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Abstract

:

Featured Application


A systematic review of in vivo studies available on the contact lens as a drug-delivery system in glaucoma therapy, also focusing on technical limitations and future perspectives.




Abstract


Adherence is crucial in medical glaucoma therapy, although half of the patients skip eyedrops. In recent years alternative drug-delivery systems have been developed. One of the most promising seems the contact lens (CL). This systematic review aims to present the in vivo efficacy of different CL drug-delivery systems. A total of 126 studies were identified following a literature search adhering to the preferred reporting items for systematic reviews and meta-analyses (PRISMA) guidelines. After full-text evaluation, 19 studies about CL drug-delivery systems were included. To date, the following drug-delivery systems have been investigated in vivo: drug-soaked CL, CL with physical barriers (vitamin E), molecularly imprinted CL, CL with implants, and nanoparticle-loaded CL. Nanoparticle-loaded CL and CL with implants seem the most promising drug-delivery systems, although initial burst drug release and patient acceptance may limit their widespread use in current practice. Clinical trials are warranted to understand the role of CL as a drug-delivery system in improving glaucomatous patient care.
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1. Introduction


Glaucoma is a leading cause of blindness worldwide. Its prevalence ranges between 2.65 and 3.54% of the global population and around 111.8 million people are estimated to be affected in 2040, mainly due to life expectancy increase [1]. Open-angle glaucoma (OAG) is the most frequent type of glaucoma, with a prevalence of 3.05% compared to 0.50% of angle-closure glaucoma (ACG) [1]. OAG causes bilateral blindness in 5% and monolateral blindness in 27% of affected patients within 20 years of the diagnosis [2].



Glaucoma treatment aims to maintain the patient’s visual function and related quality of life [3]. Multiple randomised controlled studies show with no doubt that lowering the intraocular pressure (IOP) reduces glaucoma progression [4]. This target can be reached surgically or medically. Initial therapy may be laser trabeculoplasty or topical medications, although the latter remains the most widely prescribed [5]. Unfortunately, glaucoma is almost asymptomatic in the beginning, and treatment adherence is the main drawback in patient management, as with other chronic diseases. Even when patients are aware of being monitored, they forget to instil the hypotensive medication in many cases [6,7,8].



Multiple factors may jeopardise adherence, such as multiple topical treatments, medication side effects, poor understanding of treatment aims, poor instillation techniques (including physical barriers, e.g., arthritis and tremor), and cost [9,10,11,12,13].



Furthermore, multiple fixed-combination eyedrops are available on the market, allowing patients to take two hypotensive drugs with a single eye drop. All fixed combinations include a beta-blocker, except one which contains brimonidine and brinzolamide [5].



Another step to improve patient cooperation has been the introduction of preservative-free eyedrops [14]. In particular, preservatives induce toxic effects such as the detergent effect on tear film (altering the external lipid layer), the direct toxic effect on corneal and conjunctival epithelia, and the immune-allergic effect [15,16]. Nevertheless, recent studies showed that preservative-free multidose droppers required an increased squeezing force compared to multidose standard droppers, being less user-friendly for older patients or those with comorbidities [17]. Even if single vial droppers are not related to handling difficulties, it remains an expensive technology that also causes an environmental burden [14,15].



Despite the improvements mentioned above, low adherence is one of the principal causes of medical treatment failure in glaucoma [6,7,8].



Moreover, eyedrops medications are characterised by a pulsatile drug-delivery, with a concentration peak followed by a tough until the next drop instillation [18]. Consequently, drug effect may not be constant over time, and IOP may change during the day [18].



Furthermore, eyedrops have low bioavailability because only 1–7% of the drug is absorbed by the eye [18]. In particular, the lacrimal drainage consequent to blinking removes about 80% of the instilled drop [19]. The remaining dose penetrates through the cornea with a diffusion mechanism, primarily driven by the dose concentration [20]. Therefore, to improve penetration, it is necessary to increase the retention time or the corneal permeability [19].



