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Abstract

:

Intraocular lenses (IOLs) are commonly implanted after surgical removal of a cataractous lens. A variety of IOL materials are currently available, including collamer, hydrophobic acrylic, hydrophilic acrylic, PHEMA copolymer, polymethylmethacrylate (PMMA), and silicone. High-quality polymers with distinct physical and optical properties for IOL manufacturing and in line with the highest quality standards on the market have evolved to encompass medical needs. Each of them and their packaging show unique advantages and disadvantages. Here, we highlight the evolution of polymeric materials and mainly the current state of the art of the unique properties of some polymeric systems used for IOL design, identifying current limitations for future improvements. We investigate the characteristics of the next generation of IOL materials, which must satisfy biocompatibility requirements and have tuneable refractive index to create patient-specific eye power, preventing formation of posterior capsular opacification.






Keywords:


intraocular lens; GRadient INdex lens; acrylic materials; hydrogel; hydrophobicity; hydrophilicity; aberration; MTF












1. Introduction


An intraocular lens (IOL) is an artificial lens used to replace the eye’s natural crystalline lens when it is affected by cataract or other degenerative processes rendering it opaque [1]. The eye lens is structurally composed of 65% water and 35% proteins that, on aging, denature, reducing lens transparency. The increasing need of specific and personalized demands pushes the development of advanced IOL materials and design. Thanks to advances in ocular technology, there are now a wide range of premium intraocular lenses able to efficiently prevent adverse effects after IOL implantation and surgery, filter specific wavelength, and provide accommodation ability [2]. Injectable, shape memory, and adjustable IOLs are some of the innovative IOLs already present in the market [3]. In the first case, a full-size lens is obtained by injection of the lens material into the capsular bag of the eye as a fluid, followed by formation of a solid. Then, the lens is implanted through a 1.2 mm opening. An advantage of this technique is that, due to the formation of a full-size lens, it might overcome complications of conventional IOL implantation, namely decentration and posterior capsular opacification [4]. External stimuli (light, temperature, PH, etc.) can induce shape modification in suitable polymeric systems. For permanent modifications that can be restored by proper stimuli, we deal with the shape memory effect (SME) that applies to shape memory polymers (SMPs). IOLs made by SMPs can be reduced in size to require a tiny surgical incision, and then they re-acquire the initial size thanks to a change in environmental conditions [5].



Lenses constituted by photosensitive molecules (macromers) within a silicone matrix are known as light-adjustable lenses (LALs) [6]. If a specific region is irradiated with a 365 nm UV light, a polymerization reaction takes place, causing a precise photo-inducted concentration gradient that can modify the refractive index of the IOLs in post-surgery. In this field, the most innovative promises are RxSight’s (formerly Calhoun Vision) light-adjustable lens (RxLAL), approved by the Food and Drug Administration in 2017, and Perfect Lens femtosecond laser technology. Hence, their goal is modifying the refractive properties of an implanted IOL after surgery to accomplish a patient-specific customized device [7,8].



IOLs are mainly composed of two elements: optics and haptics. Optics include the central area responsible for refraction, and haptics are the appendages from the centre optics that hold them in place. In cataract surgery, generally, two haptic designs of IOLs are used: single-piece and three-piece. Single-piece IOLs (also referred to as one-piece) are named as such due to both elements being composed of the same material (acrylic, silicone, or PMMA) [9]. However, by 2017, hydrophilic and hydrophobic acrylates accounted for 85% of the global IOL market share for IOL materials, while PMMA accounted for 12% and silicone a mere 3% of the market share. Acrylic materials can be rigid (PMMA) and foldable and made of hydrophobic acrylic materials and hydrophilic acrylics (see Figure 1).



Nevertheless, materials continue to improve, becoming more pliable and biostable and giving IOL manufacturers greater freedom to address specific vision needs. IOLs have interesting features thanks to their material’s unique properties, such as refractive qualities, and aspheric designs capable of correcting presbyopia and astigmatism [10]. During surgery, every kind of IOL is centred with respect to the optical axis passing through the centre of the undilated pupil in order to achieve the best visual acuity [11].



In addition, corneal astigmatism can be corrected by means of toric IOLs that can improve distance vision, preventing use of glasses. In such a case, correct estimation of preoperative astigmatism is of fundamental importance to achieve beneficial outcomes. Together with good centration, these IOLs need proper rotational orientation [12]. They also exist as multifocal IOLs (either refractive or diffractive), providing improvements in both near and far visual acuity [13]. Refractive IOLs use multiple focal points whose concentrical regions have different dioptric power. Diffractive IOLs, on the other hand, possess multiple diffractive zones on their rear surface. As multifocal IOLs, bifocal IOLs show both near and far focus, while trifocal IOLs also comprise intermediate focus [10].



Recently, two new categories of IOLs, accommodative and extended depth of focus (EDOF) IOLs, are adopted. Accommodative IOLs provide dynamic refractive power, with contraction and relaxation of the ciliary muscles. EDOF IOLs provide extended far-distance focus through various techniques, which can improve intermediate vision [10]. For example, Mini Well and Mini Well Proxa (SIFI SpA, Catania, Italy) are hydrophilic EDOF IOLs that exploit an engineered wavefront surface to extend the depth of focus. They are made of a copolymer of HEMA (hydrophilic component) and EOEMA (hydrophobic component), which provides a good trade-off between elasticity and mechanical resistance. In addition, an optimized distribution of positive and negative spherical aberrations provides continuous focus from far to near distance [14]. Figure 2 reports the basic principle of Mini Well and Mini Well Proxa EDOF-IOLs, and some other details will be reported in the following sections. Another EDOF IOL, commercially available as IC-8 (AcuFocus, Irvine, CA, USA), is made of hydrophobic acrylic, with the central circular mask composed of polyvinylidene difluoride and carbon nanoparticles. The IC-8 IOL implements the pinhole effect to enlarge the range of vision [15]. Each of the engineered IOLs, differing in materials and design, offers unique advantages and disadvantages in view of specific applications.



In this mini-review, we report the main concepts regarding IOL technology, with a particular focus on the properties of their constituent materials. However, although the physical attributes of IOLs are often confused with the impact of their material, the latter affects function differently even within material categories. We should not assume that a given lens will behave in the same way as others in the same material category. In addition, well-designed IOL features have been determined in order to produce enhanced visual outcomes and improve quality of life of implanted patients and promote their social integration.



Here, first, we will attempt to differentiate the physical characteristics of a lens from the effects of its material (i.e., the optical quality of pseudophakic eyes will depend not only on aberration control but also good media transparency and low light scattering). Then, recent new design of IOLs for correcting chromatic, spherical, and off-axis aberrations in the eye, as well as the advantages and limits of multifocal and GRIN (GRadient INdex—with variable refractive index)-based IOLs, will be presented. To this purpose, our Zemax simulation data are presented and described with a comparison between biconvex and GRIN lenses.




2. IOLs Material Market


The earliest IOLs were made with thermal plastic, a material that improved dramatically over the years but still had inherent restrictions for microsurgery [16]. After decades of dominating the intraocular lens (IOL) material market, hydrophobic and hydrophilic acrylates may soon face competition from non-acrylate materials. Nowadays, the state of the art on acrylic materials offers the market improved plasticity and stability features by providing superior control during microsurgery. In general, the advantages of hydrophobic acrylate IOLs include a higher refractive index, which enables thinner IOLs, adhesive properties that provide good rotational stability, and a low rate of posterior capsule opacification (PCO). Alternatively, hydrophilic IOLs can be easily moulded into any desired shape and are flexible enough to enable injection through very small incisions. Whether hydrophobic or hydrophilic, opacification is a problem with all acrylate material lenses. In hydrophobic IOLs, this takes the form of “glistenings”, microvacuoles that result from fluid seeping into the empty spaces within the material’s polymer structure [17]. In hydrophilic IOLs, opacification is an outcome of calcification, which can result from defects in the material, and changes in the aqueous milieus may occur during intraocular surgery and in patients with conditions such as uveitis and diabetes [18]. Optical bench testing indicates glistenings have little effect on modulation transfer function (MTF) but significantly increase stray light [19]. MTF is a measurement of lens ability to transfer contrast at a particular resolution from object to image. MTF is a parameter expressing both resolution and contrast: as line spacing decreases (i.e., frequency increases) on the test target, it becomes increasingly difficult for the lens to efficiently transfer this decrease in contrast; as a result, MTF decreases (Figure 3a). Ultimately, IOLs with higher Abbe numbers (lower chromatic dispersion) have better optical performance and potential contrast sensitivity (magnitude of contrast sensitivity function is proportional to product of MTF and retinal–neural transfer function in Fourier space) as defined in Ref. [20]. Chromatic dispersion affects the overall pseudophakic performance of spherical-aberration-correcting IOLs. In Figure 3b is shown the MTFs trend for a silicone and two acrylic IOLs. The IOLs have different radii of curvature of their anterior surfaces in order to ensure zero spherical aberration for their optic materials.



