choose instruments and manoeuvres based on ocular context rather than fashion, and will set expectations for case selection and training.



2.2 Stabilising the capsular bag after trauma

Li et al. reported on the long-term outcomes of using heat-shaped polypropylene “capsular hooks” to secure zonular-deficient capsular bags in cases of traumatic crystalline lens subluxation. Visual acuity improved markedly with well-centred IOLs and no device dislodgement over a mean follow-up of ~10-month. In settings without commercial fixation devices, this customisable, low-cost approach is both elegant and scalable.



2.3 Retrieving posteriorly dislocated IOLs—simple, safe, reproducible

Gu et al. (Methods article) describe a technique for elevating posteriorly dislocated intraocular lenses by connecting a 22-gauge intravenous catheter to the vitreotome aspiration line, thereby providing controlled suction that lifts the IOL optic away from the retinal surface for safe grasping. In four consecutive cases, the IOL never fell back, and no intraoperative complications occurred. This technique avoids perfluorocarbon liquid (PFCL)-related risks and illustrates how incremental engineering can mitigate risk during delicate vitreoretinal manoeuvres.



2.4 A safer way to see: a lutein-based vital dye

Rossi, Gesualdo, Corte et al. piloted the use of a lutein-based vitreous dye in idiopathic epiretinal membrane surgery. The dye selectively stains the vitreous/posterior hyaloid, facilitates key manoeuvres, and is associated with improved visual acuity and reduced central retinal thickness at 4–6 months without IOP penalty. As visualisation increasingly relies on adjuncts with favourable safety profiles, lutein-based dyes may offer a thoughtful alternative to triamcinolone or indocyanine green.




3 Biomaterials and delivery


3.1 Nanoparticles that can be seen—and deliver

Raîche-Marcoux et al. synthesised fluorescent gold nanoparticles with properties comparable to those of their non-fluorescent counterparts and tracked their localisation across ocular tissues after topical application in ex vivo rabbit eyes. The work is a step towards non-invasive delivery systems that can be imaged end-to-end—from the corneal surface to the posterior segment—supporting rational formulation and pharmacokinetic studies.



3.2 Harnessing amniotic membrane proteins via smart hydrogels

Basasoro et al. tested two hydrogel platforms loaded with amniotic membrane protein extract in a rabbit model of severe alkali burn. Treated corneas showed more frequent wound closure by day 14 and histologic signals of modulated inflammation. The message is pragmatic: biocompatible, muco-adhesive hydrogels can turn a proven biological milieu (AM proteins) into a controllable, residence-time-enhancing therapy.




4 Pharmacotherapy and data-driven discovery


4.1 Real-world anti-VEGF: structure–function matters

Zhang C. et al. evaluated aflibercept for diabetic macular oedema with both OCT/OCTA and microperimetry. Short-term treatment reduced central retinal thickness and improved best-corrected visual acuity and fixation stability, while FAZ area/density metrics remained unchanged—reminding us that functional endpoints can move even when angiographic surrogates do not, and supporting the use of microperimetry as a sensitive complement to routine care.



4.2 Brolucizumab in practise

Rossi, Gesualdo, Marano et al. presented 1-year, real-world results for brolucizumab in the treatment of neovascular AMD, reporting improved visual acuity and central retinal thickness with relatively few injections and only one intraocular drug-related adverse event. These pragmatic data will help clinicians balance the potency, durability and safety when individualising anti-VEGF regimens.



4.3 Data-driven discovery meets traditional medicine

Zhang H. et al. constructed an integrated bioinformatics-network pharmacology-machine-learning framework to investigate three traditional Chinese medicines for diabetic retinopathy. They identified a stigmasterol–PPARG axis and validated this axis in vivo. In addition to the specific candidates, their blueprint is noteworthy: AI-assisted target/component prioritisation funnelled into experimental confirmation can accelerate hypothesis generation for complex polypharmacy systems.




5 Where do we go from here?

Three priorities emerge. First, we must standardise technique-sensitive procedures (e.g., DMEK) alongside indication-aware pathways and training metrics. Second, we need to translate biomaterials with imageable, muco-adhesive, and tissue-specific properties from bench to clinic via pharmacokinetics and manufacturability studies. Third, we must enrich routine outcomes with function (e.g., microperimetry, fixation stability), not just structure, and continue to develop data-science pipelines that triage candidates before costly trials. The articles assembled here exemplify clinically grounded innovation—small changes that make surgery safer, smarter matrices that keep drugs where they matter, and pragmatic evidence that helps us to treat the right patient with the right tool at the right time.
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Background: Age-related macular degeneration (AMD) is a prevalent cause of irreversible vision loss worldwide, particularly among the elderly population. Two forms of late AMD are described: neovascular AMD (nAMD), characterized by abnormal choroidal blood vessel growth, and atrophic (dry) AMD, involving retinal cell degeneration. Intravitreal anti-vascular endothelial growth factor (anti-VEGF) agents have transformed nAMD treatment, with Brolucizumab emerging as a promising therapy. The aim of this study is to provide the real-life anatomical-functional and safety results, after 1 year of treatment experience with Brolucizumab.
Methods: This is a retrospective observational real-life study in which 44 patients (44 eyes) diagnosed with nAMD and treated with Brolucizumab were enrolled. We identified two groups: group 1 (24 treatment-naïve eyes) that received a loading dose of 3 monthly intravitreal injections of Broluciziumab 6 mg (0.05 mL solution) + Q8w/Q12w regimen, and a Group 2 (20 non-naïve eyes) which performed 1 injection + ProReNata (PRN) scheme. Monthly, all participants underwent comprehensive ophthalmological evaluation until 12 months follow-up.
Results: We observed a significant improvement in best corrected visual acuity (39 ± 15 L vs. 30 ± 17 L; p < 0.01) and central retinal thickness (265 ± 89 μ vs. 360 ± 129 μ; p < 0.0001) at the end of follow-up without any differences between treatment-naïve and non-naïve patients. These results were obtained with a low number of injections (3.7 ± 1.9) with only one case of intraocular drug-related adverse event. Finally, the presence of subretinal hyperreflective material correlates with lower visual recovery.
Discussion: Our findings highlight the efficacy of Brolucizumab in managing wet-AMD and suggest its role for long-term efficacy in stabilizing retinal exudation and fluid accumulation, resulting in improved visual prognosis.

Keywords
 age-related macular degeneration; intravitreal injection; brolucizumab; real-life; neovascularization


1 Introduction

Age-related macular degeneration (AMD) is a multifactorial, progressive, and debilitating disease predominantly affecting the elderly population, representing a significant public health concern worldwide (1). It stands as one of the leading causes of irreversible blindness in industrialized nations, imposing substantial socioeconomic burdens on healthcare systems and individuals alike (2, 3). AMD causes a progressive threat to visual function, particularly in its advanced stages, where it manifests as a degenerative condition primarily affecting the macula, the central region of the retina responsible for distinct vision (1). AMD is clinically stratified into three main stages: early, intermediate, and late (4). The early and intermediate stages are often asymptomatic or associated with mild visual symptoms, characterized by the presence of typical hallmarks such as drusen deposits and pigmentary changes within the macula (5). These stages are marked by progressive neuroretinal degeneration. Late-stage AMD, on the other hand, presents a more advanced and debilitating clinical picture, with two primary phenotypic manifestations: neovascular (wet) AMD and atrophic (dry) AMD. Neovascular AMD is characterized by the aberrant growth of choroidal blood vessels into retinal layers or below them, leading to the formation of abnormal vascular networks in the macular region (6). That process compromises retinal integrity and function, resulting in profound visual impairment. Conversely, atrophic AMD is distinguished by progressive degeneration of retinal pigment epithelial cells and photoreceptors, resulting in geographic atrophy within the macular area (7). Both forms of late AMD contribute significantly to vision loss and pose considerable challenges for effective management and treatment.

Historically, the therapeutic landscape for wet AMD has evolved considerably, with treatment paradigms transitioning from conventional modalities such as thermal laser photocoagulation and photodynamic therapy to the advent of intravitreally anti-vascular endothelial growth factor (anti-VEGF) agents (8). The introduction of intravitreal anti-VEGF therapy heralded a paradigm shift in AMD management, offering unprecedented efficacy in preserving visual function and improving quality of life, delaying disease progression (9, 10). Notably, numerous landmark clinical trials have demonstrated the efficacy and safety of anti-VEGF agents, consolidating their position as first-line treatments for neovascular AMD (11). Currently approved anti-VEGF agents include ranibizumab, aflibercept, brolucizumab, and faricimab (bispecific antibody). Bevacizumab is also an anti-VEGF agent used off-label to manage neovascular AMD (nAMD). However, there are no direct comparison studies that show the superiority of one drug over another, but only noninferiority trials that compare different anti-VEGF agents. For example, in a large noninferiority trial by the CATT (Center for Preventive Ophthalmology and Biostatistics) research group with a large number of patients enrolled (1208), Bevacizumab and Ranibizumab, both administered monthly, showed the same results after 1 year follow-up (8.0 and 8.5 letters gained, respectively). Moreover, authors highlighted also how Bevacizumab as needed was equivalent to Ranibizumab as needed with +5.9 and + 6.8 letters gained, respectively (12). Authors also analyzed the results of re-randomizing the same patients into continuous monthly treatment and as-needed treatment at year 2, discovering that the as-needed group lost −1.8 letters compared with those undergoing monthly treatment (13). Those two studies highlighted how monthly treatment approach, even being more expensive for healthcare systems and stressful for patients, is more effective in maintaining visual acuity in time.

However, despite the remarkable therapeutic advancements achieved with anti-VEGF therapy, several challenges persist in the management of AMD, particularly in the context of real-world clinical practice (14). The burden of frequent intravitreal injections, the need for long-term monitoring, and possible treatment-related complications pose significant challenges for both patients and healthcare systems to optimize AMD treatment strategies. In recent years, efforts have focused on optimizing treatment protocols and exploring novel therapeutic modalities aimed at enhancing treatment efficacy and reducing treatment burden (15). Brolucizumab, a novel anti-VEGF agent, has gained significant attention as a potential candidate for advancing the treatment paradigm in neovascular AMD (16–18). As a single-chain antibody fragment targeting all isoforms of VEGF-A, Brolucizumab offers the potential for enhanced potency and sustained therapeutic effect (19). Its small molecular size facilitates higher drug concentrations within the vitreous cavity following intravitreal administration, thereby optimizing retinal bioavailability, and minimizing treatment frequency (20). Dealing with its small molecular size, some authors have hypothesized that, even if brolucizumab should be less immunogenic because of an Fc portion missing in its biomolecular anatomy, actually it can be more immunogenic because of its size and potentiality to unfold and consequently expose epitopes that may not be identified by the immune system (21).

Clinical trials evaluating the efficacy and safety of Brolucizumab have yielded promising results, demonstrating non-inferiority to existing anti-VEGF agents in terms of visual acuity outcomes and anatomical improvements (22). Notably, Brolucizumab has shown favorable outcomes in reducing central retinal thickness and extending treatment intervals, offering the prospect of reduced treatment burden and improved patient convenience (23). In fact, in HAWK and HARRIER trials, treatment regimen was made up by a loading phase of 3 monthly injections followed by a q8w/q12w re-treatment scheme based on disease activity. Notably, the authors reported that a high percentage of patients, 55.6% in HAWK and 51.0% in HARRIER, maintained q12w dosing after loading until the end of the follow-up (48 week). Furthermore, authors observed that in patients without disease activity in the first 12 weeks, the probability of maintaining q12w scheme thought-out 48 weeks was very high: 85.4% in HAWK and 81.7% in HARRIER (16). Interestingly, authors have also reported that in patients with nAMD characterized by refractory residual retinal fluid despite undergoing repeated intravitreal injections of anti-VEGF, switching from other drugs to Brolucizumab can help in obtaining both functional and anatomical improvement (24).

Another relevant consideration regarding visual recovery and treatment scheme after loading phase is the evaluation of a new optical coherence tomography (OCT) biomarker highlighted by Sadda et al. in a recent post-hoc analysis (25), that is the subretinal hyperreflective material (SHRM), corresponding to the accumulation of blood, fibrin and fibro-scar tissue in the subretinal space. SHRM creates a mechanical barrier between the retina and retinal pigment epithelium (RPE), thus interfering with metabolic exchanges and normal functionality of the photoreceptors, causing worse functional improvement during anti-VEGF intravitreal therapy. On this regard, Sadda et al. observed that high SHRM thickness postloading and high SHRM thickness variability over time are negative predictive factors in patients with nAMD. Moreover, the authors described an higher percentage SHRM thickness reductions from baseline in patients treated with Brolucizumab versus Aflibercept (25).

However, concerns regarding the incidence of treatment-related adverse events, including intraocular inflammation and retinal vasculitis, have been raised, necessitating careful consideration of safety profiles in clinical practice (26). In a post hoc review of the HAWK and HARRIER study authors analyzed the incidence of adverse events correlated with intravitreal administration of Brolucizumab, carefully excluding forms of intraocular inflammation (IOI) or endophthalmitis not related to the drug. They found out that the incidence of definite/probable IOI was 4.6, IOI + retinal vasculitis was 3.3%, and IOI + retinal vasculitis + retinal occlusion was 2.1%. In brolucizumab-treated eyes with definite/probable IOI, the risk of at least moderate visual acuity loss was 22.2% in eyes with signs of retinal vasculitis and 30.4% in eyes with signs of retinal vasculitis + retinal occlusion; the risk of severe visual acuity loss was 13.9% in eyes with signs of retinal vasculitis and 21.7% in eyes with signs of retinal vasculitis + retinal occlusion (27). In a large retrospective analysis (432,794 injections) is reported that severe IOI occurred at a rate of 1.06/1000 aflibercept injections and 0.64/1000 ranibizumab injections (28). However, despite these data, authors reported that overall rates of moderate or severe visual acuity loss (including that associated with definite/probable IOI, retinal vasculitis and/or retinal occlusion) were similar for brolucizumab and aflibercept (7.4 and 7.7%, respectively). Based on these findings authors suggest accurate slit-lamp examination and ophthalmoscopy when treating patients with Brolucizumab, looking for subtle vasculitis and/or occlusive disease and/or signs of inflammation in the OCT scans (27). Furthermore, in a recent Japanese study, authors reported an association of macular atrophy and SHRM with the development of intravitreal injection-related IOI (21). Another aspect about Brolucizumab analyzed in recent literature is its relevant effect in reducing ocular blood flow in the 30 min following the injection. This reaction is provoked by other anti-VEGF as well and it is already clearly described in literature even with OCT evidence on the choroidal thickness (29) and it is thought to be caused by the activation of endothelial nitric oxide synthase (30). However, in a recent work by Kato et al., in 3 out of 10 patients studied, Brolucizumab decreased ocular blood flow at choroid of more than 30% and this reaction was not present in patients receiving intravitreal aflibercept, even if this finding was not correlated with any clinical significant variation (31).

Real-world evidence, especially Italian, relating to the long-term efficacy and safety of Brolucizumab remains limited, highlighting the need for further research and post-marketing surveillance to elucidate its clinical utility and risk–benefit profile (32, 33). Therefore, the aim of this study is to provide the real-life anatomical-functional and safety results, after 1 year of treatment experience with Brolucizumab.



2 Materials and methods

This is a retrospective observational study in which 44 patients (44 eyes) diagnosed with neovascular age-related macular degeneration (nAMD) were enrolled and treated. Patients were followed both at the Ophthalmology Clinic of the University of Campania “Luigi Vanvitelli,” Naples, Italy, and at the Ophthalmology Unit of the “Rummo” Hospital in Benevento, Italy. Table 1 summarizes the demographic and clinical data of the included subjects. The study adhered to the principles outlined in the Declaration of Helsinki and received the approval of the Institutional Board of Auditors of the University of Campania “Luigi Vanvitelli” (Prot. 0003239/I, 01/02/2023). Informed consent to participate in the study was obtained from all participants. We adopted the following exclusion criteria: previous treatments with Brolucizumab; concomitant ocular pathologies like diabetic retinopathy, hereditary retinal dystrophies, retinal vascular occlusions, uveitis; laser photocoagulation and/or vitrectomy performed in the study eye in the last 6 months.



TABLE 1 Demographic and clinical ophthalmic data of the enrolled patients.
[image: A table comparing characteristics and systemic risk factors between naïve and non-naïve groups. Age mean for naïve is 76 (±5.2) and for non-naïve is 78 (±4.3). Gender distribution shows 16 males (64%) and 10 females (43%) in the naïve group, while the non-naïve group has 9 males (36%) and 9 females (47%). Systemic risk factors include hypertension (17 naïve, 20 non-naïve), smoking (11 naïve, 14 non-naïve), and alcohol use (3 naïve, 4 non-naïve). Number of eyes is 24 (55%) naïve and 20 (45%) non-naïve. Lens status indicates 16 phakic (34%) and 28 pseudophakic (66%) in the naïve group. MNV type distribution: Type 1 - 16 (57%) naïve, 12 (43%) non-naïve; Type 2 - 5 (41.7%) naïve, 7 (58.3%) non-naïve; Type 3 - 3 (75%) naïve, 1 (25%) non-naïve.]


2.1 Study design

We divided the entire cohort into two groups: group 1 (24 treatment-naïve eyes), which underwent a loading dose of 3 monthly intravitreal injections of Broluciziumab 6 mg (0.05 mL solution) + Q8w/Q12w regimen, and a Group 2 (20 non-naïve eyes) which underwent a treatment regimen of 1 injection + ProReNata (PRN) scheme. Monthly, all participants underwent comprehensive ophthalmological evaluation, including: Best-Corrected Visual Acuity (BCVA) assessment using Early Treatment Diabetic Retinopathy Study (ETDRS) chart at 2 m; anterior segment biomicroscopy and binocular indirect ophthalmoscopy performed with Haag-Streit slit lamp; Spectral-Domain Optical Coherence Tomography (SD-OCT) and Angiography-OCT (OCTA). SD-OCT imaging was conducted using Cirrus 6,000 Zeiss Engineering, employing the protocol Macular Cube 512 × 128. Central retinal thickness (CRT) was measured at the foveal center as the distance between the retinal surface and retinal pigment epithelium (RPE). The OCTA was also performed with Cirrus 6,000 Zeiss Engineering.



2.2 Study endpoints

The primary endpoints were: change in BCVA and CRT at 6 and 12 months. We also evaluated the incidence of adverse events such as vitreitis and/or vasculitis related to therapy with Brolucizumab. Additionally, patients were stratified on the basis of intraretinal (IR), subretinal (SR) and sub-RPE (SRPE) fluid distribution at baseline, in order to evaluate the visual change during follow-up for each subgroup analyzed.

Moreover, we analyzed the anatomical and functional outcomes considering also the type of macular neovascular membrane (MNV), classificating it as already widely described in literature (34):

	- MNV type 1: characterized by a sub-RPE fibrovascular complex grown from the choriocapillaris into the sub-RPE space.
	- MNV type 2: characterized by the presence of hyperreflective material originating for choriocapillaris, penetrating through the RPE and spreading subretinally.
	- MNV type 3: characterized by proliferating vessels that extend from deep retinal capillary plexus towards the outer retina.

Finally, we evaluated the influence of SHRM on BCVA and its anatomical evolution during the 12 months follow up, as already described in a recent work by Sadda et al. (25).

Baseline and follow-up images were independently graded by two investigators (E.M., R.P.) and verified by a senior colleague (C.G).



2.3 Statistical analysis

Data distribution and homogeneity were assessed by using, respectively, Shapiro–Wilk test and Levene’s test. Student’s T-test was performed to compare 2 groups (for example, in the evaluation of injection number between naïve and non- naïve). Variables based on repeated observations were analyzed by Friedman’s test followed by Dunn’s post hoc test, or by repeated measures analysis of variance (RM-ANOVA) followed by Bonferroni’s multiple comparison test. Particularly, Mauchly’s test was performed to assess sphericity for RM-ANOVA, and if violated, Greenhouse–Geisser or Huynh-Feldt correction was applied. Pearson correlation analysis was performed to assess the strength of association between 2 variables, confirmed by a linear regression analysis. Data were reported as mean ± SD and a p value <0.05 was considered statistically significant.




3 Results

A collective of 44 eyes from a total sample size of 44 patients (effect size = 0.25; α value = 0.05, 1-β value = 0.95), comprising 25 males (56.8%) and 19 females (43.2%), affected by wet-AMD, were retrospectively included in this investigation. The mean age was 77 +/− 5.3 years. Notably, no substantial distinctions were highlighted between the two subgroups (naïve vs. non naïve) in terms of age and gender distribution. Regarding the type of MNV, patients were classified as follows: 64% type 1 MNV (n. 28); 27% type 2 MNV (n. 12); 9% type 3 MNV (n. 4). A comprehensive overview of systemic, functional and morphological features of the entire cohort is presented in Table 1.

An average number of 3.7 + 1.9 injections (IVTs) was performed in the entire cohort. Analyzing the 2 subgroups (Levene’s test: F statistic = 1.4222; p value = 0.2396), in naïve patients an average number of 3.4 + 1.3 IVTs was performed, while in non-naïve patients the average number of IVTs was 4.1 + 1.3 IVTs, without significant differences between the two subgroups in terms of number of IVTs (p = 0.30). Among naïve patients, 24 subjects (96%) maintained a Q12 regimen, performing a maximum of 2 IVTs after the initial loading dose, until the end of follow-up. However, among non-naïve patients, most patients (65%; 13 patients) performed 2 injections after the initial IVT.


3.1 Best-corrected visual acuity and optical coherence tomography results

At the 6-month time point we observe a significant improvement in BCVA compared to baseline in the entire cohort (35 ± 16 letters (L) vs. 30 ± 17 L; p < 0.01) (Figure 1A), without significant differences between the 2 groups (38 ± 17 and 32 ± 15 L; p > 0.05) (Figure 1B). Instead, remarkably, the complete cohort exhibited statistically significant enhancements in BCVA at the 12-month follow-up relative to baseline (Figure 1A) (39 ± 15 L vs. 30 ± 17 L; p < 0.01). Interestingly, the disparity in BCVA improvement between Group 1 and Group 2 failed to obtain statistical significance at 12 months (42 ± 14 L vs. 35 ± 14 L; p > 0.005) (Figure 1B). Regarding CRT, marked improvements were observed in both groups, both at 6 and 12 months (281 ± 117 μ vs. 360 ± 129 μ, p < 0.05; 265 ± 89 μ vs. 360 ± 129 μ; p < 0.001) (Figure 2A), without significant variations between two groups at 6 and 12 months (p > 0.05) (Figure 2B).
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FIGURE 1
 (A) Enhancements in best-corrected visual acuity (BCVA) at the 12-month follow-up relative to 6-month follow-up and to baseline [6-month mean difference (MD)]. ** p < 0.01 vs. Baseline; °° p < 0.01 vs. Month 6 (RM-ANOVA followed by Bonferroni’s test, Huynh-Feldt correction). (B) Best corrected visual acuity (BCVA) trends between naïve and non-naïve groups during the follow-up. * p < 0.01 vs. Baseline, same group; (RM-ANOVA, Greenhouse–Geisser correction).


[image: Bar graphs A and B compare central retinal thickness (CRT) in different conditions. Graph A shows CRT at baseline, month six, and month twelve, with a decrease over time. Graph B compares naive and non-naive groups across the same periods, highlighting numerical values and significant changes. Error bars represent standard deviation.]

FIGURE 2
 (A) Central retinal thickness (CRT) changes in the whole cohort. *p < 0.01 and ***p < 0.001 vs. Baseline (Friedman’s test, followed by Dunn’s test). (B) Central retinal thickness (CRT) changes between naïve and non-naïve groups during the follow-up (Friedman’s test, followed by Dunn’s test). *p < 0.05 vs Baseline, same group; °p < 0.05 vs Month 6, same group; ^p < 0.05 vs. naive at Baseline.




3.2 Adverse events

Notably, our study reported only one case of acute-onset intermediate uveitis in a treatment-naïve male, whereas non-naïve patients remained free of adverse events throughout the follow-up period. The complete resolution of symptoms was reached with a treatment regimen involving local and systemic steroids and with mydriatic eye drop.



3.3 Best-corrected visual acuity changes and fluid distribution

By evaluating BCVA improvement in relation to the fluid distribution at baseline (IR, SR and SRPE), we did not observe a significant correlation between the localization of the fluids and the visual recovery at the various time points, without significant differences between the two groups of patients analyzed (p > 0.05) (Figure 3).

[image: Bar chart showing BCVA (L ± SD) at baseline, month 6, and month 12 for three conditions: SRPE, IR, and SR. Values are displayed above each bar: 30 ± 20, 36 ± 18, 39 ± 17 for SRPE; 33 ± 14, 34 ± 16, 37 ± 15 for IR; and 28 ± 22, 39 ± 17, 44 ± 14 for SR. The vertical axis ranges from 0 to 70.]

FIGURE 3
 Best corrected visual acuity (BCVA) changes in relation to baseline fluid distribution. No significant difference was observed (RM-ANOVA, followed by Bonferroni’s test, Greenhouse–Geisser correction); intraretinal (IR), subretinal (SR) and sub- retinal pigment epithelium (SRPE).




3.4 Visual and optical coherence tomography changes related to the type of macular neovascular membrane

Furthermore, the analysis of BVCA in relation to MNV type (type 1, 2 and 3) did not show substantial changes between groups at baseline and after 6 months (p > 0.05), while a significant BVCA improvement was evident in MNV type 1 compared to MNV type 2 (p < 0.05) after 12 months (Figure 4A). Moreover, the three MNV groups did not show any CRT modifications at all time points considered (p > 0.05) (Figure 4B).

[image: Graphs showing BCVA and CRT over time for MNV types 1, 2, and 3.   Graph A displays BCVA in LogMAR units, increasing over 12 months for MNV type 1, with significant improvement over type 2 at month 12 (p < 0.05).   Graph B shows CRT, measured in micrometers, decreasing over the same period, with MNV type 1 starting highest but converging with types 2 and 3 by month 12.   Tables provide mean values and standard deviations for each period.]

FIGURE 4
 (A) Best corrected visual activity (BCVA) changes in patients with macular neovascular membranes (MNV) type 1, 2 and 3 during follow-up. *p < 0.05 MNV type 1 vs. MNV type 2 at Month 12 (RM-ANOVA, followed by Bonferroni’s test). (B) Central retinal thickness (CRT) changes in patients classified in MNV type 1, 2 and 3 during follow-up (RM-ANOVA, followed by Bonferroni’s test).




3.5 Changes of subretinal hyperreflective material during follow-up

Regarding the SHRM analysis, we observed: (a) the presence of SHRM at baseline was correlated with a lower BCVA after 12 months (p < 0.05) (Figure 5A); (b) patients with SHRM at baseline and who performed a greater number of IVTs (equal to or greater than 4 IVTs), showed the persistence of thicker SHRM at the end of follow-up (Figure 5B). In the exemplificative Figure 6, it is possible to observe a case of a naïve patient who presented SHRM at baseline, and despite undergoing 5 injections of Brolucizumab, showed a progressive increase in the SHRM thickness, with concomitant BCVA worsening during the follow-up (Figure 6).

[image: Bar chart labeled "A" shows BCVA at baseline, Month 6, and Month 12 for SHRM- and SHRM+ groups. BCVA increases in SHRM- at Month 12. Scatter plot labeled "B" shows a positive correlation (r = 0.55) between the number of injections and SHRM thickness at Month 12, significant with P < 0.05.]

FIGURE 5
 (A) Best corrected visual acuity (BCVA) changes in patients with or without baseline subretinal hyperreflective material (SHRM) (SHRM- and SHRM+, respectively) during follow-up. *p < 0.05 vs. Baseline, same group; ° p < 0.05 vs. SHRM-, same time point (RM-ANOVA, followed by Bonferroni’s test, Greenhouse–Geisser correction). (B) Significant positive correlation (p < 0.05) between subretinal hyperreflective material (SHRM) and number of injections at Month 12, confirmed by a significant linear regression analysis (p = 0.0429). r = Pearson’s coefficient.


[image: Three OCT images showing retinal changes over time. Baseline with 69 micrometers thickness and BCVA of 50L, 6 months with 143 micrometers thickness and BCVA of 47L, 12 months with 169 micrometers thickness and BCVA of 44L.]

FIGURE 6
 Increase of SHRM thickness with concomitant BCVA decrease during 12-months follow-up in a naïve patient that performed 5 intravitreal injections of Brolucizumab.





4 Discussion

In this investigation, the morphological and functional changes observed in real life in 45 eyes with nAMD treated with Brolucizumab, after 1 year of follow-up were analyzed.

This study included two cohorts: treatment naïve (Group 1) subjected to a monthly loading phase of 3 injections of Brolucizumab + Q8/Q12; non-naïve (Group 2), who received a single intravitreal injection followed by a PRN treatment regimen. Both groups analyzed demonstrated significant improvements in retinal function (BCVA) and morphology (CRT) at 12 months, with an average improvement of approximately 10 L ETDRS at the end of the follow-up, and with a significant reduction in fluid accumulation in the various compartments (IR, SR, SRPE) at both 6 and 12 months.

The efficacy of Brolucizumab in BCVA enhancement has been previously explored, with reported outcomes displaying variability across studies (33, 35). Notably, the findings of our investigation align more closely with a real-world study conducted by Bilgic et al., which reported BCVA gains in treatment-naïve patients comparable to ours (36). A visual improvement similar to what was observed in our paper has been described by Scupola A. et al., which however describe a greater visual recovery in naïve patients compared to non-naïve patients (+16.0 ± 4.9 L vs. 10.7 ± 5.9 L), associated with a concomitant greater reduction in macular thickness at the end of follow-up (37). Instead, in the BREW study (35), another real-life study, the safety and efficacy of Brolucizumab in determining a stabilization of vision, and not an improvement, was demonstrated only in a cohort of non-naive patients, and after a rather short follow-up of approximately 4 months.

Our findings underscore the effectiveness of Brolucizumab in managing wet-AMD and suggest its potential for long-term efficacy in stabilizing retinal exudation and fluid accumulation, resulting in improved visual prognosis. As proof of the long-lasting action of the drug, in our cohort we achieved good visual recovery after 1 year of follow-up, performing an average small number of 3.9 + 1.9 IVT (on average 2 IVT after the loading phase), and applying a relaxed loading dose in naïve patients (every 45 days), or a single injection + PRN in non-naïve patients. These data suggest a long-lasting effect of the drug, with good anatomical-functional results obtainable even with a limited number of injections not too close together, thus reducing the risk of intraocular inflammatory phenomen in this regard, in light of the exponential increase in the prevalence of AMD in the coming years as described in multiple studies (1–3), with consequent increase in the global burden of managing AMD itself (1), and in particular of the advanced form (neovascular), our study, although conducted on a small sample, underlines the importance of using long-acting drugs in real life, such as Brolucizumab, in order to reduce the burden through a smaller number of both injections and check-ups.

Another interesting observation arises from the PROBE study, wherein authors demonstrated the potential efficacy of an initial PRN regimen for Brolucizumab therapy, without loading dose. In fact, the authors observed a significant outcome in terms of both BCVA and CRT at the end of the 11-month follow-up, with a mean of 2.2 ± 0.9 injections (38).

It’s conceivable that the smaller size of the Brolucizumab molecule could lead to higher intraocular concentrations, resulting in greater efficacy and duration of pharmacological action (38). However, this characteristic of the drug can determine an increased formation of immune complexes which are the basis of the drug-related immuno-inflammatory reactions, described in multiple studies.

Interesting to note, that however in our study, only one treatment-naïve male patient developed intermediate uveitis. This patient promptly underwent both systemic and topical steroid therapy, with the addition of local mydriatics, showing a rapid and complete visual recovery, demonstrating the importance of early recognition of the initial signs of intraocular inflammation and the consequent timely initiation of the right therapy. An interesting fact that we observed in the management of this patient is the prompt response to steroid therapy with rapid improvement of both the objective and tomographic (OCT) picture, with progressive reduction of the intraretinal edema associated with the neovascular membrane, probably attributable to the decrease in inflammatory component of the disease following the established therapy.

Moreover, at the 12-month follow-up, we observed a significant BCVA improvement in patients with MNV type 1 compared to patients with MNV type 2, without significant differences in terms of CRT. These results are in line with the previous literature data, supporting the evidence that type 1 MNVs are associated with better long term outcomes respect to type 2 MNVs that typically respond quickly to anti-VEGF therapy but are more prone to develop a fibrotic scar (39).

Furthermore, in our study, we observed a significant reabsorption of fluid accumulation in the different retinal compartments (IR, SR, SRPE) during the 12-month follow-up, as already reported in the Hawk and Harrier pivotal studies, and in other real-world studies (16, 23, 40, 41).

Finally, we analyzed the role of a new OCT biomarker, namely SHRM, corresponding to the presence of hyperreflective material in the subretinal space, in relation to the variations in BCVA detected during follow-up. Similarly, to a post-hoc analysis of the Hawk and Harrier trials (25), and what was stated in a recent long-term study by Fang et al. (42), our study confirmed the negative prognostic role of SHRM, being correlated to a lesser or absent visual recovery in patients (both naïve and non-naïve), who showed greater SHRM thickness at baseline. These results are in agreement with the hypothesis that SHRM, corresponding to the accumulation of blood, fibrin and fibro-scar tissue, creates a mechanical barrier between the retina and RPE, thus interfering with metabolic exchanges and normal functionality of the photoreceptors (43).

At the end of our 12-month analysis, we observed that the patients with SHRM at baseline and who performed a greater number of IVTs (equal to or greater than 4 IVTs), showed the persistence of thicker SHRM at the end of follow-up. The progressive increase in the thickness of the SHRM during follow-up could represent a progressive fibro-cicatricial reaction related to the evolution of the disease itself, and which could also be partially accentuated by antiangiogenic therapy with Brolucizumab. In fact, Brolucizumab is a molecule that shows very innovative and particular structural characteristics such as: small dimensions with a molecular mass of only 26 kDa (smaller than other anti-VEGFs), which allow the achievement of a high concentration, bioavailability and persistence at retinal level, resulting in a high VEGF binding capacity which is 11–22 times greater than aflibercept or ranibizumab (44). All this translates into a very rapid and powerful anti-exudative and anti-hemorrhagic action of Brolucizumab, which could on the other hand also determine a more rapid and marked fibrotic reaction. This result suggests that, especially in the more advanced stages of wet AMD, a very careful selection of patients who can actually benefit from further injections is necessary, especially in real-life where we often encounters problems of an economic and organizational nature.

Since a high number of IVT could also lead to the development of extensive subretinal fibrosis. In this regard, it has been widely demonstrated that even during treatment with anti-VEGF drugs, the development of progressive subretinal fibrosis in the sub-foveal area can occur, representing an important unmet clinical need. For example, the CATT study describes the development of fibrotic scars in 24.7% of all treated eyes, regardless of treatment regimen. Particularly, in the CATT, an average growth in size of the neovascular lesion measured at fluorescein angiography (FA) of approximately: +1.6, +1.9 and + 3.0 mm2 was observed for monthly bevacizumab, ranibizumab PRN and bevacizumab PRN respectively, therefore showing a continuous growth of fibrovascular tissue. Daniel et al. have observed that the greater risk of developing fibrosis is associated with some basic characteristics of neovascular membrane (NVM), such as: type 2 (predominantly classic) NVM; a larger lesion; increase in foveal retinal thickness; the presence of SF and/or SHRM on OCT (45).

Although this real-life study provides interesting data derived from the daily management of nAMD, it is characterized by some limitations to underline such as: the retrospective design, the relatively small size of the cohort and the short-term follow-up.



5 Conclusion

In conclusion, despite the limitations of the study, our analysis highlights the efficacy and prolonged effect of Brolucizumab therapy in the treatment of nAMD, both in naïve and non-naïve patients, with a good safety profile. Furthermore, this paper underlines the importance of careful selection of the patient to be treated, also considering the negative prognostic role of the possible presence of SHRM at baseline. However, prospective studies with longer follow-up and larger cohorts are needed to better study the long-term effects and any adverse reactions attributable to Brolucizumab therapy.
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Background/aims: Chemical burns to the eye cause extensive ocular surface damage, often resulting in permanent visual impairment. The amniotic membrane (AM), with its regenerative properties, has shown great potential in treating such injuries. Recent innovations, including hydrogel-based delivery systems, have been developed to improve drug retention and promote corneal healing. This study aimed to evaluate whether hydrogels loaded with proteins from human AM could enhance corneal wound healing effectively.
Methods: Alkaline burns (8 mm diameter) were induced in the cornea of anesthetized male New Zealand White rabbits (n = 44) by placing filter paper soaked in 1M NaOH on them for 60 s. After rinsed the corneas immediately with a balanced salt solution, the wounds then received: (1) no treatment; (2) AM transplantation; or (3) a dynamic hyaluronic acid hydrogel based on gold thiolate loaded with an AM protein extract (AME); or (4) a physically cross-linked ocular hydrogel insert loaded with the same AME. The contralateral uninjured eye served as a control. The wound area and proportion of healed corneas was assessed in microphotographs. In addition, corneal histology was evaluated by hematoxylin–eosin and Masson’s trichrome staining, examining epithelial and stromal thickness, the endothelial layer, and inflammatory infiltration in the early (day 2) and late (day 28) phases of healing.
Results: There was more frequent corneal wound closure in animals treated with the hydrogels (treatments 3 and 4) on day 14 (44.4 and 55.5%, respectively) than in the untreated controls (33.3%). Histologically, abnormal re-epithelialization and altered epithelial junctions were observed, with no significant differences in epithelial thickness. Endothelial damage correlated with significant thinning (p = 0.001), with treatments 2 and 3 producing significant differences in the inflammatory infiltrate (p = 0.01).
Conclusion: Applying new biocompatible hydrogels to the ocular surface that release AM proteins may help close corneal wounds caused by caustic burns. The aggressive nature of burns hinders the detection of differences in the wound area between treatments 28 days after injury. However, improving the adhesion of a solid hydrogel to the mucosa of the ocular surface could enhance these outcomes by keeping the implant in contact with the wound for a longer period.
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1 Introduction

Chemical eye burns produce considerable damage to the ocular surface epithelium, cornea and anterior segment, provoking permanent unilateral or bilateral visual impairment (1). These injuries may be caused by direct exposure of the eye to corrosive chemicals, and they may have severe consequences on the structure and function of the eyeball, and/or its surrounding tissues. The severity of an ocular chemical burn depends on various factors, including the nature of the chemical agent, the duration of exposure, the area exposed, the concentration of the agent and the promptness of treatment (2). Proper management of chemical eye burns requires a rapid and accurate initial assessment, followed by therapeutic interventions that minimize tissue damage, preventing the progression of the injury and promoting healing of the ocular surface (2). In this sense, the amniotic membrane (AM) has been proposed as a promising tool due to its unique composition and regenerative properties (3). This tissue is derived from the inner layer of the amniotic sac and its unique characteristics make it ideal for various therapeutic applications related to ocular conditions (4). There is clinical evidence that AM transplantation promotes corneal epithelial healing (5), reduces scar formation (6), suppresses inflammation (7) and inhibits angiogenesis (8, 9). Many of these effects have been attributed to the protein content of the AM, which includes growth factors (10), cytokines and structural proteins (11) that can modulate immune responses and promote tissue regeneration. The proteins obtained from AM preparations are influenced by several factors, including gestational and donor age (12), the method of preservation employed (13), as well as the filtration and centrifugation protocols used to prepare eye drops. Previously, our group characterized some growth factors in the AM known to be involved in re-epithelialization, such as beta-Fibroblast Growth Factor (bFGF), Endothelial Growth Factor (EGF), Hepatocyte Growth Factor (HGF), Nerve Growth Factor (NGF) and the endogenous anti-angiogenic factor endostatin (14). However, considering the potential of the AM in this process, it would be of interest to obtain a more comprehensive understanding of its protein profile.

Corneal ulcers are generally treated using eye drops, which requires frequent administration as the active ingredient only remains in contact with the ocular surface briefly due to the constant flushing by tears through blinking. Over the past decade, novel approaches to overcome this limitation have been developed, improving drug residence times on the cornea. These include the use of nanoparticles (15), liposomes (16), micro emulsions (17), Nano suspensions (18), polymeric micelles (19, 20) and hydrogel-based delivery systems (21). Hydrogels are three-dimensional polymeric structures made up of water embedded in polymeric chains that are designed to retain the cohesive properties of solids and the transport properties of liquids (22). Hydrogels can be broadly categorized into physical and chemical hydrogels based on the interactions establishing their network structure. Physical Hydrogels are mainly formed through physical interactions like hydrogen bonding, hydrophobic interactions or physical entanglement of polymer chains. These interactions are reversible and can be disrupted by altering environmental conditions, such as temperature, pH or ionic strength (23). Of these, hydrogels based on Eudragits® are of particular interest as combining this polymer with other biocompatible polymers (e.g., polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), or polyethylene glycol (PEG)) enables some properties of the hydrogels to be modulated, such as their porosity, stability and cargo release capacity (24, 25). Significantly, the use of Eudragits has been explored in physically cross-linked hydrogels designed for ophthalmic applications (26–29).

Covalently crosslinking polymer chains, stabilizing the bonds in the hydrogel network, form chemical hydrogels. Such crosslinking typically involves chemical reactions like polymerization, crosslinking agents or enzymatic reactions (23). As a result, chemical hydrogels have stable lattice structures that are irreversible under normal conditions. However, modulating the degree of entanglement/cross-linking in these hydrogels can yield soft, degradable and permeable structures, with mechanical properties similar to those of tissues, thereby offering a promising solution for prolonged drug delivery and tissue engineering applications (25). Another key factor that enhances the potential for hydrogels to be used in clinical applications is their mucoadhesivity. The water content and the soft, flexible nature of hydrogels make them suitable to associate with mucin, through either electrostatic interaction, hydrogen bonding, hydrophobic interactions or Van der Waals forces. As a result, there have been efforts to develop hydrogels that adhere to mucous membranes with the potential to extend drug residence times (30). Recent years have seen the development of the next generation of hydrogels based on reversible bonds, namely dynamic hydrogels, offering the promise of being more adaptable and of inducing self-healing in natural tissues. These hydrogels possess a network of polymer chains that can form dynamic bonds that enable the material to reorganize its structure in response to external stimuli (31). Of particular interest are those gels based on interactions established between Au (I) or Ag (I) ions and thiolate polymers. These reversible interactions, namely, metal-thiolate (M-S) and disulphide (S-S) bonds provide gels that adopt features of an injectable material with permanent exchange ratios and self-healing capacities. In addition, if thiolate hyaluronic acid (HA-SH) is used, better mucoadhesivity to the cornea is expected thanks to the ability of thiol groups to react with the thiol groups of cysteine residues in the tear film’s mucin (30, 32).

This study set out to evaluate the efficacy of two hydrogel formulations for the treatment of corneal ulcers: one dynamic and injectable; and the other based on Eudragit combined with biocompatible polymers. This is a preliminary study in which, after optimizing the corresponding formulations, biocompatible hydrogels were obtained that could establish a baseline on which further improvements can be made. AM proteins were incorporated into the hydrogels to compare the rate of corneal ulcer closure between them, comparing their effects with the more traditional transplantation of AM fragments using sutures (AMT). Indeed, the AM protein extracts (AMEs) were analyzed out with a view to obtain new insights into the key molecules responsible for the therapeutic effects of the AM. This information may well aid the selection of specific proteins to be included in hydrogels, enhance current formulations and develop new, more effective treatment strategies.