A sustained drug-delivery system could overcome all the issues mentioned—adherence, pulsatile therapeutic effect, and low retention time. Therefore, over the last decade, the pharmaceutical industry has developed alternative drug-delivery systems [19,21]. These solutions can be classified as intraocular (e.g., implants, nanoparticles, and inserts) or topical (e.g., conjunctival inserts, contact lens (CL), gels, nanoparticles, mucoadhesive polymers, ointments, solutions, and suspensions) [19]. The ideal sustained drug-delivery system releases the drug regularly without requiring invasive surgery or injection to be placed [18].



There are already 140 million people worldwide wearing a CL, with a forecasted increase in the next future [22]. Therefore, the CL as a drug-delivery system does not affect the routine lifestyle of these patients. Moreover, the CL could allow an excellent sustained drug delivery because once placed, they could release the drug for several days. This systematic review aims to analyse and discuss the in vivo efficacy of the CL as an alternative drug-delivery system to eyedrops to manage glaucoma disease.




2. Materials and Methods


The PubMed database was consulted on 1 November 2020. The search terms used were “contact lens AND drug delivery AND glaucoma” and “contact lenses AND drug delivery AND glaucoma”. The search workflow was designated in adherence to the preferred reporting items for systematic reviews and meta-analyses (PRISMA) statement (Figure 1) [23]. The process applied for this review consisted of a systematic search of all available articles regarding the CL drug-delivery system in glaucoma medical treatment.



All manuscripts were enlisted, and two independent researchers (F.S. and M.M.) screened each article’s title and abstract identifying any relevant articles. All in vivo studies available in the literature reporting original data on CL drug-delivery systems in glaucoma treatment were initially included without restriction for study design, sample size, or intervention performed. Exclusion criteria were review studies, articles written in languages other than English, and in vitro studies. Moreover, the reference lists of identified articles were checked manually to detect any potential studies.



The same reviewers selected the captured studies according to inclusion and exclusion criteria, examining the articles’ full text. A senior author arbitrated when necessary (M.F.). For unpublished data, no effort was made to contact the corresponding authors.



Two blinded researchers (F.S. and M.M.) assessed the strength of evidence of clinical studies (four) according to the Oxford Centre for Evidence-Based Medicine (OCEM) 2011 guidelines and the Scottish Intercollegiate Guideline Network (SIGN) assessment system for individual studies as implemented for Preferred Practice Patterns by the American Academy of Ophthalmology [24,25]. Then, their quality of evidence was evaluated based on the Grading of Recommendations Assessment, Development and Evaluation (GRADE) system [26]. The included clinical studies were listed in the Supplementary Materials (Table S1).



Preclinical studies (animal studies) (15) were evaluated according to animal research: reporting of in vivo experiments (ARRIVE) guidelines, focusing on the “Material and Methods” section to assess the quality of evidence [27,28]. A score based on three levels for the evaluation of the categories of the guidelines was established, as follows: 0, not mentioned (total absence of any information); 1, unclear/not complete (items not mentioned entirely in the category assess); and 2, adequate/clear (complete information for all items corresponding to the category evaluated) [29]. Finally, the quality of evidence based on the Grading of Recommendations Assessment, Development and Evaluation (GRADE) system for animal studies was also assessed [30]. The included preclinical studies were listed in the Supplementary Materials (Table S2).




3. Results


The search strategy returned 126 candidate articles. Sixty-eight abstracts were screened after eliminating duplicated records, but only 52 of these met the inclusion/exclusion criteria for full-text review. Thirty-three articles were excluded: four not written in English, 15 review papers, and 14 in vitro studies. After full-text evaluation, 19 studies about CL drug-delivery systems were included. The included studies were listed in the Supplementary Materials [31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49].



No data synthesis was possible for the heterogeneity of available data and the design of the available studies. The current systematic review reports a qualitative analysis, detailed issue-by-issue narratively. Finally, technical limitations and future perspectives of CL drug-delivery systems were presented.



3.1. The Drug-Soaked CL


The drug-soaked CL was the first method to be developed as a CL drug-delivery system, as described by Witcherle and colleagues in 1960 [50]. The CL was soaked in a solution containing the drug to uptake it. Once applied, the CL released the drug over 60–90 min, as demonstrated by Schultz and colleagues’ in vitro study (Figure 2) [31].



North successfully treated two patients affected by acute primary ACG with a CL soaked in pilocarpine 4% [32]. In both cases, IOP decreased in two hours (from 70 mmHg to 12 mmHg and from 72 mmHg to 36 mmHg) and symptoms resolved. However, details on the soaking method were not reported.