Cross-linked polyisobutylene (xPIB) is today under investigation as an innovative IOL material. It has a high refractive index (1.52) and is highly elastic, meaning it could be used for large-optic IOLs implantable through a sub-2.0 mm incision. It also induces less chromatic aberration. Moreover, its molecular structure ensures xPIB to be not susceptible to glistening or calcification [21]. We outline that resistance to glistening formation differs depending on the hydrophobic acrylic copolymer composition of the IOL material.



The hygroscopic nature of a polymer changes depending on the temperature and ionic strength of the surrounding solution [22]. As water diffuses into the polymer due to equilibrium driving forces, discreetly visible vacuoles can develop [23]. However, why some IOLs are more prone to form glistenings than others is poorly disclosed in the literature. Mao et al. [24] used molecular dynamics simulation methods to conduct in-depth research on the molecular mechanism of the glistening formation of IOLs, aiming to provide a possible molecular mechanism of glistening. Furthermore, based on this molecular mechanism, Mao et al. [24] proposed a novel strategy of a glistening-free material based on a composite design method to reasonably copolymerize several types of molecules or functional groups so that the glistening phenomenon can be effectively eliminated. Some characteristics regarding IOL-based materials are reported in Table 1, while further details will be described in the next sections. Among the parameters reported in Table 1, we defined the Abbe number as an indicator of the optical material’s chromatic dispersion: Vd = (nd – 1)/(nF – nC), where nd, nF, nC are material’s refractive index at 587, 486, and 656 nm, respectively. Generally, materials with lower chromatic dispersion have larger Abbe numbers. Refractometers are often used to measure Abbe numbers, which range from 35 to 60 for contemporary IOL materials [25,26].



2.1. Silicone


Silicone is widely used in IOLs applications, is a nontoxic and biologically inert polymer, structurally constituted by monomers of dimethylsiloxane (DMS), and hydrophobic, as demonstrated by contact angle measurements, which evidenced a contact angle using water of 99°. Such polymer, without further functionalization, shows several disadvantages to be used as IOL: (i) it is slippery when wet, so it must be handled dry if folder and holder forceps are employed for implantation; (ii) the rather low refracting index (between 1.41 and 1.47) implies rather thick optics and, therefore, a larger incision (about 3.2 mm or larger) during surgery (see Table 1); (iii) it is prone to PCO. To improve its performance and overcome possible issues in IOL applications, polydimethylsiloxane (PDMS) structure is normally functionalized. The shape of IOL made by PMDS bearing photoreactive coumarin groups can undertake reversible postoperative adjustment by using UV light. Specifically, coumarin groups enable crosslinking reaction of PDMS upon irradiation with wavelength above 300 nm by forming a cyclobutene ring. Such reaction can be reversibly cleaved by irradiating the polymer with wavelengths below 290 nm [27], so it would be possible to adjust the shape of the lens after implantation and correct eventual errors that can occur during such procedure.



In recent years, the design of injectors for 3-piece silicone lenses enabled more accurate handling of IOLs [28,29]. The sharp surgical opening to place a silicone IOL inside the anterior chamber is still an unsolved issue. Moreover, silicone lenses can promote bacterial adhesion and thus postoperative infections. Therefore, inflammatory reactions in the eye and capsular opacification (both posterior and anterior) are favoured with respect to hydrophobic acrylic IOLs, as discussed below. Furthermore, use of silicone IOLs has been correlated with calcification phenomena in eyes with asteroid hyalosis. Finally, probably due to the relatively low refractive index, silicone IOLs better tolerate pseudophakic dysphotopsia compared to many acrylic IOLs [30]. In summary, silicone-based IOLs are heat-resistant, autoclavable, mouldable, compressible, highly transparent to visual light, and very flexible, providing good tensile and tear strength. Otherwise, they are slippery, have a lower refractive index than acrylic lenses, and show high adherence to silicone oil after vitreoretinal surgery.




2.2. Acrylic Materials for IOLs


Most lens implants are today performed with an acrylic material. They are today’s most popular choice in part because they are easy to fold and ideally suited for microsurgery and also because IOLs made from polyacrylic material are associated with a significantly reduced degree of PCO with respect to PMMA and silicone ones. Ni Li et al. [31] showed that AcrySof (hydrophobic acrylic material with higher fibronectin bio-adhesion properties and a sharp optic edge) and sharp-edged silicone IOLs are similarly effective in inhibition of PCO after cataract surgery. Companies such as Benz Research and Development provide high-quality raw materials, such as HEMA-EOEMA, at 99.9% purity for the IOL industry. In Table 2 are described its main characteristics in comparison to those of other acrylic materials.



PMMA is the material used in Sir Harold Ridley’s original intraocular lens. Until the last decade, PMMA has enjoyed a reputation as a reliable and high-quality optics material. It has a refractive index of 1.49 and usual optic diameter 5–7 mm. Nevertheless, its main downsides are (1) larger incisions are necessary because PMMA is not foldable and conducive to micro procedures as newer materials; (2) very severe glistening developed by some injection-moulded PMMA lenses; (3) snowflake degeneration is a slowly progressive opacification of PMMA IOL, which may occur 10 years or later after implantation. For this reason, hybrid acrylic polymers provide IOLs that combine the advantages of both PMMA and silicone, i.e., suitable refractive index and tuneable foldability [32]. Recently, PMMA surface functionalization with either hydrophilic or hydrophobic polymers has been created in order to improve its performance. For example, 2-hydroxyethyl methacrylate (HEMA) was immobilized on hydrophobic polymethyl methacrylate intraocular lens to increase the hydrophilicity degree of IOLs. In addition, the HEMA2-g-PMMA IOL group suppresses proliferation of cells [33].
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Table 2. IOL-acrylic-based materials. Data from Ref. [34].
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	Materials
	Refractive Index
	Water Content
	Flexibility





	MMA
	1.49
	<1%
	rigid



	PEA/PEMA
	1.55
	<1%
	foldable



	EA/EMA/TFEMA
	1.47
	<1%
	foldable



	HEMA/MMA
	1.47
	20%
	foldable



	HEXMA/HEMA
	1.47
	18%
	foldable



	HEMA
	1.44
	38%
	foldable








2.2.1. Hydrophobic Acrylic Materials


In the field of hydrophobic acrylic materials for IOLs, the most used polymers are made of esters of poly(meth)acrylic acid, mainly poly(2-phenylethylmethacrilate) (poly PEMA), poly ethylmethacrilate (poly EMA), and poly(2,2,2-trifluoroethyl methacrylate) (poly TFEMA). They absorb less than 1% water and remain foldable even when they are totally dry. The refractive index of such materials is relatively high, reaching 1.47, and even higher when the polymeric esters contain aromatic groups as poly(PEMA) (~1.55, AcrySof® by Alcon (Fort Worth, TX, USA)). The glass transition temperature (Tg) of these polymers falls around room temperature; at lower temperature, the materials become rigid; for this reason, they require specific cooling tools to be processed. The first foldable IOLs system made by hydrophobic methacrylate was prepared in 1993 by co-polymerization of phenylethyl acrylate (PEA) and phenylethyl methacrylate (PEMA) cross-linked with butane diacrylate [35]. It immediately appeared as a good candidate for IOLs manufacturing and recent studies confirmed the first impressions. A study carried out in 2008 evidenced that the co-polymer made by PEA and PEMA monomers takes advantage of the high refractive index value (1.55) of PEMA to make thinner optic and unfold slower than silicone lenses, providing greater control during implantation. The “softness” can be tuned by varying the ratio of the two monomers in the final co-polymer. In specific, Tg values for the poly (phenylethyl) acrylate (PPEA) and poly (phenyl ethyl methacrylate) (PPEMA) homopolymer are 2 °C and 38 °C, respectively, and it was demonstrated that the Tg of the co-polymer can assume the values of 23, 17, and 10 °C by maintaining 27:73, 48:52, 70:30 PEA:PEMA ratio, respectively [36]. As reported in patent WO2010109043A1, another commercially available co-polymer used for IOLs application is constituted by ethyl acrylate, ethyl methacrylate, and 2,2,2-trifluoroethyl methacrylate (poly(EA/EMA/TFEMA)), commercially Allergan Clariflex® (Allergan, Inc., Irvine, CA, USA). previously Abbott Medical Optics (AMO) and now AbbVie Inc., North Chicago, IL, USA), with a water content similar to the PEA-PEMA co-polymer (around 1%) but with a refractive index of 1.47 [37].