2 Materials and methods


2.1 Amniotic membrane protein extraction

AMs were obtained from the Gynaecology and Obstetrics Department at Cruces University Hospital (Barakaldo, Spain), their use in this study was approved by the Cruces Ethics Committee (CEIC code E20/05). All human tissues were handled in accordance with the tenets of the Declaration of Helsinki regarding medical research involving human subjects. The patient selection process followed the same criteria established for AM donation intended for ocular surface surgery. The inclusion criteria required participants to be between 18 and 42 years of age, seronegative for human immunodeficiency virus (HIV), hepatitis B and C, and syphilis, and to have experienced full-term pregnancies (38–42 weeks). Exclusion criteria ruled out individuals with gestational or fetal diseases.

Human placentas were managed in alignment with the principles outlined in the Declaration of Helsinki. Following the acquisition of informed consent, four human placentas from Caucasian women were collected following elective caesarean deliveries and promptly processed under sterile conditions. First, the placentas were rinsed with sterile saline solution to eliminate blood clots. The AM was then meticulously detached from the chorion using blunt dissection and thoroughly rinsed several times in a saline solution enriched with antibiotics and antifungal agents (penicillin 10,000 U/mL, streptomycin 50 mg/mL, and amphotericin B 2.5 mg/mL). Subsequently, each AM was transferred to a sterile container containing a 1:1 mixture of Dulbecco’s Modified Eagle’s Medium (DMEM) and glycerol (Gibco®, USA) and preserved at −80°C until required for use.

The protocol for extracting proteins from the AM was carried out as established previously (14).



2.2 Proteomic analysis of the AM

Label-free protein identification based on liquid chromatography-mass spectrometry (LC–MS) was performed to assess the differences in the proteome of the AM tissue used for transplantation (directly in contact with the corneal epithelium) and the AME obtained by sonication and incorporated into the hydrogels studied. For AME, a previously described mild homogenization protocol was used (14). This method is based on a gentle approach designed to preserve the functionality and biological activity of the extracted proteins. In contrast, protein extraction from the AM tissue was obtained through Precellys (Bertin Technologies, Montagne-le-Bretonneux, France) homogenization of the AM extract in a buffer containing 7 M urea, 2 M thiourea and 4% CHAPS. The proteins obtained by the two methods were digested with trypsin (Sigma Aldrich, St. Louis, MO, USA) following the FASP protocol described previously (33). The trypsin was prepared in 50 mM ammonium bicarbonate and added to the protein at a trypsin: protein ratio of 1:10, incubating the mixture overnight (ON) at 37°C. The resulting peptides were dried in a RVC2 25 speedvac concentrator (Christ, Vienna, Austria), resuspended in 0.1% Formic Acid (FA) (Sigma Aldrich, St. Louis, MO, USA), desalted and again resuspended in 0.1% FA using C18 stage tips (Millipore, St. Louis, MO, USA). The peptides recovered were then loaded onto an EvoSep One (EvoSep, Odense, Denmark) chromatograph coupled on-line to a TIMS ToF Pro mass spectrometer (Bruker, Coventry, UK), using Parallel Accumulation Serial Fragmentation (PASEF) acquisition to rapidly achieve a highly sensitive analysis following the 30 SPD protocol (approx. 44 min runs) under default Evosep settings. Data-dependent acquisition (DDA) was used and the data was processed with MaxQuant software (Max Planck Institute of Biochemistry, Martinsried, Germany) using default parameters (34).

Searches were carried out against a database consisting of human protein entries from Uniprot/SWISSPROT [UniProt Consortium, European Bioinformatics Institute (EMBL-EBI), Hinxton, UK; Swiss Institute of Bioinformatics (SIB), Geneva, Switzerland; and Protein Information Resource (PIR), Georgetown University, Washington, DC, USA]. Carbamidomethylation of cysteines was considered as a fixed modification and the oxidation of methionines as a variable modification. Proteins passing a false detection rate (FDR) filter of <1% at the protein level were considered for further analysis. Spectral Count data was used to compare the different conditions, specifically using a modified spectral counting method named Normalized Spectral Abundance Factor (NSAF) (35). Briefly, protein spectral counts (the sum of all peptide identifications obtained for a given protein) were corrected by protein length, obtaining the Spectral Abundance Factor (SAF) for each protein. These SAF values were further normalized against the sum of all SAF values in a specific sample and expressed as a percentage of the total.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (36) partner repository with the dataset identifier PXD055969.

Gene Ontology (GO) enrichment analysis was carried out using the DAVID online tool (http://david.abcc.ncifcrf.gov/summary.jsp, Accessed 7 October 2020) (37). DAVID is a GO Term annotation and enrichment analysis tool used to highlight the most relevant GO terms associated with a given gene list.



2.3 Hydrogel synthesis

Two hydrogels were synthesized, designated as hydrogel A (treatment 3) and B (treatment 4), each with distinct formulations but encapsulating the same AME proteins.


2.3.1 Hydrogel A

Hydrogel A is an injectable dynamic hydrogel prepared using HA-SH as described below (Figures 1A,B). Initially, HA-SH (20 mg) with a molecular weight (MW) of 250 kDa and with 3.6 μmol thiol groups (Haworks, USA) was dissolved in 500 μL of deionized water (solution A). Subsequently, solution B was obtained by diluting 3.6 μL of an aqueous solution of HAuCl4 (0.01 M, 99% purity: Aldrich, USA) in 686.4 μL of deionized water. Both solutions (A and B) were shielded under nitrogen to prevent oxidation of the free thiols until solution B was slowly added to solution A with continuous magnetic stirring. Phenol red (10 μL, 0.07%wt: Aldrich, USA) was introduced as a pH indicator and the pH of the hydrogel was adjusted to approximately 7.5 using an aqueous 5 M solution of NaOH (Aldrich, USA), after which 100 μL of 10X PBS (Merck, Germany) was added to buffer the samples. The remaining free thiolates were left as oxidized until no variation in the rheological properties (loss and storage moduli) were observed after approximately 48 h at 4°C. AM proteins were incorporated into the hydrogel during the buffering step, resulting in a final protein concentration of 1 mg/mL when determined using the Bradford assay (Thermo Fisher Scientific, USA).
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FIGURE 1
 (A) Image of hydrogel A (ointment-like hydrogel) on a Petri dish. (B) Image of hydrogel A applied to the conjunctiva of a rabbit from group 3. (C) Image of hydrogel B (physically cross-linked hydrogel). (D) Image of rehydrated hydrogel B applied to the conjunctiva of a rabbit from group 4.




2.3.2 Hydrogel B

Hydrogel B, a physical hydrogel, was prepared as a film using different polymers in its formulation, all of them FDA approved (Figures 1C,D). Hydrogel B is composed of 50 kDa MW PVP, 100 kDa MW PVA, 2 kDa PEG, 125 kDa Eudragit S100, HA with a MW of 750 kDa and glycerol. The incorporation of HA to what was a previously described formulation was aimed at improving ocular mucoadhesion (38). Films were prepared using the solvent-casting technique, whereby PVA and PVP were mixed for 2 h in water at 90°C (39) and after cooling. PEG, Eudragit S100 and HA were added to the mixture, and the pH was adjusted to 7.4 using 10 mM PBS and NaOH/HCl 1 M. AM proteins were incorporated prior to evaporation of the solvent at a constant temperature of 37°C. Finally, the resulting film was cut into 0.4 × 0.4 cm fragments with an average thickness of 1 mm, each containing 1 mg/mL of AM protein.




2.4 Release of AM proteins from hydrogel A and B

The release of AME proteins from the hydrogels was evaluated in a similar manner in both cases. Following the encapsulation of the lyophilized AM extract, 50 μL of hydrogel A and a fragment of hydrogel B, designed in a format suitable for application on the conjunctiva with dimensions of 0.5 × 0.5 × 0.1 cm, were placed in a release system developed by our group and previously reported (39).

Both hydrogels were exposed to the external environment while a buffering agent was introduced at the upper end, flowing uniformly over the surface of the material. Aliquots of this buffer containing the proteins released from the hydrogels were subsequently collected. The hydrogels gradually dissolved in the buffered solution, mimicking the action of tears.

Despite the stabilization of hydrogel B through physical interactions, the introduced liquid was able to dissolve the polymers comprising the matrix, ultimately leading to the complete dissolution of the hydrogel. The liquid used was an isotonic saline solution for ocular irrigation, known as Balanced Salt Solution (BSS; AJL Ophthalmic, Spain). Since the natural tear flow rate in the human eye is 2.2 μL per minute, this value was scaled up by a factor of 50–110 μL per minute to meet the experimental requirements. The total release of proteins was completed after 360 min, and samples were collected every 15 min to study the release kinetics. Protein quantification was performed indirectly using EZQ fluorescence with a BioTek Synergy Neo 2 multimode reader and GEO 5 3.1 software. Subsequently, the values were interpolated using a calibration curve in the range of 1–25 μg/mL. Finally, the data obtained were processed using GraphPad Prism software.



2.5 Animal studies

This study was carried out on male New Zealand White rabbits (n = 44, weight 2.5–2.7 kg), with all the animal procedures adhering to the guidelines set forth by the Association for Research in Vision and Ophthalmology (ARVO) regarding the Use of Animals in Ophthalmic and Vision Research. Approval for the experimental protocols was obtained from the Animal Experimentation Ethics Committee of the Basque Public Health System and the Institute for Health Research Biogipuzkoa (permit number: CEEA20/15), as well as the Provincial Council of Gipuzkoa (Cod. PRO-AE-SS-196), ensuring compliance with both European and national legislation.

An animal model of alkali corneal burn was established as described previously (40). Briefly, rabbits were sedated with a subcutaneous injection of Meloxicam (0.2 mg/kg: Boehringer Ingelheim, Spain) and an intramuscular injection of ketamine/xylazine (35/20 mg/kg: Halmein Pharmaceuticals, Germany/Carlier, Spain), followed by anaesthesia with Sevofluorane 3% (Abbvie, Spain) and topical anesthesia with 2–3 drops of Colircusi Anestésico Doble® (Alcon-Cusí, Spain). An alkali burn was induced in the right eye of each rabbit by placing an 8 mm strip of filter paper soaked in 1 M NaOH on the central cornea for 60 s under an ophthalmic surgical microscope. Subsequently, the eyes were rinsed with 200 mL saline solution for 1 min, and eye drops containing tobramycin and dexamethasone phosphate (Alcon Cusi, Barcelona, Spain) were administered post-surgery (p.s.) to each animal. The rabbits were then randomly divided into four groups (n = 11 per group) and they received one of the following treatments: group 1 (no experimental treatment), post-surgical eye drops alone; group 2, Amniotic Membrane Transplantation (AMT); group 3, dynamic hydrogel (hydrogel A); and group 4, physically cross-linked ocular insert hydrogel (hydrogel B). Both hydrogels were loaded with the AME and the contralateral uninjured eye (native) was used as the control.

After inducing the corneal lesion, hydrogels A and B were placed in the conjunctival sac following different approaches. Hydrogel A was administered to rabbits in Group 3 via a syringe in gel format, spread over the entire corneal surface by blinking. Hydrogel B was pre-hydrated for 60 s in a Balanced Salt Solution (BSS) before it was placed in the upper conjunctival sac of Group 4 rabbits, applying gentle pressure to enhance gel adhesion. Hydrogels were administered every 12 h over 7 days by an experienced ophthalmologist. After inducing the corneal wound, the AM attached to the cornea as a monolayer in Group 2 (41) was removed on the 7th day of follow-up following administration of 2–3 drops of topical anesthesia.



2.6 Clinical examination

Corneal wound healing was monitored by capturing photographs (EOS 750D, Canon Inc., Japan) immediately post-surgery (day 0) and on days 7, 14, 21 and 28 p.s. The images were obtained under cobalt blue light post 0.1% fluorescein sodium staining and the area of the corneal epithelial lesion was quantified (mm2) three times using Image J software (National Institutes of Health (NIH), Bethesda, MD, USA). Technical replicates were employed for the analysis of the de-epithelialized area, with three measurements performed for each biological replicate. The biological replicates consisted of nine specimens per group.



2.7 Histopathological examination

Two rabbits were selected randomly from each group and sacrificed with an overdose of anesthesia on day 2 post-alkali burn (acute healing), while the remaining animals were sacrificed on day 28 (late healing). The corneas were harvested, fixed in 4% paraformaldehyde, preserved in 30% sucrose, embedded in OCT to obtain cryostat sections (7 μm). The sections were stained with hematoxylin and eosin (H&E) or Masson trichrome and random fields of the injured area and the adjacent tissue were analyzed. Images were obtained under a light microscope (Nikon Eclipse 80i, Japan), and the epithelial and stromal thicknesses were measured at three random locations in each field using ImageJ software. The presence or absence of an endothelial layer and inflammatory cell density were recorded.



2.8 Statistical analysis

The data were analyzed using SPSS 22 software (IBM-SPSS, USA). In the analysis of the in vivo studies, and given the sample size and the non-normal distribution of the variables, non-parametric tests were used (Mann–Whitney U, Kruskal Wallis and Chi-squared). Variables with a normal distribution, such as the stromal and epithelial thickness, and their relationship with endothelial damage, were studied using parametric tests (ANOVA and Student T-test). Significance was set at p < 0.05.




3 Results


3.1 Proteomic characterization of the AM

The proteins in the AM tissue (group 2) and the AME introduced into the hydrogels (groups 3 and 4) were analyzed, identifying a total of 1,689 proteins. Of these, 1,059 were common to both the tissue and the extract, with 288 proteins (17%) identified exclusively in the AM tissue and 342 proteins (20%) specific to the AME (Figure 2A and Supplementary File S1 for the complete list of proteins in these formulations). The difference in composition may be attributed to the different protein extraction protocols used in this study. For protein extraction from the AM, a gentle homogenization protocol was employed, based on a non-aggressive approach designed to preserve the functionality and biological activity of the extracted proteins. In contrast, protein extraction from the AM tissue was performed using a Precellys device and a buffer containing 7 M urea, 2 M thiourea, and 4% CHAPS. This latter protocol was designed to obtain a broader spectrum of proteins, including those that are insoluble or membrane-associated.
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FIGURE 2
 (A) Venn diagram representing exclusive and mutually inclusive proteins between AM proteins extract (AME) and AM tissue. (B) Gene Ontology (GO) analysis was performed to characterize the functional processes associated with the proteins identified in both the AME and AM tissues.


A GO analysis was carried out to characterize the functional events in which the proteins identified in both the AME and the AM tissue are involved (Figure 2B). These processes can be mainly grouped as: (i) Cellular activity and wound healing consisting of cell adhesion, extracellular matrix remodeling and protein synthesis; (ii) Immune responses, combining the GO terms of innate immune responses, complement activation (classical pathway), complement activation and inflammatory responses; and (iii) Platelet aggregation, comprising the GO terms of blood coagulation, platelet activation and homotypic cell–cell adhesion.



3.2 AM protein release from the hydrogels

When evaluating the release kinetics of AM proteins from hydrogel A, it was observed that 34 ± 9% of the total protein content was rapidly released within the first 15 min (Figure 3A). Subsequently, the protein concentration in the collected BSS medium gradually decreased over time, eventually falling below the assay’s detection threshold after 60 min. At this point, the cumulative protein release reached approximately 60%, corresponding to a release duration equivalent to 2 days when considering the natural tear flow rate in the human eye. These findings suggest that AM proteins are retained within hydrogel A via weak physical interactions, distinct from the dynamic bonds observed in hydrogel B, which influence the hydrogels’ solubility in BSS during the experiment. The pronounced release of proteins during the first hour of the experiment (up to 30 ± 3 μg/mL, Figure 3B) is particularly significant for ocular regeneration. This initial burst release of AM proteins could potentially facilitate rapid activation of the healing process in the damaged area, while the subsequent sustained release would help maintain this therapeutic activity over an extended period.
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FIGURE 3
 Release kinetics of AM proteins from Hydrogel A and Hydrogel B. (A) Cumulative release and (B) mass of AM protein released over time (μg) for Hydrogel A. (C) Cumulative release and (D) mass of AM protein released over time (μg) for Hydrogel B.


Hydrogel B gradually dissolved into the serum, releasing both the AM proteins and the polymers constituting the hydrogel. The total amount of released proteins was quantified every 15 min, showing that 50% of the total protein content was released after 165 min, 80% after 225 min, and 100% after 265 min (Figure 3C). The maximum protein release occurred at 241 min (Figure 3D). This sustained release highlights the material’s ability to ensure a consistent flow of proteins into the animal’s eye.



3.3 Clinical data

In this study, 44 rabbits were distributed evenly into four groups and a corneal lesion was induced in each one with 1 M NaOH as indicated in the Methods. Of these, eight rabbits were sacrificed on day 2 p.s. and 36 rabbits on day 28 p.s. to perform histological analyses (see section 3.3). While one of the four study groups did not receive any experimental treatment, Group 2 received AMT applied directly to the eye, whereas Groups 3 and 4 received the AME delivered through hydrogels. The ointment-like consistency of hydrogel A, combined with the mucoadhesive properties of HA-SH, facilitated its uniform spread across the cornea. By contrast, the physical crosslinking in hydrogel B conferred this matrix with remarkable stability and good mucoadhesion.

Following the induction of corneal wounds, Hydrogel A was applied to Group 3 animals every 12 h for 7 days in the upper conjunctival sac. The hydrogels were safely administered via syringe and demonstrated biocompatibility in the lower fornix. Daily general observations indicated that 6 h post-application, the hydrogel was no longer visible on the ocular surface, having completely degraded. After 12 h, no traces of the hydrogel were detected.

Similarly, after inducing corneal wounds, Hydrogel B was applied to Group 4 animals every 12 h for 7 days in the upper conjunctival sac, with gentle pressure applied to enhance gel adhesion. Observations revealed that the hydrogels were safely retained and showed biocompatibility in the upper fornix. Daily evaluations of the films demonstrated that, while the films exhibited mild wear 6 h post-application, they did not degrade or dissolve entirely. By the 12-h observation, no hydrogel remnants were detected.

In both cases, no signs of irritation, redness, or swelling of the eyes or ocular structures were observed in any animal as a result of hydrogel application. The animals were monitored and assessed over the 7-day application period to detect any potential signs of pathology.

The progression of epithelial defects was monitored for 28 days using fluorescein staining (Figure 4A) and a reduction in the epithelial lesion area (mm2) was observed in all the treatment groups on days 7, 14, 21, and 28 p.s. relative to the day of intervention (p < 0.005, Wilcoxon test: Table 1). A high incidence of persistent epithelial defects and wound reopening was observed in 91.6% of corneas, probably reflecting the intensity of the alkaline burn and the fragility of the newly formed epithelial (42). There were statistically significant differences in the area of the epithelial defect between the groups on day 7 (p = 0.014, Kruskal-Wallis test), with significant differences between group 1 and group 4 (p = 0.02) and between group 2 and group 4 (p = 0.006, Mann–Whitney U test). However, there were no significant differences between the groups on days 14, 21 and 28 (Kruskal–Wallis test: Figures 4C–E). Hydrogel A facilitated the fastest healing, while eyes treated with hydrogel B exhibited delayed wound repair. Thus, the differences between the untreated eyes and those that received hydrogel B were only significant on day 7 p.s., with open wounds evident in all eyes (Figure 4B).

[image: Images showing the healing progression of corneal epithelial defects over different days for four groups. Each row represents observations at day zero, seven, fourteen, twenty-one, and twenty-eight. Adjacent bar charts labeled B, C, D, and E display the median epithelial defect areas for each group on days seven, fourteen, twenty-one, and twenty-eight. Groups are distinguished by shades of gray.]

FIGURE 4
 Evolution of the epithelial lesion in rabbit eyes. (A) The epithelial defect was monitored by fluorescein staining and a study of the lesion in each group showed significant wound healing on each day studied relative to the day of surgery. The wound area decreased until day 14 post-surgery (p.s.), after which reopening of the wounds was observed that possibly reflected the intensity of the alkaline burn and the fragility of the newly formed epithelium. (B–E) Median epithelial defect area (mm2) on day 7 (B), 14 (C), 21 (D), and 28 (E) p.s. The asterisks indicate significant differences relative to the control group (p < 0.05).




TABLE 1 Median and Interquartile range (IQR) of the areas carrying epithelial defects (mm2) in each group on the day of surgery and on days 7, 14, 21, and 28 post-surgery.
[image: Table showing measurements across four groups at five time points: Day 0, 7, 14, 21, and 28. Each cell contains a mean value with a confidence interval. Significant differences from Day 0 are marked with an asterisk and occur on Days 7, 14, 21, and 28 for various groups. A note clarifies that asterisks indicate significant differences at p-value less than 0.05.]

The proportion of completely healed corneas did not differ significantly between the untreated and treated eyes on the days studied (Figure 5). On day 14 p.s., the proportion of completely healed corneas was higher in group 3 (44.4%) and 4 (55.5%) than in the untreated eyes in group 1 (33.3%). The enhanced healing following these treatments, even after the treatment was discontinued on day 7 p.s., suggests that AM proteins may enhance the induction of wound closure in the early stages of healing.

[image: Line graph showing the proportion of healed corneas over time in four groups (GR 1 to GR 4). GR 1 starts near 30% and declines gradually. GR 2 begins at 40%, peaks at Day 7, then decreases. GR 3 peaks on Day 14 and declines. GR 4 begins high at Day 7, peaks at 50%, then drops sharply. Percentages are on the Y-axis and days on the X-axis.]

FIGURE 5
 Proportion of fully healed corneas (percentage) in each group on days 7, 14, 21, and 28 post-surgery.




3.4 Histological analysis

The histological analysis focused on the stromal, epithelial and endothelial layers, as well as assessing the presence of inflammatory cells during the early and late healing phases (days 2 and 28 p.s., respectively). No significant differences were observed in the stromal and epithelial thickness between groups (ANOVA test), despite the apparent increase in epithelial thickness in the eyes of group 2 animals on the days analyzed (Table 2). Central corneal sections exhibited a thicker stroma and thinner epithelium in wound sections relative to the native corneas (Figure 6A). Masson’s trichrome staining highlighted severe alterations to the collagen staining that persisted from the early to the late healing phases (Figure 6B).



TABLE 2 Stromal and epithelial thickness (μm, mean ± SD) in the central and lateral corneal sections on days 2 and 28 p.s. in each group, and in the native cornea.
[image: A table comparing data across multiple groups. Columns include sections (central and lateral), days (two and twenty-eight), and layers (stroma and epithelium). Groups one to four and NC list values with standard deviations. Abbreviations: C - central section, L - lateral section, E - epithelium, S - stroma, NC - native cornea.]

[image: Histological images showing tissue samples from two studies, A and B, with Day 2 and Day 28 results. Each study includes samples from a native group and four experimental groups. Study A displays pink-stained tissue, while Study B features blue-stained tissue. Each image series compares changes over time across the various groups.]

FIGURE 6
 (A) Haematoxylin–eosin stained central sections on days 2 and 28 post-surgery (p.s.: 10x). In the early healing stage, the burned corneas exhibited stromal thickening, endothelial damage, a lack of epithelial regeneration, a keratocyte deficit in the corneal stroma and scant inflammatory cell infiltration. This together reflects the severity of the lesion provoked in the animal model. At a late healing stage (day 28 p.s.), stromal thickening persisted with a separation of collagen fibers in all the wounded corneas. There were no significant differences in the thickness of the layers analyzed between the groups, although the oedema in the central cornea was smaller in groups 2 and 4. (B) Masson trichrome stained central sections on days 2 and 28 p.s. (10x). Severe alterations to collagen staining were evident on day 2 p.s. that persisted to some extent on day 28 p.s. Scale bars 200 μm.


Abnormal epithelial regeneration was evident, with disrupted junctions between the epithelial layer and basement membrane observed (Figure 7). Fewer cells were present in the anterior stromal third on day 2 p.s. relative to day 28 p.s., with significant differences in the presence of inflammatory cells on day 28 p.s. between the eyes from group 2 animals relative to those from groups 1 and 3 (p = 0.01, Kruskal Wallis Test: Figure 8). Moreover, alterations to the endothelium were noted, with more extensive endothelial damage correlating with a significantly thinner epithelium (p = 0.001, Student T-test).

[image: Histological images of skin tissue sections labeled A, B, C, and D. Each image shows layers of skin, stained in shades of pink. Arrows indicate specific features. Panel A appears denser, while panels B, C, and D show varying layer thicknesses. Scale bars are present in each image.]

FIGURE 7
 Hematoxylin–eosin stained corneal sections showing abnormal epithelial regeneration (20x). (A) The arrow indicates epithelial hypoplasia with monolayer cuboid cells; (B) the arrow indicates focal hyperplasia; (C) the arrow indicates a failure of the epithelial basal layer to compact; (D) the arrow indicates complete separation of the epithelial layer. Scale bars 100 μm.


[image: Box plots titled "Central PMN grade on day 28" and "Lateral PMN grade on day 28" compare four groups labeled Group 1 to Group 4. Both plots show the distribution of grades from 0.0 to 3.5. Central plot displays similar ranges across groups, while the lateral plot highlights significant differences, indicated by asterisks.]

FIGURE 8
 Median and Interquartile Range (IQR) of the inflammatory infiltration in the corneal sections on day 28 post-surgery. (A) Central sections; (B) lateral sections. The asterisks indicate significant differences relative to group 2 (AMT, p < 0.05: Kruskal Wallis test).





4 Discussion

	Hydrogels represent a versatile platform in the realm of personalized and precision medicine, offering a range of functionalities. Moreover, the emergence of new biomaterials promises to overcome some of the limitations associated with existing therapeutic modalities. Hence, here we explore two distinct hydrogels as biocompatible matrices for the controlled release of AM proteins, with the aim of improving wound healing in response to severe, acute corneal lesions. Given that the nature of the hydrogel conditions the release of any of its components, two types of hydrogels were considered here: a state-of-the-art hydrogel based on dynamic bonds and another based on the physical binding of different biocompatible biopolymers. While the former is administered in the form of an ointment-like hydrogel, designed to ensure rapid release of any active ingredient, the latter is applied in the form of a film to ensure sustained release over time. In both of these cases, the active ingredient used here was a cocktail of proteins extracted from human AM tissue (AME).

The regenerative nature of proteins found in the AM has been studied widely (5, 43, 44) and as such, the protein profile of the AME obtained through AM sonication was analyzed to ensure that the majority of the proteins present in the AM were preserved in the AME. The proteomic analysis demonstrated that the protein composition of the AME was very similar to that of the AM tissue, sharing 62% of the proteins. The biological processes mediated by these proteins underscore their significant role in wound healing. These processes include (A) cell adhesion, (B) extracellular matrix (ECM) remodeling, (C) protein synthesis, (D) innate immune response, (E) plasminogen activation, (F) inflammatory responses, (G) blood coagulation, (H) platelet activation, and (I) homotypic cell–cell adhesion. Proteomic analyses have demonstrated that both the amniotic membrane (AM) as a tissue and its protein extracts preserve ECM proteins such as collagens, glycoproteins, proteoglycans, metalloproteinases, and growth factors, as previously described (45). These ECM proteins contribute to tensile strength, provide structural support, stabilize basal membrane components, and regulate fibrillary collagen growth.

Additionally, ECM glycoproteins—including fibrillin, fibrinogen, laminin, and vitronectin—were identified, along with growth factors such as transforming growth factor-beta (TGF-β) and epidermal growth factor (EGF), both of which are known to play pivotal roles in tissue regeneration and wound healing (46, 47). Proteins involved in coagulation pathways, platelet activation, and aggregation, which are directly linked to wound healing, were also identified. Pathways related to ATP synthesis, vascular endothelial growth factor (VEGF) signaling, the plasminogen activation cascade, glycolysis, and cytoskeletal regulation were associated with essential processes such as angiogenesis, collagen deposition, and epithelialization. Angiogenesis, the formation of new blood vessels from pre-existing ones, is vital for wound healing as it ensures the delivery of oxygen, nutrients, and growth factors to the injury site (48). The plasminogen activation pathway, specifically, is critical for breaking down blood clots and facilitating ECM remodeling, both of which are key to efficient wound repair. Controlled clot degradation prevents pathological scarring, while ECM remodeling supports cell migration, tissue restructuring, and regeneration (49).

The effectiveness of the two synthesized hydrogels was evaluated in vivo in a well-established model of an alkali corneal burn in albino rabbits. Various techniques exist to induce corneal lesions, each with its own advantages and challenges. For example, lesions induced by physical methods tend to exhibit rapid closure rates, making it difficult to discern significant differences between therapeutic interventions (50). Conversely, alkali burns with agents like NaOH produce more severe and persistent epithelial defects, mimicking clinical scenarios of severe corneal burns (51). Here, we opted to use an aggressive wound model involving the entire corneal layer, akin to scenarios warranting AMT in clinical practice (42). However, despite efforts to standardize the alkali burn technique (42), considerable heterogeneity persists in the literature regarding lesion size, NaOH concentration and the duration of exposure, complicating direct comparisons between studies (52–54).

The alkali burn model employed involved applying NaOH (1 M) for 60 s, which required approximately 3–7 days to achieve complete wound closure, enabling the effects of the hydrogels to be assessed over a 7-day period (40, 55). However, as the AMT was sutured onto the cornea, the initial measurements of fluorescein staining were taken from day 7 p.s. onward. In accordance with previous models, the initial closure phases were rapid in this model, making inter-group differences challenging to detect in the first week. Despite the aggressive nature of our model, no significant differences in epithelial defects were observed between the experimental groups on days 0, 14, 21, or 28 p.s., although subtle differences were noted between the control and hydrogel-treated corneas, as discussed below.

Corneas treated with AMT exhibited better epithelial defect outcomes relative to the untreated controls, even after AMT removal on day 7 p.s. Hence, AM proteins appear to exert a crucial influence on the early healing phases, possibly modulating wound closure pathways beyond the removal of the AMT (56, 57). Differences between the completely healed corneas on day 14 p.s. may reflect the proteins secreted in earlier phases, influenced by biomaterial presentation. The ointment-like formulation of hydrogel A facilitates contact but it may be associated with limited protein release when compared to the more solid formulations due to the more rapid clearing of the latter (58). Extended ointment application beyond day 7 p.s. might yield improved outcomes. Hydrogel B initially delayed epithelialization, possibly due to its mobile nature as it has been postulated that direct contact of the mobile hydrogel with the regenerating epithelium may have a negative effect on wound closure (55). However, subsequent improvements and stronger healing on days 14 and 21 p.s. suggest positive effects once these effects of friction have ceased.

The histological examination of epithelial thickness agreed well with the relative wound closure area. The aggressive nature of the model impeded epithelial regeneration and although AMT better restored epithelial thickness, there were only minimal differences with the other Groups (1, 3, and 4). Similarly, recent publications indicated that the full thickness of the epithelial layer could be recovered after chemical burns (51). There was little basal layer compaction with separation of the epithelial layer in some cases and this failure of the newly formed epithelium to bind to the basal layer could be related to the reopening of wounds in vivo. Histological studies to track the persistent epithelial defects indicated that reopening could occur after the healing associated with direct contact and in such cases, alterations were observed at the level of the epithelial layer and basal membrane. Indeed, intraepithelial pseudocysts have been described and displacement or duplication of Bowman’s membrane in the epithelium of human corneas has been observed (59). Furthermore, fibrous material has been seen to accumulate between the basement membrane and the epithelium (60). Similarly, in vivo studies using the same burn model described the absence of a basement membrane between the epithelium and stroma, as well as an increase in the intercellular spaces between the regenerated epithelial cells (54). This could explain by the reopening of the wound in all the burned corneas, especially in those in which the ocular hydrogel insert was employed, the mobility of which could explain the size of the epithelial lesion on day 7 p.s. that closed after removal of the film.

Consistent with previous studies, few cells were observed during the early phases of healing across most samples, particularly in the central regions. Notably, there was an absence of epithelial and endothelial layer formation, as well as a significant depletion of stromal cells in large areas of the stroma, although inflammatory cells were present. These findings align with prior reports indicating that the depth of alkali burns can extend to the endothelial layer, with damage to this layer observed in the same animal model (61). Similarly, other studies have demonstrated that immediately following alkali-induced damage, the majority of keratocytes are lost, becoming undetectable under light microscopy for up to 2 days post-injury (62). Furthermore, injuries caused by caustic agents such as NaOH are known to result in more severe tissue damage compared to physical agents. These injuries frequently serve as models for persistent epithelial defects, often characterized by recurrent wound reopening during follow-up periods (50, 51, 54). However, corneal cellularity recovered at all levels in the late healing phase, and although normal architecture was not restored, stromal thickening, inflammatory cell infiltration and an abnormal epithelium was achieved (51). Significant differences were evident in terms of inflammatory cell infiltration following AMT, possibly related to the known anti-inflammatory properties of this tissue (63). In this regard, we assume that the AM proteins delivered by hydrogel B (ocular insert hydrogel) will remain at the ocular surface for longer and hence, fewer inflammatory cells would be present than in the control eyes and following treatment with the hydrogel A ointment. Nevertheless, it must be borne in mind that the samples were obtained 21 days after the last contact of the proteins with the wound, which could have attenuated the effect of these proteins on corneal healing.

In conclusion, this study evaluated two promising hydrogels designed to gradually biodegrade and deliver sustained AM protein release to the corneal surface for over 7 days, with the aim of promoting corneal wound healing while minimizing irritation. The results indicate that these hydrogels can aid in the closure of caustic corneal wounds, producing more complete epithelialization and smaller lesions compared to untreated controls. Despite some limitations, such as insufficient mucoadhesion leading to de-epithelialization in the film-type hydrogel (hydrogel B), the study suggests that these hydrogels show potential as less invasive alternatives to AMT. They may offer a non-inferior option for promoting corneal wound healing, delivering similar benefits without requiring a more invasive surgical approach, thus lowering healthcare costs and simplifying patient management.
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Introduction: The aim of this study was to evaluate the changes in macular structure and visual function of patients with diabetic macular edema (DME) after intravitreal aflibercept injection.
Methods: Twenty-five patients (43 eyes) diagnosed with DME were included in this study. All patients underwent aflibercept monthly for 3 months. The study’s endpoints included the best corrected visual acuity (BCVA), central retinal thickness (CRT), fovea avascular zone (FAZ) area, vessel density of superficial retinal capillary plexus (SVD), vessel density of deep retinal capillary plexus (DVD), mean light sensitivity (MLS), 2° fixation rate (P1) and 4° fixation rate (P2).
Results: Before treatment and after the third treatment, the LogMAR BCVA was 0.69 ± 0.27 and 0.40 ± 0.18, the CRT was 471.10 ± 159.93 μm and 319.84 ± 113.51 μm, the MLS was 18.14 ± 3.97 dB and 21.68 ± 3.55 dB, P1 was 69 (47, 87)% and 88 (72, 92)%, and P2 was 90 (83, 97)% and 97 (93, 99)%, respectively. After treatment, CRT decreased, BVCA, MLS, and fixation stability improved (all p < 0.001). Post-treatment, FAZ area, SVD, and DVD showed no significant changes (all P > 0.05). MLS was negatively correlated with LogMAR BCVA and CRT, and positively correlated with P1 and P2.
Conclusion: In short term, aflibercept was effective in reducing CRT and improving BCVA, MLS, and fixation stability in DME patients.
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1 Introduction

Diabetic retinopathy (DR) is a common and unique microvascular complication of diabetes, while diabetic macular edema (DME) is one of the manifestations of DR, which mainly manifests as the thickening of the retina within the area of two-fold diameters of the optic disk at the central fovea of the macula, and is the major cause of central visual loss in DR patients (1). The pathogenesis of DME involves various factors and is associated with the disruption of the blood-retina barrier, which leads to the leakage of retinal blood vessels and liquid accumulation. In addition, vascular endothelial growth factors (VEGF) also have important roles in the pathogenesis of DME (2). Laser treatment is a conventional treatment for DME, which can effectively reduce edema, but has limited effect on promoting the recovery of visual acuity in patients with vision impairment. Following the continuous advancements of the studies on DME, treatments of DME have also undergone drastic changes. Intravitreal administration of anti-VEGF agents is the preferred initial therapy for DME, with Aflibercept—a fusion protein targeting VEGF-A and Placental Growth Factor—notably enhancing retinal vessel permeability and mitigating macular edema (3–5). Previous studies mainly used optical coherence tomography angiography (OCTA) to examine the changes in macular structures; however, this approach has limited ability to evaluate visual function. Therefore, in the present study, we used microperimetry to evaluate the macular function, which can compensate for the limitations of OCTA examination, and we comprehensively evaluated the treatment effects on DME patients from the aspects of macular structures and function. The clinical significance of the treatment was also investigated in this study.



2 Methods


2.1 Study design and population

Patients diagnosed with DME in the Jinan Second People’s Hospital between March 2021 and August 2021 were included in this prospective observational study. The inclusion criteria were as follows: (1) adults with Type 2 diabetes, presenting fasting blood glucose levels below 8.0 mmol/L and postprandial levels under 10.0 mmol/L; (2) blood pressure < 150/90 mmHg; (3) those confirmed with macular edema by fundus fluorescein angiography or optical coherence tomography (OCT), and with the central retinal thickness (CRT) of ≥250 μm; and (4) did not undergo ocular relevant treatments before the current treatment or did not receive treatment by intravitreal injection of drugs or pan-retinal photocoagulation within a half year before this treatment.

The exclusion criteria specified: (1) patients with prior eye traumas or other retinal conditions; (2) with severe cataracts that impair fundoscopic assessments; (3) with indications for vitreoretinal surgery, such as vitreous hemorrhage, epiretinal membrane, tractional detachment of retina; (4) subjects previously treated with intravitreal or periocular glucocorticoids; (5) patients with thromboembolic or coagulation disorders, those under anticoagulant therapy (aspirin excluded), or those with significant systemic illnesses; and (6) pregnant or lactating women.

The sample size was calculated using PASS software, with CRT reduction as the primary endpoint. Based on data from a previous study (6), parameters were set at a statistical power of 0.9, α = 0.05 (two-tailed test), and a clinically meaningful difference of 73.8 μm. The required sample size was 13 eyes, while this study included 43 eyes, ensuring sufficient power for robust statistical analyses.

This research received approval from the Ethics Committee of Jinan Second People’s Hospital (Approval No.: 20201203), adhering to the Declaration of Helsinki. This research was conducted according to established ethical guidelines.



2.2 Procedures

All patients underwent intravitreal injection of aflibercept (IVA) (once per month) continuously for 3 months. The examination was performed with OCT (CIRRUS HD-OCT, Carl Zeiss Meditec Inc., Dublin, CA, United States). Firstly, the OCT system was used for the scanning of the macular area to measure the CRT, after which the AngioPlex mode of OCTA was used for the 3 mm × 3 mm vertical and transverse cross scanning of the macular area, and the analysis program of the system was used for the layer classification of images. This process allowed for the division of the scans into the full-thickness retinal capillary plexus, superficial capillary plexus (SCP), deep capillary plexus (DCP), the foveal avascular zone (FAZ), and the choriocapillaris. To ensure reliability, all OCTA segmented images were carefully reviewed for the accuracy of the automatic segmentation of SCP and DCP. Any errors identified during this review process were manually corrected. The same doctor performed the OCTA examinations of all patients. The Image J software was used to measure the macular FAZ area of SCP, vessel density of superficial retinal capillary plexus (SVD), and vessel density of deep retinal capillary plexus (DVD). Specifically, the FAZ area was manually delineated using the Image J freehand selection tool, while SVD and DVD were quantified using thresholding and binarization techniques to isolate and calculate vessel density within the scanned regions (Figure 1). To ensure the highest level of accuracy, all OCTA images were independently reviewed and analyzed by two experienced ophthalmologists. Any discrepancies were resolved through discussion, and in cases where consensus could not be reached, a senior expert provided the final decision.

[image: Series of enhanced retinal images labeled A to E, produced using Zeiss AngioPlex. Images show complex blood vessel networks in contrasting shades. Panel B highlights a central area in green. Panels C and E display vessels in red, emphasizing central dark regions. The images illustrate variations in vessel density and structure.]

FIGURE 1
 Optical coherence tomography angiography (OCTA) images and measurements of FAZ, SVD, and DVD. (A) OCTA image of the SCP. (B) FAZ outlined in yellow. (C) Superficial capillary outlined in red. (D) OCTA image of the DCP. (E) Deep capillary outlined in red.


The MP-3 microperimetry (NIDEK, Japan) was used for the microperimetry, with the following parameters: the mode of MP1 Macula-10 deg. was selected. The 40 stimulation points were distributed as inner, medium, and outer concentric circles. The diameter of the inner cycle was 2°, and it consisted of 8 points; the diameter of the medium cycle was 6°, and it consisted of 16 points; the diameter of the outer cycle was 10°, and it consisted of 16 points. The background light was white with an illuminance of 31.4 asb. The fixation target utilized was a red cross, approximately 1° in size. The light sensitivity threshold varied between 0 and 34 dB. The mean light sensitivity (MLS) of the retina within the range of 10° (approximately 3 mm), as well as the 2° and 4° fixation rates, were measured. Fixation rates, defined as the proportion of fixation sites within a 2° or 4° diameter circle centered on the fovea to total fixation points (denoted as P1 and P2, respectively), were quantified. The examinations were performed in a dark room, and it was possible to perform a pupil dilation if the pupil was relatively small (<3.3 mm). The doctors helped patients to sit at the microperimetry and asked them to gaze at the fixation target. Next, the patients used split vision to feel the peripheral white stimulation points without tracking the points. Finally, patients were asked to press the response button when spotting any white points. Throughout the procedures, the patients were instructed to maintain fixation; the color photo of the fundus was automatically taken after the processes were completed and overlapped with the photos of microperimetry.



2.3 Outcomes

The patients’ indicators, including intraocular pressure, best corrected visual acuity (BCVA), CRT, FAZ area, SVD, DVD, MLS, P1, P2, and other indicators, were collected before and 1 month after each treatment. BCVA was converted into a logarithm of the minimum angle of resolution (LogMAR) for analysis.



2.4 Statistical analysis

SPSS 26.0 software (Version 26.0) was used for all the statistical analyses in this study. The Shapiro–Wilk test was employed to assess the normality of the dataset. Normally distributed data were presented as mean ± standard deviation ([image: The mathematical expression shows "x-bar plus or minus s", representing the mean (x-bar) plus or minus the standard deviation (s).]), while non-normally distributed data were expressed as median and interquartile range. To account for intra-patient correlation between both eyes, generalized estimating equations (GEE) were applied to compare data across different time points before and after treatment, with multiple comparisons corrected using the Bonferroni method. Additionally, GEE was employed to assess correlations among various research indicators before and after each treatment session. GraphPad Prism 9.0 (GraphPad Software Inc.) software was used for figure plotting. Two side p < 0.05 was considered statistically significant.




3 Results


3.1 Baseline characteristics of patients

During the follow-up process, 3 samples had missing values, and the samples containing missing values were directly deleted. A total of 25 patients (43 eyes), including 22 eyes from 12 males and 21 eyes from 13 females, were enrolled in this study. The mean age of patients was 57.33 ± 10.30 years, and the duration of diabetes was 12.35 ± 5.47 years. The baseline characteristics of patients before treatment are shown in Table 1.



TABLE 1 Baseline characteristics of patients.
[image: Table displaying baseline characteristics of a study. It lists data for 25 patients and 43 eyes, including age, duration of diabetes, pretreatment metrics like LogMAR BCVA, CRT, FAZ area, SVD, DVD, MLS, and percentage distributions P1 and P2.]