Assef et al. compared the pilocarpine penetration into monkeys’ aqueous humour after installing topical eyedrops or applying a soaked CL [33]. A CL contained a drug dose of 400 μg when soaked in 1% of pilocarpine solution for 2 min. Conversely, a pilocarpine eyedrop (0.1 mL) at 1% contained 1000 μg of the drug, at 4%, 4000 μg, and 8%, 8000 μg. The soaked CL delivered the same pilocarpine amount in the aqueous as the 4% eyedrops. Moreover, the CL achieved the highest aqueous drug concentration after two hours, even when compared to the instilled pilocarpine eyedrop at 8%. Finally, miosis in the eye treated with the soaked CL was more pronounced than in eyes treated with eyedrops even 24 h later. These authors concluded that the soaked CL enhanced the drug’s penetration and prolonged the drug’s effect [33].



Podos et al. treated 10 patients affected by ocular hypertension [34]. In particular, they soaked a CL in 0.5% pilocarpine for two minutes and obtained an IOP-lowering for the 23 h of wearing (from 28 mmHg to 24 mmHg, 14.7%). Moreover, 24 h after treatment, an IOP reduction of 20% occurred after 30 min of wearing a soaked CL in 1% of pilocarpine and after 60 min with a CL soaked in 0.5% of pilocarpine [34].



Hillman et al. treated 25 patients with acute primary ACG with a CL soaked in 1% of pilocarpine and 500 mg of intramuscular acetazolamide [35]. Results were retrospectively compared with 25 patients treated with topical pilocarpine 4% eyedrops instilled every minute for 5 min, then every 5 min for half an hour, and finally every 15 min for 90 min and 500 mg of intramuscular acetazolamide. The CL released 400 μg of pilocarpine, although the eyedrops instillation delivered about 40,000 μg. All patients well-tolerated lens wearing for two hours, and no one developed corneal abrasion. The CL drug delivery showed an increased efficacy compared to the eyedrop treatment, with a mean IOP-lowering of 54.8% compared to 49.7%, respectively [35]. In the following years, other studies confirmed the CL’s therapeutic role in ACG and OAG when soaked with pilocarpine [36,51].



The soaked CL was a straightforward drug-delivery system, although it had several limitations. The CL drug’s affinity was a double-edged sword because when elevated, the CL poorly released the drug. Instead, if the affinity was low, the drug release immediately peaked after lens application. Moreover, to be available on the market, the soaked CL should be sterilised, altering the drug efficacy or release.



Recently Schultz et al. evaluated the IOP-lowering effect of a CL soaked with timolol or brimonidine [31]. Three patients affected by OAG were enrolled. After three weeks of washout, patients wore, for 30 min a day for 21 days, a CL soaked with the same drug that they were already taking before the washout (one with brimonidine and two with timolol). The CL were loaded with 0.65 mg/mL timolol maleate, but no details were provided about the brimonidine tartrate-loaded CL. All patients showed IOP values similar to the ones with eyedrops, for all the periods. However, the CL released a drug quantity ten times inferior to the eyedrops [31].



Latanoprost drug delivery with a soaked CL has also been recently investigated, although only an in vitro study has been conducted [52].




3.2. Vitamin-E-Loaded CL


To extend the drug release time and prolong the therapeutic effect, a physical barrier may be added to the CL matrix, without altering CL transparency and oxygen permeation [53]. To pursue this solution, the CL can be soaked in a vitamin E ethanol before soaking in the drug solution or a vitamin E ethanol can be added to the drug solution, followed by ethanol removal with water (Figure 3) [53].



Peng and colleagues tested a vitamin-E loaded-CL in dogs affected by primary OAG [37,38]. In a first study, a vitamin-E-loaded CL was compared to a CL without barrier and to timolol eyedrops. Both CL types were soaked in two timolol solution, one at 2.65 mg/mL and one at 8 mg/mL, to allow a drug release capacity of 67 μg and 200 μg, respectively. The drug release capacity of 0.5% timolol eyedrop was estimated at 150 μg. Five treatment groups were designed, and the contralateral eyes constituted the control group. IOP-lowering was not statistically different among treated groups; however, eyedrops treatment showed a significantly higher bilateral IOP reduction than CL groups. This effect seemed related to the increased systemic uptake, supporting that the CL drug-delivery system reduced it. Also, no statistical difference in IOP-lowering was reported between the CL with vitamin E or without. However, in this study, the CL was replaced every day. Nevertheless, in 24 h, the vitamin E CL released only 80% of their drug capacity. Finally, dogs with the vitamin-E-loaded CL did not report any systemic or local toxicity [37].