2.2.2. Hydrophilic Acrylic Materials


Use of hydrophilic acrylic materials in the manufacture of IOLs started for the same reasons as hydrophobic. Such materials are formed of poly(2-hydroxyethyl methacrylate) (PHEMA) hydrogels with hydration of 20% or higher in water. The IOLs constituted by such homopolymer results foldable and with contact angles ranging from 59 to 69°. Unfortunately, the low value of refractive index of this material (1.44) is an obstacle when used to make thin IOLs (Alcon HydroSof® is an example of such IOLs, with a degree of hydration of 38% and refractive index of 1.41). For such reason, the HEMA monomer is often co-polymerized with other materials with a higher value of refractive index, as in the case of ORC MemoryLens® (ORC Technologies, Inc., Azusa, CA, USA), as reported in patent WO2010109043A1. HEMA co-polymerizes with MMA to obtain a flexible IOLs with 1.47 and a degree of hydration of 20% [37]. Another interesting example concerns the case of Storz Hydroview® (Storz Ophthalmics, Heidelberg, Germany), in which HEMA is co-polymerized with 6-hydroxyhexyl methacrylate (HEXMA) monomer, with a refractive index of 1.47 and hydration of 18%. Other examples have been shown by HEMA and HEXMA co-polymerized with different cross-linking agents.



These kinds of polymers can absorb water from 10–20% of their total weight up to thousands of times their weight, forming hydrogels [38,39]. A crosslinked polymer thus obtained constitutes a sort of net to “trap” water molecules. The amount of absorbed water can be conveniently chosen by varying the amount of cross-linking agent used in the preparation or by introducing from small to moderate amount of hydrophobic monomers during the synthetic step. For IOL applications, the water content of hydrophilic acrylic polymers is in the range of 18–38%. Such water content confers to acrylic lenses excellent biocompatibility, high softness degree, and good compressibility. These materials show a water contact angle lower than 50° and a refractive index around 1.43. Although after surgery they show low probability for induction of photopsias, the PCO rate is somewhat high due to calcium deposits and system viscoelasticity. Hydrophilic acrylic IOLs, mainly constituted by 2-hydroxyethyl methacrylate (HEMA) and 6-hydroxyhexyl methacrylate (HEXMA), are flexible for water content in the range of 18–38% and turn out to be rigid and unfoldable in dry conditions [40]. To overcome this limitation, phakic IOLs combine HEMA with collagen (collamer lenses) [41]. Hydrophilic IO lenses fold and unfold faster than the hydrophobic counterparts and result more controllable than silicone lenses [42].



As briefly discussed for PDMS, with hydrophilic acrylic materials, it is also possible to modify the bulk of the IOLs raw material by including molecules to achieve a programmed task. One example is represented by the copolymer of which is made the MINI WELL lens (SIFI SpA, Catania, Italy) [43] based on a hydrophilic monomer, the 2-hydroxyethylmethacrylate (2-HEMA), and a more hydrophobic ethoxy-ethylmethacrylate (EOEMA) one. The ratio of the two constituents could range from 40 to 90% in weight of the hydrophilic component depending on the desired properties that the IOLs device should possess. The refractive index of such lens falls between 1.4 and 1.5 depending on the ratio of monomers used and on the water content (which is from about 10 to 38% of the total weight of the copolymer). Regarding water content, the refractive index value progressively decreases by increasing the water content. During polymerization of the bulk material, an ultraviolet absorbing compound can be incorporated inside the polymer matrix, so it can resist the possible extraction under physiologic conditions. Generally, the concentration of such agent is between 0.01 and about 1% in weight of the copolymer, enabling to provide the desired UV-absorbing properties without modification of lens transparency. The monomers used for the bulk polymer confer to the MINI WELL IOL other advantages: in particular, it is an example of one-piece IOL, so there are no junctions between optics and haptics parts because they are made of the same material. The properties achieved by the polymer well match both the desired characteristics for the optical and haptical part. In addition, the developed IOLs are foldable and thus can be inserted into the eye through a “small” incision. For more details, see patent WO1999056672A.




2.2.3. Innovative Hybrid and Flexible Polymeric Materials


Nowadays, technology helps to increase the efficiency of IOLs mainly made of hybrid materials with a high refractive index for flexible handling and a high surface quality. With a water ratio less than 5%, these hydrophobic-hybrid materials stand out from many of the dry-stored hydrophobic IOLs. Here, further information about hydrogels IOLs is reported. Some of them are constituted by a cross-linked polymer, namely the poly-hydroxyethyl methacrylate or poly-HEMA, showing rigidity in dry conditions but becoming a foldable gel when hydrated. Today, the demand of foldable lenses allowed the design of a wide range of different flexible hydrophobic IOLs. As mentioned, these materials consist of a copolymer mixing different monomers, such as methymethacrylate (MMA), ethylmethacrylate (EMA), 2-hydroxyethyl methacrylate (HEMA), etc. The chemico-physical properties of such materials can be conveniently tuned by varying the composition ratio of the monomers and the kind of cross-linking that in turn defines the flexibility of the side chains. For instance, PMMA is used to confer more rigidity to the system, whereas PEMA to furnish a certain elasticity. Finally, the presence of the OH group in poly-HEMA enhances the system hygroscopic properties [44].



One important approach adopted for PCO prevention consists of surface modification of IOLs. A thin coating of the surface does not change the physical properties of the bulk (refractive index, foldability, Young’s modulus), but it can be used to endow some interesting features to the whole device, improving biocompatibility, reducing PCO occurrence, and so on. Depending on the characteristics that the IOLs system has to assume, the coating can be hydrophilic or hydrophobic. To create a hydrophobic coating, perfluorinated precursors are usually used [45,46]. Fluorinated coating makes the surface of the lenses inert toward cells, so the capsular opacification due to growth in the epithelial cell is noticeably reduced. The above-mentioned feature expressed by the hydrophobic coating has effect also in lenses made by poly(MMA). Modified lenses become also more slippery, thus easier to implant through smaller incisions. On the other hand, to make highly hydrophilic coating, poly(ethylene oxide) (PEO) is often used due to its non-toxic, non-immunogenic, and non-antigenic properties [47]. The high mobility of the hydrated PEO segments avoids deposition of the proteins on the lens surface thanks to steric repulsion, thus preventing formation of an extracellular matrix and adhering of the epithelial cells. For the properties that such coatings confer, poly(MMA) and hydrophobic acrylic IOLs are often coated with PEO [47,48]. It was also demonstrated that linear PEO grafted on the surface of poly(HEMA-co-MMA) lens has better performance in IOLs applications compared to the brush type polymer due to partial lens opacification effect that the latter showed. Moreover, cell repulsion efficiency can be improved by increasing the length of the polymer chain grafted on the lens without affecting lens transparency [49,50]. Similar to PEO, heparinization of the surface of IOLs also provides anti-adhesive protein feature as well as inhibition of cell growing. The mechanism is the same of PEO, the hydrophilic medium on the surface traps the water molecules and develops a hydrated surface that protects the bulk lens from cells growing [46,51,52].





2.3. Advanced Materials for Injectable, Shape Memory, and Adjustable IOL


Innovative materials such as hydrogels and biodegradable polymers, with the aid of nano-technology, are being applied to tissue engineering with the aim to reproduce the physico-chemical properties of eye tissues and deliver and also control the delivery or release of active biomolecules [2]. Drug-eluting IOLs can be used from one side to inhibit infections and other injuries of the eye tissues (i.e., avoiding opacification), and, from the other side, their stored drugs can be released for treatment of some specific pathologies [53]. However, implantation procedures for such IOLs need fine abilities. In fact, inappropriate handling can damage the IOL system or provoke undesired effects during injection. Hence, the performance of IOLs injector systems should be carefully evaluated considering many parameters, such as the occurrence of anomalous leading haptic configuration, trapped trailing haptic, optic–haptic adhesion, and IOL attachment to the plunger [54]. The most used injector cartridge design is illustrated in patent US4681102 and includes a split longitudinally hinged cartridge. Similar designs are illustrated in patents US5494484, US5499987, US5616148, and US5620450. Viscoelastic lens materials, such as soft acrylics, are temperature-sensitive and roll or fold more easily at higher temperature. None of the prior art cartridges contain a feature that enables heating of the cartridge so as to warm the lens during insertion. Hence, a need continues to exist for a cartridge containing a heat retention additive that enables heating of the cartridge so as to warm the lens during insertion. Such additives can include a biocompatible material having high heat retention, for example, powdered gold (see patent US6398789B1). Ejection tests are carried out in vitro, measuring the resistance force throughout the entire delivery process. The effect of IOL material, haptic design, IOL thickest area, and ophthalmic viscosurgical device (OVD) have been studied by ejecting several IOLs with syringe-type injectors of different sizes, 3.0, 2.2, and 1.8 mm [55]. It has been observed that plate hydrophilic IOLs present the lowest resistance forces; hydrated C-loop hydrophobic IOLs present higher forces and the C-loop hydrophobic IOL in dry conditions presents the highest resistance forces. Therefore, only the combination IOL and specific injector lead to a reproducible safe result.