3.2 LogMAR BCVA and CRT changes after treatment

After three anti-VEGF treatments, the respective LogMAR BCVA of patients was 0.55 ± 0.26, 0.47 ± 0.19, and 0.40 ± 0.18, which was significantly lower than before the treatment (all p < 0.001), and the respective CRT was 370.30 ± 120.55 μm, 348.93 ± 115.72 μm, and 319.84 ± 113.51 μm, which was also significantly lower than before the treatment (all p < 0.001) (Table 2). The LogMAR BCVA and CRT were significantly different among different time points before and after treatment (all p < 0.05) (Table 2; Figures 2A,B; Supplementary Table 1).



TABLE 2 Changes in LogMAR BCVA, CRT, FAZ area, SVD, DVD, and MLS in DME patients after anti-VEGF treatment.
[image: A table displays metrics before and after three treatments. The metrics include LogMAR BCVA, CRT (µm), FAZ area (mm²), SVD (%), DVD (%), MLS (dB), P1 (%), and P2 (%). Significant improvements are noted in LogMAR BCVA, CRT, and MLS after each treatment, with p-values less than 0.001 indicating statistical significance. Various values are updated after each treatment, showing gradual improvement. The footnote notes the use of Bonferroni adjustment for statistical comparison, with significance levels marked by asterisks.]

[image: Graphs A to H illustrate changes in various ophthalmological metrics before and after three treatments. LogMAR BCVA, CRT, and MLS show significant reductions post-treatment. FAZ and SVD remain stable. DID, PI, and P2 also exhibit significant changes, marked by asterisks indicating statistical significance levels.]

FIGURE 2
 Changes of different indicators in DME patients after anti-VEGF treatment. (A) Changes in LogMAR BCVA following treatment. (B) Changes in CRT following treatment. (C) Changes in FAZ area following treatment. (D) Changes in SVD following treatment. (E) Changes in DVD following treatment. (F) Changes in MLS following treatment. (G) Changes in P1 following treatment. (H) Changes in P2 following treatment. *p < 0.05, **p < 0.01, ***p < 0.001 (Bonferroni adjustment).




3.3 FAZ area, SVD, and DVD changes after treatment

After three anti-VEGF treatments, the respective FAZ area was 0.38 ± 0.14 mm2, 0.37 ± 0.14 mm2, and 0.38 ± 0.13 mm2, the respective SVD was (38.53 ± 4.38)%, (37.78 ± 4.09)%, and (38.29 ± 3.99)% and the respective DVD was (40.27 ± 5.18)%, (40.05 ± 4.99)%, and (40.34 ± 5.08)%. However, there was no statistically significant difference in FAZ area, SVD, and DVD at different time points before and after treatment (p = 0.278, p = 0.149, p = 0.185) (Table 2; Figures 2C–E; Supplementary Table 1).



3.4 MLS and P1/P2 changes after treatment

The respective MLS was 20.48 ± 3.96 dB, 21.04 ± 3.56 dB, and 21.68 ± 3.55 dB after three anti-VEGF treatments, which were all significantly increased compared with before the treatment (all p < 0.001). No significant change was observed between the first and second treatments (p = 1.000) or between the second and third treatments (p = 0.081), but a significant increase occurred after the third treatment compared to the first (p = 0.007) (Table 2; Figure 2F; Supplementary Table 1). Both P1 and P2 increased significantly after the treatment compared with before the treatment (all p < 0.01) (Table 2; Figures 2G,H; Supplementary Table 1). Pre- and post-treatment evaluations of DME patients utilized OCT, OCTA, and microperimetry, as depicted in Figure 3.

[image: Panel A shows an optical coherence tomography (OCT) image with a highlighted area of retinal thickness. Panel B displays an angiography with vascular patterns and a shaded region. Panel C shows a fundus image with marked points, each labeled with numbers. Panel D presents another OCT image with a similar highlighted area. Panel E is another angiography similar to panel B. Panel F shows a fundus image with labeled points, similar to panel C, indicating numerical values distributed over the retina.]

FIGURE 3
 Examination findings of the right eye of a DME patient (female, 58 years old) before and after the third treatment. (A) The OCT image of the macula before treatment showing the cystoid macular edema; the CRT was 365 μm. (B) OCTA image before treatment showing the destruction of the arch ring and non-perfusion areas in the superficial capillary plexus. (C) A microperimetry image of the macular area in diameter of 10° before treatment showing the reduction of local retinal light sensitivity; the MLS was 19.3 dB. (D) Macular OCT image after treatment showing that macular edema was reduced compared to before; the CRT was 268 μm. (E) OCTA image after treatment showing that the superficial capillary plexus did not significantly change compared to before, and signal masking was found in some regions. (F) A microperimetry image of the macular area in diameter of 10° after treatment showing that the local retinal light sensitivity increased compared to before; the MLS was 21.7 dB.




3.5 Correlation analysis of factors

GEE analysis revealed that, before treatment, LogMAR BCVA showed a positive correlated with CRT (β = 241.173, p = 0.004), and negative correlations with MLS (β = −10.979, p < 0.001), P1 (β = −37.277, p < 0.001), and P2 (β = −27.196, p = 0.005). It was insignificantly correlated with FAZ area, SVD, and DVD (all P > 0.05). CRT was negatively correlated with MLS (β = −0.011, p < 0.001) and P1 (β = −0.070, p < 0.001), and insignificantly correlated with FAZ area, SVD, DVD, and P2 (all P > 0.05). MLS was positively correlated with P1 (β = 2.910, p < 0.001) and P2 (β = 1.711, p < 0.001), negatively correlated with FAZ area (β = −8.354, p = 0.009), and insignificantly correlated with SVD and DVD (all P > 0.05) (Table 3).



TABLE 3 Correlation analysis of research indicators before and after each treatment using generalized estimating equations (GEE).
[image: Table showing research indicators with values for LogMAR BCVA, CRT, FAZ area, SVD, DVD, MLS, P1, and P2 across four treatment stages: Before, After First, Second, and Third Treatment. Each stage has corresponding beta (β) and p-values, indicating statistical significance for each indicator and treatment phase.]

After the third treatment, LogMAR BCVA was still positively correlated with CRT (β = 246.882, p = 0.001), and negatively correlated with MLS (β = −14.355, p < 0.001), P1 (β = −33.419, p < 0.001), and P2 (β = −11.268, p = 0.020), but had no significant correlation with FAZ area, SVD, and DVD (all P > 0.05). CRT was negatively correlated with MLS (β = −0.012, p = 0.026), and insignificantly correlated with FAZ, SVD, DVD, P1, and P2 (all P > 0.05). MLS was positively correlated with SVD (β = 0.338, p < 0.001), P1 (β = 2.252, p = 0.002), and P2 (β = 0.858, p = 0.013), and insignificantly correlated with FAZ area and DVD (all P > 0.05) (Table 3).




4 Discussion

The present study included DME patients who underwent treatment with IVA, finding that anti-VEGF treatment could effectively reduce the CRT, increase the retina’s light sensitivity, and improve visual acuity. The findings on macular structures and function provided more valuable evidence for the safety and effectiveness of aflibercept for the treatment of DME.

The study demonstrated significant improvements in visual acuity and reductions in CRT post-treatment, aligning with findings by Qin et al. (7). The VISTA/VIVID-DME study showed that treating DME with anti-VEGF could significantly benefit BCVA and reduce CRT (8), which is in line with our results. These findings demonstrated that anti-VEGF treatment could significantly reduce the permeability of retinal vessels, reduce the exudation of liquids in blood vessels, improve the blood-retina barrier, and alleviate macular edema. In addition, the CRT of very few patients in this study was significantly reduced; however, the visual acuity did not significantly improve in this study after anti-VEGF treatment, which could be associated with the injuries of the retinal photoreceptor cell.

The FAZ is surrounded by the continuous retinal capillary plexus with no capillary structures. It is also a very important area for forming fine visual function, where the changes in morphology and density of surrounding capillaries could reflect the degree of macular ischemia, being closely associated with various retinal diseases, especially retinal vascular diseases (9). Occlusion of capillaries surrounding the macula could induce FAZ disruption and increase the area. Thus, the FAZ area in DR patients is larger than in healthy people, while the SVD and DVD are both reduced (10, 11). Indicators such as FAZ area, SVD, and DVD could visually reflect the retinal microcirculation and be used to further predict the progression of visual acuity and monitor the treatment responses (12). In this study, the FAZ area, SVD, and DVD in patients who underwent IVA treatment were not significantly different at different time points compared with before treatment. Similarly, Mirshahi et al. (13) found no substantial changes in FAZ areas or vascular density post-bevacizumab injections. Busch et al. (14) reported that after IVA for the treatment of DME (time points for observation were 3–25 months), the retinal microvascular density also did not change, which is consistent with our findings. We assumed that the blood glucose level in diabetes patients remains elevated, whose effects, along with the oppression from edema, could lead to irreversible injuries to the retinal vascular structures and could induce vascular obstruction, arch ring destruction, FAZ enlargement, and vascular density reduction. It was hypothesized that while anti-VEGF treatment may reduce fluid exudation, it does not effectively clear blocked blood vessels nor enhance macular blood perfusion. Nonetheless, this study documented enhanced regional blood perfusion in certain patients following anti-VEGF therapy. This improvement is likely linked to the rapid resolution of edema. When the macular edema was very severe, the exuded liquids could press the retinal blood vessels, thus masking the part of blood flow signals on OCTA; while after edema they disappeared, the masking effect reduced, and the signals reappeared again; however, the states of blood perfusion did not actually change. Under such circumstances, even the macular edema disappeared, and the visual benefits were generally limited. These findings suggest that using OCTA to examine the FAZ region and vascular density has important significance for early observation and early treatments of patients with DME.

There are still debates on the influence of anti-VEGF treatment on macular microcirculation in patients with diabetic macular edema. Mastropasqua et al. (15) found that within the 5 months’ of follow-up of DME patients who underwent IVA, SVD and DVD were significantly increased. Hsieh et al. (16) used OCTA to examine the changes of biomarkers in DME patients treated with ranibizumab, finding that the vascular density close to the central fovea was increased compared to before the realizations of 3 treatments. Still, some studies suggested that anti-VEGF treatment could worsen retinal ischemia. For instance, in their retrospective study, Feucht et al. (17) treated patients with macular edema-induced non-proliferative diabetic retinopathy or branch retinal vein occlusion by intravitreal injection of bevacizumab, finding that the FAZ area increased after 6–8 weeks, which was indicative of the worsened retinal ischemia. Yet, the investigators speculated that such changes could be transient. As we could not evaluate the potential changes in retinal vascular density and FAZ in untreated eyes, it remains unclear whether IVA could prevent the progression of macular ischemia. Nonetheless, previous studies have demonstrated that IVA would at least not worsen the blood flow of the retina in most patients with DME. These findings suggested that the major cause of macular edema alleviation in the short-term treatment of DME by anti-VEGF could be the alleviation of retinal vascular exudation, while the retinal vascular occlusion did not significantly improve; nevertheless, the perfusion defect in macular vessels also did not worsen.

Currently, the visual functions of DME patients are generally evaluated by central visual acuity. However, the central visual acuity acquired by the visual acuity chart is not suitable for sophisticated quantitative evaluation of visual function (18–20). While morphological changes are generally used as indicators for treatments of DME, the change in visual function is the major concern of patients. MP-3 microperimetry could be used to automatically evaluate the retina’s sensitivity in the macular area and quantify the visual function of the central fovea of the macula. Retinal sensitivity, as compared to central visual acuity, offers a more precise assessment of the nuances in macular visual function alterations. In addition, P1 and P2 could well reflect the stability of fixation of patients and reflect the quality of vision (21–23). Our results revealed that MLS, P1, and P2 increased significantly after treatment. In their study, Xu et al. (24) evaluated the retinal structures and visual function changes in DME patients 1 year after IVA, finding that the MLS at the central fovea was significantly improved, which was closely associated with the beneficial effects on BCVA. Ichio et al. (25) and Malagola et al. (26) treated DME patients with anti-VEGF (once per month) for 3 months and found that the MLS of the retina significantly increased compared with the baseline level. In addition, the thickness of the macular central fovea was significantly correlated with the MLS of the retina, which is in agreement with the findings of this study, demonstrating that intravitreal injection of anti-VEGF agents could significantly improve retinal sensitivity. However, several studies have demonstrated that the retinal sensitivity after anti-VEGF treatment showed no statistically significant change, which could be associated with the relatively high standard deviations and a limited number of eyes evaluated in the corresponding studies (27). Seidensticker et al. (28) found that the fixation stability of DME patients after intravitreal injection of ranibizumab significantly improved compared to before treatment, but the retinal sensitivity did not significantly change. The investigators speculated that the fixation stability could be used as an early indicator for evaluating the changes in visual function. These findings were not in agreement with the results of this study, which might be due to the difference in the length of disease duration of DME in the patients. Specifically, patients in Seidensticker’s study mainly had long disease duration, and their anatomical structures of the retina were already significantly changed. Although CRT reduced and central visual acuity improved, the retina surrounding the central fovea showed no significant functional improvement. An interesting observation in our study was that the changes in MLS between the first and second treatments, as well as between the second and third treatments, were not statistically significant. We believe this may be attributed to several factors. First, early structural recovery often precedes functional improvement. Functional recovery, such as changes in MLS, may take longer to manifest as it depends on the restoration of photoreceptor function, which may not progress linearly with structural changes. Second, subsequent treatments may require more time or cumulative effects to achieve further enhancements in retinal sensitivity. Additionally, inter-individual variability in baseline retinal damage, such as differences in photoreceptor integrity, may lead to varying responses among patients. Lastly, the observed changes during this interval might have been influenced by the sample size and variability, which could limit the statistical power to detect smaller but potentially meaningful improvements.

The findings of the present study demonstrated that MLS before and after treatment was associated with visual acuity but also with CRT, which was in agreement with the results of a study by Vujosevic et al. (29). Previous studies have demonstrated that the macular central fovea thickness measured by OCT is significantly associated with BCVA (30, 31), which is consistent with our results. Several researchers divided the macular area into 9 regions, after which they explored the association between microperimetry and OCTA findings. Their findings showed that the retinal sensitivity of central fovea on the temporal side was moderately associated with vascular density, while the associations in the other 8 regions were not statistically significant (32). In this study, MLS of the retina in the 10° was measured, and the findings showed that MLS correlated with SVD and DVD only after treatment. In contrast, before treatment, LogMAR BCVA showed a negative correlation with both P1 and P2, whereas MLS exhibited a positive correlation with these parameters. However, these correlations changed after treatment, which we believe may be attributed to several factors. One possible explanation is that anti-VEGF therapy, such as aflibercept, primarily reduces macular edema and improves CRT in the short term, resulting in rapid improvements in BCVA and MLS. In contrast, fixation stability (P1 and P2) may recover more gradually, as it relies on more complex interactions between retinal structure and function. Another contributing factor could be individual differences, such as the severity of macular edema or the extent of retinal damage, which might influence how patients respond to treatment. These variations could have contributed to the observed changes in correlation patterns. While extending the follow-up period would undoubtedly provide deeper insights, our current findings emphasize the short-term effectiveness of aflibercept in improving retinal structure and function. We will aim to incorporate longer follow-up durations in future studies to further clarify these changes in retinal structure and function. Moreover, we propose retinal sensitivity and fixation stability as valuable metrics for assessing DME treatment efficacy.

The present study has some limitations. The study’s sample size was relatively small, so future studies with larger sample sizes are needed to further verify and confirm the reported findings. The follow-up time of this study was relatively short. The retinal sensitivity and vascular density in this study were calculated as the mean values of the measured macular regions, while the visual function and blood flow changes in some small regions might be neglected. In the current study, we used the latest generation of MP-3 microperimetry. The differences in parameters and internal programs of different devices could also influence the findings.



5 Conclusion

In conclusion, treating DME patients with aflibercept within a short time led to reduced retinal thickness, increased retinal sensitivity, and improved visual acuity. Furthermore, improvements in visual function are associated with changes in retinal structure, and retinal sensitivity and fixation stability could be used as reliable supplementary functional parameters for evaluating the processes of DME treatment. Yet, more studies are needed to further investigate the influence of anti-VEGF treatment on retinal microcirculation and the correlation between macular structures and visual function.
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Background

To introduce a new, simple, and affordable technique that uses a 22G intravenous (I.V.) catheter connected to the vitreotome aspiration to lift the intraocular lens (IOLs) off the retina.





Methods

This retrospective, non-comparative, single surgeon, interventional, consecutive case series examined 4 patients (4 eyes) who underwent the surgical procedure from March 12 and October 22, 2023. Reliability, reproducibility, and intraoperative and postoperative complications of the technique were analyzed.





Results

Four patients presenting with posteriorly dislocated IOLs were included. After a complete 23G vitrectomy under wide-angle viewing system or high magnification contact lens, the 22G I.V. catheter was connected to the vitreotome aspiration and active aspiration was applied. When the IOLs were lifted towards the posterior chamber by continuous vacuum aspiration, they were be safely grasped using intraocular forceps and reposited with scleral fixation suturing or removed through a limbal incision. None of the IOLs fell during active aspiration.





Conclusion

Connection of I.V. catheter with vitreotome aspiration to lift the IOLs off the retina was a new, simple, safe, and affordable technique.





Keywords: posteriorly dislocated intraocular lens, I.V. catheter, vitreotome aspiration, vitrectomy 23-gauge, intraocular forceps





Background

Dislocation of a posterior chamber intraocular lens IOL into the vitreous cavity is an uncommon but significant complication (1, 2). Various methods have been described to manage the dislocated IOL (3, 4). One critical step is lifting the IOL off the retina into the posterior chamber. Traditional techniques involve grasping the haptic and lift the IOL off the retina using vitreous forceps (5). However, directly grasping the IOL with forceps can easily cause inadvertent retinal damage since the IOL frequently rests on the retinal surface or even in front of the macula. Perfluorocarbon liquid (PFCL) was used to safely float the IOL off the retina and into the position behind the pupil (5). Nevertheless, during the injection of PFCL, the IOL may float across the surface of the PFCL bubble and cause retinal damage. Santos and Roig-Melo and Agarwal et al. described the successful use of sleeve- and sleeveless extrusion cannula to levitate dislocated IOLs (6, 7).

In this study, we introduce a new, simple, and affordable technique that uses 22G (22-gauge) I.V. catheter connected to the vitreotome aspiration to lift the IOL off the retina.





Methods

This study was a retrospective noncomparative series of consecutive cases done at the Eye and Ear, Nose, and Throat (EENT) Hospital of Fudan University (Shanghai, China) between March 12 and October 22, 2023. The protocols and informed consent forms were approved by the institutional review board of the EENT hospital of Fudan University. Clinical records of patients with posteriorly dislocated IOLs were reviewed. All surgeries were performed by one surgeon (Zhongcui Sun). Informed consents were taken from all the patients. Subjects with less than 6 months of postoperative follow up were excluded.

All the participants underwent preoperative and postoperative ophthalmological examinations, including the best-corrected visual acuity (BCVA) test, dilated indirect slit-lamp biomicroscope examination, intraocular pressure (IOP) test using a non-contact tonometer (Nidek NT400, Nidek Co., Ltd., Aichi, Japan), corneal endothelial cell density count using a non-contact specular microscope (Topcon America Corporation, Paramus, NJ, USA), and axial length (AL) measurement using IOLMaster 700 (version 3.01; Carl Zeiss Meditec, Jena, Germany). Intraoperative conditions were recorded, including types of dislocated IOLs, fall of IOL during removement, or any other intraoperative complications. Postoperative examination focused on BCVA, IOP, and anterior and posterior segment findings, with particular attention to identifying any postoperative complications.




Surgery techniques

After a standard three-port pars plane complete vitrectomy, a 22G I.V. catheter was connected to the vitreotome aspiration and the vacuum was set to 300 mm Hg, with the cutting function turned off (Figures 1A, B). One of the trocar-cannulas (supertemporal or supranasal) was pulled out and the 22G catheter was directly inserted through the scleral tunnel (Figure 1C). Active aspiration was applied only when catheter tip was placed very close to the anterior surface of the IOL optical surface (Figure 1D). Vacuum was adjusted by the foot switch and titrated according to the ability to lift the IOL (Figure 1E). The IOL was then lifted towards the posterior chamber by continuous vacuum aspiration, grasped by intraocular forceps (Figure 1F) and reposited with scleral fixation suturing or removed through a limbal incision. The surgical video was submitted as Supplementary Material (Supplementary Video S1).

[image: A collage of six images showing eye surgery tools and procedures. Image A shows surgical instruments on a blue cloth. Image B displays a close-up of a blue connector on a tube. Image C shows an eye with a tool inserted, surrounded by surgical clamps. Images D and E are close-ups of an eye during a procedure, showing the surgical area and instruments. Image F captures the eye post-operation, with visible redness and clamps holding it open.]
Figure 1 | The 22-Gauge I.V. catheter connected to the vitreotome aspiration to lift the IOL off the retina. (A) The I.V. catheter connected to the vitreotome aspiration system. (B) Magnification of the connection. (C) Insert the catheter through the scleral tunnel directly. (D) The catheter tip was placed on the center of the anterior surface of the IOL optic. (E) Aspirate the IOL from the posterior retina. (F) Grasped the IOLs with the forceps in anterior segment.






Results

The study included four eyes of four patients (two males and two females; mean age 64.5 ± 6.40 years; range 58-70 years). All patients had a history of one or more times of ocular surgeries and denied any history of ocular trauma. Patients’ characteristics were summarized in Table 1. The average AL was 24.58 ± 1.95 mm, preoperative mean IOP was 15 ± 0.82 mmHg, and preoperative mean BCVA was 0.69 ± 0.46 (log MAR). Among the four dislocated IOLs, one was a plate-haptic IOL, two were one-piece foldable IOLs, and one was a three-piece foldable IOL. IOL exchange with sutured scleral fixation of a new IOL was performed in the patient with a plate-haptic IOL. Repositioning with scleral fixation suturing of the primary IOL was performed in the other three patients. A circular mark may appear on the surface of the foldable IOL during suction and soon disappeared, and the IOL returned to transparency (Figure 2). None of the IOLs fell during active aspiration. No intraoperative complication was observed during 6-month follow-up. The IOLs remained well-positioned in all four patients. The mean BCVA was 0.50 ± 0.42 (log MAR), and the mean IOP was 17.4 ± 2.50 mmHg.

Table 1 | Demographics of eyes with 22G (22-gauge) I.V. catheter connected to the vitreotome aspiration levitation of dislocated posterior chamber IOL (vision in logMAR).


[image: A table displays data on four patients with dislocated intraocular lenses (IOL). Details include age, sex, past eye medical history, axial length, preoperative and postoperative BCVA (logMAR), preoperative and postoperative IOP (mmHg), type of IOL, and method of IOL repositioning or exchange. Each patient's details are specified in individual rows providing comprehensive pre- and postoperative information.]
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Figure 2 | A circular mark on the surface of an IOL during suction and subsequent transparency restoration. (A) A circular mark appeared on the surface of the foldable IOL during suction; (B) it disappeared a few seconds later. Red arrow indicates the location of the circular mark.





Discussion

Dislocation of a posterior chamber intraocular lens (IOL) into the vitreous cavity is an uncommon but serious complication (1, 2). Numerous techniques for managing posteriorly dislocated IOLs have been described (3, 4). Intraocular forceps are often used to manipulate dislocated IOLs and are typically the standard treatment in vitreoretinal surgery (5). However, IOLs can be slippery and difficult to grasp, especially plate haptic IOLs. Accidental iatrogenic retinal damage during lifting an IOL from the retinal surface are not uncommon with this approach.

PFCL is used to protect the posterior retina from damage and to facilitate the anterior dislocation of luxated IOLs (8, 9). High density of PFCL allows for levitating the IOL into the pupillary plane. Low viscosity of PFCL facilitates easy aspiration and injection in a 23-gauge vitrectomy system. However, possible retained PFCL causes ocular toxicity, including uncontrolled intraocular pressure (IOP), corneal epithelial toxicity, and decreased retinal sensitivity.

Santos, Roig-Melo, and Agarwal et al. (6, 7) described the successful use of sleeve and sleeveless extrusion cannulas connected to the vitrectome vacuum to elevate dislocated IOLs. The vacuum created by the extrusion cannula is strong enough to hold the optic surface of an IOL. No pressure is exerted on the IOL while trying to create suction, and no passive suction flow to move the IOL is attempted. This prevents any uncontrolled movement of the IOL that could be detrimental to the retina. The linear control of the foot pedal allows for precise regulation of the vacuum during IOL levitation. Thus, lifting the IOL with vacuum aspiration appears to be safer than intraocular forceps and avoids the need for PFCL.

The extrusion cannula is primarily used for internal drainage of subretinal fluid in eyes with rhegmatogenous retinal detachments and for removing hemorrhage, gas, or silicone oil in the subretinal space (10). However, not all eye centers are supplied with the costly extrusion cannula, and not all extrusion cannulas can be connected to vitrectomy vacuum aspiration system. We introduce an easy, simple, and affordable technique that uses a 22G intravenous I.V. catheter connected to the vitreotome aspiration system. The 22G I.V. catheter, a common hospital supply, is easily accessible and inexpensive. The catheter is disposable and prevents iatrogenic infection. The catheter can connect to the vitreotome aspiration perfectly. Additionally, the 22G I.V. catheter can smoothly pass through a 23G scleral tunnel without further enlargement. If the catheter is inserted through a corneal limbal incision, the incision is small and self-sealing. The length of I.V. catheter is 31mm, long enough to reach the IOL above the posterior retina, regardless of the entrances through a limbal incision or a scleral incision. This technique was reproducible in all the cases and was effective for dislocation of any type of IOL especially the plate haptic IOLs which are difficult to grasp using intraocular forceps. In case of a foldable IOL, a circular mark will be left on the surface of the IOL during suction. The mark will soon disappear and the IOLs will return transparency. Although this surgical technique was controllable, the surgeon had to ensure that suction pressure was maintained throughout the entire suction process. This was especially crucial when grasping the IOL haptic with the left hand—any interruption in suction pressure could have caused the IOL to dislocate again, posing a risk of iatrogenic retinal injury. Additionally, since the core principle of this technique relied on suction pressure, a thorough vitrectomy had to be performed beforehand. If any vitreous was inadvertently aspirated during suction, it could have led to retinal tears or even retinal dialysis. Therefore, a comprehensive peripheral retinal examination needed to be conducted before concluding the surgery.

In conclusion, a 22G I.V. catheter connected to vitrectome aspiration can be an easy and affordable method for removal of dislocated IOLs.
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The human eye is a highly intricate sensory organ. When a condition requiring treatment occurs, eyedrops, which represent 90% of all ophthalmic treatments, are most frequently used. However, eyedrops are associated with low bioavailability, with less than 0.02% of therapeutic molecules reaching the anterior chamber. Thus, new delivery systems are required to ensure sufficient drug concentration over time at the target site. Gold nanoparticles are a promising avenue for drug delivery; however, they can be difficult to track in biological systems. Fluorescent gold nanoparticles, which have the same ultrastability and biocompatibility as their nonfluorescent counterpart, could act as an effective imaging tool to study their localization throughout the eye after administration. Thus, this study (1) synthesized and characterized fluorescent gold nanoparticles, (2) validated similar properties between nonfluorescent and fluorescent gold nanoparticles, and (3) determined their localization in the eye after topical application on ex vivo rabbit eyes. The fluorescent gold nanoparticles were synthesized, characterized, and identified in the cornea, iris, lens, and posterior segment of rabbit eyeballs, demonstrating tremendous potential for future drug delivery research.
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[image: Diagram illustrating the use of fluorescent gold nanoparticles for topical administration to a rabbit’s eye. Left side shows the nanoparticle with sections detailing physico-chemical characterization, ultrastability, and cell viability. Right side has an eye illustration with insets showing green-stained tissue, indicating nanoparticle presence.]

GRAPHICAL ABSTRACT
 



1 Introduction

The eye is one of the most complex and sophisticated sensory organs, and the anatomical structure and physiology of the eye are specifically adapted to allow the passage of light (1). Anatomically, the eye is divided into the anterior and posterior segments, which make up one-third and two-thirds of its total dimension, respectively (2).

The anterior segment encompasses the lacrimal apparatus, cornea, conjunctiva, anterior and posterior chambers, iris, ciliary bodies, lens, and aqueous humor (3). In addition, the anterior segment is very exposed to the environment; thus, it is prone to injuries. The corneal tissue features a complex anatomy that provides significant resistance against the entry of foreign substances and microbes, thereby safeguarding vision (4). Blinking, baseline and reflex tearing, and drainage mechanisms help eliminate harmful microbes, foreign particles, and substances, including drug molecules, from the surface of the eye quickly (5–8). The highly dynamic tear film, which has a renewal rate of 1–3 μL/min for an overall volume of 3–6 μL for a typical human eye, adds an additional layer of protection (9). In addition, the unique structure of the corneal tear film, with its lipid, aqueous, and mucoid layers, impedes the rapid absorption of drug molecules by the corneal epithelial cells (10). Thus, considerable efforts have been directed toward enhancing the permeability and retention time of therapeutic substances on the ocular surface (11). Furthermore, creating drug formulations that require less frequent application will greatly improve patient compliance and overall quality of life (12).

The posterior segment, which includes the sclera, choroid, Bruch’s membrane, retina, vitreous humor, and the optic nerve, is vascularized and not easily accessible for noninvasive therapies (13–15). Procedures to control neovascularization in the posterior segment of the eye include laser photocoagulation (16) and photodynamic therapy (17), and, prior to the development of antivascular endothelial growth factor (VEGF) therapy, these methods were the standard treatments to prevent further choroidal neovascularization (18, 19). Despite their success, these treatments have limited effects on overall vision, with reports of choroidal neovascularization recurrences and vision loss (20, 21). In addition, these treatments are not suitable for all patients due to varying individual conditions and disease progressions (22). Intravitreal injections of anti-VEGF agents, e.g., ranibizumab (23), bevacizumab (24), and aflibercept (25), are effective in terms of reversing retinal neovascularization. Intravitreal injections increase local drug concentrations in the vitreous chamber; however, they can be painful and require frequent clinic visits and administration by specialists (26). Complications from repeated intravitreal injections can include retinal detachment, hemorrhaging, retinal toxicity, corneal abrasion, temporary elevation of intraocular pressure, and endophthalmitis (27).

Ocular drug administration is crucial for treating common eye diseases, e.g., glaucoma (28), macular degeneration (29), diabetic retinopathy (30), infections (e.g., conjunctivitis, keratitis, and endophthalmitis) (31), and autoimmune disorders (e.g., Sjögren syndrome and uveitis) (32). Each route of ocular administration (topical, intracameral, intravitreal, or periocular) has its advantages and disadvantages. Indeed, intracameral injections bypass pre-corneal barriers, providing high bioavailability for various classes of active molecules. However, potential complications include the toxic effects of active molecules on corneal endothelial cells and toxic anterior segment syndrome (33). Periocular injections (retrobulbar, peribulbar, sub-Tenon, and subconjunctival) are considered less invasive and associated with fewer potential side effects compared to intravitreal injections. However, scleral barriers to the choroid, combined with elimination through blood and lymphatic flow in the subconjunctival space, lead to lower bioavailability in the retina (34). Eyedrops are the most widely used administration pathway, representing 90% of all ophthalmic treatments (35). Eyedrops are noninvasive and can be self-administered, thereby eliminating further doctor visits, which reduces healthcare system congestion. Eyedrops are applied directly to the desired tissue, and systemic administration of therapeutic agents targeting the eye requires high concentrations, which could lead to toxicity (36). The primary disadvantages of eyedrops are the low bioavailability and patient compliance, which reduces the activity of the active molecule (37). Thus, new ocular delivery systems must be developed to ensure that drugs reach the target site in sufficient concentrations over the prescribed period to achieve the desired therapeutic effect.

Drug delivery systems that utilize nanomaterials can play a pivotal role in targeting ocular tissues for treatment. Using such delivery systems offers several advantages, e.g., promoting drug absorption by enhancing their passage through barrier tissues, controlling their release through local administration, and targeting drug action on specific tissues (38, 39). In recent reviews on nanotechnology-based drug delivery systems in ophthalmology, works on biodistribution of micelles, liposomes, dendrimers, nanosuspensions, nanoemulsions and polymerics nanoparticles are mentioned but studies on gold nanoparticles (AuNPs) are often completely omitted (40–48). Among the reviews citing studies on AuNPs in ophthalmology (34, 49–58), the AuNPs are injected intravenously (59–61), intravitreally (62–65), in the subretinal space (66), administered orally (67), used solely in vitro (68–72), used on retinal explants (73), loaded onto contact lenses (74–76) or not used for drug-carrying purposes (77–80).

Mucoadhesion, which is the ability to adhere to mucosal tissues, is a leading strategy for topical administration of nanocarriers on the ocular surface (81), and a recent study demonstrated that AuNPs have mucoadhesive properties; thus, AuNPs are promising candidates for drug delivery systems in ophthalmology (82). In addition to their mucoadhesive properties, AuNPs have unique optical characteristics, e.g., surface plasmon resonance (83) that are beneficial for various biomedical applications (84–89). The polyethylene glycol (PEG) modified AuNPs (AuNPs-PEG2000) developed in our laboratory are ultrastable (90) and mucoadhesive; thus, they are highly relevant candidates for drug delivery in ophthalmology (91).

To optimize the potential of these patented AuNPs-PEG2000 (CA3043775) as drug delivery systems, experiments were conducted to better understand their drug loading and drug release properties (92). The next step was an investigation into their behavior and distribution in the eye after topical application. However, they are currently difficult to track with currently available technologies without damaging the biological tissues; thus, we sought to modify them to emit fluorescence without impacting their other properties. This would allow the new fluorescent AuNPs-PEG2000-Nap to act as an imaging tool in place of the nonfluorescent AuNPs-PEG2000. Therefore, the goal of this study was to (1) synthesize and characterize the fluorescent AuNPs-PEG2000-Nap, (2) validate similar properties between the nonfluorescent and fluorescent AuNPs-PEG2000 and AuNPs-PEG2000-Nap, and (3) determine their localization in the eye after topical application using ex vivo rabbit eyes. The results of this study are expected to facilitate better understanding of the behavior of the AuNPs-PEG2000 in physiological conditions and their potential as drug delivery systems in ophthalmology.



2 Materials and methods


2.1 Materials

Gold chloride trihydrate (HAuCl4∙3H2O), sodium borohydride (NaBH4), chlorohydric acid (HCl), nitric acid (HNO3), sodium chloride (NaCl), potassium chloride (KCl), sodium phosphate dibasic (Na2HPO4), potassium phosphate monobasic (KH2PO4), basic fuchsine (pararosaniline hydrochloride), sodium metabisulfite, isopropanol, and acetonitrile were all purchased from VWR International (Ville Mont-Royal, QC, Canada). Anhydrous copper(II) sulfate (CuSO4), ascorbic acid, 4-bromo-1,8-naphthalimide anhydride, 2-methoxyethylamine, sodium azide, absolute ethanol, petroleum ether, and ethyl acetate were purchased from Sigma-Aldrich (St. Louis, MO, United States). Polyethylene glycol methyl ether thiol with a molecular weight of 2000 g/ mol (referred to as HS-PEG2000) was purchased from Laysan Bio (Arab, AL, United States). Polyethylene glycol alkyne thiol (referred to as HS-PEG2000-ALK) was purchased from Biopharma PEG (Watertown, MA, United States). All glassware used to synthesize the AuNPs was washed thoroughly with aqua regia (3:1 HCl:HNO3) and rinsed with nanopure water prior to experimentation. Mucins from the bovine submaxillary gland were purchased from Cedarlane Laboratories (Burlington, ON, Canada). 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) was obtained from Promega (Madison, WI, United States). Research-grade human eyes were provided by the “Ocular tissue for vision research” infrastructure of the Vision Sciences Research Network, in collaboration with our local eye bank (Banque d’Yeux du Center Universitaire d’Ophtalmologie, Québec, QC, Canada) and Héma-Québec (Québec, QC, Canada) with next of kin consent. This study followed the Declaration of Helsinki and was approved by the CHU de Québec-Université Laval ethics committee (DR-002-955). Eight healthy corneas (age 55–66 years; median 61.5; SD ± 4.6) were used for the characterization of the fluorescence emission, and three (aged 44, 52, and 71 years) were used for hCEC cell isolation and culture, as reported previously (93, 94). Irradiated human fibroblasts (iHFL) were isolated from the foreskin of a 10-day-old donor (95, 96). The OCT compound was obtained from Sakura Finetek (Torrance, CA, United States). Albino rabbit heads (N = 6) were obtained from the Rolland Pouliot & Fils slaughterhouse (Saint-Henri-de-Lévis, QC, Canada).



2.2 Synthesis and characterization of 4-azido-N-(2-methoxyethyl)-1,8-naphthalimide

Here, 2-methoxyethylamine (2.59 mL, 29.9 mmol, 2.07 eq) was added to a solution of 4-bromo-1,8-naphthalimide anhydride (4 g, 14.4 mmol, 1 eq) in 50 mL of absolute ethanol. The mixture was refluxed overnight under stirring and then cooled to 0°C by immersing the flask in an ice bath. The solid was collected by filtration to obtain the key intermediate 4-bromo-N-(2-methoxyethyl)-1,8-naphthalimide (4,67 g, 97% yield).

1H NMR (300 MHz, CDCl3) δ: 8.66 (d, J = 7.3 Hz, 1H, ArH), 8.55 (d, J = 9.0 Hz, 1H, ArH), 8.41 (d, J = 7.8 Hz, 1H, ArH), 8.03 (d, J = 7.8 Hz, 1H, ArH), 7.84 (t, J = 7.6 Hz, 1H, ArH), 4.43 (t, J = 5.8 Hz, 2H, CH2), 3.73 (t, J = 5.8 Hz, 2H, CH2), 3.37 (s, 3H, CH3).

Then, NaN3 (775 mg, 11.9 mmol, 1.5 eq) was slowly added to a solution of the key intermediate (3 g, 7.95 mmol, 1 eq) in 114 mL of dimethylformamide. The mixture was heated at 70°C under stirring for 2 h. The solvent was removed under reduced pressure. The residue was purified by chromatography on silica gel (petroleum ether/ethyl acetate: gradient from 8:2 to 5:5). 4-azido-N-(2-methoxyethyl)-1,8-naphthalimide was obtained as a pale yellow solid (2.11 g, 84% yield).

1H NMR (300 MHz, CDCl3) δ: 8.65 (d, J = 7.3 Hz, 1H, ArH), 8.59 (d, J = 7.9 Hz, 1H, ArH), 8.44 (d, J = 8.5 Hz, 1H, ArH), 7.74 (t, J = 7.9 Hz, 1H, ArH), 7.47 (d, J = 7.9 Hz, 1H, ArH), 4.44 (t, J = 5.9 Hz, 2H, CH2), 3.73 (t, J = 5.9 Hz, 2H, CH2), 3.38 (s, 3H, CH3).

The results of the NMR analysis are in agreement with the published values for 4-bromo-N-(2-methoxyethyl)-1,8-naphthalimide and 4-azido-N-(2-methoxyethyl)-1,8-naphthalimide (97). They were recorded using a spectrometer Avance 300 MHz (Bruker). The obtained 1H NMR spectra are provided as Supplementary Material (Supplementary Figures 1, 2).



2.3 Synthesis of HS-PEG2000-nap

In a 25-mL Erlenmeyer flask, 0.02 g of HS-PEG2000-ALK (0.005 mmol) was dissolved in 15 mL of acetonitrile. The 4-azido-N-(2-methoxyethyl)-1,8-naphthalimide, 0.0148 g (0.050 mmol) was added to the mixture. Copper sulfate (0.00160 g; 0.005 mmol) and ascorbic acid (0.00176 g; 0.005 mmol) were then added to the Erlenmeyer flask. The mixture was kept at 22°C and shaken using an orbital shaker at 250 rpm overnight in darkness.



2.4 Synthesis of AuNPs-PEG2000-nap 1%

Stirring at 400 rpm, 250 μL of an aqueous solution of 0.1 g/mL of gold chloride trihydrate (0.06 mmol) was added to 15 mL of a 1:1 acetonitrile:isopropanol mix. 0.0099 g of a HS-PEG2000 and 750 μL of HS-PEG2000-Nap solution obtained previously were added to 30 mL of isopropanol prior to addition to the gold solution. The resulting solution was mixed for 1 h at 400 rpm. While increasing the mixing speed to 700 rpm, a fresh solution of 0.028 g of NaBH4 (0.74 mmol) in 10 mL of ice-cold water was added dropwise to the gold solution using a peristaltic pump (1 mL/min). The mixture was then stirred at 400 rpm for 3 h to allow the nanoparticles to grow and stabilize in the dark. The solution was evaporated using a rotary evaporator under reduced pressure. Then, 10 mL of water was added to resuspend the nanoparticles. The purification of the nanoparticles performed by dialysis (molecular weight cutoff: 16,000 g/mol) for 7 days, changing the dialysate at least four times per day. After 7 days, the AuNPs-PEG2000-Nap 1% were transferred to a polycarbonate centrifuge tube (#355631) and centrifuged with a 70 Ti rotor using the Optima L-90 K Ultracentrifuge from Beckman Coulter Inc. (Indianapolis, IN, United States) at 220,000 g for 18 h. Then, the supernatant was removed and replaced with ultrapure water. The AuNPs-PEG2000-Nap 1% were resuspended and moved back to a new dialysis bag with the same molecular weight cutoff for seven supplementary days (dialysates changed four times per day). The AuNPs-PEG2000-Nap 1% were then centrifugated again, and the supernatant was changed with ultrapure water. To determine the concentration of the AuNPs in the resultant solution, a known volume of the solution was freeze-dried and weighed (n = 3).



2.5 Synthesis of AuNPs-PEG2000-nap 100%

To obtain AuNPs-PEG2000-Nap 100%, 250 μL of an aqueous solution of 0.1 g/mL of gold chloride trihydrate (0.06 mmol) was added to 7.5 mL of the previously synthesized HS-PEG2000-Nap and 7.5 mL of isopropanol. All the following steps remain the same as those for the AuNPs-PEG2000-Nap 1%.



2.6 Characterization of AuNPs-PEG2000-nap


2.6.1 UV–visible spectroscopy

Here, a quartz cuvette (pathlength: 1 mm × 10 mm) from Hellma (#104.002-QS) was used (Markham, ON, Canada). The UV–visible spectra were collected from 200 to 800 nm using a Cary Eclipse 50 Bio UV–vis spectrophotometer from Varian (Winnipeg, MB, Canada).



2.6.2 First derivative of plasmon band spectra

The UV–visible spectra were normalized using the intensity of the peak of the plasmon band of AuNPs-PEG2000-Nap 1% (λ = 517.5 nm) and AuNPs-PEG2000-Nap 100% (λ = 519.0 nm). Then, the data between 430 nm and 630 nm were derived for AuNPs-PEG2000-Nap 1% and AuNPs-PEG2000-Nap 100%. Here, the inflection point of the derivative was used to determine the position of the plasmon band peak (98–100).



2.6.3 Fluorescence spectroscopy

The fluorescence spectra of the AuNPs-PEG2000-Nap 1 and 100% samples were obtained using a Fluorolog-3 instrument (Horiba). A 5 × 5 mm light path quartz cuvette from Hellma Analytics was used (#111.057-QS). The excitation wavelength exhibited optimal results at 420 nm; thus, the scans for emission were recorded from 490 to 600 nm.