In the following study with identical CL applied on glaucomatous dogs, Peng et al. replaced the CL without barrier every 24 h or every four days, and the vitamin-E-loaded CL every four days [38]. The vitamin E CL showed similar efficacy to eyedrops and the CL without barrier replaced daily, without signs of toxicity or hypoxia. Conversely, the CL without barrier replaced every four days failed to lower the IOP significantly [38].



The vitamin-E-loaded CL was also soaked with two drugs (e.g., timolol and dorzolamide) [39]. In particular, the CL without barrier and the vitamin E CL were able to release 217.8 μg and 676.7 μg of dorzolamide and 60.6 μg and 191.4 μg of timolol, respectively. The co-loading extended drug delivery time compared to the single-drug-loaded lens. This effect could be related to hydrogen bonding between drug molecules. The vitamin E co-loaded CL was able to extend drug delivery up to 48 h in vitro. Moreover, the IOP-lowering continued for a week after CL removal maybe thanks to drug accumulation inside corneal epithelial cells in beagle dogs. It opened the possibility of wearing a CL for a day to obtain a therapeutic effect lasting a week. The vitamin E CL also achieved a superior IOP-lowering to that of eyedrops (4.35 ± 0.18 mmHg versus 3.79 ± 0.28 mmHg), with an 11-fold lower drug dose. No ocular or systemic toxicity was reported [39].



Vitamin A has recently been used as a physical barrier to extend drug delivery time, although only in vitro study was available [54].




3.3. Molecularly Imprinted CL


Another type of CL drug-delivery system was molecular imprinting [55]. During CL polymerisation, a template drug and functional monomers created multiple macromolecular memory sites, similar to drug receptors [56]. The CL was then washed and reloaded with the active drug, which was entrapped in the CL memory site (Figure 4) [56]. This technique increased the CL drug loading capacity [56]. It has been applied to different ophthalmic drugs—hyaluronic acid, prednisolone, diclofenac, ketotifen fumarate, norfloxacin, and acyclovir [57,58,59,60,61,62]. However, to date, only timolol has been investigated in vivo among hypotensive drugs.



Hiratani et al. compared a molecularly imprinted CL to a timolol-soaked CL and timolol eyedrops [40]. In particular, timolol concentration and bioavailability in rabbits’ tears were evaluated. The molecularly imprinted CL (30 μg of drug dose) delivered timolol at a measurable concentration for 180 min, longer than the soaked CL (21 μg of drug dose) (90 min) and eyedrops (34 and 125 μg of drug dose) (60 min). Furthermore, molecularly imprinted CL bioavailability was 3.3- and 8.7-fold superior to the soaked CL and eyedrops, respectively [40].



However, further studies are warranted to evaluate the molecularly imprinted CL as an extended drug-delivery system.




3.4. CL with Implant


Desai et al. proposed to include drug implants in the outer periphery of a silicone CL [41,42]. This technique prevented the limiting of vision through the CL centre. Each implant was loaded with bimatoprost, timolol, or hyaluronic acid. Hyaluronic acid improved comfort during the extended CL wear (Figure 5).



In the first study on rabbit tears, the CL with timolol and hyaluronic acid implants was compared to the timolol-soaked CL and timolol eyedrops [41]. Eyedrops reduced IOP by 2.24 mmHg on average, returning to baseline after 12 h. The soaked CL and the CL with implants lowered IOP by 2.95 mmHg and 3.19 mmHg on average, and IOP recovered after 96 h and 144 h, respectively. Both the soaked CL and the CL with implant showed an initial burst drug release. It was interesting to note that the CL with implant obtained this achievement with a drug dose of 154 μg, although a single eyedrop contained 250 μg [41].