Shape-memory polymers (SMP) are a class of smart materials that can be tailored to have significant mechanical property changes in response to a given stimulus (see Figure 4), inducing internal stress: in turn, energy will be released, causing the molecular chain to possess mobility again [56]. The polymer then returns to the original shape.



Extensive use of SMPs in minimally invasive surgery can be attributed to their capability to retrieve the proper shape under an external stimulus after being deformed and to their great adaptableness to varying environmental conditions [57]. Today, SMPs can be realized with the wanted mechanical properties, such as modulus and glass transition temperatures (Tg), and optical properties, including transparency and the refractive being close to that of the human natural lens (usually in the range 1.386–1.406), mainly by varying the cross-linker weight percentage and the ratios of each monomer in the co-polymer. In addition, their high biocompatibility leads to design of personalized treatments of specific ophthalmic diseases [58,59]. Application of stimuli such as heat or UV light enables modifying the curvature radius of both the anterior and posterior surfaces of some IOLs, tuning their central and/or paracentral power [60]. IOLs made by SMPs can have a refractive index of IOLs higher than 1.45, a Tg falling in the range 15–40 °C, usually show minimum or no glistening, and a value close to 100% of transmissivity of light in the visible region of the spectrum. SMP IOL can be created by using different ratios of tertbutyl acrylate (tBA), isobutyl acrylate, and poly(ethylene glycol)dimethacrylate (PEGDMA) 1000; for instance, it can be realized by 50% of tBA, 28% of isobutyl acrylate, and 22% of PEGDMA 1000, or by a 22% of tBA and 78% of PEGDMA 1000 or by 65% of tBA, 13% of butyl acrylate, and 22% of PEGDMA 1000. Although there could be different alternatives, a typical SMP IOL includes tBA and one or more PEGDMA monomers. Then, it can optionally include one or more UV-blockers and polymerization initiators, as well as n-butyl acrylate (nBA) and 2-hydroxy-3-phenoxypropyl acrylate (HPPA) [61]. In Figure 5 is shown a scheme for a new technology used for making postop IOL adjustments. The light adjustments are completed with a specific wavelength of UV light (365 nm). Each light treatment lasts approximately 20 to 30 s depending on the type of treatment, while the final lock-in adjustment treatment is longer. Once the lens finds a stable place in the eye, a few weeks after surgery, the patient is placed in front of the light delivery device for adjustments and the final lock-in.



Recently, shape memory polymer composites (SMPC) are an emerging class of insolent structural substances that can be inelastically abnormal and regain their standard shape by an external environmental change [62]. Light-adjustable lens (LAL) is the first and only premium IOL that can be fine-tuned and adjusted after insertion. Thanks to the LAL, you can customize your vision after cataract surgery. With other IOLs, you cannot adjust the lens power after your procedure if unhappy with the quality of your vision. In such a situation, the next best option is to have a corneal-based refractive surgery, such as LASIK, after cataract surgery [63]. The LAL system is constituted by the lens, insertion device, and light delivery device. The LAL is a photo-reactive 6 mm biconvex silicone lens showing ultraviolet absorption abilities with a rounded-edge anterior surface and a squared-edge posterior surface. The haptic moiety with 13 mm of total diameter is made of polymethylmethacrylate. During surgery, the lens is inserted into the capsular bag through a small 2.8 mm incision. After implantation, the lens is irradiated, causing photopolymerization of the irradiated part. Light adjustability of the lens is possible thanks to the gradient of monomers concentration created after the photo-polymerization. In detail, macromers that are not directly irradiated move into the exposed area following the concentration gradient and cause precise shape and power change. When the desired refraction index is reached, the whole system is posed under irradiation to lock the position of macromers through polymerization [64,65]. The LAL can be optimal for those who do not need multifocal lens but still want a premium lens, similarly for those who do not like to risk glare and dysphotopsias and those who desire precision monovision or precise distance vision with reader glasses. Today, the only LAL on the market approved by the FDA is RxSight’s RxLAL, a three-piece foldable silicone monofocal LAL implanted by means of a 2.8 mm corneal incision with an exclusive injector [66]. Its total diameter is 13 mm with a 6 mm optic, squared posterior optic edges, round anterior edges, and blue poly(methyl methacrylate) modified-C haptics with posterior optic-haptic 10-degree angulation. This LAL IOL exists in powers from +10 to +30 D, in 1-D increments from +10 to +15 D and +25 to +30 D, and in 0.5-D increments from +16 to +24 D [67]. Ultimately, the LAL has demonstrated to be a safe, accurate, and reliable method of postoperative, non-surgical correction of residual sphero-cylindrical refractive error. Clinical results have been positive, with the largest series (122 eyes) showing 97% of patients within 0.25 D of attempted spherical equivalent and 100% uncorrected vision 20/25 or better. However, LAL should not be advocated in the following situations: (1) pre-existing macular disease; (2) prior history of herpes eye infection; (3) intake of medications that increase sensitivity to ultraviolet (UV) light; (4) intake of retino-toxic medications; (5) patients with nystagmus.




2.4. Variable Refractive Index Materials for IOLs


In the design of lenses for ophthalmic use, a salient aspect has currently been overlooked due to some aberrations, which, however, cannot be correctly treated using a single material. As described in the previous sections, improved physico-chemical properties and functions are obtained by adding extra polymers or by surface modification. Innovations of primary importance today are creation of ophthalmic optics by combining several materials with different refractive indexes. The idea stems from well-established creation of achromatic lenses that correct chromatic aberration and improve image quality by juxtaposing two (or more) materials with different refractive index and Abbe number (remember that the V-number is an approximate measure of the material’s dispersion (change in refractive index versus wavelength). Fernandez and Artal showed that achromatic IOLs made with two different materials, such as acrylic and silicone, offer advantages in terms of improving the patient’s visual quality [68]. The authors demonstrated, by running numerical simulations, that hybrid IOLs made by a low dispersion material (with refractive index 1.47 and Abbe number 55) and a more dispersive material (with refractive index 1.55 and Abbe number 37) have the potential for near perfect aberration correction, avoiding use of diffractive surfaces [68].



Another class of materials consists of materials known by the acronym GRIN (GRadient INdex—with variable refractive index). Ophthalmic lenses could be made with such materials that make greater use of the variation in the refractive index rather than the curvature to optimally direct the light onto the retina [69,70]. A traditional lens designer can vary the curvatures, the thickness, and the refractive index of the material. In addition, a GRIN lens designer can also use index gradients to simplify or enhance the optical system. For example, axial gradients, where the index of refraction varies along the optical axis, can perform the same functions as an aspheric surface in a traditional lens. A traditional lens design that requires an aspheric surface can be replaced with a spherical surface that is substantially easier to form and polish if an axial gradient is introduced. Even more useful are radial gradient lenses, where the index of refraction is a function of the distance from the centre of the lens. Radial gradients can add focusing power and control specific aberrations. Thus, the main advantage of GRIN-based IOLs is that they would be much more anatomically similar to the crystalline lens (which has a rather complex layered structure) than the current technology with single material [71,72,73].



Use of GRIN materials results in possible construction of uniquely shaped lenses that lack the typical aberrations present in conventional spherical lenses. An excellent example of a gradient index optical system is the human eye [74]. The refractive index of the eye lens varies from 1.406 in the centre to 1.386 in the outer layers, allowing humans to see images with both good resolution and low aberration. The refractive index of the vitreous humour within the eye is typically around 1.3. Therefore, by precisely varying the refractive index of the surface, gradient index lenses are able to continuously bend light within the lens until the light rays focus on the focal point behind the lens. In detail, as light passes from the front of the human eye lens to the back, light rays are refracted by varying degrees. It is a very efficient means of controlling the pathway of light without relying on complicated optics and one that we attempted to mimic. This contrasts with conventional spherical lenses that bend light only twice: when the waves meet the surface of the lens and when they exit the back of the lens. GRIN lenses are of course subject to the Abbe–Rayleigh diffraction limit, so they do not allow to observe objects with dimension smaller than half wavelength of light. However, to overcome this problem, some scientists proposed to use metamaterials to alter in a controlled way the morphological distribution of lens materials with the aim to manipulate the electromagnetic field of the propagating light. These are known as super GRIN lenses, in which the electromagnetic beam is compressed in order to propagate within the lens, achieving fine focus better than conventional GRIN lenses [75].