2.6.4 Transmission electron microscopy

Copper grids covered with a vaporized carbon film were purchased from Ted Pella (California, United States). AuNPs-PEG2000-Nap 1 and 100% were diluted to a concentration of approximately 0.01 mg/mL, and a 5-μL droplet was deposited on each grid and left to dry overnight. Image acquisition was performed using a JEM 1230 from JEOL Ltd. (Tokyo, Japan). Here, the voltage was set to 80 kV, and a 50,000× zoom factor was used. To characterize the size of the gold core, at least 3,000 AuNPs-PEG2000-Nap 1% and AuNPs-PEG2000-Nap 100% were counted and analyzed for each sample using the ImageJ software.



2.6.5 Dynamic light scattering

DLS measurements were performed using the NanoBrook Omni particle analyzer from Brookhaven Instruments Corporation (Holtsville, NY, United States). Each AuNPs-PEG2000-Nap was diluted to a concentration of 0.033 mg/ mL in PBS (1X). Prior to analysis, the samples were filtered through a 0.2-μm pore size filter. The apparatus was set to an angle of 173° at 25°C. After an equilibrium time of 2 min, 10 measurements of 120 s were performed for each sample. BI-SCP disposable plastic cuvettes from Brookhaven Instruments Corporation (Holtsville, NY, United States) were used for the analysis. The treatment of the size distribution was performed using the CONTIN algorithm.



2.6.6 Elemental analysis

Elemental analysis was performed using an ICP-OES, which requires the oxidation of gold prior to analysis. Here, AuNPs-PEG2000-Nap 1 and 100% were diluted to a 1:9.5 aqua regia to water ratio and a final AuNP concentration of 0.20 mg/mL. Blank standards containing 5% aqua regia were also analyzed to confirm the absence of contamination specific to the method. The sample preparation was performed in 15-mL tubes from Sarstedt (#62.554.100) (Montreal, QC, Canada). The tubes were heated to 90°C, with care being taken to avoid boiling. The tube caps were left on the tubes and closed by a quarter of a turn. The apparatus used in the experiments was the ICP-OES-5110 (Agilent) in radial mode (Mississauga, ON, Canada). The calibration methods of the yttrium internal standard and standard addition were performed to prevent matrix effects. Acquisition was achieved at 242.8 nm and 181.9 nm for gold and sulfur quantification, respectively.



2.6.7 Molecular weight approximation

The molecular weight (MW) of the AuNPs was determined approximatively following a previously published method (101). Briefly, while assuming monodisperse spherical AuNPs, the volume (V) of the gold core can be estimated as follows.

[image: Formula for volume, V, of a sphere shown as V equals four pi times the radius in angstroms, cubed, divided by three.]

The number of gold atoms found in the metallic core, n(Au), can be estimated as follows.

[image: Equation showing the calculation of the number of gold atoms, n(Au), as the volume in cubic angstroms divided by seventeen cubic angstroms.]

With the MW of the Au and S, the number of thiol groups n(S) on the surface can be estimated as follows.

[image: Equation showing the relationship between gold and sulfur atoms in a compound: n(Au) times MW(Au) over percentage of Au atoms equals n(S) times MW(S) over percentage of S atoms.]

Finally, the MW of AuNPs-Nap 1 and 100% can be estimated using the following equation.

[image: Molecular weight formula for gold nanoparticles conjugated with PEG2000 and naphthalene at one percent. The equation includes molar quantities and molecular weights of gold, PEG-naphthalene, and PEG.]

[image: Molecular weight equation for AuNPs-PEG₂₀₀₀-Nap 100% is shown. It calculates using the number of gold atoms times their molecular weight plus 0.01 times the number of sulfur atoms times the molecular weight of PEG-Nap.]



2.6.8 Graft density approximation

The graft density [image: Greek letter rho with a subscript lowercase "g".] was determined using the calculated number of ligands n(S) used in the approximation of the MW. The surface of the metallic core A, assuming monodisperse spherical nanoparticles, can be calculated as follows.

[image: Formula for area \( A = 4\pi \times (\text{radius in nm})^2 \).]

Thus, the graft density can be evaluated as follows.

[image: Mathematical equation depicting \(\rho_g = \frac{n(S)}{A}\), representing a relationship where \(\rho_g\) equals the function \(n(S)\) divided by \(A\).]




2.7 Biolocalization in human corneas

The human corneas were rinsed with PBS to remove the storing liquid and placed on a small support (epithelium side up). A punched out 6-mm diameter rubber stencil was centered on the cornea to ensure that the deposited drop remained on the cornea and did not flow over and to the side after application. A drop (50 μL, 1 mg/mL) of AuNPs-PEG2000, AuNPs-PEG2000-Nap 1%, and AuNPs-PEG2000-Nap 100% were placed on top of the corneas. Then, the corneas were placed in the dark for 2 h before being prepared for tissue imaging.



2.8 Ultrastability assays

The protocol used to qualify the ultrastability properties strictly followed the previously established protocol (90).



2.9 Quantification of mucoadhesion

The protocol used to quantify the adsorbed mucins on the surface of the AuNPs strictly followed a previously published PAS coloration protocol (101).



2.10 MTS assays

MTS viability assay was performed according to the manufacturer’s instructions (Promega, Madison, WI). Briefly, hCECs (1 × 104) in corneal epithelium medium [Dulbecco–Vogt modification of Eagle’s medium (Gibco, Waltham, MA, United States) with Ham’s F12 (3:1) (Life Technologies, Carlsbad, CA, United States), supplemented with 5% FetalClone II serum (HyClone, Logan, UT, United States), 5 μg/mL insulin (SAFC Bioscience, Lenexa, KS, United States), 0.4 μg/mL hydrocortisone (Teva, Toronto, ON, Canada), 10 ng/ mL epidermal growth factor (R&D Systems, Oakville, ON, Canada), 10−10 mol/ L cholera toxin (Sigma-Aldrich, St. Louis, MO, USA), 100 μg/mL Penicillin (Fresenius Kabi, Homburg, Germany), and 25 μg/mL Gentamycin (Galenova, Saint-Hyacinthe, QC, Canada)] and incubated at 37°C for 4 h prior to the addition of AuNPs (AuNPs-PEG2000 and AuNPs-PEG2000-Nap 1%, at concentrations of 0, 0.001, 0.1, 0.25, 0.50, 0.75 and 1.00 μM). After 18 h, MTS (2 mg/mL) was added to each well, and the plates were incubated at 37°C for 1 h. Then, the optical density (OD) was measured using a microplate reader (Biorad Model 550, Mississauga, ON, Canada) at a wavelength of 490 nm. OD of the blank solution (AuNPs, no cells) was subtracted, and results presented relative to the control (0 μM AuNPs, which represents 100% viability). Experiments were performed using 3 different cell populations, in triplicate.



2.11 Internalization assays

hCECs (0.3 × 106 cells) were plated directly in six-well plates (9.6 cm2) in the corneal epithelium medium described above. Before the cells reached confluence, AuNPs-PEG2000 and AuNPs-PEG2000-Nap 1% (500 μL, 1 mg/mL, diluted with PBS) were added. After a waiting time of 30 min, the cells were rinsed with PBS before image acquisition was performed using an Axio Imager Z2 Upright Microscope (Carl Zeiss, North York, ON, Canada).



2.12 Biolocalization with rabbit eyes

The rabbit eyeballs were removed from the skull and placed on a small support (cornea side up). A 20-mm diameter rubber gasket well was centered on the cornea to ensure that the deposited drop remained on the cornea and did not flow onto the globe after application. A drop (50 μL, 1 mg/mL) of AuNPs-PEG2000-Nap 1% was placed in the middle of the stencil. Here, two waiting times were tested, i.e., 2 h [to maximize the interactions mucins-AuNPs, as previously demonstrated (101)] and 3 min (n = 3 eyes per condition). For the 2-h waiting time, the eyeballs were placed in the dark before the drop was applied. After 2 h, the globes were prepared for imaging. For the 3-min waiting time, which mimics the renewal rate of the tear film (9), the eyeballs were washed thoroughly with PBS to ensure that no AuNPs-PEG2000-Nap 1% remained on the ocular surface. The eyeballs were then placed in the dark for 2 h for comparison with the first waiting time before tissue preparation for imaging. The controls (n = 3 eyes) received a drop of PBS and were placed in the dark for 2 h prior to tissue preparation.



2.13 Tissue preparation for imaging

The dissections were performed to separate the corneas, irises, lenses, and posterior segment of the eyes, and to avoid all cross-contamination. The centers of all corneas were cut using a 6-mm biopsy punch before being placed (endothelium down) in an OCT compound from Sakura Finetek (Torrance, CA, United States). The cut samples were then stored at 80°C at least overnight before making cuts using a cryostat microtome (Leica, Concord, Canada). The irises were placed flat with the posterior epithelium down in the OCT compound, and the lens was placed with the epithelium side up. A portion of the posterior segment was removed using a 10-mm biopsy punch to facilitate manipulation. The punched sample was put in the OCT compound. All samples were stored at 80°C at least overnight before making microtome cryostat cuts. Prior to being placed on microscope slides, the samples of the corneas (human and rabbit), iris, and posterior segments were sliced (thickness: 8 μm), and the lens samples were prepared with a thickness of 16 μm. Upon microscopic examination, samples without AuNPs were used to determine the exposure time that prevented the background signal and endogenous fluorescence in the sample.




3 Results and discussion

The development of effective delivery systems relies heavily on optimizing formulation and process parameters and thoroughly characterizing the physicochemical and biological properties of nanocarriers. In ocular drug delivery, key factors to assess include particle size and distribution, surface charges, encapsulation efficiency, drug loading capacity, drug release profiles, uptake mechanisms, stability, and safety or toxicity (102). Additionally, the delivery system must meet specific ocular requirements such as sterility, osmolality, pH, surface tension, and viscosity to ensure compatibility and efficacy. Important properties, like particle size and polydispersity index, are critical for the physical stability of nanocarriers. For ocular formulations, particles larger than 10 μm are generally unsuitable (103). Smaller, monodisperse particles are preferred for their enhanced stability, biodistribution (104), and reduced risks of instability issues like sedimentation during storage (105). Their small size facilitates faster penetration into the tear film’s mucin layer, reduces irritation, and enhances uptake by corneal epithelial cells (106). While smaller nanoparticles show greater absorption into the aqueous humor, they are cleared more quickly from tear fluid (107). The shape and surface morphology of nanoparticles also influence their biodistribution, cellular uptake, and toxicity. Spherical nanoparticles are generally more effective in enhancing drug performance compared to other shapes like cubes or rods (108). Surface modifications are also important factors for biodistribution: different polymeric nanoparticles, and even different polymeric shells will have different biodistribution profiles in the anterior and posterior segment (109, 110).

To investigate the localization of nonfluorescent AuNPs after eyedrop application, a strategy was required to determine their trajectory accurately. As previously synthesized, the gold core combined into the PEGylated ligands created a furtive drug delivery system (111, 112); thus, the goal was to minimally modify the AuNPs-PEG2000, that are small, spherical, stable and biocompatible, to generate an imaging tool that would be visible in microscopy and replicate the nonfluorescent AuNPs-PEG2000 behavior. Here, fluorescence microscopy was selected for its sensitivity (113), its compatibility with animal and human tissues (114), and the minimal modification required to the AuNPs-PEG2000 to make them fluorescent (115, 116). Once the characteristics of the AuNPs-PEG2000 and fluorescent AuNPs-PEG2000-Nap were determined to be equivalent, internalization assays were conducted prior to performing biolocalization experiments.


3.1 Synthesis and physicochemical characterization of fluorescent AuNPs


3.1.1 Synthesis of fluorescent AuNPs-PEG2000-nap

To obtain AuNPs-PEG2000-Nap, the first step involved synthesizing the fluorescent ligand (HS-PEG2000-Nap; Scheme 1). Here, a heterobifunctional PEGylated ligand (HS-PEG2000-ALK), with an alkyne functional group on one end (dedicated to the click reaction) and a thiol group (-SH) on the other, was employed to covalently bond the naphthalimide (Nap) fluorophore and coordinate with the Au atoms of the core (through the thiol group). The click reaction (117) was performed with stoichiometric equivalents of reagents, and the azido-naphthalimide equivalent was 10 times the molar equivalent of the ligand. The advantage of this molecule lies in its difference in fluorescence emission before and after the click reaction (118). In fact, prior to the click reaction, the azido-naphthalimide was very weakly fluorescent, whereas it became a strong fluorophore after the formation of the triazole heterocycle.
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SCHEME 1
 AuNPs-Nap synthesis. The proportion between the HS-PEG2000-Nap and HS-PEG2000 varies from 1 to 100%. For the experimental details, refer to the description in the Materials and Methods.


Here, the synthesis process was a modified version of the Brust–Schiffrin synthesis (119) based on specific experimental conditions leading to small ultrastable AuNPs (90). Two types of AuNPs-PEG2000-Nap were obtained with this synthesis, i.e., AuNPs-PEG2000-Nap 1% and AuNPs-PEG2000-Nap 100%, where 1 and 100% of the ligands used for the synthesis were the HS-PEG2000-Nap, respectively. For the AuNPs-PEG2000-Nap 1%, the remaining 99% of the ligands were monofunctional HS-PEG2000 (90). Once the fluorescent HS-PEG2000-Nap was obtained, it was added in different proportions in the synthesis of the AuNPs. Mixing the PEGylated ligands with chloroauric aid (HAuCl4) caused a partial reduction of the Au atoms. Note that the success of this synthesis is dependent on the balance between the crystal growth and the ligand capping speeds, i.e., if the crystal growth outpaces the ligand capping speed, the particles will not stabilize properly and will precipitate. In addition, acetonitrile in the reaction mixture slows the crystal growth because its nitrogen atoms partially stabilize the Au core growth. Furthermore, NaBH4 exhibits lower reducing strength in acetonitrile compared to water, which further slows the crystal growth. This slower growth allows for better capping and results in more stable AuNPs (120).

Prior to characterization, the synthesis was purified via dialysis and precipitation by ultracentrifugation to further change the dialysate (refer to the Materials and Methods).



3.1.2 Physicochemical characterization of AuNPs-PEG2000-nap 1 and 100%

The UV–visible spectra showed that the surface plasmon resonance absorbance peaks for AuNPs-PEG2000-Nap 1% and AuNPs-PEG2000-Nap 100% are centered at 517.5 nm and 519.0 nm, respectively (Table 1). In addition, the elemental analysis via ICP-OES revealed varying weight percentages of gold and sulfur in the AuNPs. Here, AuNPs-PEG2000-Nap 1% contained 48.5% gold and 0.41% sulfur, and AuNPs-PEG2000-Nap 100% contained 62.5% gold and 0.67% sulfur (Table 1). The TEM observations showed that the gold core diameters were 6.0 ± 3.0 nm and 4.8 ± 2.4 nm for the AuNPs-PEG2000-Nap 1% and AuNPs-PEG2000-Nap 100%, respectively (Table 1). Based on the metallic core diameters and elemental compositions, the molecular weights were calculated to be 2,002, 334 g/mol for AuNPs-PEG2000-Nap 1% and 1,185,970 g/mol for AuNPs-PEG2000-Nap 100% (Table 1). DLS measurements showed hydrodynamic diameters of 29 ± 1 nm for AuNPs-PEG2000-Nap 1% and 34.0 ± 0.6 nm for AuNPs-PEG2000-Nap 100% (Table 1). In addition, the graft density for AuNPs-PEG2000-Nap 1% was 3.05 ligands per nm2 of gold core, and that for the AuNPs-PEG2000-Nap 100% was 3.10 ligands per nm2 of gold core (Table 1).



TABLE 1 Characterization of AuNPs-PEG2000-Nap 1% and AuNPs-PEG2000-Nap 100%.
[image: Table comparing AuNPs-PEG2000-Nap 1% and 100% for various properties: plasmon band peak, % Au and % S atoms, core and hydrodynamic diameters, number of ligands, molecular weight, and graft density. Values are provided with measurements for each variant. Footnotes explain measurement methods, including UV-visible spectroscopy, TEM, ICP-OES, DLS, and theoretical calculations.]

The core diameter and number of ligands were the highest for AuNPs-PEG2000-Nap 1%, and the percentage of sulfur atoms was the lowest, which can be attributed to the varying behavior of the AuNPs based on their molecular weights, especially during the stabilization of the gold core. In water, PEG alone can adopt Gaussian coil or flat plate configurations (121), and it stabilizes molecules or proteins with wrapped or expanded configurations (122). During AuNPs-PEG2000-Nap growth (refer to Scheme 1), the utilization of these two types of PEG (HS-PEG2000-Nap and HS-PEG2000) in different proportions can lead to different behaviors, resulting in the core diameters ranging from 6. 0 ± 3.0 nm to 4.8 ± 2.4 nm, which are still quite similar on the nanometer scale. It is likely that HS-PEG2000-Nap experiences more steric hindrance, thereby reducing the thiol group’s ability to reach the gold core. This steric hindrance may also enhance stabilization, producing smaller cores than expected. Consequently, the smaller gold core of AuNPs-PEG2000-Nap 100% leads to a smaller number of stabilizing ligands around the nanoparticles, thereby making AuNPs-PEG2000-Nap 1% have the largest gold core diameter and number of ligands. With the largest core diameter, AuNPs-PEG2000-Nap 1% contained 6,652 gold atoms, which is significantly more than the AuNPs-PEG2000-Nap 100%, which had 3,406 gold atoms. However, for AuNPs-PEG2000-Nap 1%, this only represents 0.41% by mass despite having 345 sulfur atoms. The graft density showed very similar numbers of ligands per nm2 of gold core surface for both AuNPs-PEG2000-Nap 1 and 100%, i.e., 3.05 and 3.10 ligands/nm2, respectively.

Continuing the physical characterization of AuNPs-PEG2000-Nap 1 and 100%, the fluorescence emission of the nanoparticles was tested with ex vivo human corneas (Figure 1) to identify the best AuNPs-PEG2000-Nap for colocalization experiments. A drop (50 μL, 1 mg/mL) of AuNPs-PEG2000 (Figure 1A), AuNPs-PEG2000-Nap 1% (Figure 1B), and AuNPs-PEG2000-Nap 100% (Figure 1C) was deposited on the top of the human corneas and incubated at room temperature for 2 h before being prepared for image acquisition (Materials and Methods). The fluorescence emission spectra of AuNPs-PEG2000-Nap 1% and AuNPs-PEG2000-Nap 100% (Figure 1D) were also obtained in water. The AuNPs-PEG2000-Nap 1% (λmax, emission = 544 nm) had the highest fluorescence emission intensity and was the most visible in the cornea. In fact, AuNPs-PEG2000-Nap 1% could be found in the Bowman’s layer, throughout the entire stroma and the Descemet’s membrane, with a stronger affinity with the Bowman’s layer. For AuNPs-PEG2000-Nap 100% (λmax, emission = 503 nm), the fluorescence was less discernible in the cornea than with AuNPs-PEG2000-Nap 1%. The difference in the fluorescence emission spectra could hypothetically come from the difference in the steric hindrance between AuNPs-PEG2000-Nap 1% and AuNPs-PEG2000-Nap 100% (123). The presence of Nap groups on all 224 PEGylated ligands of AuNPs-PEG2000-Nap 100% could cause steric hindrance, thereby not permitting the Nap group free rotations and reducing the extent of the intramolecular charge transfer, which could explain the blue shift observed in the fluorescence spectra (Figure 1D) (124, 125). The difference in the emission intensities is likely due to aggregation-caused quenching. For the AuNPs-PEG2000-Nap 100%, the aromatic Nap fluorophores are closer and can give rise to intermolecular interactions, e.g., π-π stacking, which commonly results in reduced fluorescence (126). Between the two fluorescent AuNPs-PEG2000-Nap 1 and 100%, the AuNPs-PEG2000-Nap 1% appear to present better fluorescent properties for further physiological experiments. The AuNPs-PEG2000-Nap could potentially benefit from fine-tuning experiments to investigate the number of Nap groups required to realize optimal fluorescence while modifying the other AuNP properties minimally.

[image: Panels A, B, and C show microscopic green fluorescent images with panel B having labeled sections i, ii, and iii. Panel D is a chart displaying fluorescence intensity against wavelength for two samples in red and blue.]

FIGURE 1
 Characterization of the fluorescence emission of AuNPs-PEG2000 and AuNPs-PEG2000-Nap using ex vivo human corneas and fluorescence spectroscopy. (A) AuNPs-PEG2000 were deposited on a research-grade human cornea to be used as a control. (B) AuNPs-PEG2000-Nap 1% were placed on a human cornea, where i is the Bowman’s layer, ii is the stroma, and iii is the Descemet’s membrane. (C) AuNPs-PEG2000-Nap 100% were placed on a human cornea. (D) The fluorescence emission spectra of AuNPs-PEG2000-Nap 1 and 100%. Scale bar: 5 μm.





3.2 Biological properties of AuNPs-PEG2000-nap

With the goal of using AuNPs-PEG2000 as ocular drug delivery systems, these nanoobjects must exhibit several critical biological properties, e.g., ultrastability under conditions mimicking formulation steps and the physiological environment, mucoadhesion, and biocompatibility. The following three sections describe the biological properties of the AuNPs and their behavior in the presence of human corneal epithelial cells (hCEC).


3.2.1 Ultrastability

Frequently, the weak colloidal stability of AuNPs excludes their utilization in specific fields (127). For example, instability in physiological buffering salts restricts the utilization of many types of nanoparticles for biomedical applications [e.g., drug delivery (128), gene therapy (129), biosensing (130), and imaging (131)] because blood is a rich and highly ionic media (132). In addition, for nanoparticles, the loss of colloidal stability can result in precipitation, reshaping, corrosion, and, most importantly, the loss of key physicochemical properties like delivery, optoelectronic, biocompatibility, biodegradability, magnetic, or catalytic abilities (133). Thus, it is crucial to preserve the original size, shape, structure, composition, and aggregation state of the nanoparticles in biological environments for the required duration to achieve the intended use (134). This preservation is essential for maintaining the functionality of nanoparticles and preventing undesired effects (135). Given that nonfluorescent AuNPs-PEG2000 can withstand harsh conditions (90), e.g., several cycles of freeze-drying, heating, ultracentrifugation, and autoclave sterilization, the goal was to verify that the fluorescent AuNPs-PEG2000-Nap 1 and 100% would support the same conditions. In this study, their colloidal stability was assessed using different methodologies, including UV–visible spectroscopy, DLS, and TEM (Table 2).



TABLE 2 Ultrastability characterization of (A) AuNPs-PEG2000-Nap 1% and (B) AuNPs-PEG2000-Nap 100% before treatment and after three cycles of 24-h freeze-drying, sterilization by an autoclave, three precipitations by ultracentrifugation, and three periods of 12-h heating at 65°C.
[image: The image displays a comparative analysis of AuNPs-PEG2000-Nap under different treatments: before, freeze-drying, sterilization, centrifugation, and heat. Each column shows UV-visible spectra, TEM images, and dynamic light scattering (DLS) diameter data. UV-visible spectra are plotted with absorbance against wavelength, showing changes in spectral profiles. TEM images illustrate particle distribution and size, with scale bars indicating 100 nm. DLS measurements provide average diameters with standard deviations for each treatment, indicating variations in nanostructure size.]

An interesting characteristic of AuNPs is the ability of the conduction electrons of the gold atoms to oscillate coherently when irradiated by the oscillating electric field of light. The localized surface plasmon resonance (LSPR) effect causes an absorbance band in the electromagnetic spectrum, typically in the visible light range. The absorption peak can be altered by variations in different factors, e.g., the particle size and shape, coating, the distance between particles, pH, temperature, the number and types of the ligands linked to the gold core, and the surrounding physicochemical environment (136, 137). Here, the plasmonic band shift, which was measured accurately with the first derivative, was used to determine the colloidal stability of AuNPs-PEG2000-Nap 1 and 100% to different treatments (Supplementary Figure 3) (98). The colloidal stability results for AuNPs-PEG2000-Nap 1 and 100% are shown in Table 2.

The UV–visible spectra were obtained with 0.050 mg/mL of AuNPs-PEG2000-Nap 1 and 100% before and after three cycles of 24-h freeze-drying, three periods of 12-h heating at 65°C, and three precipitations by ultracentrifugation, and sterilization using an autoclave (Table 2). Tables 2A,B show the colloidal stability results for AuNPs-PEG2000-Nap 1% and AuNPs-PEG2000-Nap 100%, respectively. As can be seen, the UV–visible spectrum for each AuNP-PEG2000-Nap observed after treatment, represented by the full red lines, is nearly the same as the initial spectrum, represented by the full black lines. The LSPR position of AuNPs-PEG2000-Nap 1% before and after all treatments, which was determined by calculating the derivative of the spectra, remained at 517.5 nm (Supplementary Figure 1). For AuNPs-PEG2000-Nap 100%, the derivative of the plasmon bands exhibited a slight shift, translating into a disturbance of the gold core. Specifically, only the sterilization caused a 0.75 nm shift of the plasmon band peak of AuNPs-PEG2000-Nap 1%, and it caused a 2.00 nm shift for AuNPs-PEG2000-Nap 100% (Supplementary Figure 4).

AuNPs-PEG2000-Nap 1% were able to sustain the ultrastability testing as very small variations in the UV–visible spectra, the TEM images, and the hydrodynamic diameters can be observed. AuNPs-PEG2000-Nap 100% also exhibited little variation in the physicochemical parameters after freeze-drying, centrifugation, sterilization, and heating. In addition, the plasmon bands observed in the UV–visible spectroscopy remained similar with no variations in the observed plasmon band peak position. However, a slight increase in the intensity of the entire spectrum of AuNPs-PEG2000-Nap 1% was observed after sterilization and heating, which is likely due to the evaporation of a small part of the total volume. For AuNPs-PEG2000-Nap 100%, a slight reduction in the global intensity was observed after centrifugation, which suggests that some of the AuNPs-PEG2000-Nap 100% could aggregate during this step. The mean core of the diameter of AuNPs-PEG2000-Nap 1 and 100%, extracted from TEM images using the ImageJ software, did not vary significantly after each treatment (Table 2). The DLS experiments yielded quite similar results after all treatments and showed no signs of aggregation for AuNPs-PEG2000-Nap 1%. However, the same cannot be said for AuNPs-PEG2000-Nap 100%. Here, the hydrodynamic diameter varied significantly depending on the treatment, especially after freeze-drying (from 34.0 ± 0.6 nm to 332 ± 74 nm, as shown in Table 2B). The increased number of Nap groups appeared to alter the colloidal stability, thereby leading to a likely agglomeration in the solution. Note that a detectable level of fluorescence was maintained after all treatments for both AuNPs (Supplementary Figure 5).

To the best of our knowledge, the ultrastable AuNPs-PEG2000-Nap 1% are the first reported fluorescent AuNPs that can sustain autoclave sterilization without major changes in their UV–visible spectra and both the core and hydrodynamic diameters, as previously showcased with their nonfluorescent counterpart (90). As mentioned previously, colloidal stability is essential to preserve the functionality of AuNPs-PEG2000 and AuNPs-PEG2000-Nap, especially if AuNPs-PEG2000 are used as a drug delivery system for topically applied treatments (102). The results of the physical characterization suggest that AuNPs-PEG2000-Nap 1% could be a promising candidate as an imaging tool for AuNPs-PEG2000. Combined with the ultrastability assay, the previous fluorescence experiments (Figure 1) have both shown that AuNPs-PEG2000-Nap 1% is the most suitable fluorescent probe for imaging purposes while offering the same properties as the nonfluorescent AuNPs-PEG2000 (90). Thus, we focus on AuNPs-PEG2000-Nap 1% in all subsequent experiments.



3.2.2 Mucoadhesion

Various techniques have been developed to study mucoadhesion in order to quantify and characterize how different materials interact with mucins (81, 138, 139). Mucins are glycoproteins found in the airways, gastrointestinal tract, genitourinary tract, nasal cavity, mouth, throat, and ocular surface (140). As the bottom layer of the tear film, the mucoid layer on the ocular surface is responsible for the maintenance of the lacrimal fluid, lubrication to facilitate blinking, ensuring a smooth surface for vision, and protection by trapping and removing pathogens and debris (141). Mucoadhesive drug delivery systems can increase their residence time in the precorneal film, which could broaden the drug release window and potentially reduce the required number of eyedrop applications (142).

A protocol adapted for AuNPs mucoadhesion involves the periodic acid/Schiff’s reagent (PAS) coloration method (143). This method analyzes the mucin content and mucoadhesion by oxidizing saccharide hydroxyl groups and reacting them with decolored fuchsin, resulting in a color change that is detectable by UV–visible spectroscopy (144). A protocol has been perfected and optimized for its combination with AuNPs, in consideration of their high visible light absorbance (108).

The nonfluorescent AuNPs-PEG2000 could adsorb 11 ± 4% of the 150 μg of mucins they were incubated with, and the AuNPs-PEG2000-Nap 1% were able to retain 2.9 ± 0.7% of the same initial amount of mucins (Figure 2). AuNPs can exhibit mucoadhesive properties due to their ability to bind to mucins through two main mechanisms, i.e., (1) the formation of S-S bonds with the thiol groups at the metallic core and (2) the direct interaction of the cysteine groups with the gold core via Au-S bonds. The presence of some peripheral Nap groups on AuNPs-PEG2000-Nap 1% could account for the observed differences compared with conventional AuNPs-PEG2000. When mucins attempt to interact near the core, the steric hindrance from the Nap groups may prevent the access of many proteins. In addition, the very high graft density (3.05 ligands/nm2) of PEGylated ligands on AuNPs-PEG2000-Nap 1% could contribute to the high motility in mucus (145). In fact, the AuNPs-PEG2000 and AuNPs-PEG2000-Nap 1% exhibited low percentages of adsorbed mucins; however, their high draft density could increase the diffusion into the mucous layer. This could potentially increase the residence time of the drug delivery systems, which would increase the local concentrations of therapeutic molecules near the corneal epithelial cells.
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FIGURE 2
 Quantitative analysis of mucins adsorbed on AuNPs. The calibration curve of the mucins is represented by the blue circles. The yellow triangle represents the absorbance coming from the concentration of mucins still free after the mix between the AuNPs (1 mg/mL) with an initial mucin concentration of 150 μg/mL (large blue diamond), and the pink square represents mucins still free after contact with AuNPs-PEG2000-Nap 1% (1 mg/mL). Insert: Histogram of the percentage of adsorbed mucins on AuNPs-PEG2000 (AuNPs 1) and AuNPs-PEG2000-Nap 1% (AuNPs 2). The data are reported as the mean ± standard deviation (n = 3).




3.2.3 Cytotoxicity

In a previous paper, MTS viability assays with different types of AuNPs, including AuNPs-PEG2000, were performed at low AuNP concentrations (from 0.0005 to 0.406 μM) (90), and showed a high cell viability for all concentrations tested. Herein, a MTS viability assay was conducted to determine if the addition of the Nap group to the AuNPs-PEG2000 could impact cell viability. We also increased the range of AuNP concentrations to evaluate the highest concentration that could affect cell viability. Results for each AuNP concentration and type (Figure 3) show a similar viability between the AuNPs-PEG2000 and the AuNPs-PEG2000-Nap 1% for all the concentrations tested, meaning that fluorescent molecules covalently bonded to PEG do not impact biological response differently that the non-fluorescent ones (only descriptive statistics were used). Furthermore, results show that concentrations between 0,0001 and 0,75 μM AuNPs had a cell viability similar to the control (no AuNPs), and only a 9 ± 14 and a 22 ± 28% cell death was observed for the highest concentration of AuNPs (1 μM) for, respectively the AuNPs-PEG2000 and the AuNPs-PEG2000-Nap 1%. These results indicate that AuNPs-PEG2000-Nap 1% are adequate for fluorescent biolocalization studies and biodistribution experiments.

[image: Bar chart showing cell viability percentages against varying concentrations of AuNPs-PEG2000 and AuNPs-PEG2000-Nap 1% from 0.001 to 1.000 micromolar. Both variables show similar cell viability, maintaining around 100% across concentrations, with slight variation shown by error bars.]

FIGURE 3
 Effect AuNPs-PEG2000 and AuNPs-PEG2000-Nap 1% on cell viability. The hCECs were cultured as monolayers (10,000 cells per well, three wells per condition, repeated using three different populations) and exposed to increasing doses of AuNPs-PEG2000 and AuNPs-PEG2000-Nap 1% for 18 h. Cell viability was assessed using an MTS assay. Results are presented as mean ± standard deviation.




3.2.4 Cell internalization

Finally, prior to performing ex vivo localization experiments, AuNPs-PEG2000 and AuNPs-PEG2000-Nap 1% were placed into wells of hCECs for 30 min to gather data on possible AuNPs internalization into the cells. After incubation for 30 min, the wells were rinsed with a phosphate-buffered saline (PBS) wash and then observed under an epifluorescence microscope using the fluorescein isothiocyanate (FITC) filters. The results indicate that some hCECs exhibit a small degree of autofluorescence in the same wavelength range as the AuNPs-PEG2000-Nap 1% emission (Figure 4A). However, the distinction between this background fluorescence and the emitted fluorescence coming from AuNPs-PEG2000-Nap 1% observed in Figure 4 is obvious because the cells are clearly visible in Figure 4B compared with Figure 4A. In addition, this assay confirmed that AuNPs-PEG2000-Nap 1% are internalized into hCECs because fluorescence can be observed in the cytoplasm and is absent in the nucleus. If the AuNPs-PEG2000-Nap 1% had covered the surface of the cell without penetrating the cells, the fluorescence would have been uniform, and a distinction between the cytoplasm and nucleus would not be observable.

[image: Two panels labeled A and B show microscopic images with green fluorescence. Panel A includes arrows pointing to faint green spots, indicating specific areas of interest. Panel B shows a denser distribution of bright green dots, representing numerous fluorescent entities. Both panels have scale bars.]

FIGURE 4
 Fluorescence assay of internalized of (A) control AuNPs-PEG2000 and (B) AuNPs-PEG2000-Nap 1% (green) by cultured hCECs with FITC filters. The arrows point to hCECs slightly showing autofluorescence. Scale bars: 10 μm.


Thus, the AuNPs-PEG2000-Nap 1% emit strong fluorescence with minimal change to the original nonfluorescent AuNPs-PEG2000 by simply adding a fluorescent probe to 1% of their attached PEGylated ligands (approximately 3–4 Nap groups per gold core). In addition, they exhibit the same ultrastability properties as the AuNPs-PEG2000, i.e., they can sustain rigorous conditions without significantly impacting the plasmon band position, the colloidal stability measured by DLS, and the gold core diameter measured using TEM images. Furthermore, compared to the AuNPs-PEG2000, addition of the PEG2000-Nap 1% did not reduce cell viability, as shown by the results of the MTS assay (Figure 3). Combined, these similarities demonstrate that AuNPs-PEG2000-Nap 1% can be utilized as a substitute for AuNPs-PEG2000 to study their biodistribution and biolocalization.




3.3 Biolocalization study using AuNPs-PEG2000-nap 1%

A significant challenge in clinical translation lies in the lack of animal models that accurately replicate the human ocular system’s anatomy and physiology. Rodents are commonly used for safety and efficacy evaluations due to their cost-effectiveness and ease of handling. However, the extrapolation of pharmacodynamic responses from rodents to humans can be unreliable due to significantly different anatomy (146). Compared to rodents, rabbits exhibit greater anatomical and physiological similarities to humans, particularly regarding eye size, vitreous humor volume, and internal structure, providing a comparable pathway for topically administered compounds (147). Nevertheless, key differences remain, such as the higher viscosity of rabbit aqueous humor, larger anterior chambers, and greater blinking frequency, which must be carefully considered (148). In this study, ex vivo rabbit eyeballs were used, thereby eliminating significant factors impacting biodistribution and elimination of topically applied nanoparticles, such as tear film dynamics, blinking and systemic circulation (149, 150). Whole eyeballs from slaughterhouse rabbits were used in the biolocalization experiments. Here, a drop (50 μL, 1 mg/mL) of AuNPs-PEG2000-Nap 1% diluted in PBS was placed on the cornea for each eyeball. The application time was either 3 min to replicate the renewal rate of the tear film (9) or 2 h to increase the interaction probability with the tear film and their diffusion. In addition, the corneas, irises, lenses and posterior segments were dissected carefully to avoid contamination between the different ocular tissues and then embedded in an optimum cutting temperature (OCT) compound and cut at the cryostat. No fixation steps were carried out before microscopy in order to avoid any physicochemical modification of the eye tissues that could impact the localization of AuNPs-PEG2000-Nap 1%. Therefore, this method provides a more direct way to observe the biodistribution of gold nanoparticles in the different structures of the eye (151).


3.3.1 Cornea

The human cornea comprises three cellular layers (i.e., the epithelium, stroma, and endothelium) and two acellular layers that separate them (i.e., Bowman’s layer and Descemet’s membrane) (152).

AuNPs-PEG2000-Nap 1% were found in the cornea for both application times (Figure 5). Note that more AuNPs-PEG2000-Nap 1% were found in the corneal epithelium after 2 h, as the epithelial layer was more defined, clearly observable, and brighter, as shown in Figure 5G. The 3-min application was sufficient for AuNPs-PEG2000-Nap 1% to adhere to the ocular surface because fluorescence can be observed in the corneal epithelium (Figure 5D) even after the vigorous PBS wash. Fluorescent AuNPs-PEG2000-Nap 1% were also found in the stroma for both application times, which means that the AuNPs-PEG2000-Nap 1% were not confined to the direct application site or the corneal epithelium, benefiting motility by their high graft density. In addition, there appeared to be an affinity between AuNPs-PEG2000-Nap 1% and the corneal epithelium because the brightness levels between the epithelial layer and the stroma present a clear intensity difference, especially after 2 h.

[image: Microscopic images showing the interaction of AuNPs-PEG2000-Nap 1% with samples over time. Column A shows Nap images with negative control (A), exposure at three minutes (D), and two hours (G). Column B presents the corresponding brightfield images. Column C merges both image types. Green fluorescence intensity increases from top (A-C) to bottom (G-I), indicating greater interaction or penetration over time. Scale bars are present in each image for reference.]

FIGURE 5
 Localization of AuNPs-PEG2000-Nap 1% (green) in rabbit cornea cross-sections observed under a fluorescence microscope using the FITC filter (first column), brightfield (middle column), and merge of the two (third column). Images of the cornea (A), (B), and (C) after 2-h PBS application; (D), (E), and (F) 3-min application of AuNPs-PEG2000-Nap 1% followed by a 2-h wait; and (G), (H), and (I) 2-h application of AuNPs-PEG2000-Nap 1%, where i is the multistratified epithelium, and ii is the stroma. Scale bars: 50 μm.


The AuNPs-PEG2000-Nap 1% are not the first AuNPs to be topically applied and found in the corneal epithelium and stroma (77, 79, 80) but they are the only PEGylated AuNPs synthesized from a one-pot synthesis.



3.3.2 Iris

The iris plays a crucial role in visual function by regulating the amount of light entering the eye and reaching the retina (153). The iris also participates in the circulation of aqueous humor, thereby helping to regulate the intraocular pressure (154).

Fluorescence can be faintly observed in the Nap images (Figure 6) without any clear preference for an iris structure. For the image obtained after the 3-min application, the lumen of a blood vessel was visible, in addition to the outermost periphery of the structure (Figure 6D), and AuNPs-PEG2000-Nap 1% can be observed in the extremity of the iris for the 2-h application (Figure 6G).

[image: Fluorescence and brightfield microscopy images showing three conditions: Negative control, AuNPs-PEG2000-Nap1% for 3 minutes, and AuNPs-PEG2000-Nap1% for 2 hours. Columns depict Nap fluorescence, brightfield, and merged images. In the AuNP-treated samples, fluorescence is observed with arrows indicating specific regions labeled 'i', 'ii', and 'iii'. Scale bars are included for reference.]

FIGURE 6
 Localization of AuNPs-PEG2000-Nap 1% (green) in rabbit iris cross-sections observed under a fluorescence microscope using the FITC filter (first column), brightfield (middle column), and the merge of the two (third column). Images of the iris (A), (B), and (C) after 2-h PBS application; (D), (E), and (F) 3-min application of AuNPs-PEG2000-Nap 1% followed by a 2-h wait; and (G), (H), and (I) 2-h application of AuNPs-PEG2000-Nap 1%, where i represents the lumen of a blood vessel, ii represents a peripheral region where AuNPs-PEG2000-Nap 1% can be seen, and iii shows AuNPs-PEG2000-Nap 1% accumulation in the outermost structure of the iris. Scale bars: 50 μm.


Note that the experiments were conducted using eyes from albino rabbits, which possess no pigment; thus, the iris pigment epithelium and the pigmented anterior surface were difficult to identify. However, AuNPs-PEG2000-Nap 1% had a strong affinity with the corneal epithelium (Figure 5); thus, we can expect to find AuNPs in similar cell types in other tissues, e.g., the epithelium of the iris. Nevertheless, it is important to underline that it is impossible to discern with certitude the exact iris structure in which the AuNPs-PEG2000-Nap 1% were found, only that they were found in the iris after only a 3-min application.



3.3.3 Lens

The lens, which is an elastic and transparent biconvex structure located in the posterior chamber, comprises four parts, i.e., the lens capsule, epithelial cells, lens fibers, and zonules (155).

As shown in Figure 7, AuNPs-PEG2000-Nap 1% were observed in the anterior part of the lens after the 3-min application. In fact, the fluorescent probe accumulated slightly in the epithelial cell monolayer of the lens (Figure 7C). Note that the epithelium of the lens is only located on its anterior part. In the images of the posterior part of the lens (Figures 7G,L), no AuNPs-PEG2000-Nap 1% can be observed. Knowing this, the possibility of the AuNPs-PEG2000-Nap 1% being in the lens capsule rather than the lens epithelium is excluded because fluorescence would be visible on the posterior part of the lens. The same tendencies were observed for the 2-h application.

[image: Fluorescence microscopy images showing anterior and posterior lens sections. The grid is split into two sections: anterior images (A-F) on the left and posterior images (G-L) on the right. Each section features three rows: negative control, three-minute, and two-hour exposure to AuNPS-PEG 2000 at one percent. Nap-stained images are in columns A, C, E, G, I, and K, while merged images are in B, D, F, H, J, and L. Bars indicate scale.]

FIGURE 7
 Localization of AuNPs-PEG2000-Nap 1% (green) in the rabbit lens cross-sections observed under a fluorescence microscope using the FITC filter (first column) and the merge of the brightfield and FITC filter (second column) divided in two parts, where the anterior segment is closest to the cornea, and the posterior segment is closest to the back of the eye. Images of the anterior part of the lens (A) and (B) after 2-h PBS application; (C) and (D) 3-min application of AuNPs-PEG2000-Nap 1% followed by a 2-h wait; and (E) and (F) 2-h application of AuNPs-PEG2000-Nap 1%; (G) and (H) images of the posterior part of the lens after 2-h PBS application; (I) and (J) 3-min application of AuNPs-PEG2000-Nap 1% followed by a 2-h wait, and (K) and (L) 2-h application of AuNPs-PEG2000-Nap 1%. Scale bar: 50 μm.


To conclude on the distribution of the AuNPs in the anterior segment of the eye, the AuNPs-Nap 1% were readily observed in the corneal epithelium, the iris, potentially in its pigment epithelium, and in the lens epithelium. The fluorescent probe successfully crossed the anterior part of the rabbits’ eyeballs; however, most of the fluorescence was observed in the cornea.