In the following study, a CL with bimatoprost–timolol–hyaluronic acid implants was compared with soaked a bimatoprost–timolol CL and bimatoprost-timolol eyedrops in glaucomatous rabbits [42]. Similar results to the previous study were obtained, bearing in mind that prostaglandin does not affect rabbits IOP. Eyedrops reduced IOP by 3.10 mmHg at maximum, returning to baseline after 12 h. The soaked CL and the CL with implants lowered IOP at maximum by 4.33 mmHg and 5.00 mmHg and kept IOP below baseline values for 96 h and 120 h, respectively. The CL with implants showed a sustained drug release in tears (17.26 h) compared to the soaked CL (6.61 h) and eyedrops (11.47 min). Interestingly, the soaked CL and the CL with the implants showed a reduced initial burst of 26.18- and 77.11-fold, respectively, compared to the eyedrops. No signs of ocular irritation were reported [42].




3.5. Nanoparticle-Loaded CL


Another CL drug-delivery technique was including drugs into nanoparticles that were incorporated inside the CL. Nanoparticles are defined as all particles having dimensions around or 10–1000 nm, such as liposomes or micelles, which acted as a carrier for the drug, although in some cases the drug itself was the nanoparticle [63]. The nanoparticles aimed to allow precise drug delivery with toxicity reduction and increased biocompatibility [63].



Nanoparticles allowed a high drug-loading capacity compared to a soaked CL. Furthermore, both hydrophilic and hydrophobic drugs could be loaded in the CL [63]. However, excessive nanoparticle loading could alter CL transparency [63]. Different nanoparticles were available—nanosuspension, nanodiamonds, nanocrystals, liposomes, niosomes, dendrimers, micelles, and cyclodextrins (Figure 6).



Jung et al. incorporated nanoparticles of propoxylated glyceryl triacylate (PGT) containing timolol in a CL [43]. The CL was soaked in a solution of nanoparticles in ethanol. Then, the CL was applied continuously to dogs affected by OAG. The IOP lowered significantly for five days, although the therapeutic effect was detectable after day 2 of application. No adverse effects were reported. Interestingly, the authors compared a freshly soaked lens with a lens soaked and packaged for 15 days. The latter group showed a significantly reduced drug release rate, maybe related to the diffusion of the timolol–PGT particles into the packaging medium [43].



Ciolino et al. developed a film of latanoprost and poly(lactic-co-glycolic) acid (PLGA) nanoparticle encapsulated in methafilcon by ultraviolet light polymerisation [44]. Then, the methafilcon block was lathed into the CL. This CL was continuously applied to glaucomatous rabbits for one month. Latanoprost was released for 28 days at a steady-state aqueous concentration significantly higher than the mean aqueous concentration with latanoprost eyedrops (p < 0.05). However, on day one, the CL showed a drug concentration burst release higher than the one following latanoprost eyedrops instillation at 0.005% (854–1473 ng/mL versus 54 ng/mL). To reduce it, the latanoprost-eluting CL was soaked in phosphate-buffered saline for 1 or 3 days before the application. Both types of preconditioned CL showed a smaller initial burst (46–74 ng/mL) but a significantly reduced steady-state aqueous latanoprost concentration compared to the non-preconditioned version (5.5–5.7 ng/mL versus 21.0–39.6 ng/mL). It is essential to remark that latanoprost concentration was reported because it does not induce IOP-lowering in rabbits. In 25% of rabbits, the lenses moved slightly inferiorly, away from the corneal centre, and some of them developed limbal corneal neovascularisation (exact percentage not reported) [44].



Ciolino et al. also compared the latanoprost–PLGA CL to latanoprost eyedrops in glaucomatous monkeys [45]. Two versions of latanoprost–PLGA CL were developed, one with a high drug dose and one with a low drug dose. Each animal consecutively received the following treatment: eight days with the low-dose CL, eight days with latanoprost eyedrops, and eight days with the high-dose CL. The researchers observed a three-week washout period between different treatments. Only the high-dose CL showed a significantly greater IOP reduction than eyedrops at day 3 (p = 0.001), day 5 (p = 0.015), and day 8 (p < 0.05). No adverse events were reported [45].