Current-generation intraocular replacement lenses, such as those adopted to treat cataracts made from a homogeneous single material, use their shape to focus light to a precise prescription, similar to glasses and contacts. Such lenses never achieve the same performance of natural lenses because they lack the ability to incrementally change the refraction of light. This single-refraction replacement lens can create aberrations and other unwanted optical effects. These latter effects are strongly reduced in MIOLs (multifocal intraocular lenses), characterized by variable refractive power associated to the anterior and/or posterior surface shape. GRIN-MIOLs’ main advantage is determined by the gradient optics obtained by changing the refractive index in the inner structure of the IOL. In this way, optical side effects are diminished, also improving functional results [69]. Nevertheless, gradient IOLs show some advantages compared to MIOL design, such as mimicking normal physiology; a smooth optical surface that allows to decrease the mechanical damage to the lens optic during implantation; postoperative better retinal image quality; and functional vision achieved at near and intermediate distances and under varying light conditions (photopic, mesopic, and scotopic).



GRIN technology is still evolving today. There are several quite different optical fabrication methods for GRIN lenses whose choice strongly influences the lens performance [76,77,78,79]. Specifically, the technological basis for creating nanolayered polymer GRIN optics lies in the fabrication of polymer films with a tailored refractive index. When two polymer materials with a sufficient difference in refractive index are arranged in alternating layers, the resulting layered material has a refractive index modulation whose period corresponds to layer thicknesses [80]. Recently, the direct laser writing, induced by a femtosecond laser, is largely used to locally change the refractive index of several ophthalmic materials, such as hydrogels [77]. For instance, Sola and Cases processed acrylic IOLs (a 320 µm thick hydrophobic UV-photo-reactive polybenzylmethacrylate polymer) with 250 fs laser pulses at 520 nm wavelength and 63 MHz repetition rate to inscribe low damage diffraction gratings [81]. Indeed, they were able to create linear periodic patterns both on the surface and inside the acrylic substrate by varying the parameters for the micromachining process, such as inter-line spacing (10–40 µm), scanning speed (0.25–1 mm/s), and pulse energy (1–2 nJ), achieving a refractive index change between 2.8 × 10−3 and 4.00 × 10−3. Recently, there have been successful attempts to locally change the refractive index of an existing IOL by using femto-second laser pulses. This technique is termed intra-tissue refractive index shaping (IRIS) [82]. The IRIS technique is a novel, non-ablative form of vision correction by which femtosecond laser pulses are tightly focused into ocular tissues to induce localized refractive index (RI) change via nonlinear absorption. By regulating the energy of the femtosecond laser pulse with an acousto-optical modulator at the speed of about 1 MHz, the laser beam is focused on a small region of the IOL. Other than the changes in material provoked by the heat, use of a suitable wavelength allows altering the polarity of some functional groups, modifying the wettability properties of the polymeric surface and indeed the corresponding refractive characteristics [83].




2.5. Zemax Simulation Data: Comparison between Two Lenses (One Biconvex and One GRIN)


To further clarify what is reported in the previous paragraph, the comparison between two lenses (one biconvex and one GRIN) with the same diameter (6 mm) and focal length (12 mm) is shown. The biconvex lens is for simplicity formed by two surfaces with the same curvature, while, in the GRIN lens, the back and front surfaces are perfectly flat. In this second case, the optical power is conferred on the lens by a radial variation in the refractive index of the medium, which, despite the absence of curvature, manages to “curve the rays” in such a way as to practically cancel the spherical aberration. To highlight this latter concept, both the spot where the rays converge on the focal plane (spot diagram) and the ray fan plot have been reproduced in the two cases analysed using the Zemax software; for simplicity, only monochromatic light (550 nm) is considered.



In Zemax and other optical design codes, ray fan plots are determined by tracing many rays from a single object point through many selected locations in the entrance pupil to the image plane, while spot diagrams are maps of where rays intersect the image plane after passing through the pupil with a chosen grid pattern. Ultimately, a spot diagram is a graph showing where the rays coming from a point object converge on the image surface: the smaller the spot size on the image surface, the better the image quality. In our examples, the object point is placed on axis and at an infinity distance from the lens aperture; therefore, the rays coming from it are almost parallel to the optical axis.



Moreover, rays represent the direction of wavefront propagation. Therefore, rays point in the direction of the wavefront surface normal and can be calculated as the wavefront gradient. The “transverse ray aberration” (TRA) is the distance, orthogonal to the optical axis, between a paraxial ray and its corresponding real ray (i.e., the transverse distance between ideal and real ray locations). The TRA can be calculated as a derivative of the wavefront:
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where R is the radius of curvature of reference sphere; r is the exit pupil height; n the index of refraction in image space; W the wavefront aberration function (OPD); and y the meridional-plane (vertical) coordinate in exit pupil. “Ray fans” plot the ray aberration vs normalized pupil coordinate in tangential and sagittal planes. In Figure 6 is shown a scheme of the ray fan plot geometry [84].



For our biconvex and GRIN lenses, the simulation procedure was implemented as follows. First, the homogeneous material has been defined by assigning the refractive index n and Abbe number V values. Therefore, a biconvex lens made of a copolymer of HEMA (hydrophilic component) and EOEMA (hydrophobic component) characterized by n = 1.46 and V = 47 is simulated. Instead, the punctual distribution of the refractive index n in the medium was analysed to simulate the GRIN lens. We outline that the ray trace through a gradient index medium requires iteration to determine the point of intersection of the ray with the surface following the gradient index surface.



In our case, a “Gradient 3” was used for the simulated GRIN lens: this surface type has the same shape as the standard surface with medium whose index of refraction is described by n = n0 + nr2·r2 + nr4·r4 + nr6·r6 + nz1·z + nz2·z2 + nz3·z3, where r2 = x2 + y2. Seven parameters are required: the base index n0 and the remaining six coefficients of the previous equation. In this example, for simplicity, we set n0 = 1.65 and only the radial terms have been optimized to obtain the same focal length of the previous biconvex lens and minimize the whole spherical aberration obtaining in the end: nr2 = −2.3507 × 10−2, nr4 = 4.844 × 10−5, and nr6 = 3.7549 × 10−7. In Figure 7 are shown the layouts for the biconvex and GRIN lenses, respectively. Figure 7a shows that the incoming rays apparently focus on a small spot on the image surface for both lenses; however, the biconvex lens has a significant amount of residual spherical aberration. This is most evident looking to the ray fan plot shown in Figure 8a. Consequently, the diameter of the spot projected onto the plane of best focus is also very large (Figure 9a).



Unlike the case of the biconvex lens, for the GRIN lens, the parallel incoming rays converge to a very small spot (Figure 7b). Therefore, even in the absence of curvatures but simply by introducing an appropriate radial variation in the refractive index, it is possible to obtain converging lenses that minimize spherical aberration. The strongest evidence that spherical aberration is minimized for the GRIN lens is shown by the ray fan plot (Figure 8b) as well as by the diameter of the spot projected onto the image surface plane compared to the airy disc for the GRIN lens (Figure 9b,c).



In both the transverse ray fan plot and the spot diagram graph, the scale is different for the two lenses. In the GRIN case, the scale is in fact reduced by a factor of 200 (in the absence of airy disc and 20 in the presence of airy disc). With the same scale (i.e., using the same scale of the biconvex lens also for the GRIN lens), the spot of the GRIN lens practically becomes a point, while the ray fan plot flattens out on the abscissa axis, thus showing the important reduction in spherical aberration introduced by variation alone in refractive index (Figure 10).





3. IOL-Based Materials Characterization and Tests of Entire IOLs


IOL material properties are consistent within the classes of IOL materials considered. This suggests that the intraoperative and postoperative behaviour of an IOL is predictable and related to its composition, thus allowing surgeons to choose IOLs more appropriate for different surgical situations and individual patient characteristics. Several diagnostic techniques are suitable to analyse IOL-based materials and also the entire IOL system. Some of these experimental techniques are also adopted to visualize laser-induced defects in hydrophilic and hydrophobic acrylic IOLs in order to obtain qualitative information on the characteristics and also analyse differences regarding IOL material and water content without damaging the lens. In the next paragraphs, some data on physico-chemical and biological tests on pristine IOL materials and the manufactured IOL are reported.