3.3.4 Posterior segment

In these experiments, the sampled posterior segment comprised the retina, choroid, and sclera. The retina, which is located in the posterior part of the eye, is a transparent, light-sensitive tissue composed of multiple cellular layers (156). The retina includes the light-transducing neural retina and the retinal pigment epithelium (RPE) (157). The neural retina is a layered structure comprising six major types of neurons organized into three nuclear layers containing neuronal cell bodies (or somas) and two plexiform layers where synapses occur (158).

Experimentally, a sample of the back of the eyeball was taken using a 10-mm diameter biopsy punch to facilitate manipulations. Here, the three-layering tissues, i.e., the retina, choroid, and sclera, were kept together. The AuNPs-PEG2000-Nap 1% were found in the posterior segment of the eye, as shown in Figure 8. For both application times, the AuNPs-PEG2000-Nap 1% were organized in a thin line in a specific structure of the retina; however, due to the lack of melanin pigment in albino rabbits, it is difficult to distinguish exactly where the choroid ends and the retina begins, thereby making it difficult to precisely identify the tissue sublayers where the AuNPs-PEG2000-Nap 1% are found. However, we did not expect to find them there because the AuNPs-PEG2000-Nap 1% had to go through the vitreous humor to migrate from the lens to the retina. The vitreous humor is a viscoelastic extracellular matrix hydrogel with a water content between 98 and 99.7% (159). The findings of this study demonstrate that the AuNPs-PEG2000-Nap 1% does not need to be injected via an intravitreous pathway to be found in the retina.

[image: Three rows of microscope images showing cellular uptake of AuNPs-PEG₂₀₀₀-Nap at different times. Each row has three columns: Nap, Brightfield, and Merge.   - Row 1, Negative control: Image A (Nap) is dark, B (Brightfield) shows textured cells, C (Merge) combines both. - Row 2, 3 minutes exposure: Image D (Nap) is mostly dark, E (Brightfield) is textured, F (Merge) shows slight green fluorescence. - Row 3, 2 hours exposure: Image G (Nap) shows green fluorescence, H (Brightfield) is textured, I (Merge) clearly shows green fluorescence, indicated by an arrow. Scale bars are present.]

FIGURE 8
 Localization of AuNPs-PEG2000-Nap 1% (green) in rabbit posterior segment cross-sections observed under a fluorescence microscope using the FITC filter (first column), brightfield (middle column), and merge of the two (third column). Images of the posterior segment after (A), (B), and (C) 2-h PBS application; (D), (E), and (F) 3-min application of AuNPs-PEG2000-Nap 1% followed by a 2-h wait; and (G), (H), and (I) 2-h application of AuNPs-PEG2000-Nap 1%, where i AuNPs-PEG2000-Nap 1% form a thin line. Scale bars: 50 μm.


The AuNPs-PEG2000-Nap 1% are not the only AuNPs that were found in the retina after topical application (160). However, this phenomenon was previously demonstrated only in a mouse model, whose eye volume is approximately one hundred times smaller than that of a rabbit. Furthermore, in vivo biodistribution experiments benefit from having two possible routes for topically applied nanocarriers: the corneal and the non-corneal routes. Evidence also suggests that the non-corneal route is beneficial in bringing more nanocarriers into the posterior segment of the eye (104, 161–164). However, according to the design of our ex vivo experiments, it is impossible for the AuNPs-PEG2000-Nap 1% to take a route other than the corneal route. Thus, future in vivo experiments will be able to highlight the duality of corneal and non-corneal routes in addition to validating which route is preferable for PEGylated AuNPs.

Following the previous observations made in the anterior segment, where AuNPs-PEG2000-Nap 1% were frequently found in the corneal epithelium, observed in the iris, and successfully located and retained in the monolayer of the lens epithelium, it is possible that AuNPs-PEG2000-Nap 1% may be also found in the RPE. This structure is a monolayer of pigmented cells forming part of the blood-retina barrier (165), which is heavily involved in the transport of ions, water, and metabolic waste from the subretinal space to the blood (166, 167), as well as the transport of nutrients from the blood to the photoreceptors (168, 169). In addition, RPE cells perform specialized phagocytosis, which is crucial in terms of maintaining the health of photoreceptors by digesting their aged outer segments. This process prevents photo-oxidative damage to photoreceptors (170). RPE cells do not divide; thus, they must process the ingested material efficiently to avoid toxic buildup in their lysosomes, which can lead to retinal disorders (171). This could be the reason why the AuNPs-PEG2000-Nap 1% were concentrated in this region of the posterior segment. This creates an extremely dynamic environment where AuNPs-PEG2000-Nap 1% could potentially be found, fitting the description of tissues where they were observed in this study. However, further studies are required to investigate and confirm possibility.





4 Conclusion

In conclusion, AuNPs-PEG2000-Nap 1% were synthesized and exhibited similar properties as their nonfluorescent counterpart (AuNPs-PEG2000), e.g., ultrastability, low mucoadhesion, and low cytotoxicity, and they were internalized by the cells. When applied topically to ex vivo rabbit eyeballs, they demonstrated a strong affinity with the cornea, specifically the corneal epithelium. In addition, they were found in the iris, the lens epithelium, and the posterior segment of the eye. These results represent a tremendous opportunity for research on the potential of AuNPs as drug delivery systems.

The nanoparticle synthesis protocol developed in this study has the potential to be adapted for the creation of various types of AuNPs tailored to various applications and different target sites. This adaptability could be particularly beneficial for research focusing on the controlled release of active molecules in the cornea. By functionalizing the polymeric corona, it may be possible to increase mucoadhesion, thereby improving the delivery and retention of therapeutic agents (101).

Previously, nonfluorescent AuNPs-PEG2000 have demonstrated significant potential as drug carriers, particularly for delivering anti-inflammatory molecules (92). Building upon this foundation, future studies could investigate the encapsulation and release of active compounds designed to treat pathologies affecting the posterior segment of the eye. Such research could yield valuable insights and results, given that AuNPs can reach the back of the eye, thereby offering a promising delivery mechanism for drugs targeting this challenging area.

In this context, AuNPs have emerged as particularly promising candidates. For example, they have considerably potential for the targeted delivery of therapeutic molecules to the cornea, and they can reach the posterior segment of the eye. This dual functionality makes them an exciting prospect for future research, with the potential to advance the field of ocular drug delivery significantly. Thus, the continued investigation of their properties and applications could lead to new and more effective treatments for a range of eye conditions, benefiting patients with both anterior and posterior segment diseases.
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Treatment of traumatic subluxation of the crystalline lens with custom-made capsular hook
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Objective: Traumatic rupture of the lens zonules, leading to lens dislocation, is common in clinical practice and often requires surgical treatment. We aim to study capsular hooks, formed from 5-0 or 6-0 polypropylene sutures by heat shaping, to fix the capsular bag and reshape the lens zonular.
Methods: A retrospective analysis was conducted on 16 patients (16 eyes) with traumatic subluxation of the crystalline lens who visited our department. Capsular hooks were fabricated using 5-0 or 6-0 polypropylene sutures, shape by heat, to fix the anterior capsular opening. The sutures passed out of the eye, punctured the sclera and traversed it parallel to the limbus for 2–3 mm, exiting through the conjunctiva to form a suture tunnel parallel to the limbus, securing the suture and preventing loosening. Changes in best-corrected visual acuity (BCVA) after surgery, intraocular lens centration, and surgical complications were assessed.
Results: Post-operative follow-up was 6–30 months, with an average of 10 ± 5.9 months. The BCVA improved from a pre-operative median of 2.15 (1.67) logMAR to a postoperative median of 0.25 (0.38) logMAR (paired sample Wilcoxon signed-rank test, Z = 3.516, p < 0.001). Postoperatively, the intraocular lenses were well-centered, the capsular bags were securely fixed, and no capsular hooks dislodgement occurred. One patient experienced combined vitreous hemorrhage during surgery. Another patient (case 2) developed rhegmatogenous retinal detachment 2 years post-surgery. After pars plana vitrectomy, the retina was reattached, and the final visual acuity remained stable.
Conclusion: Long-term follow-up data suggest that using custom-made capsular hooks offers a reliable solution for maintaining long-term stability of the capsular bag in patients with traumatic crystalline lens subluxation. This technique maintains the centering of the IOL postoperatively, showing effectiveness and safety, and it holds potential for broader clinical application.
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1 Introduction

The zonules of the lens are crucial for maintaining its normal position (1). Congenital or acquired factors can damage the zonules, resulting in lens dislocation, a condition characterized by abnormal lens positioning (2). Crystalline lens dislocation is a frequently encountered ophthalmological condition. Zonular defects are commonly seen in congenital conditions, such as Marfan syndrome (3–5), spherophakia (6), and homocystinuria (2, 7). Traumatic rupture of the crystalline lens zonules, leading to lens dislocation, is also common in clinical practice and often requires surgical treatment (8, 9).

Clinically, lens dislocation is often classified into mild (<4 clock hours), moderate (4–8 clock hours), and severe (>8 clock hours) based on the extent of zonular rupture (10). For mild subluxation of the lens, the combination of a standard capsular tension ring (CTR) and intraocular lens (IOL) implantation in the capsular bag can effectively solve the problem of centering the IOL (11). However, for moderate and severe subluxation of the lens, surgical challenges increase. Some patients may not be candidates for IOL implantation in a single procedure, often requiring staged lens extraction followed by suspended IOL implantation (12, 13).

With advancements in surgical techniques and evolving treatment approaches, we have abandoned the traditional surgical method in the treatment of traumatic subluxation of the crystalline lens. Instead, we should try our best to preserve the patient’s capsular bag and reshape the lens zonular. In the absence of commercial capsular fixation devices, and for the purpose of solving the long-term fixation problem of the capsular bag, we used custom-made capsular hooks, formed from 5-0 or 6-0 polypropylene sutures by heat shaping, to fix the capsular bag. This approach has been applied to 16 patients with traumatic crystalline lens subluxation, yielding favorable outcomes. This technique can also be used for congenital subluxation of the lens and lens dislocation caused by other zonular lesions.



2 Materials and methods


2.1 Patient eligibility

In this study, a retrospective analysis was conducted on 16 patients (16 eyes) with traumatic crystalline lens subluxation who were treated at the Department of Ophthalmology, The First Affiliated Hospital of Bengbu Medical University from April 2021 to August 2024. Eligible patients had a history of ocular trauma and were diagnosed with lens subluxation through slit-lamp microscope examination after pupil dilation. Exclusion criteria included congenital lens subluxation, active infectious ocular conditions, and sever vitreoretional complications, such as retinal detachment, subreinal hemorrhage, etc. Before the operation, the patients were fully informed about the surgical procedure and signed the informed consent forms. All procedures were conducted following the principles of the 1964 Declaration of Helsinki and its subsequent amendments. Approved by the Hospital Ethics Committee (2022033), this study introduced a new surgical technology. Patients were followed up at 6–30 months postoperatively, with an average of 10 ± 5.9 months.



2.2 Surgical technique

The custom-made capsular hook is formed by heat shaping of 5-0 or 6-0 polypropylene sutures (Ethicon, Somerville, New Jersey, United States) into a hook shape. This suture is approved for use in ophthalmic surgeries. The manufacturing method of the custom-made capsular hook is the same as that of Jin et al. (14). The suture is heat-shaped into an acute angle (<15°) by a cautery device, and the head end of the hook is about 1 mm long. All surgeries were performed by the same experienced doctor (NL). Retrobulbar block anesthesia was administered using 2% lidocaine. In cases where vitreous herniation into the anterior chamber was noted, either a limbal or pars plana approach was employed to remove the incarcerated vitreous, thereby preventing intraoperative vitreous disturbance. The 25G vitrectomy system (Constellation Vision, Alcon Laboratories Inc., Fort Worth, Texas, United States) was used. A 3 o’clock clear corneal side incision was made, and sodium hyaluronate gel (HYMIOS, Bloomage Biotechnology Co., Ltd., Shandong, China) was injected into the anterior chamber. The main incision was a 2.8 mm clear corneal incision, positioned to avoid the area with the most severe lens dislocation. The anterior capsule was punctured with a 25G needle, and continuous circular capsulorhexis was completed, with the opening measuring 5 mm. Capsular hooks (CapsuleCare, Madhu Instruments Pvt. Ltd., New Deli, India) were inserted to prevent further extension of the zonular rupture, with 2–4 hooks placed depending on the extent of the rupture. Adequate hydrodissection was performed to facilitate nuclear rotation and reduce intraoperative zonular injury. Phacoemulsification (Centurion, Alcon Laboratories Inc., Fort Worth, Texas, United States) was carried out with an energy of 60%, a negative pressure of 450 mmHg, a bottle height of 80 cmH₂O, and a flow rate of 40 cc/min. The lens cortex was aspirated with a negative pressure of 500 mmHg, a bottle height of 75 cmH₂O, and a flow rate of 35 cc/min. Before removing the phacoemulsification needle and aspiration needle from the anterior chamber, sodium hyaluronate gel was injected from the side incision to maintain the stability of the anterior chamber and prevent further extension of the lens zonular rupture. A injectable CTR (ACPi-11, Bausch & Lomb, Rochester, NY, United States) was implanted into the capsular bag, along with a foldable IOL. The capsular hooks were removed. A 6-0 or 5-0 polypropylene suture with a long needle entered the anterior chamber via a clear corneal incision, passed through the back of the iris and the front of the capsular bag, and penetrated the sclera 2 mm behind the limbus at the area with the most severe lens dislocation. The needle, held by a needle holder, punctured the sclera and traversed it parallel to the limbus for 2–3 mm, exiting through the conjunctiva to form a suture tunnel parallel to the limbus, securing the suture and preventing loosening. While tightening the suture, a 25G retinal forceps (MR-G114T-4, Suzhou Mingren, Suzhou, China) clamped the hook and introduced it into the anterior chamber. The tail of the hook was inserted into the capsulorhexis opening, and the retinal forceps were released. The tension of the suture outside the eye was adjusted to ensure that the hook exerted a pulling force on the anterior capsular opening. One hook can fix the zonular rupture of less than 6 clock hours, two hooks can fix the zonular rupture of approximately 8 clock hours, and for some patients with zonular rupture exceeding 8 clock hours, three hooks can be made for fixation. After adjusting the tension of the hook, the exposed suture was cut off and pushed into the scleral tunnel. The sodium hyaluronate gel in the anterior chamber and capsular bag was aspirated to deepen the anterior chamber and close the incision. For patients who underwent total vitrectomy, the capsular hook fixation was performed after the vitrectomy. The surgical process of the 6-0 polypropylene suture custom-made hook is shown in Figure 1. The surgical process of the 5-0 polypropylene suture custom-made hook is shown in Figure 2.

[image: Six-panel sequence showing an ocular surgical procedure. Panel A: Initial incision and tool insertion. Panel B: Instruments manipulating the lens. Panel C: More tools engage with the lens, with suture elements. Panel D: Close-up of the incision with sutures. Panel E: Sutures being tightened around the lens. Panel F: Completed procedure with a clear lens in place.]

FIGURE 1
 Case 4: A custom-made capsular hook was made using a 6-0 polypropylene suture. (A) The patient had zonular dehiscence approximately at the 9 o’clock position, secondary glaucoma, and corneal edema during the operation; anterior chamber vitreous herniation was visible. An anterior chamber vitrectomy was performed. (B) The anterior capsule was punctured with a 25G needle. (C) After phacoemulsification cataract extraction, a CTR was implanted into the capsular bag. (D) The 6-0 polypropylene suture was passed through the sclera. (E) The custom-made capsular hook was used to fix the capsulorhexis opening of the lens. (F) At the end of the operation, the intraocular lens was centrally positioned.


[image: Six-panel series showing a surgical procedure on an eye. Panel A shows an initial incision. Panel B involves a tool entering the eye. Panel C shows sutures. Panel D features additional manipulation near the incision. Panel E depicts further use of surgical tools. Panel F shows the completed procedure, with the eye appearing clear and intact.]

FIGURE 2
 Case 16: A custom-made capsular hook was made using a 5-0 polypropylene suture. (A) Phacoemulsification cataract extraction was completed using two capsular hooks. (B) The capsular tension ring was implanted into the capsular bag before the irrigation/aspiration step. (C) A 5-0 polypropylene suture needle was advanced through the anterior chamber through a clear corneal incision, passing posterior to the iris and anterior to the capsular bag and exiting the eye 2 mm posterior to the limbus. (D) The polypropylene suture was passed through the sclera. (E) The custom-made capsular hook was used to fix the capsulorhexis opening of the lens. (F) At the end of the operation, the intraocular lens was centrally positioned.




2.3 Ophthalmic examinations

All examinations were conducted by the same experienced ophthalmologist (NL). Pre-operative examination items included slit-lamp microscopy, ultrasound biomicroscopy (UBM-840, Quantel Medical, Clermont-Ferrand, France), B-mode ultrasound, and ophthalmic biometry (IOLMaster 700, Carl Zeiss Meditec AG, Jena, Germany). Intraocular pressure was measured by a non-contact tonometer (NT-530, Nidek Co., Ltd., Gamagori, Japan). Best-corrected visual acuity (BCVA) values, measured by an experienced optometrist, were converted to logMAR. Follow-up visits were conducted at 1, 3, 6, and 12 months after the operation. These visits included evaluating the centration of the intraocular lens, position of the hook, and exposure of sutures under the slit-lamp biomicroscope, as well as optometry, intraocular pressure measurement, and fundus examination. The BCVA at the final follow-up was meticulously recorded and will be employed for in-depth statistical analysis. Post-operative complications were also recorded.



2.4 Statistical analysis

The BCVA data of patients before and after surgery were meticulously collated. Since the analysis focuses solely on the single variable of visual acuity, multiple corrections are not required. Both groups’ datasets are complete, with no missing values, allowing for a complete case analysis. To assess normality, the Shapiro–Wilk test was performed on the data.

To assess the normality of the preoperative and postoperative differences, the Shapiro–Wilk test was performed. A p-value greater than 0.05 indicated that the differences followed a normal distribution. Additionally, a histogram of the normality test was incorporated to further evaluate whether the data conformed to a normal distribution. If the normal probability plot exhibited a bell-shaped curve (higher in the middle and lower at both ends), it suggested that the data followed a normal distribution. Conversely, a deviation from this pattern implied non-normality.

For variables that followed a normal distribution, data were summarized as mean ± standard deviation (SD). In contrast, for variables that did not conform to a normal distribution, data were reported as median and interquartile range (IQR) to better represent the central tendency and variability of the dataset.

For normally distributed differences, a paired sample t-test was conducted for statistical analysis, Cohen’s d was reported to quantify the effect size. However, if the Shapiro–Wilk test yielded a significant result (p < 0.05), indicating that the differences deviated from a normal distribution, a paired sample Wilcoxon signed-rank test was applied instead, with the Hodges–Lehmann median difference reported as a measure of effect size. To assess the uncertainty of the Hodges–Lehmann median difference, bootstrapping was performed using the boot package in R version 4.2.2 (The R Foundation, Vienna, Austria). The original difference data were resampled 1,000 times, and the 95% confidence interval for the Hodges–Lehmann median difference was computed.

A p-value less than 0.05 was considered statistically significant. Statistical analyses were conducted using SPSS version 25.0 (IBM Corp., Armonk, NY, United States) and R version 4.2.2 (The R Foundation, Vienna, Austria).




3 Results

This technique was applied to 16 patients (16 eyes) (Table 1). Seven patients (cases 1, 2, 3, 4, 6, 10, and 16) received capsular hooks made of 5-0 polypropylene sutures, whereas the remaining patients had capsular hooks made of 6-0 polypropylene sutures. Seven patients (cases 1, 2, 4, 9, 11, 13, and 15) had secondary glaucoma before surgery, with intraocular pressure normalizing post-treatment. Ten patients (cases 4, 5, 6, 7, 9, 10, 11, 12, 13, and 15) had vitreous herniation in the anterior chamber preoperatively and underwent anterior vitrectomy via the limbal or pars plana approach. One patient (case 8) had vitreous hemorrhage before surgery and underwent total vitrectomy through the pars plana approach. Ten patients received one hook, five patients with zonular rupture of more than 6 clock hours received two hooks, and one patient (case 13) with 10 clock hours of zonular dehiscence received three hooks. One patient (case 10) had puncture site bleeding during the second needle fixation. Due to the large amount of bleeding, blood dispersed into the vitreous cavity requiring total vitrectomy through the pars plana approach during the operation. No other intraoperative complications occurred. Post-operative follow-up was 6–30 months, with an average of 10 ± 5.9 months.



TABLE 1 Demographic and clinical data of eyes with subluxated lens.
[image: A detailed table presents patient data related to eye surgery. Columns include case number, sex, age, affected eye, zonular defect, and best-corrected visual acuity (BCVA) pre- and postoperation. Intraocular pressure (IOP), follow-up duration, management procedures, hooks used for fixation, and complications (preoperative, intraoperative, postoperative) are also listed. The table covers 16 cases, providing comprehensive information on patient outcomes and surgical details. Acronyms include SG for secondary glaucoma, VH for vitreous herniation, and RRD for rhegmatogenous retinal detachment.]

The Shapiro–Wilk normality test indicated that the differences in BCVA did not follow a normal distribution (W = 0.855, p = 0.016). This finding was further supported by the histogram, which suggested a skewed distribution (Figure 3). Consequently, a paired sample Wilcoxon signed-rank test was performed, revealing a significant improvement in BCVA from a preoperative median of 2.15 (1.67) logMAR to a postoperative median of 0.25 (0.38) logMAR (Z = 3.519, p < 0.001). The Hodges–Lehmann median difference was −1.75 (95% CI: −2.10 to −1.40), suggesting that the median postoperative BCVA was 1.75 logMAR units lower than preoperative values. After surgery, all patients maintained well-centered IOLs, with no complications such as dislocation of the IOL-capsular bag complex, hook loosening, suture exposure (Figure 4), vitreous hemorrhage, or cystoid macular edema. One patient (case 2) had rhegmatogenous retinal detachment 2 years after surgery. After pars plana vitrectomy, the retina was reattached, and the final visual acuity remained stable.

[image: Histogram depicting BCVA (logMAR) values with a superimposed normal curve in red. The x-axis ranges from 0.0 to 2.5, while the y-axis shows density from 0.0 to 0.6. Bars vary in height with a peak around 2.5.]

FIGURE 3
 Histogram plot of BCVA.


[image: Four close-up images of human eyes labeled A to D. Image A shows an eye under a bright light, highlighting the iris and cornea. Image B displays a close-up of an eye with a blue arrow pointing to a detail on the iris. Image C shows another eye with a blue arrow indicating a feature on the lower part of the iris. Image D features an eye with a blue arrow pointing at the sclera area. Each eye appears to show different ophthalmic conditions.]

FIGURE 4
 (A) Case 16: Lens zonule rupture occurred at approximately the 6 o’clock position after trauma. (B) Case 16: Six months after surgery, the intraocular lens was properly centered, and the capsular tension ring remained securely fixed (arrow). (C) Case 12: One year after the operation, the intraocular lens remained centered, and the tension ring could be seen at the lower anterior capsular opening (arrow). (D) Case 12: One year after the surgery, the 6-0 polypropylene sutures were located within the scleral lamellae, with no signs of loosening or exposure (arrow).




4 Discussion

Lens subluxation is a common clinical condition. In China, traditional surgical approaches for lens dislocation, particularly in cases of moderate to severe subluxation, often involve removing the dislocated lens and performing one-stage or two-stage suspension of the IOL. These approaches, however, do not preserve the lens zonules and may lead to vitreous disturbance during the procedure. The probability of post-operative vitreoretinal complications such as vitreous hemorrhage and retinal detachment is high. Furthermore, these procedures can cause considerable surgical trauma, resulting in poor visual prognosis and adverse physical, psychological, and economic effects for the patient.

However, advancements in technology, surgical methods, material innovation, and conceptual developments have led to a paradigm shift in the management of moderate and severe subluxation. Current approaches emphasize the preservation of the capsular bag and restoration of the lens zonules whenever feasible. Surgical success relies on the use of long-term capsular fixation devices during and after the operation. Common intraoperative capsular stabilization devices include iris and capsular hooks. Due to their structural advantages and optimal angles, capsular hooks offer superior intraoperative support in stabilizing the capsule and preventing the extension of zonular rupture. Consequently, they are widely used in lens dislocation surgery. Proper post-operative capsular fixation is the key to maintaining long-term capsular stability and centering the IOL.

Various approaches for managing lens dislocation have been employed domestically and internationally. In 1998, Professor Robert Cionni’s team reported the treatment of four patients with lens subluxation using the MCTR, achieving favorable outcomes (15). Many studies have also reported that the treatment of subluxation of the lens using the MCTR has good post-operative results (16–18). Doctors represented by Professor Ike Ahmed in Canada choose the capsular tension segment (CTS) for long-term capsular fixation (19, 20). An Israeli doctor, Assia, used the capsular anchor for capsular fixation. He first conducted experiments on rabbit eyes, with a good fixation effect (21). Subsequently, Professor Yokrat Ton reported the application of the capsular anchor in patients with subluxation of the lens and dislocation of the IOL-capsular bag complex. The long-term capsular fixation effect was good, and the IOL was centered (22). Japanese scholars, Asano et al. (23), reported the use of a capsular hook made of 5-0 polypropylene sutures for capsular fixation, with patients followed up for 2 years. The position of the IOL was good, and the capsular bag complex remained stable for a long time. This method evolved from the early self-made capsular hook of 5-0 polypropylene sutures by this team and was improved to achieve good results (24). Polish doctors, Krix-Jachym et al. (25), reported that the use of iris hooks for long-term capsular fixation also achieved good results. Professor Karadag et al. (26) also reported applying this surgical method.

Professor Jiang Yongxiang was an early adopter of the MCTR for lens dislocation treatment in China, achieving excellent results. It was also the best treatment method. However, MCTR is currently out of stock in China, preventing many patients from benefiting from this successful treatment option. Professor Haiying Jin reported the use of polypropylene sutures to make iris hooks in 2018 (27). In 2019, he reported the use of 5-0 polypropylene sutures, heat-shaped into capsular hooks, to stabilize the dislocated intraocular lens-capsular bag complex. Later, he applied this technique to 10 patients with lens dislocation and achieved good results (28). Later, this method was quickly adopted throughout China. In the absence of commercial capsular fixation devices such as MCTR, CTS, and capsular anchors, it effectively solved the long-term fixation problem of the capsular bag. Moreover, this approach does not entail any extra financial strain on patients, ensuring that the treatment remains cost-accessible and alleviating potential economic concerns during the medical process. Professor Jiang Yongxiang’s team also reported the treatment of 148 eyes of patients with Marfan syndrome using CTR combined with implantable capsular hooks. Compared with the MCTR, the CTR-CH procedure was a feasible, safe, and efficient approach for managing EL in patients with MFS (29).

According to the safety and effectiveness data provided above, our team adopted a surgical approach for traumatic crystalline lens subluxation, achieving favorable outcomes. This approach involves phacoemulsification cataract extraction, using capsular hooks, CTR, and IOL implantation in the capsular bag combined with anterior capsular fixation with custom-made capsular hooks. However, most studies primarily examine congenital lens dislocation, particularly in conditions like Marfan and Marchesani syndromes, with limited focus on the surgical management of traumatic lens dislocation. Blunt ocular trauma is a major cause of traumatic subluxation of the lens. Due to external forces, the rupture or relaxation of the lens zonules occurs, resulting in an abnormal lens position. This condition can also result in cataract formation and visual impairment. Traumatic lens dislocation is distinct from other subluxation types in that it may involve injuries other than zonular injuries, such as angle recession, iris root rupture, traumatic mydriasis, hyphema, and vitreous hemorrhage. Zonular rupture can cause damage to the ciliary epithelium and ora serrata, potentially resulting in vitreous hemorrhage and retinal detachment. Trauma-induced vitreous anterior membrane injury can lead to vitreous incarceration in the anterior chamber and forward movement of the lens-iris diaphragm due to lens dislocation. The consequent angle closure and angle recession can cause secondary glaucoma. Elevated pre-operative intraocular pressure and corneal edema may occur in some patients as a result of vitreous contact with the corneal endothelium. Surgical intervention is necessary to address these complications. Unlike other lens dislocation surgeries, the removal of incarcerated vitreous from the anterior chamber is required to facilitate the procedure and prevent interference during the procedure. In some cases, anterior vitreous removal and indentation may be necessary to examine the ora serrata and ciliary epithelium for possible lacerations. For patients with vitreous hemorrhage, vitrectomy is often required in one stage, which brings more challenges to our surgery.

Of the 16 patients in our study, seven had secondary glaucoma. All patients had elevated intraocular pressure preoperatively, and conservative treatments showed minimal effect. Corneal edema was pronounced, which hindered surgical visibility. Thus, we used a 25-gauge vitrectomy system for illumination, which enabled us to perform continuous circular capsulorhexis and resolve the issue of the absent red reflex. The support and elevation provided by the light guide fiber also helped prevent lens sinking, limiting further lens dislocation. Anterior vitrectomy was performed in cases 4, 9, 11, and 13. Cases 1, 2, and 15 underwent goniosynechialysis under gonioscopy. The above surgical operations effectively resolved pupil block and separated adherent or narrow angles, thus addressing the glaucoma. The post-operative intraocular pressure remained stable for a long time, confirming the success of our approach to secondary glaucoma. Cases 5, 6, 7, and 15 had vitreous incarceration in the anterior chamber. However, the vitreous incarceration and lens dislocation did not cause pupil block, angle stenosis, or adhesions, so intraocular pressure remained stable. Anterior vitrectomy was performed in these cases to resolve the vitreous incarceration. Intraoperative indentation did not reveal any lacerations in the ciliary epithelium or ora serrata. Case 8, which had a large amount of pre-operative vitreous hemorrhage, underwent combined anterior and posterior segment surgery. This approach addressed the lens dislocation and managed the associated vitreoretinal conditions, leading to a favorable outcome.

In case 10, vitreous hemorrhage occurred when the second needle of the 5-0 suture punctured the tissue. This was likely due to the suture needle damaging blood vessels in the pars plana of the ciliary body. Although we avoided puncturing at the 3 and 9 o’clock positions, vitreous hemorrhage still occurred. This indicates that vitreous hemorrhage is a common complication during suture needle puncture, but the incidence is not high. Due to timely vitrectomy, the visual prognosis was not considerably impacted by the hemorrhage. Case 2 developed retinal detachment 2 years post-surgery. We did not perform anterior vitrectomy or check the ora serrata during the operation, with the pre-operative ultrasound biomicroscopy (UBM) and B-ultrasound showing abnormalities in the ciliary epithelium and ora serrata. Thus, we concluded a tractional horseshoe-shaped hole caused by post-operative vitreous detachment contributed to the retinal detachment. Intraoperative exploration confirmed this, revealing no vitreous proliferation or traction at the suture site. After vitrectomy, the retina was reattached and visual acuity remained stable. This underscores the potential risk of retinal detachment following surgery, which necessitates thorough pre-operative discussions with patients. Case 9 had an iris root rupture, which was successfully repaired using the modified sewing machine method in a single-stage procedure, resulting in good post-operative iris morphology. Case 12 was a patient with high myopia. Pre-operative UBM showed zonular laxity, but the lens position remained centered without significant deviation. During surgery, a CTR and foldable IOL were implanted in the capsular bag. When the viscoelastic agent was aspirated, a zonular rupture occurred at approximately the 6 o’clock position. This was likely due to the zonular disease associated with high myopia, liquefied vitreous, and elevated intraoperative perfusion pressure. To address the rupture, a 6-0 polypropylene suture was used to secure the anterior capsular opening at the 6 o’clock position. After the operation, the IOL was centered, with a well-fixed capsular bag. This case illustrates that self-made capsular hooks can be an effective solution for centering the IOL in the presence of zonular rupture caused by intraoperative injury.

Through the surgical management of 16 patients with traumatic lens subluxation, we have identified several key principles. First, detailed preoperative evaluations, such as anterior segment photography, intraocular pressure measurement, ocular B-ultrasound, and UBM examination (30), are extremely necessary. Intraoperatively, careful vitreous management, especially when dealing with incarcerated vitreous in the anterior chamber or vitreoretinal complications such as vitreous hemorrhage, is crucial. The main incision should avoid the area with the most severe lens dislocation. Good continuous circular capsulorhexis is a crucial step in preserving the capsular bag. Due to the lack of zonular traction and poor capsular tension, a 25 g needle can be used to puncture the anterior capsule and create a flap. To prevent capsule tearing or complications with hook placement during or after the operation, the size of the capsulorhexis opening should not be too large, which could result in poor fixation. Preventing further zonular injury during the procedure requires maintaining anterior chamber stability. Before making the main incision, sodium hyaluronate gel should be injected to maintain the stability of the anterior chamber. According to the range of lens dislocation of the patient, an appropriate number of capsular stabilization devices should be selected, with the capsular hook being highly recommended. Adequate hydrodissection is important to reduce resistance during nuclear rotation, which helps prevent the worsening of zonular rupture. Perfusion pressure should be reduced during the operation, and sodium hyaluronate gel should be injected into the anterior chamber before withdrawing the phacoemulsification and aspiration needles. When performing CTR implantation, if zonular support is insufficient, the CTR should be placed in the capsular bag before cortex aspiration. However, if the zonular support is acceptable, the CTR can be implanted after cortex aspiration. The maximum support of CTR should be directed toward the area with the most severe dislocation. This facilitates the effective expansion of the capsular bag and ensures full outward expansion of the equatorial portion. Therefore, CTR implantation is an essential material for the long-term stability of the IOL-capsular bag complex. When selecting an IOL, foldable lenses should be prioritized for easier positioning, and one-piece non-plate IOLs are particularly recommended. After implanting the IOL, the capsular hook can be removed. 5-0 and 6-0 polypropylene sutures can be heat-shaped into hook shapes, with no difference in the long-term fixation effect of the capsular bag. The hook should be formed at an acute angle, with the head retaining a minimum length of 1 mm to prevent loosening after the procedure. Once the suture exits the eye, it should pass through the sclera before the hook is implanted. The 6-0 polypropylene suture, being thinner and having a sharper needle, is recommended for creating the capsular hook, especially when considering the difficulty of passing through the sclera. For patients who need intraoperative indentation or vitrectomy, it is crucial to secure the hook after properly managing the vitreous to prevent the loosening of the hook from the capsular opening. If loosening occurs, the hook can be repositioned by performing indentation of the pars plana under microscopic guidance. In the case of iris root rupture, repair should be attempted during the procedure. Some patients in the 16-patient cohort experienced mydriasis, with the largest dilation reaching 6 mm. Pupiloplasty was not performed during the operation, and photophobia was not detected after the operation. Therefore, for patients with traumatic mydriasis with photophobia, pupiloplasty can be completed in the second stage. Regular post-operative follow-up and rational drug use are also important.

However, our study also has certain limitations. The cohort size was relatively modest, which may not comprehensively represent the full spectrum of clinical scenarios. Moreover, the follow-up duration for a subset of patients was inadequate. This shortcoming restricts our ability to draw definitive conclusions regarding the long-term stability and fixation effectiveness of the capsular bag, which undoubtedly necessitates extended and more in - depth observation. Another notable limitation lies in the singularity of the surgical approach we utilized. In the realm of capsular bag fixation, there exist several well-established techniques, such as the MCTR and CTS. Regrettably, we did not perform a side-by-side comparison between our method and these alternative procedures. Such a comparative analysis would have been invaluable in discerning the relative advantages and disadvantages of each approach, thereby providing more robust evidence-based guidance for clinical practice.



5 Conclusion

According to long-term follow-up data, heat-shaped 5-0 or 6-0 polypropylene sutures can be used in patients with traumatic crystalline lens subluxation to fix the anterior capsular opening with custom-made capsular hooks, thereby achieving long-term stability of the capsular bag. This technique maintains the centering of the IOL postoperatively, showing effectiveness and safety. Moreover, this approach does not entail any extra financial strain on patients, and it holds potential for broad clinical applications.
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This is a prospective interventional study of 180 consecutive Descemet membrane endothelial keratoplasty (DMEK) cases, comparing injector (endothelium-out) and pull-through (endothelium-in) surgical techniques in Asian eyes. The main outcome measures were 5-year graft survival and intraoperative and postoperative complications. In our study, a pull-through technique for DMEK was employed more frequently in PBK (66.2%) than in FECD (10.7%) eyes (p < 0.001). Overall 5-year graft survival was 90% (98% in FECD and 64% in PBK eyes; p < 0.001). We observed higher rates of intraoperative donor graft tears (6.5% vs. 0.8%; p = 0.049) and persistent postoperative corneal edema (19.4% vs. 6.8%; p = 0.022) in pull-through DMEK than injector DMEK. However, multivariable analysis suggested that surgical technique was not a significant factor associated with graft survival, that is, PBK as the surgical indication was the main factor associated with graft failure (hazard ratio = 12.5; p < 0.01) and postoperative complications (odds ratio = 4.41; p < 0.01), regardless of surgical technique used. In our Asian study cohort, both injector (endothelium-out) and pull-through (endothelium-in) surgical techniques for DMEK had comparable clinical outcomes, when adjusted for confounders.
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Introduction

Descemet membrane endothelial keratoplasty (DMEK) is gaining popularity (1) as a treatment for diseased or damaged Descemet membranes and corneal endothelium (2). Compared to Descemet stripping automated endothelial keratoplasty (DSAEK), DMEK has the potential for faster visual recovery (3) and lower complication and rejection rates (4), despite being technically more challenging (5). Despite these advantages, complication and failure rates remain higher for advanced pseudophakic bullous keratopathy (PBK), compared with eyes with Fuchs endothelial cell dystrophy (FECD) (6, 7). As such, DMEK techniques have been continually refined for efficiency and effectiveness (8), especially for PBK patients with poorer prognoses.

Recently, DMEK donor insertion with the endothelium folded inward (“endothelium-in”) and “pulled-through” into the anterior chamber has been described (Figure 1) (9–11). This has some advantages over the traditional injector technique as DMEK donors naturally scroll up with the endothelial layer facing outward (“endothelium-out”) (12, 13). Ensuring the graft adopts the correct orientation (“endothelium-down”) after unscrolling requires surgical dexterity and maneuvers, which can possibly result in intraoperative endothelial cell loss, especially for surgeons with less experience (14, 15). Pull-through techniques have been reported to have quicker unfolding and positioning times than injector techniques (16, 17). This may lead to reduced surgical manipulation (18) and less endothelial cell exposure to shearing forces (19). Pull-through techniques may thus provide surgical predictability and control for challenging eyes such as those with a previous vitrectomy, fixated intraocular lens (IOL), or iris abnormalities (20).

[image: Series of four images labeled A to D, showing a surgical procedure on an eye. A and B display instruments and a device stabilizing the eye, with incisions being made. C shows the eye with a further incision, and D depicts the eye post-procedure with visible redness around it.]

FIGURE 1
 Intraoperative procedure for pull-through DMEK. (A) Insertion of the cartridge into the anterior chamber through a clear cornea incision. (B) Grasping and pulling-through of graft with forceps. (C) Natural unfolding of the graft with endothelium-down. (D) Injection of gas to tamponade the donor graft to the recipient cornea.


Current studies for pull-through DMEK report reduced intraoperative endothelial cell losses (11, 21), with similar clinical outcomes to injector techniques (19, 22). However, there is currently a lack of direct comparative studies assessing clinical outcomes between pull-through and injector DMEK techniques, especially in the Asian context where surgical indications and challenges might differ (23, 24). Thus, we present here our report on the outcomes of consecutive DMEKs completed with both injector and pull-through techniques in our local population of Asian eyes—with a focus on graft survival and intraoperative and postoperative complications.



Methods


Study design and participants

We conducted a prospective interventional study of 180 consecutive DMEK surgeries completed by a single cornea specialist (MA) at a tertiary ophthalmology center—Singapore National Eye Centre—from July 2016 to September 2023. All DMEKs in that timeframe completed by the cornea surgeon for the indications of FECD and PBK were included. DMEK as a regraft for failed previous keratoplasties was excluded to reduce confounding ocular comorbidities. Our study was conducted as part of the Singapore Corneal Transplant Registry, which monitors clinical data and outcomes of corneal transplants in Singapore (25), with ethics approval from the local institutional review board (CIRB Ref 2011/577/A) and in accordance with the Declaration of Helsinki. Written informed consent was obtained from all subjects. All cases were at various stages of follow-up. Basic demographic data, clinical outcomes, best-corrected visual acuity (BCVA), ECD, and DMEK donor graft details were compiled from electronic health records.



Surgical procedure

All donor tissues were obtained from the Singapore Eye Bank and underwent stringent monitoring and quality assurance. For the intraoperative procedure, techniques previously described were used (10, 26, 27). All grafts were prepared intraoperatively by the surgeon and were not preloaded. Essentially, the donor cornea was prepared by the surgeon using the SCUBA technique (28). This was followed by donor graft trephination according to size. In this series, the employment of an injector or pull-through technique was based on the surgeon’s choice. In general, pull-through DMEK was chosen for eyes with greater surgical challenges such as PBK eyes with poor anterior chamber visualization. For the standard injector technique, the stained DMEK graft was inserted using a glass injector (Geuder AG, Germany) while in the natural endothelium-out scroll conformation and unfolded into the endothelium-down orientation using air and a balanced salt solution in a shallow anterior chamber as previously described (26, 29). For the pull-through technique, the DMEK graft was tri-folded after staining, pulled into the EndoGlide cartridge (CORONET DMEK EndoGlide; Network Medical Products, United Kingdom), and pulled through into the anterior chamber in the endothelium-down orientation (Figure 1); 20% sulfur hexafluoride gas was injected to achieve 80% fill to tamponade the graft. All wounds, if required, were closed with a single 10/0 nylon suture.



Postoperative management

As previously described (27), all patients remained in a face-up posture for at least 2 h and had IOP routinely assessed and managed with topical treatment before discharge. All patients received standard postoperative topical antibiotics (levofloxacin 0.5%; Santen, Japan) and topical corticosteroid regime (prednisolone acetate; Allergan, United States) following a standard tapering dose as previously described (30). Patients generally had follow-up visits at 1 day, 1 week, 1 month, 3 months, and 6 months postoperatively, after which they were continually followed up every 6 months. Given that pull-through DMEK is a relatively newer technique than the more established and traditional injector technique, most of the pull-through cases did not yet have visits beyond the 24-month mark. At each follow-up visit, they were examined by slit-lamp biomicroscopy, and BCVA was measured using the Snellen chart and subsequently converted to logarithm of the minimum angle of resolution (logMAR) units for statistical analysis (31). ECD measurements were obtained via non-contact specular microscopy (CellChek 20; Konan Medical Corp, Japan) by certified ophthalmic technicians as previously described (32). ECD measurements were obtained from the built-in automatic endothelial cell segmentation software, using the center method to measure cell area. ECD measurement was not part of routine testing at every follow-up and was only ordered for patients requiring closer monitoring or non-improving vision.



Clinical outcomes

Intraoperative complications recorded were as previously defined (27): DMEK donor graft tears, decentered graft placements, development of any bleeding (hyphema), high vitreous pressure, and aqueous misdirection defined as a flat anterior chamber with high intraocular pressure (IOP) in the presence of a patent peripheral iridectomy. Postoperative complications recorded include the following: cystoid macular edema, persistent cornea edema or haze (without detachment or rejection), early signs of graft rejection (keratic precipitates, stromal infiltrates, and Khodadoust lines), partial and complete detachments (lack of adherence of <30% and ≥30%, respectively, of the graft surface area) (30), need for rebubbling, retinal detachment, and new-onset glaucoma or ocular hypertension. Graft failure was defined as persistent, irreversible loss of corneal clarity irrespective of visual acuity, from any cause (33). Surviving grafts were defined as clear and functional grafts without an outcome of graft failure.