Maulvi and colleagues developed an ethylcellulose-nanoparticle-laden ring loaded with the drug and installed it in a hydrogel CL [46]. This CL loaded with timolol was compared to timolol eyedrops in glaucomatous rabbits. The eyedrop group’s IOP was lowered by 4.4 ± 0.50 mmHg after 2 h and returned after 12 h to baseline values. Conversely, after an initial burst release, the CL lowered the IOP by 6.3 ± 1.92 mmHg 3 h later and kept below baseline values for 192 h (8 days) [46].



Other interesting polymeric nanoparticles were cyclodextrins that increased hydrophobic drugs’ affinity to the CL polymer matrix, prolonging the drug release time [47]. In particular, the interior part of cyclodextrins was hydrophobic and complexed with hydrophobic drugs. Conversely, the exterior part was hydrophilic and easily penetrated the CL polymer matrix. Xu et al. loaded a CL with a pueranin–cyclodextrin complex [47]. Pueranin is a hydrophobic substance with a beta-blocker effect, used in Chinese medicine to treat ocular hypertension and glaucoma. The CL and eyedrops at 1% released a mean pueranin dose of 232.64 μg and the 500 μg, respectively. The CL and eyedrops showed the same bioavailability in the tear film. However, the mean residency time of pueranin in the CL was significantly longer (6.04 times more) in rabbits tear fluid than that of 1% of pueranin eyedrops. Data about IOP-lowering or drug concentration in the rabbit aqueous were not detected [47].



Furthermore, cyclodextrins allowed the incorporation of acetazolamide in the CL, opening the possibility to use this drug topically [64]. However, no in vivo study was available.



Moreover, gold nanoparticles (GNP) have been investigated as CL drug delivery [48]. GNP was added to the timolol soaking solution or was merged into the CL during manufacturing, without altering the CL’s physical properties. Glaucomatous rabbits were treated with timolol eyedrops, or a CL soaked with GNP or CL with GNP merged. All three treatments showed an average IOP-lowering of 2mmHg. In the eyedrops group, the IOP returned to baseline values after 12 h. Conversely, in both CL groups the IOP returned to baseline values after 72 h. No adverse effects were reported [48].



Also, micelles have been loaded in a CL, as reported by Xu et al. [49]. These authors compared the CL with micelles containing timolol or latanoprost to timolol or latanoprost eyedrops in glaucomatous rabbits. The initial burst was reduced with the CL compared to the eyedrops. The CL loaded with micelles extended drug residence time in the tear fluid for more than 120 h with timolol and 96 h with latanoprost. In particular, the mean residence time and bioavailability for both timolol and latanoprost delivered by CL were enhanced, 79.6-fold and 122.2-fold and 2.2-fold and 7.3-fold, respectively, compared to eyedrops. IOP returned to baseline after 168 h of CL application and 72 h with eyedrops (data available only with timolol because prostaglandin did not affect IOP in rabbits). However, the CL became rough with extended wearing, resulting in discomfort, red eyes, or giant papillary conjunctivitis [49].





4. Discussion


Recently, Peral et al. detailed technical aspects of a CL drug-delivery system in glaucoma, highlighting the increased drug bioavailability [21]. Simultaneously, administering a lower drug dose, adverse events’ frequency and severity were reduced [21]. In particular, only 20% of the drug dose was required to produce a similar therapeutic effect with CL drug-delivery systems compared to the dose needed with eyedrops delivery systems [65].



Our review illustrated the in vivo findings of CL drug-delivery system, focusing on IOP-lowering and assessment versus eyedrops. Therefore, these data provided a scaffold to analyse the potential impact of CL drug-delivery systems in managing glaucomatous patients.



During recent years, multiple attempts to improve patient cooperation, such as educational brochures, pamphlets, and fact sheets have been developed [66]. Video and Web-based patient educational tools were designed to encourage patient adherence and stimulate dialogue with the clinician. Also, reminders and recall systems were developed to avoid missed appointments or skipped drugs [66]. Nevertheless, the adherence issue is still unresolved, and there is still much to do.



The development of minimally invasive glaucoma surgery allows surgery to be performed earlier than before [67]. In particular, these techniques are currently adopted in selected glaucoma patients with early or moderate disease, usually associated with phacoemulsification [4,68]. However, patients consider surgery a last-chance treatment and still prefer non-invasive treatment, such as alternative drug-delivery systems [69].