3.1. Physico-Chemical Characterization


During the years, the demand for improved IOLs performance in terms of flexibility, strength, and hydrophilicity has increased considering that the IOL surface influences uveal biocompatibility. The most common way to investigate IOLs hydrophobicity and biocompatibility is through contact angle measurements, whereas differential scanning calorimetry is used for evaluation of Tg. In addition, dynamic–mechanical measures allow to achieve information on IOLs mechanical capacity and flexibility. Finally, further analyses investigating other specific properties can be accomplished by using additional methods, such as scanning electron microscopy and common spectroscopic techniques.



3.1.1. Contact Angle Analyses


IOLs were characterized using contact angle (CA) measurements to assess hydrophilicity and biocompatibility. In fact, one of the most important problems affecting all IOLs materials is water capture. At equilibrium conditions, water content ranges from 0.1–0.5% for hydrophobic to 18–32% for hydrophilic polymers [2]. Non-homogeneous dispersion of water within a lens can provoke vision complications. In fact, although water molecules can freely diffuse within the lens, they can be stuck in low-density regions, acting as cavities, with subsequent formation of water micro-droplets. Such a phenomenon is the already cited “glistenings” effect [23]. Baillif et al. [85] studied IOLs produced by different manufacturers made of the following six biomaterials: collamer, hydrophilic acrylic, hydrophobic acrylic, silicone, polymethylmethacrylate (PMMA), and heparin surface-modified PMMA (HSM-PMMA). Their results, summarized in Table 3, indicate that higher hydrophobicity belongs to silicone IOLs, showing an average water contact angle of 114°, in agreement with literature values ranging from 99 to 122° [30,86,87]. The PMMA IOLs were found to have a narrower range of values, between 73.2 and 75.5°. Lenses made of hydrogel had values between 59.2 and 69.1°. The heparin-modified surface showed the lowest contact angle of 56.5°. Except for hydrophobic acrylic IOLs, showing a water contact angle (WCA) of about 88.7°, all other materials have a similar WCA between 68.4° and 79.9°. The IOLs made with hydrophilic acrylic showed the lowest WCA of about 68.4°, enabling higher water absorption on their surface [30].



It is noteworthy that the surface properties of implantable material affect the biological response of the human body [86,88,89]. For instance, one important aspect to be considered during IOLs implants is the occurrence of bacterial adhesion that can provoke inflammation and postoperative diseases. This is mainly determined by surface properties, such as wettability, in terms of hydrophobicity. The more hydrophobic a surface, the less its absorption of water (and aqueous systems). Therefore, characterization and eventual modification of IOLs surface wettability is a key parameter to reduce bacterial adhesion and thus prevent possible infections related to the used biomaterial.



Some authors hypothesized that roughness can have an effect on cells adhesion on the IOL surface, so they prepared experimental acrylic IOLs with different roughness values and examined the effect on surface cell adhesion [90]. Table 4 reports the comparison in terms of wettability and roughness properties of the 6 investigated commercial IOLs. De Giacinto et al. analysed the surface properties of these hydrophobic acrylic IOLs available in the market [91]. In detail, the authors assessed the roughness and wettability of 6 different commercial IOLs with the same dioptric power (+20.0 diopters [D]). Concerning wettability, they evaluated the WCA by means of the sessile drop method, while, for roughness, they used atomic force microscopy (AFM) with a silicone cantilever. It is noteworthy that, although made from the same material, the surface properties of IOLs change with water content and dioptric power. For instance, De Giacinto et al. considered Clareon (Model SY60WF, Alcon Laboratories, Inc.) and Vivinex iSert (Model XY1, Hoya Corp.) IOLs being both made with hydrophilic acrylic but treated in a different way. Clareon embeds more water, displaying better clarity and no glistenings, whereas Vivinex iSert is irradiated with ultraviolet-ozone for inducing on the surface material active regions with oxygenated functional groups, improving protein adsorption and cell adhesion [91,92]. As evident from Table 5, higher hydrophobicity is shown by iSert 251 (Hoya Corp.) and Vivinex iSert XY1, while Clareon SY60WF and Vivinex iSert XY1 display the smoothest surface.



Indeed, the gold standard method to determine information regarding the hydrophilic or hydrophobic nature of a substrate is measurement of the water contact angle (WCA), allowing to engage the details of the different contributions that completely characterize the surface free energy [85]. In fact, the interface properties and behaviour of a solid surface are determined by the relative amount of the main contributions to the surface energy, i.e., polar and apolar electron-donating and electron-accepting properties. Recently, for achieving information on the different interface contributions of the surface adhesion interactions [85], contact angle measurements were carried out not only with water but also with test liquids. Different models, developed at first approximation by using the Owens–Wendt calculation [93,94], have shown that the hydrophobic acrylic, silicone, and PMMA IOLs are essentially dispersive implants, whereas collamer, hydrophilic acrylic, and HSM-PMMA IOLs are polar implants [85].




3.1.2. Vibrational Spectroscopic and Morphological Characterizations


Recently, a new hydrophilic–hydrophobic membrane has been proposed as potential IOLs and contact lenses material. Membrane is based on semicrystalline s-PS (sulfonated syndiotactic polystyrene) film having sulfonated amorphous phase. The chemical and physical characteristics of the partially sulfonated (17%) s-PS membrane were investigated using several diagnostic techniques, such as SEM, Raman, FTIR, and UV–vis optical absorption. The results indicate that s-PS hydrophilicity, hydrophobicity, water content, optical clarity, mechanical, and adhesive and permeability properties make this material potentially useful for intraocular lens (IOLs) and contact lens applications [95]. Rusciano et al. [44] combine optical microscopy with micro-Raman spectroscopy to analyse limited portions of the IOL around a single microvacuole. Two different IOL materials were analysed: the first is a common hydrophobic acrylate copolymer, while the second one differs regarding presence of a percentage of hydrophilic polymer component. In Figure 11 are reported Raman spectra and Raman mapping on a selected microvacuole following the hydrophobic foldable ocular (HFO) lens material and then the water signals and PCA analysis results.



From these data, it emerged that vacuoles are not water-filled pockets (the estimated water concentration inside a microvacuole is 23%) and mainly that, in presence of a well-distributed hydrophilic component, water is prone to be spread over the whole IOL polymeric matrix, therefore avoiding trapping by phenyl-rings-rich environments. Raman features have also been followed to identify the changes induced by a photochemical process, wherein hydrophilic polar functional groups are generated by photo-induced hydrolysis of polymeric materials in areas that are exposed to a femtosecond laser, thus providing the chemical basis for a hydrophilicity-based refractive index change, facilitating creation of a refractive index shaping lens (RIS-lens) [82].



The distribution of nano-microstructure of sediments on the IOL surface was generally determined using optical microscopy and AFM, while the surface composition and chemical bonding configurations of the IOL materials were determined carrying out X-ray photoelectron spectroscopy (XPS) [96]. Nanopatterning of IOLs surface can suppress upregulation of cytoskeleton proteins (actin and actinin) within the cells in contact with the IOL surface and, hence, prevent secondary cataracts causing blurry or opaque vision. One of the most nanopatterned synthetic hydrogels is based on poly (2-hydroxyethyl methacrylate, PHEMA). PHEMA is a transparent, biocompatible, nontoxic, non-degradable, non-adhesive, hydrophilic hydrogel material with high and tuneable mechanical strength, largely applied in ophthalmology. This polymer has been synthesized by Tomáš Krajňák et al. [97] from the precursor monomer 2-hydroxyethyl methacrylate (HEMA) via thermally or radiatively (gamma, UV, blue-light) initiated free radical polymerization. XPS and FTIR analyses were employed to identify chemical bonds within the unmodified and patterned PHEMA surface, with results unchanged after the patterning. The investigated imprinted nanostructured hydrogels mimic the natural cell environment. Thus, they are interesting materials to manufacture future innovative IOLs.



Finally, we remark that, in recent decades, the interest in IOLs with ultraviolet (UV) and blue-light filters has increased [98]. The natural crystalline lens absorbs light of wavelengths between 300 and 400 nm, and several researchers theorize that the crystalline should be replaced with an IOL that includes a UV-light-blocking chromophore [98]. In 1978, Mainster investigated the sensitivity of the pseudophakic eye to UV light and possible related retinal damage [99]. At the same time, blue-blocking IOLs were introduced to prevent the risk of age-related macular degeneration (AMD) [100]. In order to block the blue wavelength light, yellow-tinted IOLs were launched on the market in the 1990s [98,100]. Whether introduction of the blue-light filter is a benefit or harm for the patient is still debated today. Several studies have been published with controversial results. Artigas et al. [101] compared the spectral transmittance of ten different IOLs in order to investigate the performance of their UV or blue-light filters with sunlight or artificial light. The action of the filters is not the same: (1) filters that favour better photoreception of visible light (380–780 nm) are those that transmit all the radiation (100%); (2) filters that provide greater photoprotection against UV radiation, even blue light, are yellow and orange. The blue-blocking IOLs are advantageous in terms of visual acuity and contrast sensitivity, but some aspects, such as the benefits of blocking the transmission of blue light to the macula, are not very well known [100].