Statistical analyses

SPSS 26.0 (SPSS; IBM Corp, United States) and GraphPad Prism (Prism; GraphPad, United States) were used for all statistical analyses in this study. Descriptive statistics included mean ± standard deviation for continuous variables, whereas categorical variables included frequency distribution and percentages in parentheses. All between-group comparisons of continuous parameters were performed using independent t-tests (paired for applicable comparisons). All between-group comparisons of categorical parameters were performed using Fisher’s exact or chi-square tests. Graft survival was analyzed using Kaplan–Meier plots, log-rank tests, and Cox regression analysis. Multivariable analysis models were built using potentially confounding independent variables that were found to be significantly different in the descriptive characteristics of the cohort. Cox regression analysis of graft survival was reported as hazard ratio (HR), logistic regression analyses of intraoperative and postoperative complications were reported as odds ratio (OR), and linear regression of endothelial cell loss (ECL) was reported as beta coefficient. Upper and lower 95% confidence intervals (CIs) were labeled in graphs and as a range for HR, OR, and beta. Tests were all two-sided if applicable, with statistical significance set at a p-value of <0.05. Statistical significance was indicated with a single asterisk for p < 0.05, a double asterisk for p < 0.01, and a triple asterisk for p < 0.001. ECD and BCVA were analyzed for up to 24 months post-DMEK. ECL was defined as the percentage loss of ECD compared to the preoperative donor ECD.




Results

We analyzed 180 eyes of 160 subjects who underwent DMEK at a mean age of 69.5 ± 10.1 years (Table 1). In total, 65.6% of eyes underwent injector DMEK (n = 118), and 34.4% of eyes underwent pull-through DMEK (n = 62); 31.4% (n = 37) of the injector-DMEK cases and 62.9% (n = 39) of the pull-through DMEK cases were male (p < 0.001); 57.2% of surgical indications were FECD (n = 103) and 42.8% were PBK (n = 77). Pull-through DMEK was mostly employed for surgically challenging eyes; 82.3% (n = 51) were PBK eyes, whereas only 22.0% (n = 26) of injector DMEKs were PBK eyes (p < 0.001). Pull-through DMEK was also associated with a greater rate of prior glaucoma before surgery (p < 0.001).



TABLE 1 Descriptive characteristics of 180 DMEK recipient eyes and donor DMEK grafts.
[image: Table comparing characteristics of two DMEK insertion techniques: injector (n=118) and pull-through (n=62). Variables include age, ethnicity, sex, glaucoma presence, and indications like FECD and PBK. P-values indicate statistical significance. Donor characteristics cover age, sex, ECD, CV, and HEX. Notable findings include significant differences in sex, glaucoma status, and indication types, with p-values less than 0.001. FECD stands for Fuchs endothelial cell dystrophy, PBK for pseudophakic bullous keratopathy, ECD for endothelial cell density, CV for coefficient of variation, and HEX for hexagonality.]


Clinical outcomes of injector vs. pull-through techniques

The clinical outcomes of both injector and pull-through techniques, in terms of complications and final graft outcomes, are compared in Table 2. We observed a higher rate of intraoperative donor graft tear (6.5% vs. 0.8%; p = 0.049) and postoperative corneal edema (19.4% vs. 6.8%; p = 0.022) in pull-through DMEK than injector DMEK. We also noted early signs of immune graft rejection in 4.4% (n = 8) of eyes; however, all were single episodes that fully resolved with increased topical steroids, and all grafts recovered clarity and remained clear. Of the 16 eyes (8.9%) with partial or complete graft detachment, eight required rebubbling to reattach the graft (4.4% of overall rebubbling rate). All rebubbling procedures were successful. The choice of surgical technique, injector or pull-through, was not found to be associated with different outcomes of graft survival (p = 0.192). Subgroup analysis within the two DMEK indications of FECD (Supplementary Table 1) and PBK (Supplementary Table 2) was also used to compare the clinical outcomes of the two techniques. There was no significant difference detected between the injector and pull-through techniques in both the FECD and PBK subgroups. Within the PBK cases, pull-through DMEK did not show significantly greater rates of intraoperative graft tears (7.8% vs. 0%; p = 0.294) or postoperative cornea edema (23.5% vs. 15.4%; p = 0.556).



TABLE 2 Comparison of visual outcomes, intraoperative, postoperative complications, and final graft outcomes between injector and pull-through surgical techniques.
[image: Comparison table of intraoperative and postoperative complications, final graft outcomes, and visual outcomes between two insertion techniques: injector (n=118) and pull-through (n=62), following procedures on 180 eyes. The table includes statistical significance (P-values) for different categories, highlighting specific outcomes with significant differences, such as donor graft tear and corneal haze/edema. Visual outcomes show % improvement in best-corrected visual acuity (BCVA) with P-values indicating significance.]



DMEK graft survival

The 5-year overall cumulative graft survival (Figure 2) was 90% (95% CIs = [86–94%]), significantly greater for the FECD group than the PBK group (98% vs. 64%; log-rank p < 0.001). Survival curves for the two different techniques (injector vs. pull-through) were significantly different (log-rank p = 0.017). However, comparing within the FECD and PBK groups, there were no significant differences in the survival curves between the pull-through and injector techniques (log-rank p = 0.624 and 0.258, respectively). Cox regression analysis (Table 3) suggested that the pull-through technique was associated with graft failure in the univariable analysis (HR = 10.5; 95% CIs = [2.42–55.9]; p < 0.01). However, after adjusting for age, sex, prior glaucoma, and surgical indication in the multivariable analysis, the association was no longer statistically significant (HR = 2.64; 95% CIs = [0.526–16.3]; p = 0.256). However, PBK remained significantly associated with graft failure (HR = 12.5; 95% CIs = [2.11–101]; p < 0.01) when compared to FECD.

[image: DMEK graft survival curves graph shows cumulative survival probability over five years. FECD grafts (orange line) maintain nearly 100% survival. "All" (black dotted line) shows slightly lower survival. PBK grafts (green line) show significant decline, dropping below 70%. Log rank p-value is less than 0.001. Table below lists numbers at risk for each year.]

FIGURE 2
 Kaplan–Meier curve of cumulative graft survival probability. DMEK graft survival curves over 5 years, comparing FECD and PBK. Overall 5-year survival was 90% (95% CIs = [86–94%]). The numbers at risk at each year across 5 years are indicated in the table below each graph. Survival curves were significantly different when comparing indications (log-rank p < 0.001) of FECD and PBK.




TABLE 3 Cox regression of DMEK graft survival using multiple variables.
[image: Table comparing univariable and multivariable analyses for various variables. Columns include variables, hazard ratios with confidence intervals, and P values. Variables analyzed are age at DMEK, male sex, prior glaucoma, DMEK indication of PBK versus FECD, and pull-through technique versus injector. Notable findings: DMEK indication of PBK versus FECD shows significant differences in both analyses, with hazard ratios of 13.5 in univariable and 12.5 in multivariable analysis, both with P values less than 0.01. Pull-through technique versus injector also shows significance in univariable analysis.]



Multivariable analysis of intraoperative and postoperative complications

We observed that the pull-through technique was associated with higher rates of intraoperative donor graft tear and postoperative corneal edema (Table 2). However, given that there were many possible confounders as shown in Table 1, a multivariable analysis was conducted. We observed that the pull-through technique, after adjusting for age, sex, prior glaucoma, and DMEK indication, was not associated with increased incidence of any intraoperative (OR = 1.38; 95% CIs = [0.436–4.38]; p = 0.581) or postoperative complications (OR = 0.93; 95% CIs = [0.384–2.19]; p = 0.871). Specifically, it was not significantly associated with intraoperative graft tear (OR = 5.18; 95% CIs = [0.425–136]; p = 0.232) nor persistent postoperative corneal edema (OR = 1.51; 95% CIs = [0.467–5.15]; p = 0.494). However, we found that PBK remained significantly associated with postoperative corneal edema (OR = 7.69; 95% CIs = [1.83–40.7]; p < 0.01) and other postoperative complications (OR = 4.41; 95% CIs = [1.78–11.3]; p < 0.01), unlike FECD.



Postoperative endothelial cell density and loss

The mean donor ECD was 2,833 ± 223 cells/mm2. Figure 3 shows the ECD at various timepoints post-DMEK for the different surgical indications and techniques utilized. Mean ECD was not significantly different between injector and pull-through DMEK within the first 3 months (2,039 vs. 2,016 cells/mm2; p = 0.875) or within 6 to 12 months (1,941 vs. 1,848 cells/mm2; p = 0.311). Significant differences were detected from 18 to 24 months when comparing between FECD and PBK (1,692 vs. 1,342 cells/mm2; p = 0.020) and between injector and pull-through techniques (1,637 vs. 1,246 cells/mm2; p = 0.038). However, there were no differences when comparing the ECL between injector and pull-through at all timepoints: 1 to 3 months (28.5% vs. 30.4%; p = 0.709), 6 to 12 months (30.3% vs. 36.1%; p = 0.166), and 18 to 24 months (54.2% vs. 42.8%; p = 0.083). The multivariable analysis did not find any variable that was associated with significantly different ECLs at all three timepoints.

[image: Line graphs comparing endothelial cell density (ECD) over time for two scenarios: A) by indication with FECD and PBK; B) by surgical technique with Injector and Pull-through. FECD and PBK show declining ECD with statistical significance at 18-24 months (P = 0.020). Injector and Pull-through also show declining ECD with statistical significance at 18-24 months (P = 0.038). Tables below provide sample sizes, mean ECD, and mean endothelial cell loss (ECL) percentages for each group over time.]

FIGURE 3
 Post-DMEK endothelial cell density and loss. Post-DMEK endothelial cell density (ECD) and endothelial cell loss (ECL) at 1–3 months, 6–12 months, and 18–24 months post-DMEK, comparing (A) FECD (yellow) and PBK (green) DMEK indications and (B) injector (red) and pull-through (blue) surgical techniques. 95% of CIs are indicated as vertical error bars at each timepoint. ECD was significantly different at 18–24 months post-DMEK for comparisons between surgical indications (p = 0.020) and surgical techniques (p = 0.038).




Visual outcomes

Preoperative and postoperative BCVA are described in Table 2. Eyes undergoing pull-through DMEK had poorer BCVA preoperatively (logMAR 1.35 vs. 0.76; p < 0.001) and postoperatively (logMAR 0.41 vs. 0.24; p < 0.01) but did not have any significant different percentage improvement in BCVA post-DMEK compared to injector DMEK (67.2% vs. 66.0%; p = 0.828). Overall, 79.7% (n = 94) of injector-DMEKs and 61.3% (n = 38) of pull-through DMEKs achieved a postoperative BCVA of 6/12 or better (p = 0.013). Longitudinally, FECD eyes had better visual outcomes than PBK: preoperatively (logMAR 0.68 vs. 1.33; p < 0.001), 1 to 3 months post-DMEK (logMAR 0.32 vs. 0.43; p = 0.047), 6 to 12 months post-DMEK (logMAR 0.25 vs. 0.43; p < 0.01), and 18 to 24 months post-DMEK (logMAR 0.25 vs. 0.61; p < 0.001).




Discussion

In our prospective study of consecutive DMEK cases performed in Asian eyes with 57.2% FECD, the overall 5-year graft survival was 90% (98% in FECD, 64% in PBK), which is similar to the findings of Price et al. (34), who showed 93% in FECD eyes, and Birbal et al. (35), who showed 90% in a cohort of 89.2% FECD eyes. In our cases, PBK was significantly associated with graft failure (HR = 12.5; p < 0.01) and incidence of postoperative complications (OR = 4.41; p < 0.01). The pull-through donor insertion technique had comparable graft survival compared to the injector insertion technique when adjusted for the indication of PBK, agreeing with the recent systematic review of Ong et al. (11) and the findings of Price et al. (19).

We did observe an overall higher rate of intraoperative graft tears in pull-through DMEK (6.5% vs. 0.8%; p = 0.049). There is overall a risk of small peripheral tears due to the pulling-through of the graft with forceps (9), as opposed to the injector technique which does not involve grasping during the graft insertion phase of DMEK. We, however, did not note any tears or significant difficulties during the loading and preparation of the grafts in either method. There was a higher rate of persistent postoperative corneal edema in our pull-through cases (19.4% vs. 6.8%; p = 0.022). However, our multivariable analysis adjusted for confounders, suggesting that PBK is the main contributing factor (OR = 7.69; p < 0.01), rather than the pull-through technique (OR = 1.51; p = 0.494). We did not observe any difference in rebubbling rate for pull-through vs. injector techniques (4.8% vs. 4.2%; p > 0.99), which agrees with the findings of other comparative studies (11, 19, 36).

We found no significant difference in ECL between the injector and pull-through DMEK in the postoperative period up to 24 months. The multivariable analysis did not highlight pull-through as a significant variable for increased ECL. The 6- to 12-month post-DMEK ECL in our pull-through cases was 30.3%, compared to another study showing a pooled ECL of 28.1% at 6 months and 29.6% at 12 months (11). In terms of visual outcomes, we found that eyes with FECD had better 2-year postoperative BCVA than PBK eyes, at all timepoints, which is consistent with previous reports(37, 38). Nonetheless, we found that the percentage improvement in BCVA after surgery was similar when comparing both surgical indications and surgical techniques. Overall, our findings suggest that PBK was the most important independent factor for graft failure, postoperative complications, and poorer visual outcomes, all of which are consistent with the current literature (6, 8).

The potential advantages of the pull-through technique include the minimization of endothelial contact with the insertion device (22) and quicker graft unfolding and positioning times due to the spontaneous unfurling into its natural endothelium-out configuration (39). The pull-through technique could also be useful in younger donor grafts, given their tendency to form tighter scrolls than older donors (40, 41). In addition, the pull-through insertion method results in better control of the donor graft (18), whereas the graft is left free-floating in the anterior chamber in the injection method (42). This element of graft handling is especially crucial in eyes with difficult visualization and shallow anterior chambers (43), which are more common in Asian eyes due to darker irises and narrower palpebral fissures with smaller, deeper-set eyes (23). In addition, pulling-through also circumvents reliance on normal anterior segment structures such as an intact iris diaphragm (44), increasing its utility for eyes with aniridia or iridocorneal syndrome (45). Potential concerns of holding the graft with forceps in pull-through DMEK are peripheral graft tears and endothelial cell damage with intraoperative ECL. Forceps-free endothelium-in injection of the DMEK graft has been described (46), which may help reduce the graft tears or ECL, but this removes the benefit of bimanual graft control afforded by the pull-through technique. In addition, the endothelial cell area potentially damaged by each forceps bite is relatively minimal and confined to only one distal end of the graft periphery (9). A novel infusion forceps for pull-through DMEK has been developed, which can grasp the donor tissue and additionally control anterior chamber depth at the same time (47), highlighting the continual innovation for DMEK techniques and devices.

Key strengths of our study are that we prospectively analyzed consecutive DMEK outcomes which minimizes selection bias and represents real-world results of the two surgical techniques. We also reported a relatively large sample size and analyzed a broad range of clinical outcomes such as graft survival, complications, ECL, and visual outcomes. One limitation of our study is that pull-through DMEK was more likely to be chosen for surgically challenging eyes (PBK, prior glaucoma, etc.), with a likely poorer prognosis. However, we mitigated this by adjusting for confounders in our multivariable analyses and reported no significant difference in outcomes between pull-through and injector DMEK, when performed by an experienced cornea surgeon. Furthermore, it would not have been feasible to randomize surgical techniques in our patient population. Nonetheless, more comprehensive multicenter studies and/or randomized controlled trials are required to conclusively compare injector and pull-through techniques (11), especially given the relative novelty of pull-through DMEK.

We recognize that DMEK indications, surgical complexity, and clinical practice in the global population might differ from our experience but, nonetheless, we strived to contribute to the growing body of knowledge for pull-through DMEKs and to provide valuable insight into DMEK techniques and outcomes in our local Asian population. In our experience, pull-through DMEK for complex eyes has been a valuable technique, with the controlled intraoperative graft unfolding helping alleviate potential hurdles such as an abnormal anterior segment anatomy or fixated IOLs. We demonstrated that pulling-through could be a good choice for PBK patients, especially those who might have poor corneal clarity for intraoperative visualization, given the similar clinical outcomes in pull-through and injector DMEKs for PBK. This prospective DMEK study had varying follow-up periods and sample sizes; nonetheless, our routine and serial follow-up compared favorably with other DMEK studies (37, 38). Finally, we would have ideally also measured and compared graft preparation, unfolding, and total operation times to be able to report a comprehensive comparison of the surgical techniques.

To conclude, our comparative study on consecutive DMEK suggests that the pull-through technique could have comparable clinical outcomes with traditional donor injector techniques, despite being employed for the most challenging cases. This was demonstrated in multivariate analyses with adjustment for confounders such as prior glaucoma and PBK as a surgical indication. Given the challenges of DMEK graft insertion and positioning for some eyes, pull-through DMEK may be a useful technique that offers better graft control.
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A Corrigendum on
 Clinical outcomes of DMEK comparing endothelium-out injector and endothelium-in pull-through techniques in Asian eyes

by Cheong, E. Z. K., Ng Yin Ling, C., Wong, Q. Y., Chua, C. S. Q., Htoon, H. M., and Ang, M. (2025). Front. Med. 12:1555620. doi: 10.3389/fmed.2025.1555620




In the published article, there was an error in Figure 1 as published. Panels C and D of Figure 1 have been erroneously swapped. The corrected Figure 1 with its unchanged caption appear below.


[image: Four-panel sequence showing eye surgery. Panel A: Instruments are positioned near the eye. Panel B: Surgical device is applied to the eye surface. Panel C: Additional instruments are engaged during the procedure. Panel D: Completed stage with visible changes to eye surface.]
FIGURE 1
 Intraoperative procedure for pull-through DMEK. (A) Insertion of the cartridge into the anterior chamber through a clear cornea incision. (B) Grasping and pulling-through of graft with forceps. (C) Natural unfolding of the graft with endothelium-down. (D) Injection of gas to tamponade the donor graft to the recipient cornea.


The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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Background: Diabetic retinopathy (DR), one of the most common complications of diabetes, severely impacts patients’ quality of life. The combined use of the traditional Chinese medicines Astragalus, Fructus ligustris, and Cornus officinalis has yielded considerable therapeutic effects in clinical DR treatment.



Methods: In this study, a multimodule framework (BNM) encompassing bioinformatics, network pharmacology, and machine learning (ML) based on molecular fingerprints was innovatively developed to thoroughly investigate the molecular mechanisms of this Chinese medicine in treating DR.
Results: A total of 40 active components and 12 core targets were identified. Enrichment analysis identified key pathways such as VEGF signaling pathway, TNF signaling pathway and HIF-1 signaling pathway. Prediction models using key targets, such as PPARG, were constructed from the GEO database and validated via immune infiltration analysis and molecular docking, revealing that PPARG may be a potential target for DR treatment. Moreover, the core component of this Chinese medicine, stigmasterol, was identified using a ML model based on molecular fingerprints. In vivo experiments demonstrated that stigmasterol can regulate glucose and lipid metabolism, improve systemic inflammatory levels, and ameliorate ocular vascular changes in DR by modulating the expression of PPARG.
Conclusion: The BNM framework suggests that PPARG may be an important target for stigmasterol in the treatment of DR, with its mechanism potentially related to the VEGF/VEGFR pathway.
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1 Introduction

Diabetic retinopathy (DR) is one of the most common microvascular complications of diabetes. Currently, approximately 103 million people with diabetes worldwide are affected by DR (1). A 2020 study on the causes of blindness and visual impairment revealed that DR is the fifth most common cause of preventable blindness and moderate to severe visual impairment (2). Currently, DR is commonly treated clinically with intravitreal injections of steroids and anti-vascular endothelial growth factor. However, these treatments can have unstable therapeutic effects and considerable side effects (3). Consequently, it is important to find safe and effective new drugs.

Since traditional Chinese medicines (TCMs) are composed of a variety of herbs with extensive active ingredients and drug targets, they have shown outstanding clinical efficacy in the treatment of DR (4). The triplet medicine composed of Astragalus-Fructus ligustris-Cornus officinalis, known as HuangQi (HQ)-NvZhenZi (NZZ)-ShanZhuYv (SZY), has been extensively applied in the clinic to treat DR and serves as the core medicinal component in numerous traditional Chinese medicine prescriptions, as it can effectively ameliorate the clinical symptoms of DR (5). According to TCM theory, vision is closely related to the liver, as well as the contents of Qi and blood in humans. HQ supplements Qi whereas NZZ and SZY supplement the blood in liver, which then sends blood upwards to the eyes to supplement Qi and the blood and improve eyesight. Previous laboratory studies have shown that the astragaloside IV contained in HQ inhibits the expression of miR-138-5p, thereby increasing the activities of Sirt1/Nrf2 and the antioxidant capacity of cells to improve ferroptosis and reduce cell death, ultimately inhibiting the progression of DR (6). Luteolin, an effective component of NZZ, can reduce the expression of NLRP1, NOX4, TXNIP, and NLRP3, thereby increasing inflammation and oxidative stress and inhibiting the retinal cell apoptosis in DR rats (7). The quercetin and saponins extracted from SZY can lower blood glucose and blood lipid levels by protecting islet function, thus improving insulin resistance and regulating glucose and lipid metabolism (8–11). Moreover, SZY extract can improve diabetes-related complications (12). However, the specific effects, targets and mechanisms of the combined use of these three drugs have not been systematically studied.

Fortunately, the development of artificial intelligence (AI) technology has brought new opportunities for research in this field. Owing to its excellent data processing capabilities, AI can reveal the deep connections between the chemical components of TCMs, diseases, and targets, providing a new approach to understand the complex interactions between the components of TCMs and elucidating the mechanisms of diseases. For example, Li et al. combined machine learning (ML) and deep learning models to predict antioxidant activity in gentian (13). Gu et al. developed a heterogeneous graph neural network model to predict the compatibility strength and probability among the herbs within the relevant prescriptions of colorectal adenoma (14). Zhang et al. applied the deep learning graph embedding algorithm framework Node2vec, in combination with Danshen and Chuanxiong, to successfully predict new targets for the treatment of cardiovascular diseases (15). These studies indicate that the application of AI technology in TCM research cannot only promote an understanding of the mechanisms of action of TCMs but also provide new perspectives for explaining the interactions between TCMs and diseases.

In this study, an integrated framework (BNM) encompassing bioinformatics, network pharmacology, and molecular fingerprint ML to assess the potential of the using the triplet medicine HQ, NZZ, and SZY for the treatment of DR was successfully developed and validated. We extracted the active components of these herbs from TCM databases and the literature and performed functional enrichment analysis, constructed a diagnostic model, and carried out immunological analysis and molecular docking by screening core targets and components. Furthermore, we developed a ML model using 990 compounds from the LOPAC-1280 and Prestwick Chemical Library and validated it with the core components of the triplet medicine. We also applied the Breaking of Retrosynthetically Interesting Chemical Substructures (BRICS) and Retrosynthetic Combinatorial Analysis Procedure (RECAP) algorithms for fragment analysis of the core components to evaluate the potential of this model to generate lead components. Finally, these findings were corroborated through animal experiments (Figure 1). In summary, in our research, we evaluated the efficacy of combined DR treatment with the triplet medicine from multiple perspectives, utilized a molecular fingerprint ML model to identify effective TCM components, and provided a novel perspective for drug research and repurposing.


[image: Flowchart illustrating a process from herbal exploration to experimental validation. The left column shows four stages: Herbal Exploration with images of herbs, Data Mining using GEO data for targets, ML Training and Validation with machine learning diagrams, and Experimental Validation depicting a syringe and a mouse. The right column details components for Model Training, including ensemble model XGBoost and random forest, and Model Validation with performance metrics charts. Various data visualization elements like charts and diagrams are included throughout.]

FIGURE 1
Workflow of this study. Different colors denote different modules. The pink color represents the network pharmacology module, the green color represents the bioinformatics module, the purple color represents the molecular fingerprint-based ML module, and the blue color represents the animal experimental validation module.




2 Materials and methods


2.1 Construction of the DR drug-associated gene network

All the components in HQ, NZZ, and SZY were collated on the basis of the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP). Generally, oral bioavailability (OB) is one of the most crucial absorption, distribution, metabolism and excretion (ADME) pharmacokinetic parameters, whereas drug likeness (DL) indicates the similarity between the physical properties of the component in question and those of known drugs (16). In this study, the criteria for identifying effective components were set to OB ≥ 30% and DL ≥ 0.18. The relevant targets of the bioactive components were subsequently identified using the SwissTargetPrediction database and standardized using the UniProt database. DR-related genes were obtained from the Comparative Toxicogenomics Database (CTD) and the GeneCards and Disease Gene Network (DisGeNET) databases. The genes associated with diseases and drugs were intersected using the UpSetR package in R software to identify the intersecting genes. Three DR–TCM-related genes were subsequently added to the gene set after review of the literature. A protein–protein interaction (PPI) network was constructed on the basis of the gene sets. The PPI network developed using the STRING platform, an interactive gene database, gave a high confidence interaction score (0.7), indicating a targeted network. All of the database searches were limited the species to Homo sapiens.



2.2 Core network cluster mining and functional analysis

To further explore the core network, we employed Cytoscape software (version 3.82) to visualize the target network. Network analysis tools were employed to calculate the key network metrics, including the network diameter, the clustering coefficient, and multiedge node pairs. The MCODE plugin, which employs molecular complex detection, was used for core network mining on the target network. The core network group was obtained with the following parameters: degree cut-off = 2, node score cut-off = 0.2, K-core = 2, and max depth = 100.

The clusterProfiler package in R was employed for gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses of both the target and core networks, and the results were filtered at the level of p-value ≤ 0.05. GO analysis encompasses three domains: biological process (BP), molecular function (MF), and cellular component (CC). The GO results were filtered to exclude the terms significantly unrelated to DR. KEGG analysis revealed the top 40 target networks and the top 30 core networks, as the latter results were weakly correlated with DR. The results were plotted using the R packages ComplexHeatmap, ggplot2, and circlize.



2.3 Identification of differentially expressed genes (DEGs)

Mining of the core network group and functional analysis revealed that 12 core targets were strongly correlated with DR. To further investigate and confirm the biological functions of the core targets in DR, we randomly selected PPARG for subsequent analysis. The Gene Expression Omnibus (GEO) database includes high-throughput gene expression data, DNA microarray data, and hybridization array data (17). The GSE146615 microarray dataset, including 42 control samples and 52 samples from individuals with DR, was downloaded from the GEO database. Differential expression analysis was performed using the limma package in R. The limma package is renowned for its capabilities in terms of data normalization and precise gene expression data interpretation, and has therefore become the preferred choice for high-throughput and microarray differential analysis (18). The screening criteria were |log (FC)| > 1 and p-value < 0.001. The ggplot2 package was employed to generate a volcano plot, which was used to visualize the top 30 DEGs. A focused analysis of PPARG was subsequently conducted to explore its expression in the normal and DR groups, and the data were plotted with the ggpubr package.



2.4 Diagnostic prediction model establishment and immune analysis

To evaluate the diagnostic and predictive utility of PPARG for DR, a predictive model was developed using microarray datasets. Analysis was conducted using the pROC package in R software. Binary classification models are commonly evaluated using receiver operating characteristic (ROC) curves (19). The position of the ROC curve in relation to the upper left quadrant is indicative of the classification performance of the method in question. The bootstrap algorithm was employed for statistical analysis. Bootstrap, proposed by Efron, is a simulation-based sampling statistical inference algorithm that does not require assumption of a specific theoretical distribution (20). The area under the curve (AUC) can then be used to assess the predictive accuracy of PPARG. A larger AUC indicates greater accuracy of using PPARG for DR diagnosis. The abscissa False Positive Rate (FPR) and ordinate True Positive Rate (TPR) of the ROC curve can be calculated via the following formula.

[image: Formula for False Positive Rate (FPR) expressed as FPR equals the number of False Positives (FP) divided by the sum of False Positives (FP) and True Negatives (TN).]

[image: Equation showing TPR equals TP divided by the sum of TP and FN.]

Here, TP, TN, FP, and FN represent the numbers of true positive, true negative, false positive, and false negative results, respectively (Equations 1 and 2). TP represents the number of samples correctly predicted as positive by the model. TN represents the number of samples correctly predicted as negative by the model. FP represents the number of samples predicted as positive by the model but that were actually negative. FN represents the number of samples predicted as negative by the model but that were actually positive. FPR is calculated as the proportion of actual negative samples that were incorrectly predicted as positive by the model. TPR is calculated as the proportion of actual positive samples that were correctly predicted as positive by the model.
An investigation was subsequently conducted to determine whether PPARG disrupts normal homeostasis by mediating immune dysregulation, thereby leading to DR. To this end, the CIBERSORT algorithm was employed to assess the correlation between PPARG and 22 immune cell types within the dataset. The CIBERSORT algorithm is a canonical computational method for analyzing immune outcomes. It employs the principles of linear SVM regression to deconvolve the expression profiles of immune cell subtypes and calculate their abundance (21). The statistical threshold was set to p < 0.05, and the results were visualized using the ggpubr package in R.



2.5 Binding free energy calculations

To evaluate the functional effects of the active components present in HQ, NZZ, and SZY on PPARG, we employed AutoDock software (version 1.5.6) to compute the binding free energies between PPARG and these components. The structure of PPARG was retrieved from the RCSB Protein Data Bank (PDB) database, and the water molecules present were subsequently removed. The structures of the active components of these three medicinal preparations were sourced from the PubChem database. After processing, a Lamarckian genetic algorithm was used to predict the molecular conformations of the protein receptor and small molecules, and the binding energies of the active ingredients were computed separately. These binding energies indicate the affinity of the small molecule for the protein. The binding energies were also calculated via the following formula:

[image: Equation depicting the binding free energy: ΔG_bind equals ΔG_vdw plus ΔG_hbond plus ΔG_elect plus ΔG_gtor plus ΔG_desolv, denoted as equation (3).]

In Equation 3, ΔGBIND represents the binding free energy, ΔGVDW denotes the van der Waals potential, ΔGHBOND represents the hydrogen bonding potential, ΔGELECT denotes the electrostatic potential, ΔGTOR represents the dihedral angle torsional energy, and ΔGDESOLVA indicates the free energy of solvation; the units are kcal⋅mol–1. The coordinates of the active cavity center of PPARG were defined as x_center = 3.812, y_center = 49.518, and z_center = 67.059, and the search space box was set to 126*126*126. The time of conformational searches was set to 50. ΔGBIND < −5 kcal⋅mol–1 indicates good binding capacity, while ΔGBIND < −7 kcal⋅mol–1indicates strong binding capacity.

Additionally, the three highest binding energies of the active components with PPARG were selected. The pyplot module in Python was used to construct a bar chart. Finally, the conformations were visualized with PyMOL software (version 2.1) according to the calculated binding free energies.



2.6 Drug composition model validation


2.6.1 Data assembly and feature determination

To validate the therapeutic efficacy of the aforementioned nine compounds in DR, a diverse array of compounds was gathered to train a ML model. We collected 394 negative compounds from LOPAC-1280, and defined the 9 components of HQ, NZZ, and SZY as positive compounds. Significantly more negative compounds than positive compounds were included to ensure that the model would be able to identify positive compounds with greater accuracy. Although the majority of the compounds were deemed negative, it is possible that a small proportion of these molecules may have been mislabelled, as there may be undiscovered compounds that could be used to treat DR.

These 403 compounds were converted to SMILES format, and the RDKit package in Python was employed to compute a range of physical and chemical descriptors from 200 unique aspects, including Hybrid Estate-VSA descriptors, topochemical descriptors, and the QED and Lipinski parameters. RDKit is a computational chemistry toolkit that can process molecules, analyze different chemical input formats, filter out unwanted compounds, standardize molecules, and calculate various molecular characteristics (22). The results were plotted using the matplotlib package in Python.



2.6.2 Model training

To increase the computational accuracy and stability of the model, three distinct ML algorithms were employed: XGBoost 2.0.3, random forest (RF), and SVM. Both RF and SVM utilized scikit-learn 1.3.0. The Gini index was used to assess the feature importance of the 200 physicochemical descriptors in the dataset. Feature importance helps to indicate the significance of the physicochemical descriptors, which are believed to be closely linked to classification. When each feature node pertains to the same class, the Gini index is minimal, leading to the highest purity and minimal uncertainty (23).

The acquired feature dataset was subsequently reconstructed and assembled using various models. The dataset containing 403 compounds was split into training and testing sets via stratified random sampling (70% for training and 30% for testing). To ensure fair comparison among the models and robust model performance, the positive samples were fully utilized. Following cross-validation to check for overfitting, model comparisons were assessed via three performance metrics: precision, recall, and F1 score, as follows.

[image: Formula for precision: the number of true positives (TP) divided by the sum of true positives (TP) and false positives (FP), expressed as Precision = TP / (TP + FP).]

[image: Recall formula as a fraction: TP divided by the sum of TP and FN, labeled as equation five.]

[image: Mathematical formula for F1 score, defined as two divided by the sum of the reciprocals of precision and recall, represented as \( F1 \, \text{score} = \frac{2}{\frac{1}{\text{Precision}} + \frac{1}{\text{Recall}}} \).]

Precision represents the proportion of samples predicted to be positive by the model that are actually positive, emphasizing the accuracy of the prediction [Equation (4)]. Recall represents the proportion of actual positive samples that were correctly predicted by the model, which emphasizes the coverage of positive samples (Equation 5). F1 score is the harmonic mean of Precision and Recall, which is used to assess the model’s performance in a combined manner (Equation 6). F1 score is designed to balance Precision and Recall, thereby mitigating the extremes that may occur when these metrics are used individually. Precision, recall, and F1 score take values between 0 and 1, with higher values indicating better predictive performance of the model.

Moreover, we considered the possibility of optimizing the three models in accordance with the existing predictions. Encouragingly, the class weight parameters for the SVM and RF models were adjusted to the balanced and default values, respectively. Additionally, the maximum depth of the XGBoost model was 10 and the colsample_bytree was 0.5, which were suggested to be the optimal choices. The optimized model was subsequently retrained, and the results of each prediction were evaluated in detail by plotting the mean AUC, which can eliminate the instances of a single prediction being either poor or overly high, facilitating an objective assessment of the performance of the three models on the dataset (24). Three ML models were compared using the Python package numpy, sklearn, and matplotlib for visualization.



2.6.3 Model evaluation

Upon evaluation, the SVM model exhibited the least predictive power, and the XGBoost model was marginally superior to the RF model in terms of predictive ability. XGBoost was selected for evaluation to ascertain its performance in practical applications, and the dataset was augmented by incorporating 596 compounds from LOPAC-1280 and the Prestwick Chemical Library for a total of 999 distinct compounds. The compounds were subsequently no longer categorized as either negative or positive, enabling the model to autonomously interpret and make decisions on the sole basis of the physical and chemical descriptions, thereby completing the identification task. The data were normalized using XGBoost, and z scores and probabilities were calculated. A z_score greater than 1.83 was considered indicative. The z scores were calculated as follows:

[image: Equation displaying the formula for the arithmetic mean, represented as X tilde equals one over n times the summation from i equals one to n of X sub i, labeled as equation seven.]

[image: Formula representing the Z score: \( Z\text{ score} = \frac{\bar{X} - E[X]}{\sigma_X / \sqrt{n}} \).]

In Equation (7), [image: It seems that there was an error in the image link you provided. Please try uploading the image again or provide a valid URL. If needed, you can also add a caption for additional context.] denotes the average value, n represents the number of samples, and Xi represents the observed value of the i-th sample. [image: Please upload the image or provide a URL, and I will generate the alt text for you.] is calculated by summing the observed values of all samples and dividing by the number of samples n, thereby reflecting the center of the data set. In Equation (8), E[X] denotes the overall mean. σX denotes the standard deviation. The z_score indicates whether the sample mean deviates significantly from the overall mean, which can serve as one indicator among others for assessing the model’s performance. The results were plotted using the matplotlib package in Python.



2.6.4 Exploring the possibility of identifying lead compounds

Decomposing drug molecules into fragments and constructing chemically feasible fragment libraries are pivotal stages in the drug discovery process. To explore the nine drug components of HQ, NZZ and SZY for lead compound development on the basis of fragments, the RECAP and BRICS algorithms were employed to extract commonalities from the drug molecular fragments. The RECAP algorithm, which is based on retrosynthetic analysis, manipulates a series of cleavage sites to yield a set of plausible drug molecular fragments that adhere to the fundamental principles of practical cleavage tools (25). In contrast, the BRICS algorithm segments molecules on the basis of bond formation (26). Consequently, fragments similar to those generated by BRICS can be used to reassemble new drug molecules, thereby increasing the probability that these fragments can be used to synthesize new drugs (27). Finally, molecular structures were drawn using the rdkit.Chem.Draw package in Python.




2.7 Experimental verification in an animal model


2.7.1 Animal grouping, modeling, and treatment

The number of experimental animals per group was calculated using the resource-equation method with the following formula:

[image: A mathematical equation is shown: E equals K times the quantity n minus 1, enclosed in parentheses.]

In Equation (9), K is the number of treatment groups, n is the number of animals per group, and E is the error degrees of freedom. Setting E = 20, the equation yielded n = 6 animals per group. To accommodate potential attrition, 10 animals were allocated to each group (28).

Forty 8-week-old SPF male db/db mice and 10 8-week-old SPF male C57BL/6 mice were reared at 22.5°C with 40–50% humidity on a 12/12 h light/dark cycle. The C57BL/6 mice were fed ordinary feed, while the db/db mice were fed a high-fat diet. This study was approved by the Animal Ethics Committee of Anhui University of Chinese Medicine (ethics number: AHUCM-mouse-2024116) and was conducted in strict accordance with the animal experiment guidelines.

After 1 week of adaptive feeding, the db/db mice were randomly divided into a model group (M; 0.2 mL⋅kg–1⋅d–1 0.9% NaCl), a positive control group (P; 10 mg⋅kg–1⋅d–1 pioglitazone + 230 mg⋅kg–1⋅d–1 calcium oxybenzoate), a Chinese medicine intervention group (D; 910 mg⋅kg–1⋅d–1), and a single drug intervention group (S; 100 mg⋅kg–1⋅d–1 stigmasterol), with 10 animals in each group. Once a day for 12 weeks, the C57BL/6 mice in the blank control group (C) were given an equal volume of 0.9% NaCl solution. The general conditions of the mice, such as activity, hair color, and water intake, were observed. Body mass was measured every 3 weeks, and blood glucose level, determined from a sample taken from the tip of the tail, was measured before and 12 weeks after treatment.



2.7.2 Haematoxylin and eosin staining

The retinal tissue of the mice was fixed with 4% paraformaldehyde solution for 24 h, dehydrated, embedded in paraffin and made into 5 μm slices. The slices were treated with xylene, anhydrous ethanol and 75% ethanol in sequence, washed, and stained with haematoxylin for 5 min. Following dehydration with gradient ethanol and staining with eosin solution for 20 min, the pathological morphologies of the retinal tissue slices were observed via optical microscopy after dehydration with anhydrous ethanol and sealing and making transparent with xylene and neutral gum.



2.7.3 Detection of biochemical indices

Fasting blood glucose (FBG), total cholesterol (TC), and triglyceride (TG) levels were assessed using a fully automated biochemical analyser. The levels of glycated hemoglobin A1c (HbA1c), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), PPARG, tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), and interleukin-10 (IL-10) were determined via enzyme-linked immunosorbent assays (ELISAs).



2.7.4 Western blotting (WB)

The tissue blocks were washed with precooled phosphate-buffered saline (PBS) 2–3 times, cut into small pieces and placed in a homogenization tube, and 10 volumes of lysis solution was added. Homogenization was performed on ice for 30 min with shaking every 5 min to ensure complete tissue lysis. Then, the mixture was centrifuged at 12,000 rpm and 4°C for 10 min, and the supernatant, which contained the total protein, was collected. The protein concentration was determined via the BCA method. After performing gel electrophoresis, transferring to a PVDF membrane, and sealing, the PVDF membrane was immersed in 1:1,000 dilutions of the following monoclonal antibody solutions at 4°C with shaking on a bed overnight: vascular endothelial growth factor (VEGF), VEGFR2, PEPCK, G6PASE, SREGBP-1C, Fas, and PPARG. Then, sheep anti-rat HRP-labeled secondary antibody (diluted 1:5,000) was added for incubation at 37°C for 2 h. The samples were washed with Tris-buffered saline containing Tween-20 (TBST) 3 times for 5 min each time. Finally, the samples were analyzed with an enhanced chemiluminescence (ECL) system.



2.7.5 Quantitative polymerase chain reaction (qPCR)

The tissue blocks were ground completely, and an appropriate amount of TRIzol reagent was added to extract total RNA. Reverse transcription was performed according to the kit instructions, followed by gentle mixing and centrifugation The reverse transcription program was as follows: 25°C for 5 min, 42°C for 30 min, and 85°C for 5 min. After reverse transcription, amplification was performed as follows: predenaturation at 95°C for 5 min; followed by 40 thermal cycles of denaturation at 95°C for 10 s, annealing at 60°C for 20 s, and extension at 72°C for 20 s. β-Actin was selected as the internal reference to determine the Ct value of each target. The relative mRNA expression levels were calculated via the 2-ΔΔCt method. The primers used are shown in Table 1.


TABLE 1 Primer sequences used for qPCR.

[image: Table listing genes, primer types (F for forward, R for reverse), and sequences from 5' to 3'. Genes include VEGF, VEGFR2, PEPCK, G6PASE, SREBP-1c, Fas, PPARG, and β-actin with corresponding DNA sequences for each primer type.]



2.7.8 Statistical analysis

The BNM framework was developed using R (version 4.3.0) and Python (version 3.8). Data were analyzed using SPSS version 26.0. The Shapiro-Wilk test was employed to assess the normality of the experimental data. Results are presented as mean ± standard deviation. Homogeneity of variances across groups was evaluated using Bartlett’s test. Differences among groups were analyzed using one-way ANOVA, followed by Tukey’s post hoc analysis for multiple comparisons. For comparisons between two groups, an independent samples t-test was conducted. A significance level of α = 0.05 was set, and p < 0.05 was considered statistically significant. The results of the animal experiments described above were visualized using GraphPad Prism version 9.0.0.





3 Results


3.1 TCM component mining and target acquisition

TCMSP database screening yielded a total of 40 chemical components, of which 17 were from HQ, 9 were from NZZ, and 14 were from SZY. Mining using Swiss Target Prediction yielded a total of 1071 targets, of which 475 were from HQ, 226 were from NZZ, and 370 were from SZY. A total of 4,560 targets, 648 targets, and 13,901 targets related to DR were subsequently identified from the GeneCards, DisGeNET, and CTD databases, respectively. The UpSetR package was used for intersection of the six different target classes, as shown in Figure 2A, and 30 target intersecting genes were obtained. After literature mining, MAPK14, ICAM1, and IL6 were added to the list intersecting genes to form a gene set. High-confidence interaction scores were subsequently generated using the STRING database to obtain target network clusters, which helped us to better understand the interactions between the therapeutic targets.