To increase adherence, preservative-free topical drugs have also been developed. Long-term therapy has usually caused topical toxic effects such as discomfort during instillation, foreign body sensation, burning, and ocular inflammation signs [10]. These side effects reduced patients’ cooperation; consequently, the European Medicines Agency (EMA) in 2009 provided crucial recommendations for preservative-free topical drug development [70]. Even with the massive development in preservative-free eyedrop delivery systems in recent years, this technology has remained expensive. It also does not resolve other obstacles limiting patients’ adherence, such as incorrect drop instillation, skipped instillation, and poor doctor–patient communication.



For these reasons, alternative systems for drug delivery in ophthalmology are currently under development, such as nanoparticles, punctal plugs, and CL-eluting glaucoma medications.



A recent survey of 199 glaucomatous patients investigated the acceptance of drug-delivery systems [69]. The CL showed the second-lowest acceptance rate (31%) compared to triple combination eyedrops (85%), eye spray (54%), periocular ring inserts (43%), injectable subconjunctival drug inserts (32%), and injectable anterior chamber implants (30%). Moreover, patients with greater disease severity and prior incisional glaucoma surgery were more likely to pursue alternatives to traditional eyedrops [69].



Another survey of 150 glaucomatous patients compared the drug-eluting CL, ring inserts, punctal plugs, and sub-conjunctival injections as an alternative to eyedrops [71]. In this study, the CL acceptance rate of these drug-delivery systems was higher than ring inserts (36% more) or sub-conjunctival injections (32% more). However, alternative drug-delivery systems would be accepted if surgery was avoided or they were more effective than eyedrops [71].



However, multiple obstacles limit their adoption in current practice.



4.1. Barriers to Widespread Use in Clinical Practice


Today, no CL drug-delivery system is available on the market because different issues prevent its widespread use [50]. In particular, the drug-soaked CL and the CL with vitamin E have limited drug loading capability. The drug-soaked CL also cannot release a drug for an extended period at a constant rate. Moreover, extended CL wear is related to several ocular complications, classifiable into infectious and non-infectious [72].



The infectious side effect related to CL wear is mainly microbial keratitis. The CL wearer has an 80-times increased risk of developing it compared to healthy people, and visual acuity decreases in 10–15% of CL wearers after microbial keratitis resolution [73,74]. Principal pathogens are Pseudomonas ssp., Acanthamoeba, and Candida spp., although the causative organism varies according to the region [72]. Traumatic or incorrect lens insertion or removal may cause a corneal abrasion, that needs strict control to prevent microbial keratitis development [72].



Chronic hypoxia belongs to the non-infectious group and leads to ocular and limbal erythema, microcystic and stromal oedema, vascularisation, epithelial thinning, endothelial polymegethism, and pleomorphism [75,76,77]. However, these adverse events are usually reversible once CL wear is discontinued [78]. Other non-infectious complications related to extended CL wear are a peripheral corneal ulcer, single or multiple corneal infiltrates without anterior chamber reaction, conjunctival hyperaemia, and papillary conjunctivitis [72].



CL wearing is also a risk factor for dry-eye disease [79]. The exact responsible mechanism remains unclear. Maybe the CL blocks meibomian gland ducts with desquamated epithelial cells aggregates, due to mechanical trauma after each blinking [72]. Once the external lipid layer is altered, the tear film became unstable, and the vicious circle of dry eye is set. Other suggested mechanisms are inflammation and chronic hypoxia [80].



Corneal warpage is another crucial complication due to extended CL wear. It is defined as topographic corneal alterations that affect refraction and are distinguished by other ectasic disorders [81,82].



Another significant limitation is that people not accustomed to wearing a CL may hesitate to adopt this therapeutic solution, even if wearing it for a day allows an IOP-lowering lasting a week [39]. Main concerns could be the impact on vision quality in patients without refractive errors, cosmetic appearance, difficulties in day-to-day activities, and inconveniences rendered in daily life.