3.1.3. Mechanical and Thermomechanical Tests


During the design and developing phases, it is important to consider IOLs stability, strongly dependent on the mechanical properties of the lens, affecting the outcome of cataract surgery. The aim is to avoid residual refractive errors and other complications. For this reason, the manufacturer of IOLs must test the mechanical performances before obtaining the conformity certification required for placing on the market. A reference used for these tests is the international standard ISO 11979-3 published in 2012 [102]. The recommended tests involve measurement of compression force, measurement of axial displacement in compression, of optic decentration and optic tilt, measurements of angle of contact and loop pull strength, as well as testing of compression force decay and dynamic fatigue durability.



In the literature, we found some papers regarding the strain–stress characteristics of both hydrophobic and hydrophilic materials estimated experimentally and simulated using finite-element modelling [103]. Lane et al. [104] evaluated the axial displacement, optic decentration, and optic tilt of five IOL models, investigating the consistency of the possible refractive outcomes. Furthermore, after cataract surgery, it is fundamental to evaluate IOL tilt and decentration. Gu et al. [105] observed that the tilt and decentration of postoperative IOLs are greater in patients with more tilted and decentred crystalline lenses, as well as those with shorter or longer axial length.



The effect of intraocular lens tilt and decentration on visual quality partly depends on the thermomechanical properties of the materials constituting implantable IOLs. Therefore, investigation of these properties is a fundamental task because it may determine degradation under physiological conditions of the considered material. The mechanical properties of polymers strongly change with temperature. In particular, they appear soft and are able to flow at temperatures higher than the so-called glass transition temperature (Tg) [23,40]. Instead, they appear hard for T < Tg. Indeed, materials with a lower Tg are more deformable and easily foldable at the body temperature at which the IOL is implanted [106]. For instance, lenses made by PMMA display glass-like behaviour, having a Tg of about 110 °C, whereas those made by silicone display rubber-like features and rapidly unfold within the eye because they have a Tg in the range −119.6 °C < Tg <−91.7 °C. Acrylic IOLs have Tg values in between those made by PMMA and silicone, displaying Tg values from 14 to 15.5 °C [30]. For glass transition temperatures higher than body temperature, the polymer (or copolymer) must have a low water content to be flexible because, in these cases, water acts as a plasticizer [107]. Tg is usually measured by means of differential scanning calorimetry (DSC) measurements, which is an experimental technique able to determine, by looking at differences in heat flow with respect to a control sample, eventual phase transitions occurring in an investigated sample by varying the temperature. Furthermore, thermogravimetric analysis (TGA) enables evaluation of variations in weight due to variations in temperature, allowing to achieve polymer degradation temperature, absorbed moisture content of materials, or solvent residues [108].



Figure 12 reports a comparison between two hydrophobic acrylic IOLs, one explanted from a patient 26 days after implantation due to glistenings and one as a control IOL kept in a balanced salt solution at 37 °C for 2 weeks. Light photomicrographs at 40× magnification show intra-optic glistening for the explanted IOL (Figure 12a), whereas only crystal-like deposits on the control IOL (Figure 12b). DSC and TGA analyses instead show only slight or no differences in the corresponding thermograms. Although the DSC curves do not overlap perfectly, the evaluated Tg is essentially the same, about 12 °C (Figure 12c). TGA analysis shows that the IOLs constituting material is stable up to about 250 °C, indicating absence of any unreacted monomers or solvents (Figure 12d). The high glistenings level shown by the explanted IOLs is probably enhanced by surgical stress and temperature fluctuations that indeed play a very important role for choosing and treatment of IOLs constituting material [108].



The glistenings issue, in terms of water accumulation in lower-density ‘‘pockets’’ that expand over time, is strictly related to polymer water content that can be affected by temperature variation [22]. Therefore, complete control of mechanical and thermomechanical properties of the material constituting the IOL is fundamental. Table 5 reports some of the most relevant physical properties for conventional IOL materials, including new hydrophobic acrylics constituted by a copolymer of three different monomers PEG-PEA/HEMA/styrene (PHS) and a crosslinker. The PEG chains provide high flexibility, the styrene moiety allows enhancing the refractive index, HEMA moiety allows dispersion in water of the material, and the crosslinker (ethylene glycol dimethacrylate) reinforces the structure. The tensile stress value corresponds to the highest stress that the material can tolerate while being pulled without cracking [23].





3.2. Biocompatibility


The safety of an intraocular lens is strongly dependent on the biocompatibility of the employed material. The risk of toxicity, genotoxicity, irritation, and inflammation must be evaluated both in vitro and in vivo in compliance with ISO 11979-5:2020 [109]. The tests in vitro are required for possible adverse events due to the chemical compounds that could release small particles after implantation [110]. The final product is tested both for eventual extractables and leachables: the former ones are compounds that can be extracted from the material if it is in a specific environment (solvent) at pre-established temperature and time of exposure (usually worse conditions than end use); the latter ones involve any possible compound that could migrate inside the medical device during production or storage [110]. Any insoluble inorganic residue due to IOL manufacturing must be identified and evaluated [111]. Generally, the longevity of an IOL is evaluated in accelerated conditions thanks to a test for hydrolytic stability and a photostability test. By using high-temperature and high-UV power intensity exposure, aging of 20 years is simulated and the long-term stability can be studied in terms of the altered properties of the “aged” sample [111,112]. Moreover, an IOL must be resilient to neodymium:yttrium aluminium garnet (Nd:YAG) laser and a test to its exposure must be carried out. This is because Nd:YAG laser capsulotomy is a widely used technique as treatment for posterior capsular opacification (PCO). The manufacturer must ensure that no leakage from IOL or physicochemical effect occur after laser exposure [110].



It is equally important to define degree of biocompatibility, usually unpredictable. Cytotoxicity is often evaluated by considering the effects on L-929 mouse fibroblast cell lines due to exposure to the material under consideration or its possible extractables/leachables [110]. Werner et al. studied the cytotoxicity of Teflon-coated PMMA in terms of qualitative morphological evaluation and neutral red extraction assay and did not find any toxic effect [113]. Kao et al. proposed an alternative method and tested cytotoxicity of silicone discs used in ophthalmic field by exposing human lens epithelial cells (HLEC) to toxic compounds [114]. Tortolano et al. [115] investigated cytotoxicity of four commercial IOLs and quantified the amount of fibronectin adsorption on the IOL surface. The IOLs under investigation were made of hydrophobic acrylate materials. They did not find any toxic effect, even with simulated aging of 2 years [115]. In Table 6, the advantages and disadvantages in terms of biocompatibility of IOLs materials are reported.



Generally, biological tests for sensitization and irritation are carried out with animals, specifically with guinea pigs for the former and albino rabbits for the latter [110]. Rabbits are also used to study the tissue response to IOL materials after implantation [110]. The inflammatory response is evaluated both short-term and long-term [110]. Finally, genotoxicity tests are required to evaluate eventual gene mutations and/or chromosomal damage due to IOL implantation and are usually carried out in vitro [110]. Generally, bacterial reverse mutation test (AMES) or mouse lymphoma assay (MLA) are used to evaluate gene mutations. Similarly, for in vitro chromosomal damage test, MLA or chromosomal aberration (CA) assay can be used [110]. If a genotoxic response is obtained from any of these in vitro tests, a genotoxicity test in vivo is required. Commonly, in vivo mouse micronucleus assay or in vivo chromosomal aberration assay are carried out to investigate possible genotoxic effects of IOL materials [110].