[image: A series of scientific data visualizations are presented:  A: A multi-paneled UpSet plot shows intersections of drug databases and gene correlations. B: A circular plot illustrates interactions between various biological processes and molecular functions. C: A bar graph categorizes pathways into cellular processes, human diseases, and environmental processing. D: A network diagram highlights core and non-core gene interactions. E: A circular chord diagram connects genes with various regulatory functions, alongside a bar graph detailing gene function significance. F: A bubble plot displays pathways with gene ratio and p-value metrics, indicating significance levels.  Each graph represents complex biological data interpretations.]

FIGURE 2
Drug–disease network mining and functional analysis. (A) The drug targets of HQ, NZZ, and SZY were intersected with the acquired DR disease targets. (B) GO analysis of target network targets; blue represents BPs, yellow represents MFs, and green represents CCs. The closer the dots are to the periphery, the greater the significance of the GO entry. (C) KEGG enrichment analysis of the target network. A larger number of genes is associated with a more significant KEGG enrichment result. (D) Core network target mining. (E,F) GO and KEGG analyses of the core network targets.




3.2 Core network construction and functional enrichment analysis

To further explore the interactions in the core network, we analyzed the target network cluster. The target network cluster results were further analyzed using the MCODE plugin in Cytoscape software, and a network cluster consisting of 12 core genes was obtained (Figure 2D), wherein red nodes represent the core network genes and blue nodes represent the noncore network genes. Moreover, we aimed to assess which relevant DR biological processes and pathways might be affected by HQ, NZZ, and SZY. We conducted GO and KEGG analyses on the gene set and the core network cluster. The GO analysis of 33 genes yielded 1,262 entries. After removing the terms clearly unrelated to DR, we found associations with positive regulation of fat cell differentiation, response to insulin, and response to lipopolysaccharide amongst the BPs. The MFs were focused on steroid binding and transmembrane receptor protein tyrosine kinase activity. The CCs were centered on the membrane raft and blood microparticles (Figure 2B). The 12 core network clusters contained a total of 1226 GO entries. Upon comparison, we discovered that the main enriched terms were associated with muscle cell proliferation, the cellular response to reactive oxygen species, and the response to lipopolysaccharide (Figure 2E). Interestingly, both GO analyses included the regulation of fat cell differentiation and the response to lipopolysaccharide, indicating that these two biological processes may be important. Moreover, the KEGG enrichment results for the 33 genes and 12 core network clusters together indicated that the VEGF signaling pathway, TNF signaling pathway and HIF-1 signaling pathway may play key roles in DR therapy, as their degree of enrichment and pathway importance were higher (Figures 2C,F).



3.3 Validation of PPARG in clinical samples

To explore the functions of the core network genes in DR, we selected PPARG from the GSE146615 microarray dataset as the target for further investigation. After filtering and screening, 331 genes were differentially expressed, amongst which 162 were upregulated and 169 were downregulated. The volcano plot displaying the top 30 DEGs (Figure 3A) revealed a significant difference in the expression of PPARG, which was consistent with our previous analysis. Additionally, after performing a separate analysis of the PPARG gene, we found that the expression of PPARG in the DR group was very significantly lower than that in normal tissue (p < 0.001) (Figure 3B).
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FIGURE 3
Evaluation of the DEGs, diagnostic modeling, and immunoassays. (A) Volcano map of the DEGs from the GSE146615 dataset (Significance increases from blue to red, with deeper red indicating higher significance of DEGs). (B) Differential expression of PPARG in DR and normal tissues in the GSE146615 dataset. (C) ROC curve and AUC of PPARG for DR diagnosis. The ROC curve is depicted as a red line. (D) PPARG and immune cells: plasma cells, gamma delta T cells, M1 macrophages, naive B cells, M2 macrophages, eosinophils, CD8 T cells, activated dendritic cells, monocytes, follicular helper T cells, activated NK cells, regulatory T cells (Tregs), and memory B cells. The green shading represents the confidence interval of the fitted curve.




3.4 Analysis of the diagnostic prediction model performance and immune microenvironment analysis

To evaluate the diagnostic value of PPARG for DR, we established a PPARG diagnostic prediction model on the basis of the GSE146615 dataset. The TPR and FPR of PPARG were evaluated via ROC curve analysis, and the results revealed that the AUC value of PPARG was 0.720 (95% CI: 0.615–0.821) (Figure 3C). These findings indicate that PPARG has high diagnostic value for DR. To further explore whether PPARG affects the development of DR through immune cells, we evaluated the relationship between PPARG expression and immune cells in DR using the CIBERSORT algorithm. Considering p < 0.05 as a correlation, PPARG was negatively correlated with four immune cells (Figure 3D), namely, plasma cells (p < 0.001), gamma delta T cells (p < 0.001), M1 macrophages (p = 0.001) and naive B cells (p = 0.018). PPARG was positively correlated with the infiltration of 9 types of immune cells, namely, M2 macrophages (p < 0.001), eosinophils (p < 0.001), CD8 T cells (p < 0. 001), activated dendritic cells (p < 0.001), monocytes (p < 0.001), follicular helper T cells (p = 0.001), activated NK cells (p = 0.002), regulatory T cells (Tregs) (p = 0.007) and memory B cells (p = 0.02). Taken together, these findings suggest that PPARG may play a key role in the progression of DR by regulating immune cells in the body.



3.5 Analysis of the binding free energies

To identify the ability of the identified components to bind to the target, we calculated the binding free energies between PPARG and selected components. The structures of 40 components were obtained from PubChem, of which 17 were from HQ, 9 were from NZZ and 14 were from SZY. The protein structure of PPARG was obtained from the RCSB PDB database (ID: 8aty). The 40 drugs were docked to PPARG, and the three drugs with the highest binding free energies were selected for visualization (Figure 4A). The results indicated that the three most active components of HQ and their binding free energies with PPARG were −6.01 kcal⋅mol−1 (betulinic acid), −5.17 kcal⋅mol–1 (hederagenin), and −5.12 kcal⋅mol–1 (calycosin). The three most active components of NZZ and their binding free energies with PPARG were −4.54 kcal⋅mol–1 (β-sitosterol), −4.9 kcal⋅mol–1 (eriodictyol), and −5.33 kcal⋅mol–1 (lucidusculine). Finally, the three most active components of SZY and their binding energies with PPARG were −5.18 kcal⋅mol–1 (telocinobufagin), −5.94 kcal⋅mol–1 (stigmasterol), and −5.64 kcal⋅mol–1 (tetrahydroalstonine). Figures 4B–J show that the components adopted different binding modes at the PPARG site, forming hydrogen bonding, H-π bonding and π-π bonding interactions. The above results indicate that these components have good, stable binding to PPARG in terms of binding free energy, verifying the therapeutic effects of HQ, NZZ, and SZY in DR.
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FIGURE 4
Binding free energy calculations. (A) Binding free energies of nine herbal components to PPARG. (B–J) Betulinic acid, hederagenin, calycosin, β-sitosterol, eriodictyol, lucidusculine, telocinobufagin, stigmasterol, and tetrahydroalstonine bind to PPARG with different binding modes. The green compound structure represents the small-molecule drug, the white indicates the protein, and the red highlights distinct protein residues.




3.6 Assessment of feature importance in the ML models

We initially assembled a dataset of 9 DR (positive) and nonDR (negative) compounds identified via TCM mining. The nonDR data include a wide range of FDA-approved or clinical-stage compounds from LOPAC-1280, and 394 compounds were identified as clearly not associated with DR, such as adaphostin, trimipramine maleate, and propionylpromazine hydrochloride, upon analysis of both the LOPAC-1280 database and literature mining. The chemical structures of the compounds in the dataset were then converted into numerical format for model training, with 0 (negative) and 1 (positive), and 200 physicochemical descriptors were calculated using the RDKit package. We subsequently used RF to determine the feature values for model validation on the basis of physicochemical descriptors, performed feature selection on the entire dataset, and filtered out feature-irrelevant physicochemical descriptors to intervene in the impurity metric via the Gini index. After normalization, we obtained 120 feature values (Figure 5A and Supplementary Table 1), which were used in conjunction with a dataset of 403 compounds to train the different models for DR analysis.
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FIGURE 5
Drug composition ML data feature screening and model training, testing and evaluation. (A) Feature importance of 200 physicochemical descriptors in the data model using the RDKIT ML model. (B) Three ML algorithm models, SVM, RF and XGBoost, were evaluated on the test set to obtain confusion matrices. (C–E) The SVM, RF, and XGBoost algorithms were trained for cross-validation to compute three metrics: precision, recall and F1 score. The bar graph represents the average performance, and the error bars represent the standard deviation. (F–H) The SVM, RF and XGBoost algorithms were cross-validated 4 times to obtain precision-recall results and mean precision-recall values. (I) A dataset of 999 unclassified compounds was subsequently evaluated using the XGBoost ML algorithm and assigned a z score to indicate their potential as a drug to treat DR, with a higher z score representing a greater probability of treating DR.




3.7 Model validation

We then attempted to train the dataset using three different ML models: SVM, RF and XGBoost. Although the SVM algorithm is usually applied to linearly divisible datasets, the clever feature of SVM is that it can use kernels for classification and is therefore equally balanced when the data are not divisible. The dataset was randomly divided into a training set (split = 0.7) and a test set, with the training set containing 282 samples and the test set containing the remaining 121 samples. A fair comparison of performance between the models was made on the basis of cross-validation of the datasets and full use of the positive samples. After testing (Figure 5B), we found that the TN, TP, FN, and FP values were 114, 2,4 and 1 for the SVM model; 117, 1, 2, and 1 for the RF model; and 118, 2, 1, and 0 for the XGBoost model, respectively. We also used three performance metrics, precision, recall and F1 score, to evaluate the performance of the three models (Figures 5C–E). We believe that false positives are more detrimental than false negatives in early drug development, as they can lead to the mistaken assumption that compounds are effective, thereby increasing the cost of downstream drug development.

We also considered that the precision, recall and F1 scores could be effectively improved by adjusting the SVM and RF class weights as well as increasing the maximum depth of XGBoost. Through cross-validation, we found that the mean AUCs for the SVM, RF and XGBoost models were 0.63 ± 0.28, 0.65 ± 0.16, and 0.68 ± 0.12, respectively (Figures 5F–H). On the basis of the mean AUCs and considering the heterogeneity of the data, we believe that all three models have excellent performance.



3.8 Model prediction

Although all three models all had excellent performance, we focus mainly on the XGBoost model because of its lack of false positives and higher mean AUC, indicating higher accuracy. After adding the compounds from LOPAC-1280 and the Prestwick Chemical Library, we composed a dataset containing a more compounds (999). The abilities of these compounds to treat DR were predicted on the basis of their physicochemical characteristics using the XGBoost model. Figure 5I shows that most of the nine compounds derived from herbs had high z scores, among which stigmasterol ranked the highest, indicating that stigmasterol might be the best drug from HQ, NZZ, and SZY for DR treatment. Interestingly, three compounds, allylestrenol, exifone, and naltrindole hydrochloride, had higher z scores than some of the other compounds. Nevertheless, we believe that this finding is reasonable because there may be some compounds with undiscovered therapeutic effects on DR.



3.9 Fragmentation analysis of nine components

To explore the contributions of the functional groups of the nine components in the triplet medicine and assess whether these components can be modified to become lead components, we performed fragment segmentation of nine components using the RECAP and the BRICS algorithms. Fragment-based drug discovery (FBDD) is a common lead discovery approach that differs from high-throughput screening (HTS) in that early FBDD results may have more applicable physicochemical properties. Upon segmentation by both algorithms, we found that the BRICS algorithm, which is based on bond synthesis, separated β-sitosterol, telocinobufagin, eriodictyol, tetrahydroalstonine, and betulinic acid into two fragments each; stigmasterol, calycosin, and hederagenin into three fragments each; and lucidusculine into four fragments. However, the RECAP algorithm, which differs in that it is based on retrosynthesis, split stigmasterol, calycosin, tetrahydroalstonine, betulinic acid, and hederagenin into 2 fragments each; lucidusculine into 3 fragments; and was unable to fragment β-sitosterol, telocinobufagin or eriodictyol. Interestingly, the segmentation results for tetrahydroalstonine were consistent for both algorithms (Figures 6A–I). In conclusion, these nine components can be further developed into lead components and thus new drugs on the basis of their fragments through the contributions of their respective functional groups.
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FIGURE 6
Generation of drug molecular fragments. (A–I) Molecular fragments of stigmasterol, β-sitosterol, telocinobufagin, calycosin, eriodictyol, tetrahydroalstonine, lucidusculine, betulinic acid, and hederagenin obtained using the RECAP and BRICS algorithms. Different molecular fragments are represented using distinct color codes, with red dotted lines indicating the broken bonds.




3.10 The effects of drug intervention on the general condition of DR model mice

Before drug intervention, the mice in group C had neat and shiny fur, were responsive, were agile, and had normal food and water intake as well as body weight. Compared with those in group C, the mice in groups M, D, S, and P had greasy fur, were less responsive, and presented distinct symptoms of diabetes, with increased food and water intake, a significant increase in body weight (p < 0.05) (Figures 7A,B), and a marked increase in FBG levels (p < 0.05) (Figure 7C). After 12 weeks of drug intervention, compared with the mice in group M, the greasiness of the fur in groups D, S, and P improved, their responsiveness gradually increased, food and water intake decreased (p < 0.05), and body weight gradually decreased, although there was no significant difference compared with that in the group M (Figures 7A,B). Compared with group C mice, group M mice had significantly greater FBG, HbA1c, TC, TG, and LDL-C levels after 12 weeks of intervention (p < 0.05) and a significantly lower HDL-C level (p < 0.05). Compared with the group M mice, the mice in groups D, S, and P had significantly lower FBG, HbA1c, TC, TG, and LDL-C levels (p < 0.05) and a significantly higher HDL-C level (p < 0.05) (Figures 7C–E).
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FIGURE 7
The general condition of the mice in each group. (A) Consumption of water (left) and food (right). (B) Changes in body weight over 12 weeks. (C) FBG levels at 0 w and 12 w. (D) HbA1c levels at 12 w. (E) The levels of lipid-related indices (from left to right: TC, TGs, LDL-C, and HDL-C). (F) HE-stained images of retinal tissue. Compared with the C group, *p < 0.05, **p < 0.01, ***p < 0.001. Compared with the M group, #p < 0.05, ##p < 0.01, ###p < 0.001. ns, no significance.




3.11 The effect of drug intervention on the pathological morphology of the retina in DR model mice

In group C mice, the retinal structure was clear and intact, had neatly arranged cells in each distinct layer, and a complete and continuous inner retinal membrane. Compared with the mice in group C, the mice in group M had obvious vascular dilatation of the retina, visible neovascularisation, unclear hierarchies, loose and irregularly arranged cells in each layer, an obvious reduction in the number of cells, vacuole-like changes in some intercellular spaces, swelling of the inner retinal borders, uneven surfaces, and the local detachment of retinal ganglion cells (RGCs). Compared with the mice in group M, the mice in groups D, S, and P showed different degrees of improvement in retinal morphology, with reduced vasodilatation, less neovascularisation, clear layers, significantly more cells in all layers that were more neatly arranged, fewer vacuole-like changes, and less RGC detachment. Among the groups, groups D and P showed more obvious improvements in DR symptoms and more normal retinal morphologies (Figure 7F).



3.12 Effects of drug intervention on the expression of PPARG and inflammatory factors in DR model mice

Determination of the levels of inflammatory factors in different groups of mice via ELISA revealed that serum TNF-α, IL-1β, and IL-6 levels were significantly greater in group M mice than in group C mice (p < 0.05). Compared with those of the mice in group M, the serum TNF-α, IL-1β, and IL-6 levels of the mice in groups D, S, and P significantly decreased to different degrees (p < 0.05) (Figure 8A). Since PPARG is an important inflammatory regulator (29), we detected the protein and mRNA levels of PPARG in retinal tissues via WB and qPCR and in serum via ELISA and found that the intraretinal expression of PPARG was lower in the mice in group M than in the mice in group C. Moreover, compared with that in the mice in group M, the intraretinal expression levels of PPARG in the mice in groups D, S, and P were significantly elevated (Figures 8A–C).
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FIGURE 8
Expression of related factors in the liver and retina of each group of mice. (A) Detection of serum PPARG and inflammatory factors via ELISA (from left to right: PPARG, TNF-α, IL-1β, IL-6, and IL-10). (B,C) Results of WB and qPCR analysis of VEGF, VEGFR2, and PPARG in the retina. (D,E) Results of WB and qPCR analysis of VEGF and VEGFR2 in the liver. (F,G) Liver glucolipid metabolism-related indices determined via WB and qPCR (from left to right: PPARG, PEPCK, G6PASE, SREBP-1C and Fas). Compared with the C group, *p < 0.05, **p < 0.01, ***p < 0.001. Compared with the M group, #p < 0.05, ##p < 0.01, ###p < 0.001. ns, no significance.




3.13 Effects of drug intervention on the expression of VEGF and VEGFR2 in the retinal tissue of DR model mice

Angiogenesis is the main pathogenic mechanism of DR, and VEGF is an important marker of angiogenesis. Upon detection of VEGF and VEGFR2 expression in the retinas of the experimental mice via WB and qPCR, we found that VEGF and VEGFR2 were upregulated in the retinas of the mice in group M compared with those of the mice in group C. Compared with those of the mice in group M, the expression levels of VEGF and VEGFR2 in the retinas of the mice in groups D, S, and P were reduced to different degrees (Figures 8B,C).



3.14 Effects of drug intervention on the expression of PPARG and markers of glucose and lipid metabolism in the livers of DR model mice

Since PPARG plays important roles in fatty acid storage and glucose metabolism, on the basis of its upregulation in the retina, we examined the levels of PPARG and glycolipid metabolism-related indices in the liver. The results revealed that PPARG was downregulated in the livers of group M mice compared with those of group C mice and was upregulated in the livers of group D, S, and P mice compared with those of group M mice (Figures 8F,G). The expression levels of PEPCK, G6PASE, SREBP-1c, and Fas were increased in the livers of the mice in group M compared with those in group C but decreased to varying degrees in the livers of the mice in groups D, S, and P compared with those in group M (Figures 8F,G). Similarly, we examined VEGF and VEGFR2 expression in the liver, and the results revealed that VEGF and VEGFR2 were upregulated in the livers of the mice in group M compared with that of the mice in group C and downregulated in the livers of the mice in groups D, S, and P compared with that of the mice in group M (Figures 8D,E).




4 Discussion

DR is a common microvascular complication of diabetes caused by sustained hyperglycaemia that leads to tissue, nerve, and microcirculation disorders in the eye, ultimately resulting in damage to or the loss of visual function. HQ, NZZ, and SZY are commonly used Chinese herbs for treating DR. Together, these herbs nourish liver blood to brighten the eyes and have shown significant therapeutic effects in the clinical treatment of DR. The complexity of the diverse components and vast data have led to significant limitations in elucidating the material basis of Chinese herbal components and their specific mechanisms of action in disease treatment. AI technology, with its powerful data processing and pattern recognition capabilities, has shown great potential in analyzing the complex chemical component TCM datasets. In this study, we applied AI technology to explore the therapeutic mechanisms of the herbal trio HQ–NZZ–SZY in detail, aiming to provide more substantial scientific evidence for clinical application.

In this study, the core components of HQ, NZZ, and SZY were mined on the basis of OB ≥ 30% and DL ≥ 0.18. A comprehensive analysis of their predicted target genes was also conducted. The targets of the TCM were merged with genes related to DR from the CTD, GeneCards, and DisGeNET databases to construct a core target network, which led to the identification of 12 core genes, including PPARG (Figure 2D). The differential expression of PPARG in DR and its significant diagnostic and predictive capabilities were validated on public databases (Figures 3A–C). Animal experiments confirmed that the level of PPARG in the retinal tissue of DR model mice was significantly lower than that in the mice in the blank control group (Figures 8B,C). The liver is an important site for glucose and lipid metabolism and can store glucose by synthesizing glycogen and regenerate glucose via gluconeogenesis under fasting conditions. Therefore, the expression of PPARG in the livers of DR model mice was evaluated and it was revealed that, compared with that in the blank control group, the expression of PPARG in the livers of DR model mice also tended to decrease (Figures 8F,G). Some other core genes also play important roles in the development and progression of DR. Studies have shown that increased MAPK14 levels inhibit IGFBP-3 expression, and intravitreal injection of IGFBP-3 can reduce TNF-α levels in the retinal tissue of diabetic rats, thereby potentially mitigating retinal damage caused by inflammatory responses. Elevated proinflammatory factors increase ICAM1 expression, which contributes significantly to microcirculation disorders in diabetic patients, leading to leukocyte adhesion and aggregation in retinal vessel walls, which disrupts the blood-retina barrier and damages retinal nerve cells (33–35).

To study the potential therapeutic effects of the TCM herbal trio HQ, NZZ and SZY on DR, the interactions of their main components with PPARG were explored via molecular docking. It was revealed that the nine components betulinic acid, hederagenin, calycosin, β-sitosterol, eriodictyol, lucidusculine, telocinobufagin, stigmasterol, and tetrahydroalstonine strongly bind to PPARG (Figures 4A–J). This implies that this herbal trio may play an important role in the treatment of DR by regulating the expression levels of PPARG. To further explore the therapeutic effects of these nine components on DR, three ML models integrating molecular fingerprint techniques, SVM, RF, and XGBoost, were constructed for their systematic evaluation. Among the evaluated models, the XGBoost model achieved the highest mean AUC and showed better performance in terms of precision, recall, and F1 score, along with improved confusion matrix metrics (TP, TN, FP, and FN), compared with the other two models (Figures 5A–H). Therefore, further data mining was performed using the XGBoost model. The results showed that stigmasterol had the greatest z score, suggesting that stigmasterol may exhibit significant efficacy in the treatment of DR (Figure 5I).

FBDD plays a significant role in drug discovery and development. Structure-based fragmentation is a methodology used in drug design and compound synthesis to decompose compounds into small molecular fragments, thereby identifying and optimizing key structural features and conformational relationships (36). The algorithms used for fragmentation analysis in this study are the BRICS algorithm and the RECAP algorithm. Both algorithms are mainly based on the principle of trans-synthesis, where a set of rules controls the cleavage of chemical bonds, usually emphasizing the selective cleavage of acyclic bonds (37). It was found that stigmasterol yielded different fragmentation patterns when analyzed with the two algorithms; specifically, the BRICS algorithm identified an additional set of carbon chain breaks compared to the RECAP algorithm, suggesting that it may be necessary to evaluate the chemical units synthesized (Figure 6A). The remaining eight drug components are also somewhat amenable to molecular fragmentation segmentation using algorithms, suggesting that they also have potential as lead components (Figures 6B–I).

Stigmasterol is a plant-derived sterol widely present in various plants and foods, such as vegetable oils, nuts, and grains, that has a tricyclic chemical structure similar to that of cholesterol (38, 39). Stigmasterol also has good anti-inflammatory, immunomodulatory, antioxidant, and hypoglycaemic effects (40). Studies have shown that stigmasterol can improve insulin deficiency in patients with diabetes by inhibiting pancreatic cell apoptosis and, in some studies, exhibits activity as an α-glucosidase inhibitor, which is considered to play an important role in lowering blood sugar (41, 42). Furthermore, the efficacy of the TCM herbal trio and stigmasterol were validated in a DR mouse model. Compared with those of the control group mice, the retinal cells of the model group mice presented unclear boundaries, dilated blood vessels, newly formed blood vessels (Figure 7F). Moreover, the FBG, HbA1c, TC, TG, and LDL-C levels significantly increased (p < 0.001), whereas the level of HDL-C decreased (p < 0.001). Intervention with the TCM herbal trio or stigmasterol significantly reduced the FBG, HbA1c, TC, TG, and LDL-C levels (p < 0.05) while increasing the HDL-C level (p < 0.05) (Figures 7C–E). Furthermore, in the retinal tissue, blood vessel dilation was alleviated, there were fewer new blood vessels, the cell layers were distinguishable, there were significantly more cells in each layer, the arrangement was more orderly, vacuolar changes were diminished, and there was less shedding of RGCs, collecting approaching normal retinal morphology (Figure 7F). Previous experimental evidence has suggest that stigmasterol can enhance the expression levels of PPARG in vivo (43). In the course of our research, intervention with the TCM herbal trio or stigmasterol increased the expression of PPARG (p < 0.05) (Table 2), indicating that both the herbal trio and stigmasterol may play a role in lowering blood sugar, regulating lipids, and improving ocular fundus lesions in DR by regulating the expression of PPARG.


TABLE 2 Research comparison.
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Moreover, PPARG is an important regulatory factor in glucose and lipid metabolism that can improve insulin resistance and enhance the sensitivity of target organs to insulin; thus, PPARG has a role in lowering blood sugar (44–48). PEPCK, G6Pase, SREBP-1c and Fas are important indicators reflecting the status of glycolipid metabolism in the liver: PEPCK and G6Pase are the rate-limiting enzymes in glycogenolysis and gluconeogenesis in the liver (49). SREBP-1c regulates the conversion of glucose to lipids in the liver. Inhibiting SREBP-1c expression can effectively reduce fat production and lipid accumulation (50, 51). Fas is a key enzyme in the conversion of glucose to fatty acids (52–54). Fas inhibitors can effectively increase insulin sensitivity and play an important role in maintaining glucose homeostasis in the body (55). Therefore, in this study, the levels of the abovementioned glucose and lipid metabolism-related indicators in the liver were evaluated. Compared with those in group C, the expression levels of PEPCK, G6Pase, SREBP-1c, and Fas were increased in the livers in group M (p < 0.001). Furthermore, compared with those in group M, the expression levels of PEPCK, G6Pase, SREBP-1c, and Fas in the livers in groups D, S, and P decreased to varying degrees (p < 0.05) (Figures 8F,G). A cohort study shows that improved glucose and lipid metabolism and controlling blood sugar and lipid levels in T2DM can reduce microvascular complications like DR (56). These findings indicate that the TCM herbal trio and stigmasterol can regulate glucose and lipid metabolism possibly through promoting the activity of PPARG, thereby playing a therapeutic role in DR.

On the other hand, PPARG is an important immunomodulator that is closely associated with the expression levels of inflammatory mediators and the inflammasome activation (57). Analysis of the interactions between PPARG and the immunological microenvironment revealed significant correlations between PPARG and 13 different types of immune cells. Specifically, PPARG is negatively correlated with plasma cells, gamma delta T cells, M1 macrophages, and naive B cells, which may suggest that these cells are more active in environments with low PPARG expression or are related to the suppressive effects of PPARG. Conversely, PPARG is positively correlated with nine types of immune cells, including M2 macrophages, which may indicate that these cells play a positive role in microenvironments where PPARG expression is active (Figure 3D). Persistent hyperglycaemia can lead to chronic inflammation within the body, and as the inflammatory response intensifies, inflammatory cells infiltrate and damage retinal tissues, exacerbating retinal vascular permeability, vascular dilation, and retinal thickening (58). The upregulation of PPARG cannot only redirect sugar metabolism but also alleviate the inflammatory response within the body, thereby reducing the damage caused by hyperglycaemia (30). Studies have shown that stigmasterol reduces the expression levels of serum IL-1β, IL-6, TNF-α, and other inflammatory mediators, which may be due to its ability to activate PPARG. This activation can improve the balance between Treg and Th cells and reduce systemic inflammation (59). Moreover, in the serum of the DR model mice, it was found that compared with those in group C, the levels of the proinflammatory factors TNF-α, IL-1β, and IL-6 were significantly increased (p < 0.001) and the level of the anti-inflammatory factor IL-10 was decreased (p < 0.001) in group M (Table 2). Additionally, compared with group M, the levels of TNF-α, IL-1β and IL-6 were reduced (p < 0.05) while IL-10 was increased (p < 0.05) in the groups D, S, and P (Figure 8A). These findings indicate that the TCM herbal trio and stigmasterol can reduce the levels of proinflammatory factors and increase the levels of anti-inflammatory factors in the body, thereby improving inflammation in DR.

In this study, in-depth GO and KEGG enrichment analyses of the 12 core targets of the TCM herbal trio were conducted. The analyses revealed that three signaling pathways, including the VEGF signaling pathway, were significantly enriched (Figure 2F). VEGF is an important factor that regulates angiogenesis. In DR, VEGF can bind to its receptor (VEGFR2), which promotes the formation of new blood vessels at the fundus and increases vascular permeability. Compared with normal blood vessels, these pathological new blood vessels lack stable endothelial cells and peripheral supporting cells, making them structurally immature and prone to rupture, which can cause damage to and bleeding in the retina and lead to manifestations such as cystoid macular oedema and optic disc oedema, which are characteristic of DR (32, 58). Studies have shown that increased VEGF expression can activate PPARG phosphorylation, inducing lipid synthesis that promotes T-cell activation, thereby maintaining the activated state of T cells and promoting the occurrence of inflammatory responses (60). Therefore, changes in the expression of the factors in VEGF pathway may initiate the induction of fundus lesions in DR. Consequently, the expression of VEGF and VEGFR2 in retinal and liver tissues was detected. Compared with those in group C, the expression levels of VEGF and VEGFR2 in the retina and liver in group M were increased (p < 0.001) (Table 2), but compared with those in group M, the expression levels of VEGF and VEGFR2 in the retina and liver in groups D, S, and P decreased (p < 0.05) (Figures 8B–E), indicating that the VEGF/VEGFR2 pathway may be the mechanism by which the TCM herbal trio and stigmasterol exert their therapeutic effects on vascular lesions in the fundus of DR patients.

In summary, in this study, a multimodule framework (BNM) that integrates bioinformatics, network pharmacology, and ML based on molecular fingerprints was developed to thoroughly investigate the potential mechanisms of action of the TCM formula consisting of HQ, NZZ, and SZY on DR, and the mechanisms were validated with animal experiments. This study elucidates the specific molecular mechanisms by which these TCM components treat DR from both theoretical computational and biological experimental perspectives, offering a new perspective for medical research. In vivo experiments have demonstrated that the combined HQ-NZZ-SZY formula, along with their key component stigmasterol, can modulate the expression of PPARG. This modulation helps regulate glucose and lipid metabolism while reducing systemic inflammation, thereby inhibiting retinal neovascularization and attenuating the progression of DR. Given that insulin resistance constitutes a critical pathophysiological mechanism in diabetes, based on the aforementioned experimental findings, we tentatively propose that stigmasterol may serve as a potential PPARG modulator for diabetic patients exhibiting significant insulin resistance. This could not only delay DR progression but also ameliorate hyperglycemia and dyslipidemia induced by insulin resistance. However, this study still has some limitations. First, although the molecular mechanism of DR regulation by stigmasterol in this study was investigated by the multimodal BNM framework and verified by animal experiments, the computational results may be biased due to the limited generalization ability of machine learning algorithms and the complexity and diversity of biological systems, and further experiments with human samples are still needed to verify our findings. Secondly, the FBDD-based drug research design in this study is still at a preliminary theoretical stage, necessitating further investigations. Finally, this study shows that upregulation of PPARG inhibits the VEGF/VEGFR2 pathway, thereby attenuating key pathological features of DR. Future in-depth studies are planned to elucidate the precise underlying molecular mechanisms. Therefore, future work will focus on collecting more clinical trial data and animal experimental models for more in-depth research.
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Introduction: The use of vital dyes is essential for enhancing visualization of the vitreous and vitreoretinal interface during surgery. In this study, we evaluated the efficacy of a new lutein-based vital dye (LB-VD) for selective staining of the vitreous body and posterior hyaloid in patients undergoing 25 G vitrectomy for idiopathic epiretinal membrane (ERM).
Methods: A total of 18 patients who underwent ERM surgery assisted by LB-VD were retrospectively analyzed. The surgeon completed a postoperative satisfaction questionnaire to evaluate the vitreous staining. Data on best-corrected visual acuity (BCVA), central retinal thickness (CRT), intraocular pressure (IOP), and fixation stability were collected at baseline and at 4 and 6 months post-surgery.
Results: LB-VD effectively stained the vitreous body and posterior hyaloid, facilitating key surgical maneuvers. Significant improvements were observed in BCVA and CRT at both 4 and 6 months post-surgery. Specifically, BCVA improved from 0.60 ± 0.29 LogMAR at baseline to 0.33 ± 0.26 LogMAR at 4 months (p = 0.004) and to 0.32 ± 0.25 LogMAR at 6 months (p = 0.003). CRT decreased significantly from 429 (375–499) μm at baseline to 335 (254–375) μm at 4 months (p = 0.03) and to 323 (240–356) μm at 6 months (p = 0.01). Fixation stability improved in approximately 95% of patients by 6 months. No significant changes in IOP were noted.
Discussion: LB-VD provided clear visualization of the vitreous body and posterior hyaloid, thereby facilitating key vitreoretinal surgical tasks. These findings suggest that LB-VD is an effective and safe alternative to traditional dyes currently used in vitreoretinal surgery.
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 chromovitrectomy; vitreoretinal surgery; vitreous body staining; posterior hyaloid detachment; idiopathic epiretinal membrane


1 Introduction

The ability to visualize tissues and anatomical planes is crucial in vitreoretinal surgery. To improve visualization of the vitreous, internal limiting membrane (ILM), and the epiretinal membrane and to enable delicate maneuvers, vital dyes or crystals are used to stain these intraocular components (1, 2).

Vital dyes are molecules containing chromophores that bind living tissues through chemical reactions, thereby enhancing visualization and their subsequent removal during vitreoretinal surgery (2). The first vital dye introduced for this purpose was indocyanine green (ICG), which was used to improve the visualization of the ILM. However, numerous clinical and experimental studies have revealed retinal toxicity associated with ICG, including changes in the retinal pigment epithelium (RPE), visual field defects, and optic nerve atrophy. These challenges have led to the exploration of alternative dyes, such as Trypan Blue (TB), Patent Blue (PB), and Brilliant Blue G (BBG) (3–6).

In this regard, triamcinolone acetonide (TA) is traditionally used to stain the vitreous, aiding in visualization and delicate surgical maneuvers such as performing posterior vitreous detachment, cutting the vitreous base, and removing the peripheral vitreous cortex. Unlike vital dyes, TA adheres to acellular tissues and consists of water-insoluble synthetic corticosteroid crystals that connect vitreous fibrils, enhancing visualization (7). Two formulations of TA are used in vitreoretinal surgery: non-preservative-free triamcinolone acetonide (non-PFTA) (Kenalog®; Bristol-Myers Squibb, NJ), which contains 0.99% benzyl alcohol as a preservative, and preservative-free triamcinolone acetonide (PFTA; Triesence®; Alcon, Fort Worth, Texas). Initially used as an off-label intravitreal treatment of macular edema, TA has been adopted as a dye in pars plana vitrectomy (PPV) (8). However, studies have shown increased septic risk, higher post-injection intraocular pressure, and toxicity to human neuroretinal and RPE cell cultures, primarily due to the presence of benzyl alcohol (9–14). Therefore, several strategies have been adopted to reduce the potential toxicity of TA, such as dilution with a balanced salt solution. Finally, PFTA formulations were developed and approved for intravitreal use; however, even in these formulations, the results regarding the safety profile remain controversial (15–18). Furthermore, TA is a non-selective dye that stains indiscriminately all tissues at the vitreous–retinal interface, including the vitreous, posterior hyaloid, vitreous cortex residues, ERM, and ILM (2, 7).

The introduction of a lutein-based vitreous dye (LB-VD; Vitreo Lutein) offers a potentially safer alternative to TA-based formulations. LB-VD not only improves visualization of vitreous fibrils but also provides additional benefits related to blue light filtering and the neuroprotective and antioxidant properties of lutein and zeaxanthin (19, 20). In vitro, LB-VD demonstrated a superior safety profile over all TA-based formulations in terms of cell vitality, metabolism, and proliferation (15). Moreover, LB-VD selectively stains the vitreous and posterior hyaloid without interacting with the membranes at the vitreous–retinal interface (1, 2).

To date, no clinical studies have evaluated the safety and efficacy of LB-VD. Therefore, this study aims to assess the properties of LB-VD in a cohort of patients with idiopathic ERM undergoing PPV.



2 Materials and methods

A retrospective observational study was conducted at the Eye Clinic of the University of Campania “Luigi Vanvitelli,” involving 18 patients who underwent vitrectomy for idiopathic macular pucker. The study adhered to the principles outlined in the Declaration of Helsinki and was approved by the Ethics Committee of the University of Campania “Luigi Vanvitelli” (Protocol 0013692/I, 09 May 2024). All participants were informed about the potential risks and benefits of the surgical procedure, and they consented to participate by signing a written informed consent form.

Patients with idiopathic ERM were included in the study. The exclusion criteria were as follows: refractive error ≥ ± 6.0 diopters, history of ocular trauma or surgery, advanced cataract, glaucoma or other optic neuropathies, secondary epiretinal membrane (ERM), choroidal neovascularization of any origin, diabetic retinopathy, retinal vascular occlusion, central serous chorioretinopathy (CSCR), macular hole, macular telangiectasia, and age-related macular degeneration (AMD).

Baseline data, including gender, age, best-corrected visual acuity (BCVA), central retinal thickness (CRT), intraocular pressure (IOP), microperimetry (MP), and lens status (phakic and pseudophakic), are summarized in Table 1.



TABLE 1 Baseline demographic and ocular characteristics.
[image: Table showing characteristics of 18 patients analyzed. Gender distribution: 7 males (38.8%), 11 females (61.2%). Mean age is 69.77 years with a standard deviation of 5.15. Best-corrected visual acuity (LogMAR) mean is 0.33 with a standard deviation of 0.26. Central retinal thickness median is 429 micrometers. Intraocular pressure median is 14 mmHg. Microperimetry sensitivity median is 14 dB. Fixation stability: 7 stable (39%), 1 relatively stable (5%), 10 unstable (56%). Lens status: 6 phakia (30%), 12 IOL (70%).]

All surgeries were performed by the same expert vitreoretinal surgeon (SR), using the vital dye LB-VD (crystallin lutein 2%; 019004 Vitreo Lutein™; VitreoCare – Alfa Instruments, Italy) to visualize the vitreous body during 25G PPV. In phakic patients, vitrectomy was combined with phacoemulsification of the cataract and implantation of an intraocular lens (IOL) to prevent cataract formation from affecting the final visual outcome. The surgical procedure included the following steps: performing three sclerotomies via 25G trocars; initial vitrectomy; introduction of LB-VD; core vitrectomy with removal of the posterior hyaloid; introduction of Dual blue dye with a 2 min wait time; epiretinal membrane peeling; inspection of the peripheral retina; air tamponade; and suturing of sclerotomies, if necessary. An intraoperative OCT visualization system (iOCT-ZEISS ARTEVO 800) was employed throughout the procedure to facilitate visualization of the vitreous body and to assess the outcome of epiretinal membrane peeling. All procedures adhered to international standards, and no intraoperative or postoperative complications were reported. Surgical procedures were recorded in MP4 format, enabling frame extraction for the analysis of LB-VD’s effectiveness in optimizing vitreous and posterior hyaloid visualization. Additionally, at the end of each vitrectomy, the surgeon completed a satisfaction questionnaire to evaluate LB-VD’s ability to distinctly identify the vitreous body and posterior hyaloid.

All patients underwent a comprehensive ophthalmological examination, which included measuring the best-corrected visual acuity (BCVA-LogMAR) using Early Treatment Diabetic Retinopathy Study (ETDRS) charts at 2 m, assessing the anterior segment with slit lamp biomicroscopy, and measuring intraocular pressure with Goldmann applanation tonometry. Fundus examination was conducted using binocular indirect ophthalmoscopy, and spectral domain optical coherence tomography (SD-OCT) was performed using the ZEISS CIRRUS 5000 system (Carl Zeiss, Dublin, CA), using a five-line raster scan and macular cube scan pattern. Additionally, microperimetry was performed with the Nidek MP-3 (Nidek Technologies, Italy) to evaluate the mean sensitivity of the central macular area and fixation stability within central 2 and 4 degrees (FS 2° and FS 4°).

These examinations were repeated at baseline, 4 months, and 6 months after vitrectomy to assess anatomical and functional changes resulting from the surgery.


2.1 Statistical analysis

The Shapiro–Wilk test and Levene’s test were employed to assess data distribution and homogeneity. Variables based on repeated observations were analyzed using Friedman’s test, followed by Dunn’s post-hoc test, or using repeated measures analysis of variance (RM-ANOVA), followed by Bonferroni’s multiple comparison test. For RM-ANOVA, Mauchly’s test was performed to assess sphericity, and if violated, the appropriate correction (Greenhouse–Geisser or Huynh-Feldt) was applied. RM-ANOVA data were reported as mean ± standard deviation (SD), while skewed data were presented as median (interquartile range -IQR). A p-value of <0.05 was considered statistically significant.




3 Results

At the Eye Clinic of the “Luigi Vanvitelli” University of Campania, 18 patients (7 men and 11 women) with a mean age of 69.8 ± 5 years, diagnosed with idiopatic macular pucker and undergoing 25G vitrectomy, were enrolled. A total of 18 eyes (one from each patient) were analyzed. The baseline informations are summarized in Table 1.

All surgical procedures were performed according to international standards, and no intra-operative and/or postoperative complications, inflammation, or adverse events were recorded. After the procedure, the surgeon completed a satisfaction questionnaire and expressed satisfaction with the LB-VD dye’s ability to distinctly identify the vitreous body and posterior hyaloid (Figure 1). Additionally, by extracting frames from the surgical videos, the dye’s effective performance was objectively documented. LB-VD was observed to integrate well with the vitreous gel, selectively coloring the posterior hyaloid due to its specific affinity (Figure 2).

[image: Questionnaire titled "Use of micronized Lutein crystals for selective staining of vitreous and/or posterior hyaloid." It includes sections for frequency of dye use, surgical timing, target structures, and dye effectiveness. Various options like "Never," "Rarely," "Always" are available. Users can assess dye visibility and usefulness, comparing it to other dyes. Surgeon evaluations for structures stained are noted, with options like "Posterior hyaloid" and "Vitreous." The conclusion assesses the dye's utility in surgical procedures.]

FIGURE 1
 Questionnaire on the use of micronized lutein crystals for selective staining of the vitreous and/or posterior hyaloid during PPV. The form includes questions regarding the frequency of dye use, time of surgery, identification of target structures, and the surgeon’s evaluation of the dye’s usefulness for surgical procedures such as posterior vitreous detachment.


[image: Close-up view of an illuminated inner eye during a retinal surgery, showing a surgical instrument inserted into the eye with a glowing red-orange background.]

FIGURE 2
 Intraoperative image demonstrating successful staining and ability to highlight the vitreous and the posterior hyaloid with LB-VD.


Analyzing the functional results after vitrectomy, we observed that all patients exhibited a statistically significant improvement in BCVA at 4- and 6-month follow-ups. At 4 months, the average BCVA improved from 0.60 ± 0.29 LogMAR to 0.33 ± 0.26 LogMAR (p = 0.004). At 6 months, it further improved to 0.32 ± 0.25 LogMAR (p = 0.003). No significant difference in BCVA was observed between the 4- and 6-month time points (p > 0.05) (Figure 3). A significant reduction in mean central retinal thickness (CRT) was observed both at 4- and 6-month post-surgery. At 4 months, the mean CRT decreased from 429 (375–499) μm to 335 (254–375) μm (p = 0.03). At 6 months, the CRT was further reduced to 323 (240–356) μm (p = 0.01). No significant differences in CRT were noted between the 4-month and 6-month follow-up periods (p > 0.05) (Figures 4, 5). Analysis of intraocular pressure (IOP) revealed no significant changes compared to baseline during the follow-up period (p > 0.05) (Figure 6). Microperimetry results revealed no significant changes in macular sensitivity compared to baseline at any follow-up time point (p > 0.05). However, with regard to fixation stability, the following observations were recorded: (a) 56% of patients (n = 10) who had unstable fixation at baseline achieved stable fixation by 6 months after vitrectomy; (b) 39% of patients (n = 7) maintained stable fixation throughout the follow-up period; and (c) 5% of patients (n = 1) had unstable fixation both at baseline and at all follow-up time points (Figure 7).