Likely, CL drug-delivery systems may overcome issues related to prescription refill or white-coat adherence (instilling the therapy just five to seven days before the visit). Nevertheless, some patients may not be able to wear a CL autonomously, as for eyedrops. In particular, 11.3–60.6% of patients cannot instil eyedrops correctly, and 6.8–37.3% of patients miss the eye when instilling the eyedrops [12]. The main risk factors are older age, severe visual field defect, lower educational level, and comorbidities such as arthritis [12]. In these cases, even with a CL drug-delivery system, a caregiver’s presence is still necessary. However, this technology may reduce the burden on relatives or health-care providers because the CL can be changed just every fifteen or thirteen days.



Finally, CL drug-delivery system manufacturing increases the number of synthesis and processing steps or requires long periods until the drug-loaded CL is usable, with a not negligible economic burden [83].




4.2. Future Perspectives


To date, only the nanoparticle-loaded CL or the CL with implants can release drug for weeks. However, the initial burst is an issue that should be overcome. An exception is the CL loaded with micelles, where initial burst release is reduced compared with eyedrops, but with extended wearing, this particular CL cause ocular irritation [49]. Also, in CL with implants, the initial burst is limited by entrapping the drugs in the implant’s matrix structure. However, it is still present [41].



Another possible solution could be loading the nanoparticles in a thin, collagen membrane, embeddable into the CL. A recent article compared in vitro CL with or without collagen membrane, both loaded with nanoparticles containing lidocaine [84]. The CL with this membrane released 23.4% of the drug loading after seven days compared to the CL without, which released 64% of it. The CL with membrane also showed a reduced initial burst release (16.2% of the initial drug loading) compared to the CL without (41.8% of the initial loading). However, in vivo studies are warranted to confirm these results [84].



Furthermore, Lee et al. developed a CL with nanopores (100–250 nm) interconnected via multiple nano-channels to limit the initial burst release [85]. This CL released the drug according to the initial drug load and the loading method. In particular, a deep drug embedding with soaking and centrifuging avoided the initial burst release. It also showed a sustained drug release for 30 days. In vivo studies are recommended to confirm these results.



The same authors loaded this lens with thermosensitive nanogel without altering optic CL physical properties opening the possibility of temperature-triggered drug release [85]. The following study of Lee and co-workers showed this possibility in glaucomatous rabbits [86]. IOP decreased significantly by 33% in the group wearing a CL compared to the untreated control group (p < 0.01).



It is essential to mention two techniques recently developed for a drug-delivery system based on the CL—the supercritical solvent impregnation and ion-exchange reaction [83,87,88]. The first method uses a supercritical solvent as a carrier for the drug that also swells the polymeric matrix, increasing its free volumes and facilitating the drug diffusion [83]. This method allows tuning of the loaded drug, changing the operational settings, such as temperature and pressure. Also, it applies to a commercially available CL without altering its physical properties.



Instead, the ion-exchange reaction is based on adding a cationic functional group inside the CL polymeric matrix [87,88]. Thanks to this method, the CL can store an anionic drug and release it once applied. However, further studies are required to investigate the in vivo behaviour of both techniques.





5. Conclusions


Today, therapy adherence still represents one of the leading causes of treatment failure in glaucoma disease. Alternative drug-delivery systems could play an essential role in the future. The CL seems one of the most promising and could be accepted by the patient to postpone or avoid surgery. The soaking method was the first approach developed; however, it did not allow an extended drug release, and no study has recently investigated it. The addition of a physical barrier such as Vitamin E overcame this issue. However, other approaches have been recently developed, such as molecular imprinting, implants and the nanoparticle-loaded lens. However, CL wear can also cause several side effects. Further preclinical and clinical studies are warranted to understand this alternative drug-delivery system’s role in humans and how it can impact the patient’s adherence to glaucoma treatment.
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Figure 1. PRISMA flowchart. 
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Figure 2. Drug diffusion through the polymeric matrix of a contact lens (CL). 
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Figure 3. Vitamin E effect on drug diffusion through the polymeric matrix of a CL. Reproduced with permission from [53], @Copyright 2015, Elsevier. 
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Figure 4. Drug release by molecularly imprinted CL. Reproduced with permission from [53], @Copyright 2015, Elsevier. 
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Figure 5. CL with multiple implants in the periphery, highlighted by red, green, and blue arrows. Reproduced with permission from [42], @Copyright 2020, Elsevier. 
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Figure 6. Drug release from a CL loaded with nanostructures. Reproduced with permission from [53], @Copyright 2015, Elsevier. 
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