4. Conclusions


In this contribution, the state of the art of polymeric systems and their limitations for future IOL improvements are reported. The main goal of modern cataract surgery is to be able to employ the smallest incision possible, so the IOLs had to be flexible. This goal was achieved by improvements in the IOL design and materials that made them foldable. Improved physico-chemical properties and functions have been obtained by adding extra polymers or surface modification. Nowadays, high-quality hybrid polymers, such as PEG-PEA/HEMA/Styrene or 2-HEMA and EOEMA copolymers, are studied to improve biocompatibility, also providing better visual quality and adjustable ability, reducing surgical incision, as well as dealing with complications such as posterior capsular opacification (PCO). Recently, creation of ophthalmic optics by combining several materials with different refractive indexes (GRIN) useful to create patient-specific eye power is of primary importance. The main advantage of GRIN-based IOLs is that they would be much more anatomically similar to the crystalline lens than the current technology with single material. Despite the great results obtained, new challenges are underway, exploiting developments of new techniques and thanks to the availability of advanced materials with improved properties. However, the need for cheaper and more biocompatible materials never ends. Actual research leads to developing materials with unique features and specific functionality. However, further efforts should be made for understanding the structure–property correlation in terms of physico-mechanical properties (such as glass transition temperature, wettability, flexibility, oxygen permeability), chemical properties (such as stability, inertness), and biochemical properties (such as biocompatibility), which will enable scientists to ascertain other innovative materials with desired properties and behaviour.
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Figure 1. Scheme of commercial IOL indicating the main elements of an IOL: optics and haptics. The effects of IOL surface treatments and the main polymeric materials adopted in commercial IOL. Adapted from Ref. [2] under the terms of the Creative Commons Attribution (CC BY) license. Copyright © 2022 Luo, Wang, Chen, Xu, Yin and Yao. 
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Figure 2. Basic principle of Mini Well and Mini Well Proxa EDOF-IOLs. Reprinted with permission from Ref. [15]. Copyright © 2023, Wolters Kluwer Health. 
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Figure 3. (a) Photopic polychromatic MTFs for an IOL with refractive index of 1.46 and Abbe numbers of 35, 70, and 200. Results for 3 mm and 5 mm pupil diameters are shown. (b) The MTFs trend for a silicone and two different acrylic IOLs. Reproduced from British Journal of Ophthalmology, Zhao, H.; Mainster, M.A., 91, 1225–1229, copyright 2007 with permission from BMJ Publishing Group Ltd. [20]. 
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Figure 4. Representative scheme of SMP cycle. The material can be deformed when cold but returns to its pre-deformed (“remembered”) shape when heated. 
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Figure 5. Scheme for new technology for making postop IOL adjustments. 
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Figure 6. Ray fan plot geometry. 
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Figure 7. Layouts for (a) biconvex lens; (b) GRIN lens. 
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Figure 8. Ray fan plot for (a) biconvex lens; (b) GRIN lens. 
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Figure 9. The diameter of the spot projected onto the image plane for (a) biconvex lens; (b) GRIN lens; (c) airy disc for the GRIN lens. 
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Figure 10. Transverse ray (a) and spot diagram (b) for the GRIN lens plotted with the same scale of the biconvex lens. 
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Figure 11. (a) Raman spectra obtained in a point external (i) and internal (ii) at the microvacuole. In the inset, an optical image of the microvacuole selected for Raman analysis in HFO. (b) Raman image of the microvacuole following the polymer band intensity (area) between 2800 and 2900 cm−1. (c) Water distribution inside the vacuole obtained by plotting the intensity of contributions in the 3200–3700 cm−1 range. (d) Loading plot for the first (bottom) and second (upper) PC, resulting from analysis of spectra acquired in a raster scan around the vacuole. (e,f) PC1 and PC2 score map from PCA of Raman spectra. Reprinted from Ref. [44] under the terms of the OSA Open Access Publishing Agreement. © 2019 Optical Society of America. 
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Figure 12. Comparison between two IOLs made of hydrophobic acrylic. (a) Light photomicrographs at 40x magnification showing intra-optic glistening for an IOL explanted from a patient 26 days after implantation. (b) Same as (a) but for a control IOL kept in a balanced salt solution at 37 °C for 2 weeks showing only crystal-like deposits. (c) DSC curves for explanted and control IOLs for determination of Tg (about 12 °C in both cases), showing non-perfect overlap. (d) TGA curves showing very high stability for all IOLs; in this case, two control IOLs have been considered. Figure adapted with permission from Ref. [108]. L. Werner et al. Unusual Pattern of Glistening Formation on a 3-Piece Hydrophobic Acrylic Intraocular Lens. J. Cataract. Refract. Surg. 2008, 34, 1604–1609. © Wolters Kluwer Health, Inc., Philadelphia, PA, USA. 
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Table 1. IOL-based materials and some of their properties.
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	Silicone
	PMMA
	Hydrophobic Acrylic
	Hydrophilic Acrylic





	Rigidity
	flexible
	rigid
	flexible
	flexible



	Affinity to water
	hydrophobic
	hydrophobic
	hydrophobic
	hydrophilic



	Refractive index
	1.41–1.46
	1.49
	up to 1.55
	1.43



	Abbe number
	42
	58
	37–55
	58
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Table 3. Values of the average water contact angles (in ° +/− the standard deviation, SD) on the tested IOLs materials.
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	Material
	WCA (° +/− SD)





	Collamer
	77.7 +/− 0.79



	Hydrophilic acrylic
	68.4 +/− 1.11



	Hydrophobic acrylic
	88.7 +/− 1.24



	Silicone
	114.1 +/− 2.54



	PMMA
	77.1 +/− 2.34



	Heparinized PMMA
	79.9 +/− 2.21
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Table 4. Drop profiles for evaluation of the WCA for the 6 commercial considered IOLs and corresponding root mean square roughness measured by AFM. Adapted with permission from Ref. [91] C. de Giacinto et al. Surface Properties of Commercially Available Hydrophobic Acrylic Intraocular Lenses: Comparative Study, J. Cataract Refract. Surg. 2019, 45, 1330–1334. © Wolters Kluwer Health, Inc., Philadelphia, PA, USA.
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	Model
	Drop Profiling
	WCA (°)
	RMS Roughness (nm)





	iSert 251
	[image: Polymers 15 01590 i001]
	84.24 +/− 2.15
	1.78 +/− 0.40



	CT Lucia 601P
	[image: Polymers 15 01590 i002]
	48.76 +/− 4.91
	2.05 +/− 0.36



	enVista MX60
	[image: Polymers 15 01590 i003]
	75.22 +/− 3.45
	2.13 +/− 0.26



	Clareon SY60WF
	[image: Polymers 15 01590 i004]
	72.84 +/− 1.80
	1.01 +/− 0.41



	Vivinex iSert XY1
	[image: Polymers 15 01590 i005]
	78.94 +/− 6.66
	0.63 +/− 0.57



	Tecnis PCB00
	[image: Polymers 15 01590 i006]
	74.45 +/− 5.11
	2.27 +/− 2.54
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Table 5. Relevant physical properties for conventional IOL materials. Data from New Hydrophobic IOL Materials and Understanding the Science of Glistenings, Tetz, M.; Jorgensen, M.R. Curr Eye Res 2015, 40, 969–981 [23], reprinted with permission of the publisher (Taylor & Francis Ltd., http://www.tandfonline.com, accessed on 2 March 2023).
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	Material
	Water Content (%)
	WCA (°)
	Tensile Stress (MPa)
	n
	Tg (°C)





	PMMA
	0.4–0.8
	65–71
	47–70
	1.49
	105–113



	Silicone
	0.38
	97–120
	5.9–8.2
	1.43
	−120–−90



	Hydrophilic acrylics
	18–38
	20–70
	0.4.06
	1.40–1.43
	10–20



	Hydrophobic acrylics
	0.1–0.5
	72–88
	No data
	1.47–1.56
	5–16



	PHS
	4–5
	69–79
	4–6
	1.54
	27–29
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Table 6. Comparison of biocompatibility of IOL materials. Reprinted with permission from Ref. [116].
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	Materials
	Advantage
	Disadvantage





	Hydrophilic acrylic
	Higher tissue compatibility due to high water content; Low aqueous flare;

Low rate of inflammatory cell accumulation on the lens surface.
	Insufficient posterior sharp-edged design due to the high water content;

High rate of posterior capsule opacification;

High rate of anterior capsule opacification;

Greater lens epithelial cell on growth on the lens surface.



	Hydrophobic acrylic
	Material compatible with a posterior sharp-edged design; Low rate of posterior capsule opacification; Low rate of anterior capsule opacification;

Low rate of lens epithelial cell on growth on the lens surface.
	High aqueous flare *

Inflammatory cell accumulation on the lens surface *.

* Not at a clinically significant level



	PMMA
	Good tissue compatibility; Low aqueous flare; Low rate of inflammatory cell accumulation on the lens surface.
	Foldable

High rate of posterior capsule opacification



	Silicone
	Low rate of inflammatory cell accumulation on the lens surface; Low rate of posterior capsule opacification.
	Increased fibrotic reaction due to lens epithelial cell stimulation; Lens surface opacification due to contact with intravitreal air; Difficulty visualizing the retina due to interface formed with silicone oil used in vitreoretinal surgery.
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