[image: Box plot comparing BCVA (LogMAR) scores at baseline, 4 months, and 6 months. Baseline mean ± SD is 0.60 ± 0.29, with significant improvement at 4 months (0.33 ± 0.26) and 6 months (0.32 ± 0.25). P-values show significant differences (P = 0.003 and P = 0.004).]

FIGURE 3
 Improvement in best-corrected visual acuity (BCVA) at 4 and 6 months compared to baseline. The box plot shows a significant increase (p < 0.01) in mean BCVA at 4 months (0.33 ± 0.26 LogMAR) and 6 months (0.32 ± 0.25 LogMAR) compared to baseline (0.60 ± 0.29 LogMAR) (RM-ANOVA followed by Bonferroni’s test and Geisser–Greenhouse correction). Data are reported as mean ± standard deviation (SD).


[image: Box plot showing central retinal thickness (CRT) in micrometers over three time points: baseline, 4 months, and 6 months. Median CRT values decrease from 429 µm at baseline to 335 µm at 4 months, and 323 µm at 6 months. P-values indicate statistically significant reductions from baseline to both 4 and 6 months.]

FIGURE 4
 Changes in central retinal thickness (CRT) at 4 and 6 months compared to baseline. The box plot shows a significant reduction (p < 0.05) in CRT at 4 months [335 (254–375) μm] and 6 months [323 (240–356) μm] compared to baseline [429 (375–499) μm] (Friedman’s test, followed by Dunn’s test). Data are reported as median and interquartile range (IQR).


[image: Optical coherence tomography images showing cross-sectional views of the retina. Panel A displays retinal layers with irregularities and elevated areas. Panel B shows a smoother, more uniform retinal layer structure.]

FIGURE 5
 SD-OCT pre-operative (A) and 6-month post-ERM surgery (B) images of the left eye of a 67-year-old woman. Note the successful peeling and the morphological recovery of the foveal profile.


[image: Box plot showing intraocular pressure (IOP) measurements at baseline, 4 months, and 6 months. Median values are 14 mmHg (IQR 13-16), 13 mmHg (IQR 11-16), and 15 mmHg (IQR 13-17), respectively. P-values are 0.61 for baseline vs. 4 months and 0.20 for baseline vs. 6 months.]

FIGURE 6
 Analysis of intraocular pressure (IOP) at baseline, 4 months, and 6 months. The box plot shows stable IOP values across all time points, with no significant differences (p > 0.05) at 4 months [13 (11–16) mmHg] and 6 months [15 (13–17) mmHg] compared to baseline [14 (13–16) mmHg] (Friedman’s test, followed by Dunn’s test). Data are reported as median and interquartile range (IQR).


[image: Box plot comparing MP3 levels in decibels at baseline, four months, and six months. Median and interquartile range at baseline are 14 (12-16), and at both four and six months are 13 (7-17). P-values are 0.65 and 0.72.]

FIGURE 7
 Retinal sensitivity measured using microperimetry (MP3) at 4 and 6 months compared to baseline. The box plot shows stable MP3 over the time: 14 (12–16) dB at baseline, 13 (7–17) dB at 4 months, and 13 ± (7–17) dB at 6 months. No statistically significant differences (p > 0.05) were observed at 4 and 6 months (compared to baseline) (Friedman’s test, followed by Dunn’s test). Data are reported as median and interquartile range (IQR).




4 Discussion

The evaluation of the efficacy and safety of various dyes used in vitreoretinal surgery remains a critical and evolving area of research. In this context, we have conducted an innovative analysis of a new LB-VD designed specifically for selective staining of the vitreous body and posterior hyaloid. This study focused on a cohort of patients with idiopathic ERM who underwent 25G PPV with LB-VD assistance.

Since 2000, chromovitrectomy, the intraocular application of dyes to facilitate visualization of preretinal tissues during vitreoretinal surgery, has become a popular approach to facilitate the performance of key surgical maneuvers, such as ILM and ERM peeling, along with sufficient vitreous removal. The first dye used in chromovitrectomy, ICG, facilitated ILM identification but showed multiple signs of retinal toxicity (5, 6). Subsequently, additional dyes, such as TB and PB, were introduced for the identification of the ERM, and TA for a better vitreous visualization. Finally, more recently, other natural dyes with anti-inflammatory and antioxidant properties, such as lutein and anthocyanin derived from the açaí fruit, have been proposed (21–24).

TA has traditionally served as the reference dye in vitreoretinal surgery due to its effectiveness in staining the vitreous gel, thereby enhancing visualization and facilitating delicate surgical maneuvers such as posterior vitreous detachment and removal of vitreous cortex remnants (7). Despite the introduction of various formulations of TA, including PFTA versions and injectable suspensions (e.g., Triesence), concerns about its safety persist. Challenges such as cytotoxicity, IOP elevation, cataract development, and risk of sterile endophthalmitis are notable (16, 25–30). Preclinical studies have highlighted that non-PFTA formulations, primarily due to the presence of benzyl alcohol, can lead to reduced cell survival, apoptosis, and subsequent retinal degeneration in human retinal cell cultures (14, 31–34). To address these concerns, several strategies have been employed, including dilution with a balanced salt solution and the development of preservative-free formulations. In recent times, the preservative-free triamcinolone acetonide injectable suspension (TAIS; TRIESENCE; Alcon, Inc., Fort Worth, TX) has been introduced (35); however, even with this latest formulation, questions about retinal cytotoxicity remain. For instance, research by Spitzer et al. has shown that PFTA formulations tend to form larger crystalline aggregates, which can increase contact with retinal tissue and pose a higher risk of cytotoxicity (18).

In recent times, other natural dyes, such as lutein and anthocyanin derived from açaí fruit, have been proposed for intraocular application during vitrectomy. In particular, a new lutein-based vital dye has been introduced as a potentially safer alternative (36). Using in vitro models, Lazzara et al. recently demonstrated that LB-VD showed a better safety profile than all TA-based formulations, even when used in combination with perfluorodecalin (PFD), showing the highest levels of cell viability, metabolism, and proliferation (15). Furthermore, LB-VD offers advantages linked to its antioxidant properties, neuroprotective effects, and blue light filtering action. These benefits are attributable to the presence of lipophilic pigments, such as lutein and zeaxanthin, which are physiologically present in the retina.

Furthermore, some authors have highlighted the ability of crystallized lutein-based dyes to improve the visualization of epiretinal membranes using iOCT compared to soluble lutein-based formulations (37). Although lutein-based blue dyes have already been used in vitreoretinal surgery to stain the ILM and/or ERM, demonstrating a good safety profile and effective staining capabilities (36, 38), no clinical studies, to date, have evaluated the properties of crystallin lutein 2% LB-VD. Therefore, we analyzed the effectiveness of LB-VD in staining and improving the visualization of the vitreous body and the posterior hyaloid. We also evaluated the anatomical and functional changes in a cohort of 18 patients with idiopathic macular pucker who underwent 25G PPV assisted by LB-VD. The results were promising: the surgeon reported high levels of satisfaction with LB-VD (as demonstrated by the outcome of the questionnaires), highlighting its excellent ability to visualize the vitreous and the posterior hyaloid, which turned an orange color shortly after dye injection. This facilitated key surgical maneuvers, such as posterior hyaloid detachment and removal of residual peripheral vitreous cortex. Additionally, we observed statistically significant improvements in BCVA and CRT both at 4- and 6-month post-vitrectomy. Fixation stabilization was achieved in approximately 95% of patients by the end of the 6-month follow-up, with no significant changes in intraocular pressure.



5 Conclusion

In conclusion, despite certain study limitations, such as a small sample size, short follow-up, and a collection of questionnaire responses obtained from a single surgeon, our results support the hypothesis that LB-VD is comparable to various vitreous dye formulations, such as TA, in determining effective staining of the vitreous and the posterior hyaloid, further allowing for better ERM visualization through the iOCT. Furthermore, LB-VD shows a specific selectivity for the vitreous body and the posterior hyaloid without any risk of intraoperative or postoperative complications. Overall, these findings suggest that LB-VD may offer a valuable and safer alternative to traditional dyes used in vitreoretinal surgery, with the added benefit of potentially reducing cytotoxic risks while improving surgical outcomes. Further studies are warranted to validate these findings and explore the long-term benefits and safety of LB-VD in a broader patient population.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The studies involving humans were approved by the Ethics Committee of University of Campania “Luigi Vanvitelli,” Protocol 0013692/I, 09/05/2024. The study was conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

SR: Conceptualization, Methodology, Data curation, Writing – original draft. CG: Conceptualization, Data curation, Methodology, Writing – original draft. MDC: Methodology, Data curation, Writing – original draft. ADG: Visualization, Writing – original draft, Data curation. AR: Visualization, Writing – original draft, Data curation. MCT: Data curation, Validation, Writing – original draft. FS: Writing – review & editing, Validation, Supervision.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study was funded by the Italian Ministry of Education, University and Research, grant number PRIN 2020FR7TCL_002.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References
	 1. Rodrigues, EB, Meyer, CH, and Kroll, P. Chromovitrectomy: a new field in vitreoretinal surgery. Graefes Arch Clin Exp Ophthalmol. (2005) 243:291–3. doi: 10.1007/s00417-004-0992-x 
	 2. Farah, ME, Maia, M, Penha, FM, and Rodrigues, EB. The use of vital dyes during vitreoretinal surgery – Chromovitrectomy. In: QD Nguyen, EB Rodrigues, ME Farah, WF Mieler, and DV Do, editors. Developments in ophthalmology. Basel, Switzerland: S. Karger AG (2016). 365–75.
	 3. Weinberger, AW, Schlossmacher, B, Dahlke, C, Hermel, M, Kirchhof, B, and Schrage, NF. Indocyanine-green-assisted internal limiting membrane peeling in macular hole surgery – a follow-up study. Graefes Arch Clin Exp Ophthalmol. (2002) 240:913–7. doi: 10.1007/s00417-002-0544-1 
	 4. Stanescu-Segall, D, and Jackson, TL. Vital staining with indocyanine green: a review of the clinical and experimental studies relating to safety. Eye. (2009) 23:504–18. doi: 10.1038/eye.2008.249 
	 5. Rodrigues, EB, Meyer, CH, Farah, ME, and Kroll, P. Intravitreal staining of the internal limiting membrane using indocyanine green in the treatment of macular holes. Ophthalmologica. (2005) 219:251–62. doi: 10.1159/000086107 
	 6. Narayanan, R, Kenney, MC, Kamjoo, S, Trinh, T-HT, Seigel, GM, Resende, GP , et al. Toxicity of Indocyanine green (ICG) in combination with light on retinal pigment epithelial cells and neurosensory retinal cells. Curr Eye Res. (2005) 30:471–8. doi: 10.1080/02713680590959312 
	 7. Couch, SM, and Bakri, SJ. Use of triamcinolone during vitrectomy surgery to visualize membranes and vitreous. Clin Ophthalmol. (2008) 2:891–6. doi: 10.2147/opth.s3434 
	 8. Martidis, A, Duker, JS, Greenberg, PB, Rogers, AH, Puliafito, CA, Reichel, E , et al. Intravitreal triamcinolone for refractory diabetic macular edema. Ophthalmology. (2002) 109:920–7. doi: 10.1016/s0161-6420(02)00975-2 
	 9. Nelson, ML, Tennant, MTS, Sivalingam, A, Regillo, CD, Belmont, JB, and Martidis, A. Infectious and presumed noninfectious endophthalmitis after intravitreal triamcinolone acetonide injection. Retina. (2003) 23:686–91. doi: 10.1097/00006982-200310000-00014 
	 10. Yamakiri, K, Sakamoto, T, Noda, Y, Nakahara, M, Ogino, N, Kubota, T , et al. Reduced incidence of intraoperative complications in a multicenter controlled clinical trial of triamcinolone in vitrectomy. Ophthalmology. (2007) 114:289–96. doi: 10.1016/j.ophtha.2006.07.044 
	 11. Szurman, P, Kaczmarek, R, Spitzer, MS, Jaissle, GB, Decker, P, Grisanti, S , et al. Differential toxic effect of dissolved triamcinolone and its crystalline deposits on cultured human retinal pigment epithelium (ARPE19) cells. Exp Eye Res. (2006) 83:584–92. doi: 10.1016/j.exer.2006.02.012 
	 12. Narayanan, R, Mungcal, JK, Kenney, MC, Seigel, GM, and Kuppermann, BD. Toxicity of triamcinolone acetonide on retinal neurosensory and pigment epithelial cells. Invest Ophthalmol Vis Sci. (2006) 47:722–8. doi: 10.1167/iovs.05-0772 
	 13. Chang, Y-S, Wu, C-L, Tseng, S-H, Kuo, P-Y, and Tseng, S-Y. In vitro benzyl alcohol cytotoxicity: implications for intravitreal use of triamcinolone acetonide. Exp Eye Res. (2008) 86:942–50. doi: 10.1016/j.exer.2008.03.011 
	 14. Chang, Y-S, Lin, C-F, Wu, C-L, Kuo, P-Y, Wu, F-S, Shieh, C-C , et al. Mechanisms underlying benzyl alcohol cytotoxicity (triamcinolone acetonide preservative) in human retinal pigment epithelial cells. Invest Ophthalmol Vis Sci. (2011) 52:4214–22. doi: 10.1167/iovs.10-6058 
	 15. Lazzara, F, Conti, F, Ferrara, M, Lippera, M, Coppola, M, Rossi, S , et al. Safety profile of lutein- versus triamcinolone Acetonide-based vitreous staining. Transl Vis Sci Technol. (2023) 12:5. doi: 10.1167/tvst.12.1.5 
	 16. Li, Y, Chen, H, Hou, J, Zhang, Y, Li, G, Gu, X , et al. Further characterization of ocular safety profile of commercially available preserved and preservative-free triamcinolone acetonide. Retina. (2012) 32:364–74. doi: 10.1097/IAE.0b013e31821e1f7c 
	 17. Shaikh, S, Ho, S, Engelmann, LA, and Klemann, SW. Cell viability effects of triamcinolone acetonide and preservative vehicle formulations. Br J Ophthalmol. (2006) 90:233–6. doi: 10.1136/bjo.2005.076190 
	 18. Spitzer, MS, Mlynczak, T, Schultheiss, M, Rinker, K, Yoeruek, E, Petermeier, K , et al. Preservative-free triamcinolone acetonide injectable suspension versus “traditional” triamcinolone preparations: impact of aggregate size on retinal biocompatibility. Retina. (2011) 31:2050–7. doi: 10.1097/IAE.0b013e318214d076 
	 19. Wilson, LM, Tharmarajah, S, Jia, Y, Semba, RD, Schaumberg, DA, and Robinson, KA. The effect of lutein/zeaxanthin intake on human macular pigment optical density: a systematic review and Meta-analysis. Adv Nutr. (2021) 12:2244–54. doi: 10.1093/advances/nmab071 
	 20. Sasaki, M, Ozawa, Y, Kurihara, T, Noda, K, Imamura, Y, Kobayashi, S , et al. Neuroprotective effect of an antioxidant, lutein, during retinal inflammation. Invest Ophthalmol Vis Sci. (2009) 50:1433–9. doi: 10.1167/iovs.08-2493 
	 21. Feron, EJ. Trypan blue staining of Epiretinal membranes in proliferative vitreoretinopathy. Arch Ophthalmol. (2002) 120:141. doi: 10.1001/archopht.120.2.141 
	 22. Peyman, GA, Cheema, R, Conway, MD, and Fang, T. TRIAMCINOLONE ACETONIDE AS AN AID TO VISUALIZATION OF THE VITREOUS AND THE POSTERIOR HYALOID DURING PARS PLANA VITRECTOMY. Retina. (2000) 20:554–5. doi: 10.1097/00006982-200005000-00024 
	 23. Mennel, S, Meyer, CH, Tietjen, A, Rodrigues, EB, and Schmidt, JC. Patent blue: a novel vital dye in vitreoretinal surgery. Ophthalmologica. (2006) 220:190–3. doi: 10.1159/000091764 
	 24. Peris, CS, Badaro, E, Ferreira, MA, Lima-Filho, AAS, Ferreira, EL, Maia, A , et al. Color variation assay of the anthocyanins from Açai fruit (Euterpe oleracea): a potential new dye for vitreoretinal surgery. J Ocul Pharmacol Ther. (2013) 29:746–53. doi: 10.1089/jop.2013.0003 
	 25. Januschowski, K, Irigoyen, C, Pastor, JC, Srivastava, GK, Romano, MR, Heimann, H , et al. Retinal toxicity of medical devices used during vitreoretinal surgery: a critical overview. Ophthalmologica. (2018) 240:236–43. doi: 10.1159/000488504 
	 26. Gatto, C, Romano, MR, Giurgola, L, Ferrara, M, Ragazzi, E, and D’Amato Tothova, J. Ex vivo evaluation of retinal cytotoxicity after the use of multiple medical devices in pars plana vitrectomy in porcine eyes. Exp Eye Res. (2021) 213:108837. doi: 10.1016/j.exer.2021.108837 
	 27. Tura, A, Alt, A, Lüke, J, Grisanti, S, Haritoglou, C, Meyer, CH , et al. Biocompatibility of the vital dye acid Violet-17 on retinal pigment epithelial cells. Clin Ophthalmol. (2016) 10:1435–45. doi: 10.2147/OPTH.S105695 
	 28. Polski, A, Liu, KC, Gupta, D, Grewal, DS, Horns, J, Wirostko, BM , et al. Incident glaucoma and ocular hypertension after periocular and intravitreal steroid injections: a claims-based analysis. BMJ Open Ophthalmol. (2023) 8:e001508. doi: 10.1136/bmjophth-2023-001508 
	 29. Jonas, JB, Kreissig, I, and Degenring, RF. Retinal complications of intravitreal injections of triamcinolone acetonide. Graefes Arch Clin Exp Ophthalmol. (2004) 242:184–5. doi: 10.1007/s00417-003-0841-3 
	 30. Sampat, KM, and Garg, SJ. Complications of intravitreal injections. Curr Opin Ophthalmol. (2010) 21:178–83. doi: 10.1097/ICU.0b013e328338679a 
	 31. Yeung, CK, Chan, KP, Chiang, SWY, Pang, CP, and Lam, DSC. The toxic and stress responses of cultured human retinal pigment epithelium (ARPE19) and human glial cells (SVG) in the presence of triamcinolone. Invest Ophthalmol Vis Sci. (2003) 44:5293–300. doi: 10.1167/iovs.03-0490 
	 32. Yeung, CK, Chan, KP, Chan, CKM, Pang, CP, and Lam, DSC. Cytotoxicity of triamcinolone on cultured human retinal pigment epithelial cells: comparison with dexamethasone and hydrocortisone. Jpn J Ophthalmol. (2004) 48:236–42. doi: 10.1007/s10384-003-0053-8 
	 33. Morrison, VL, Koh, HJ, Cheng, L, Bessho, K, Davidson, MC, and Freeman, WR. Intravitreal toxicity of the kenalog vehicle (benzyl alcohol) in rabbits. Retina. (2006) 26:339–44. doi: 10.1097/00006982-200603000-00014 
	 34. Lang, Y, Zemel, E, Miller, B, and Perlman, I. Retinal toxicity of intravitreal kenalog in albino rabbits. Retina. (2007) 27:778–88. doi: 10.1097/IAE.0b013e318030c517 
	 35. Dyer, D, Callanan, D, Bochow, T, Abraham, P, Lambert, HM, Lee, SY , et al. Clinical evaluation of the safety and efficacy of preservative-free triamcinolone (triesence [triamcinolone acetonide injectable suspension] 40 mg/ml) for visualization during pars plana vitrectomy. Retina. (2009) 29:38–45. doi: 10.1097/IAE.0b013e318188c6e2 
	 36. Maia, M, Furlani, BA, Souza-Lima, AA, Martins, DS, Navarro, RM, and Belfort, R. Lutein: a new dye for chromovitrectomy. Retina. (2014) 34:262–72. doi: 10.1097/IAE.0b013e3182a0b7f4 
	 37. Leisser, C, Kronschläger, M, and Findl, O. Effekt von Chromovitrektomiefarbstoffen mit Lutein auf die verbesserte Darstellung von epiretinalen Pathologien im intraoperativen OCT. Klin Monatsbl Augenheilkd. (2020) 237:1230–4. doi: 10.1055/a-1023-4369 
	 38. Badaro, E, Furlani, B, Prazeres, J, Maia, M, Lima, AAS, Souza-Martins, D , et al. Soluble lutein in combination with brilliant blue as a new dye for chromovitrectomy. Graefes Arch Clin Exp Ophthalmol. (2014) 252:1071–8. doi: 10.1007/s00417-013-2539-5 


Copyright
 © 2025 Rossi, Gesualdo, Della Corte, Del Giudice, Rosolia, Trotta and Simonelli. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



[image: Promotional graphic for "Frontiers in Medicine," a multidisciplinary journal focused on advancing medical knowledge and improving patient care through innovation and research. Includes contact information for Frontiers in Lausanne, Switzerland, and promotes discovering new research topics with a visual of someone handling test tubes.]


OPS/images/fmed-12-1537139/fmed-12-1537139-g008.jpg
-

800
200+
0-

* 1 Ll 1
T &8 = = g
s uoissaidxa uoissaidxa
VNYW 493A 2AReIRY VNYW ZH493A dAReIRy

& & : ° m

: ¥ : - i

(qu/Bd)oL-T1 ) " :
— _v o F 3]

uojssaidxa
VNYW se4 aAne|ay

E
§
E
=
S 1 1 1 T T i
L e 0 ° ) o _
- - o o 2 -~ 0
[a) ugoe-g/493A =uu.9«muom>
' - ’ £ & e
h - a m a uoissaidxa
X = X VNYW O1-dg34S 2Anejoy
(5] = o
# (3] (9] <
o
=
H [=]
o #
# »
I T T 1 H
o (=] (=] o
o [=] o =
o« N -
(Tw/Bd)9-1 m_
(&)
| . £ % 1
unoe-g/3SVd9O uojssaidxe
VNYW ISV 2Ane|I9y
[=]
[V = o
i -
w W ©
i @ - w Q. a
o >
" e §
= p S » H
4 o o i i
£ - M
o a Q : H
H o |§ )
1 1 1 1 1 1 -
m W m m M o 3 H = T T T T T 1 r T A
& & = 7 = = m_u‘ . g w9 @ 9 © e
wy/Bd)g - ; ,_ :ao_w.nion_mn_ uo|sseddxe
Au_ / vn_‘ L o 5 © VNYW }Od3d 2Ale|19y
I T T 1
T T T T 1 T T T T 1 n & Li] & o
uoissaidxa uoissaidxa uoissaidxa
VNYW 493N 2ABEI0Y VNYW ZY493A 2AneIRY VNYW DYVdd aAnely
o
(=] o a2 S
m 3 [ H
[=] (=] o 2 %
§ 7 % " _ | - _
§ o | o |§ »
; m . — m—
s = = | = o
H i 1 N_H I 1 1 1 T T 1
4 r o r o o o @ o @ o 0 e 0 =
o~ - =} =) - - o o
S 3 T8 = £ L & ¢ & £ 3 © 8§ & inoe-drouved 2 i
& s S & « ¥ 6 @ & o« = =] G VNYW O¥Vdd 2A3e|9y
I T T i unoe-g/493A ugoe-g/zy193In unoe-g/ouvdd
o ) o ) C © © 8 © © ©
2 S 3 © a a < a a a
- - m m m X b4 I~ = X X
(Ju/Bd)o-4NL B r g < 8 & ¢ 5 g
N Te) =

©
[a]
X
o
N
o
o
(=]
[m]
E:
¥ (7] 0
E:
= s
m 7’
o (6]
, '
o
L
>

2500+
~ 2000+
-]
500
1000
500
VEGFR2
PPARG

w/Bd)oyvdd

B-actin

S o
& <
- &
- o

SREBP-1C

PPARG
B-actin





OPS/images/fmed-12-1537139/fmed-12-1537139-i000.jpg





OPS/images/fmed-12-1537139/fmed-12-1537139-i001.jpg





OPS/images/fmed-12-1537139/fmed-12-1537139-t001.jpg
Gene Primer | Sequence (5’-3)
VEGF F TCTTCCAGGAGTACCCCGAC
R GGGATTTCTTGCGCTTTCGT
VEGFR2 F TCCACATGGGCGAATCACTC
R GCAATTCTGTCACCCAGGGA
PEPCK F TGCGGATCATGACTCGGATG
R AGGCCCAGTTGTTGACCAAA
G6PASE F GGGCATCAATCTCCTCTGGG
R GTCCAGGACCCACCAATACG
SREBP-1c F ACTGGACACAGCGGTTTTGA
R CTCAGGAGAGTTGGCACCTG
Fas F GTGGATCTGGGCTGTCCTG
R AGCAAAATGGGCCTCCTTGA
PPARG F ATTGAGTGCCGAGTCTGTGG
R GGCATTGTGAGACATCCCCA
B-actin F GATATCGCTGCGCTGGTCG
R AGGTGTGGTGCCAGATCTTC
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Total number of patients

analyzed, n

Sex, n (%)

Male 7(38.8)
Female 11(61,2)
Age, years

Mean + SD 69,77 £5,15
BVCA (LogMAR)

Mean + SD 033£0.26
CRT, pm

Median (IQR) 429 (375-499)
10P, mmHg

Median (IQR) 14 (13-16)

Microperimetry sensitivity, dB

Median (IQR) 14 (12-16)
Fixation stability, n (%)

Stable 7(39)
Relatively stable 165)
Unstable 10 (56)

Lens status, n (%)
Phakia 6(30)
1oL 12(70)

BCVA: best-corrected visual acuity; CRT: central retinal thickness; IOP: intraocular pressure;
macular sensitivity; FS: fixation stability.
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Previous

research

PPARG BNM: Computational In STZ-induced SD rat
analysis shows that PPARG models, PPARG
exhibits higher expression expression is significantly
levels in the normal group downregulated, while
and lower expression levels in | inflammatory factors
the DR group. IL-1B, IL-6, and TNF-a
Experiment: The intraretinal are markedly
expression of PPARG was upregulated (30).
lower in mice of group M
compared to those in group
C, and was significantly
elevated in groups D, S, and
P.
IL-6 BNM: Computational The researchers
analysis suggests that IL-6 discovered that, in LM
may be a core gene. rats, retinal damage
Experiment: Serum IL-6 became evident at 30
levels were significantly weeks, which coincided
higher in group M mice than with a significant
in group C mice and were elevation in serum IL-6
significantly reduced in expression levels (31).
groups D, S, and P compared
with those in group M.
VEGF and BNM: Computational The expression levels of
VEGFR2 analysis identifies VEGF VEGF and VEGFR2 were
signaling pathway as a significantly upregulated
potential core regulatory in the retinal tissue of
pathway. STZ-induced Lewis mice,

Experiment: VEGF and
VEGFR2 were upregulated in
the retinas of mice in group
M compared with those in
group C, and the expression
levels of VEGF and VEGFR2
in the retinas of mice in
groups D, S, and P were
reduced to varying degrees.

whereas anti-VEGF
treatment markedly
downregulated their

expression levels (32).
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haracteristics All eyes Insertion technique
n =180

Injector Pull-through
n =118 n=62

Recipient characteristics

Age at DMEK 6952101 69991 688118 0493
Ethnicity

Chinese 155 (86.1) 105 (89.0) 50 (80.6)

Indian 6(33) 323 3(48)

0472

Malay 6(3.3) 3(25) 3(48)

Others. 13(7.2) 7(59) 609.7)
Sex

Male 76 (42.2) 37(31.4) 39(62.9)

<0.001%+
Female 104 (57.8) 81(68.6) 23(37.1)

Glaucoma pre-DMEK

Glaucomatous 45(25.0) 19016.1) 26 (41.9)
<0.001%+
Non-glaucomatous 135 (75.0) 99 (83.9) 36 (58.1)
Indication for DMEK
FECD 103 (57.2) 92(78.0) 1107.7)
<0.001%+
PBK 77 (42.8) 26 (22.0) 51(823)
Donor characteristics
Age* 624475 620474 639477 0397
Sex*
Male 111 (642) 74 (64.9) 37(62.7)
0297
Female 62(35.8) 30(35.1) 22(373)
ECD 28334223 2838 211 2,825+ 246 0.709
cvt 34137 34738 B34 <001+
HEXT 574469 563+7.0 594463 <001+

FECD, Fuchs endothelial cell dystrophy; PBK, pseudophakic bullous keratopathy; BCVA, best-corrected visual acuity; CV; coefficient of variation; HEX, hexagonality.
“Donor age and gender data: 114 injector, 59 pull-through, 173 total.
tDonor CV and HEX data: 111 injector, 61 pull-through, 172 total.
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Age-mean (SD)

cteristics

Years - 77 £ 53

Gender Male: 25 (56.8%)
Female: 19 (43.2%)
Systemic risk factors

Hypertension
Smoking
Alcohol
Number of eyes

Lens status

MNV type

Phakic: 16 (34%)
Pseudophakic: 28 (66%)
“Type 1 (n. 28) (64%)
Type 2 (.12) (27%)
Type 3 (n.4) (9%)

Naive
76 (+5.2)
16 (64%)
10 (43%)

24 (55%)

16 (57%)
5(41.7%)

3(75%)

Non naive
78 (4.3)
9(36%)
9 (47%)

2
14
4

20 (45%)

12 (43%)
7(58.3%)

1(25%)
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Outcomes Insertion technique

Injector Pull-through

n =118 n =62

Intraoperative complications

Any complication 21(11.7) 10(83) 1107.7) 0.087
Donor graft tear 5(28) 108) 4(65) 0.049*
307 2017) 1016) 1.00
Hyphema 8(44) 5(42) 3(48) 1.00
High vitreous pressure 20 108) 1016) 100
Decentered graft 5028 2017) 348 0341
Postoperative complications
Any complication 48(267) 26(22.0) 22(355) 0075
Cystoid macula edema 7069 6(5.1) 1016) 0425
Early rejection signs 8(44) 5(42) 3(48) 1.00
Partial detachment 13(7.2) 9(7.6) 4(65) 100
Complete detachment 307) 108) 2032) 0273
Rebubbling required 844 5(42) 348) 1.00
Corneal haze/edema 20(1L1) 8(63) 12(19.4) 0.022%
Ocular hypertension 9(50) 5(42) 4(65) 0497
Retinal detachment 200 108) 1016) 1.00
Final graft outcome
Clear and surviving 169 (93.8) 113(95.8) 56 (90.3)
Graft failure 11(6.1) 5(42) 6(9.7) o
Visual outcomes (LogMAR)
Pre-DMEK BCVA 096061 076045 1354067 <0.001%
Post-DMEK BCVA* 0304037 024031 0414043 <001%*
Post-DMEK BCVA 26/12 132(733) 94(79.7) 38(61.3) 0013+
% improvement in BCVA 6644353 6604378 6724302 0828

logMAR, logarithm of the minimum angle of resolution; BCVA, best-corrected visual acuity. *Postop BCVA defined as the best BCVA score within 24 months postoperatively.
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MNViypel | 28+18 34:19 44111
MNVitype2 | 27423 29422 2619
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Baseline Month6 | Month 12
* P <0.05 MNV type 1vs MNV type 2 at Month 12
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Age at DMEK

Male sex

Prior glaucoma

DMEK indication of PBK (vs. FECD)

Pull-through technique (vs. injector)

Univariable

Hazard ratio
(95% Cls)
0978
(0.915-1.04)

234
(0.698-8.19)
157
(0.340-5.58)
135
(3.29-91.1)
105
(242-559)

PBK, pseudophakic bullous keratopathy; FECD, Fuchs endothelial cell dystrophy.

0.491

0.164

0.509

<001

<001+

B: Multivariable
Hazard ratio
(95% Cls)
0.961
(0:899-1.03)
0877
(0.208-3.63)
0752
(0.154-2.96)
125
(2.11-101)
264
(0526-163)

0236

0.854

0.696

<001+
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Endothelial cell density

A: based on indication B: based on surgical technique
3000 3000
< P=0020 — FECD h P=0038
E 2000 * E 2000: v
£ — PBK £
3 — Injector 3
a 1000 — Pull-through & 1000:
o o
w w
o o
Donor _13M__6-12M _18-24M Donor _1-3M__6-12M _18-24M
FECD injector
‘Sample sizes % 56 ) s ‘Sample sizes 100 £ 6 £
(AR 285 2063 2006 1692 ) 2838 2030 1o71 164t
Mean ECL (%) - 281 296 41.0 Mean ECL (%) 3 285 303 428
PBK Pull-through
Sample sizes 42 18 32 24 Sample sizes 32 15 23 12
Poiecdl w8 teas 1817 1sa2 bt w56 2016 teas 1266
Mean ECL (%) - 316 35.7 52.0 Mean ECL (%) - 304 36.1 542

ECD: endothelial celldensily, ECL: endothelial cellloss, FECD: Fuchs' ECD: endothelal celldensity, ECL: endothelal cel loss

endothelial cell dystrophy, PBL: pseudophakic bullous keratopathy
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Sex Age Eye Zonular BCVA (logMAR) I0P (mmHg) Follow-up Management  Hooks Complications

defect (months) used for
(clock  Preoperative Postoperative Preoperative = Postoperative fixation Preoperative Intraoperative = Postoperative
hours)
Phaco + CTR +
1 Eoes L s 07 02 36 15 2 eapsular hook + > s None None
goniosynechialyss
Phaco + CTR +
2 Moo R s 2 05 « 18 0 eapsular hook + ! G None rRD
goniosymechialysis
Phaco + CTR +
3 ML s 24 03 15 u s 1 None None None
eapsular hook
Phaco + CTR +
capsular hook + SG, vitreous
i Mo w L 5 23 02 Over 1 s 2 none none
two-point pars plana herniation
virectomy
Phaco + CTR +

capsular hook +
5 M s R 5 08 01 13 1 10 1 Vitreous herniation | None None
two-point pars plana
vitrectomy
Phaco + CTR +
capsular hook +
6 F R s 07 o1 18 16 12 2 Vitreous herniation | None None
one-point pars plana
vitrectomy
Phaco + CTR +
7 M 8 L 6 24 05 16 17 6 capsular hook + limbal 1 Vitreous herniation | None None

vitrectomy

Phaco + CTR +
8 M ¥R 6 25 05 15 16 10 capsular hook + pars 1 vH None None

plana vitrectomy

Phaco + CTR +
SG, vitreous
9 M 53 L 5 30 08 Over 19 8 capsular hook + limbal 1 None None
herniation
vitrectomy

Phaco + CTR +
10 M u L 7 06 04 1 15 6 capsular hook + pars 2 Vitreous herniation | VH None

plana vitrectomy

Phaco + CTR +
n E s R 7 25 02 2 15 12 capsular hook + 2 Vitreous herniation | None None
one-point vitrectomy
Phaco + CTR +

12 M 7R 5 11 0 13 15 6 1 Vitreous hernis
capsular hook

None None

Phaco + CTR +
SG, vitreous
3 M © L 10 17 03 45 17 10 capsular hook + limbal 3 : None None
erniation
vitrectomy

Phaco + CTR +
1 E R 5 24 03 8 1 2 capsular hook + 1 G None None
‘goniosynechialysis
Phaco + CTR +
capsular hook + SG, vitreous
15 E 6l R 6 04 0 n 15 6 1 None None
two-paint pours plana. herniation

vitrectomy

Phaco + CTR + None None
16 M 55 L 7 22 o1 18 17 6 1 None
capsular hook

E, female; M, male; BCVA, best-corrected visual acuity; IO, intraocular pressure; SG, secondary glaucoma; VH, vitreous hemorrhage; RRD, rhegmatogenous retinal detachment.
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DLS (diameter) (340£0.6) nm (332£74) nm (37.4£1.6) nm 422+ 1.6) nm (39.4+1.8) nm

The UY-visible spectra o the AuNPs-PEG2000-Nap before and afer the different treatments are represented by the solid black and sold red lines, respectively. The core diameters and hydrodynamic diameters were obtained from the TEM images and DLS,
respectively. The experimental details are given in the Materials and Methods.
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Position of plasmon band peak (nm)* 5175 5190

% Au atoms” 485 625
% Satoms” 041 067
Core diameter (nm)* 6030 48424
Hydrodynamic diameter (nm)* 29+1 340406
Number of ligands* 345 24
Molecular weight (g/mol)’ 2,002,334 1,185,970
Graft density (number of ligand/nm?)’ 305 310

“The position of the plasmon band peak was obtained using ulraviolet (UV)-visible spectroscopy:

%% Auand S atoms were determined by elemental analysis using inductively coupled plasma optical e
“The core diameters were determined by transmission electron microscopy (TEM).

“The hydrodynamic diameters were determined by dynamic light scattering (DLS).

“The number of ligands was calculated per AUNPS-PEGu-Nap.

‘The molecular weights and graft density were calculated theoretically. Experimental and calculation details are described in the Materials and Methods Section.

ion spectroscopy (ICP-OES).
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Research indicators Before treatm: After the first After the second After the third

treatment treatment treatment
p-value B P-value B P-value P-value
CRT 241173 0.004 153.950 0.093 94.363 0.184 246882 0.001
FAZ area 0010 0.849 0010 0812 0039 0535 0012 0.857
SVD ~1L441 0679 -3.035 0.156 ~1140 0,69 -3.926 0124
LogMAR
o DVD 0938 0722 ~0.587 079 —4.644 0123 -2112 0511
MLS -10979 <0.001 ~10364 <0.001 ~10953 <0.001 ~14.355 <0.001
Pl -37.277 <0.001 ~10.290 0356 ~26.446 0.007 -33.419 <0.001
P2 ~27.19 0.005 -5.742 0035 -14422 0.005 ~11.268 0020
FAZ area 0.000 0.682 0.000 0.898 0.000 0.228 0.000 0.054
SVD ~0.009 0,09 ~0.003 0427 ~0.002 0537 0.000 0.946
DVD ~0.005 0502 0.002 0815 ~0.002 0723 ~0.002 0.807
o MLS ~0011 <0.001 ~0.010 0032 ~0.009 0.162 -0.012 0.026
Pl ~0.070 <0.001 0019 0333 ~0.024 0.266 ~0.062 0.058
P2 ~0.043 0.065 ~0.008 0386 ~0.026 0.163 ~0.020 0218
SVD ~0439 0919 -9.051 0034 ~0435 0925 1436 0.805
DVD -8.759 0099 -2351 0.685 -0.247 0.961 2764 0.624
FAZarea MLS -8.354 0.009 -9.303 0039 -2817 0.469 -3.741 0.304
Pl ~49.465 0057 ~93.111 <0.001 1999 0.966 ~49.868 <0.001
P2 ~16560 0.138 -27.199 <0.001 ~9.622 0320 ~16.937 <0.001
DVD 0750 <0.001 0539 <0.001 0.451 0.006 0453 0019
MLS 0.19 0056 0437 <0.001 0305 0010 0338 <0.001
v Pl 1815 0039 1057 0.068 0.088 0.89 0.366 0377
P2 0825 0.149 0314 0.098 0.254 0.279 0.018 0905
MLS 0053 0539 0247 0034 0.165 0.158 0211 0074
DVD Pl 0385 0598 0.293 0522 0333 0422 ~0.080 0.868
P2 0216 0641 0038 0.849 0172 0432 -0 0617
Pl 2910 <0.001 0.861 0.131 1591 0.004 2252 0.002
MLS
P2 1711 0016 0.239 0242 1128 0.007 0.858 0013

1 3 0.458 <0001 0247 <0001 0343 <0001 0341 <0.001
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Baseline characteristics

Number of patients/eyes 25/43

Age (years) (¥  5; range) 57.33 1030(29-73)
Duration of diabetes (years) (¥ + s; range) 12.35 + 5.47(3-25)
Pretreatment LogMAR BCVA (¥ + 5; range) 0.69 +0.27(0.22-1.30)
Pretreatment CRT (um) (¥ £ 5; range) 471.10 £ 159.93(250-831)
Pretreatment FAZ area (mm’) (¥ + 5; range) 0.37 +0.13(0.15-0.69)
Pretreatment SVD (%) (¥ + s; range) 38.67 + 4.55(29.09-52.96)
Pretreatment DVD (%) (¥ £ 5; range) 40.96 + 5.72(32.88-57.95)
Pretreatment MLS (dB) (¥ + s; range) 18.14 + 3.97(7.20-29.10)
Pretreatment P1 (%) M (P, Pys) 69(47,87)

Pretreatment P2 (%) M (s, Prs) 90(83, 97)
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CRT (um) FAZarea  SVD (%) DVD (%) MLS (dB) P1 (%) P2 (%)

(mm?)

Before treatment 069027 47110+ 159.93 0374013 3867£455 | 4096572 18.14£397 69(47,87) 90(83,97)
After the first

0554£026% | 370304120554 038014  3853£438 | 4027518  2048+396*%F  8I(5591)%F  95(88,99)**
treatment
After the second

04740197 | 34893+ 1157250 0374014 37784409 | 40054499  2L04£356***  85(60,93)**  95(90,99)**
treatment
After the third

04040187 | 319844 1135157 038013 38294399 | 40343508  2L68+3554FF  88(7292)%%F  97(9399)¢%
treatment
Wald 7 112616 68.407 3849 5332 4823 75.079 34227 22,008
povalue <0001 <0.001 0278 0.149 0185 <0001 <0.001 <0.001

p-values for the overall comparison of indicators among different time points before and after treatment; **P < 0.01, ***P<0.001 (Bonferroni adjustment), comparison with the baseline level.
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Past medical history in
1oL

dislocated eye

In 2001, underwent scleral
buckling surgery for RRD in
the right
eye.

In 2005, experienced retinal re-
detachment in the right eye, and
underwent vitrectomy+
phacoemulsification and TOL
implantation+
preumatic retinopexy

S8/F

In 1983, underwent scleral
buckling surgery for RRD in
left eye
In 2001, underwent
phacoemulsification and IOL
implantation
in the left eye.

In 2006, underwent vitrectomy
with silicon oil tamponade and

70/M

remove for retinal re-detachment.

In 2008, underwent
phacoemulsification and IOL
implantation in
the left eye

GO/E

In 2023, underwent vitrectomy+
phacoemulsification and I0L
implantation for BRVO induced
vitreous hemorthage

70/M

2286

2695

2541

21

BCVA
Preoperative
(logMAR)

130

070

022

052

10P
Preoperative
(mmHg)

14

15

16

15

Type of
IOL levitated

3-picce foldable

Plate haptic

1-piece foldable

L-piece foldable

IOL repositioning or
0L exchange

Repositioning with
sutureless intrascleral fixation

IOL exchange
with sutured scleral fixation

Repositioning with
sutured scleral fixation

Repositioning with
sutured scleral fixation

BCVA, best corrected visual acuity; F, female; I0L, intraocular lens; IOP, intraocular pressure; M, male; RRD, rhegmatogenous retinal detachment; BRVO, branch retinal vein occlusion.

BCVA
postoperative
(logMAR)
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(mmHg)
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18mmHg

20mmHg

14mmHg
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