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Abstract 

Pharmaceuticals delivery to the eye sites of interest via the means of contact lenses 

(CLs) has attracted significant research attention in recent years. Compared with the 

conventional formulation in eye treatment such as eye drops, CLs administration has 

shown remarkable advantages in overcoming the challenges involved in ocular drug 

delivery such as higher bioavailability, longer drug residence and better medication 

compliance. This review will first detail each of the material components which have 

been used in the context of CLs, including HEMA, MAA, DMA, NVP, EGDMA, TRIS 

and PDMS. The pros and cons of each material in tailoring drug release rates of 

different encapsulated payloads will be discussed, with special focus on their impact on 

the therapeutic efficiency. In addition, the advancement of recent emerging copolymer 

CLs hydrogels, originated from these sophisticated monomers with distinct functions, 

are further summarized into several synthetic strategies in the means of copolymer 

architecture design and function-performance relationship in ophthalmic applications. 

Finally, the possible considerations for future design of multifunctional CLs hydrogels 

by combing material selection rationales with biological interface science are proposed.   
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1. Introduction 

Eye is a special organ with unique physiological and anatomical characteristics, which 

will make it hard to get cured if eye diseases happen.[1] However, traditional ophthalmic 

administration of drugs that contain eye drops, powder and ointment, have significant 

limitations in the application, such as low permeability, low bioavailability, short 

residence time, and frequent administration. Therefore, many studies attempt to 

overcome these shortcomings with diverse strategies, among which contact lenses (CLs) 

are recognized as one of the most promising carriers for ophthalmic administration.[2-5] 

In addition to the correction of myopia and cosmetics, CLs have also been emerged as 

a drug delivery platform for many years.[6-9] Many advantages of using CLs in drug 

loading and release have been successfully demonstrated in a diverse biomaterial 

system, including good biocompatibility, more suitable viscosity for drug formulation 

and higher bioavailability with a prolonged drug release.[10-12] Therefore, CLs are 

envisioned as high potential candidates for practical administration in ocular drug 

delivery.[13, 14] 

The improved properties of CLs are attributed to copolymer hydrogel materials which 

are fabricated from the copolymerization of different monomers. Based on mechanical 

characteristics, CLs are divided into rigid and soft types with desired functions. Due to 

the discomfort experience, rigid CLs are not suitable to serve as a potential drug 

delivery reservoir in eye application.[15] Compared with rigid CLs, soft CLs (SCLs) 

have better properties of high water content, softy, elasticity and good oxygen 

permeability, which are attributed to the biocompatible monomers manufacture by 
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different physical and chemical properties. Furthermore, the unique composition of 

monomers is optimized to enhance the characteristics of copolymer hydrogel in water 

content, oxygen permeability, biocompatibility, stability, hydrophilicity, and 

mechanical strength, which contribute to better performance in drug loading and 

release.[16-18] Considering the advantages of copolymer hydrogel in transparency, 

porosity and controllable drug delivery, the copolymer hydrogel copolymerized with 

monomers are an essential functional ingredient of SCLs.[19] 

This review focuses on the properties, advantages and comparison of hydrogel 

materials differences for CLs applications, and injects novel insights of their structure-

property-performance in ophthalmic drug delivery. To the best of our knowledge, this 

is the first comprehensive report to summarize the recent advances in new architectural 

copolymer-based hydrogel contact lenses for ophthalmic therapeutic delivery 

applications. 

 

2. Material components for CLs hydrogels  

The earliest material utilized to CLs was poly(methyl methacrylate) (pMMA), which 

has relative rigidity and durability. But it is not a satisfactory candidate agent for drug 

delivery owing to the lack of oxygen permeability.[15] Nowadays, soft CLs containing 

hydrophilic materials prevail the CLs market. These materials consist of a various 

combination of monomers from HEMA, MAA, DMA, NVP, EGDMA, TRIS and 

PDMS (Figure 1). Each of these monomers has its advantages to improve the property 

of drug loading and release. Currently, there are different methods for drug loading, 
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such as soaking method, vitamin E carrier, polymeric nanoparticle method, molecular 

imprinting method, implantation technology, sandwich method and supercritical fluid 

technology, different materials in different loading strategy.[2, 5, 20, 21] In this section, the 

differences and advantages of each monomer that are commonly used in hydrogel CLs 

will be probed respectively. 

 

     

                

                         

 

             

              

  
               

                                                                                          

Figure 1. Chemical structures of typical monomers in fabricating soft CLs hydrogels. 

2.1. Hydroxyethyl methacrylate (HEMA)  

CLs prepared from polymer hydrogel (pHEMA) was first reported in 1960, which 

mainly composed of 2-hydroxyethyl methacrylate (HEMA) monomers, opening a new 

era of SCLs.[22] Hydroxyethyl methacrylate (HEMA) is the most common monomer of 

soft lenses. As a common biomedical material, HEMA monomer and its polymers have 

good biocompatibility. Besides, HEMA material has the advantages of softness and 

comfort thanks to the moisture content, which quickly replaced the popular pMMA 
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contact lens material in the early days.[22, 23] 

Controlled release of ophthalmic drugs by soft CLs materials have always been a 

popular topic within the globe. In a recent study, Xu et al demonstrated that the 

micelles-loaded CL using HEMA as the hydrogel matrix was able to simultaneously 

release latanoprost and timolol.[24] The combination of HEMA and the micelles not only 

prolonged the drug release rate, but also increased the average retention time of two 

drugs by 79.6 times and 122.2 times than eye drops respectively, which contributed to 

the improved drugs bioavailability in 2.2 times and 7.3 times respectively. In their study, 

HEMA hydrogel maintained the optical properties of glasses and acted as the medium 

between drug-loading micelles and eyes, showing the improved biocompatibility of 

hydrophilic groups on the surface of the micelles and CLs matrix.  

To achieve the better therapeutic effect, an inner lay-embedded and pH-triggered 

contact lenses was developed with the lower drug loss, prolonged release of diclofenac 

sodium and improved drug retention time, and these achieved advantages are attributed 

to the good storage stability of pHEMA hydrogel.[25] Therefore, the HEMA is 

considered as the basic CLs material, providing a better environment for drug loading 

and release. 

However, low water content, inadequate oxygen permeability and poor resistance to 

deposition of HEMA also limit its application.[26] The complementary strategy is to 

introduce other monomers to achieve the optimized performance for drug loading. 

 

2.2. Methacrylic acid (MAA) 
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Methacrylic acid (MAA) is an important organic chemical raw material, polymer 

intermediate and a better water uptake monomer than HEMA. As the CLs monomer, 

MAA rarely appears alone. The abundant water absorption is the specific feature of 

MAA. Thus, the combination between MAA and HEMA can overcome the 

disadvantages of HEMA, achieving the increased moisture content of CLs.[26] Another 

study of Andrea Weeks et al. further confirmed, the CLs materials with MAA 

represented an increased equilibrium water content (EWC) and improved 

hydrophilicity.[27] 

In terms of drug delivery, MAA can increase the sorption of some drugs because of its 

ionicity. The hydrogels composing of polymerized MAA have high water absorbency 

and represent the highly hydrophilic and pH-sensitive characteristics thank to the 

hydrophilicity of carboxyl group. For example, the optimal hydrolyzed collagen-

grafted-poly[(acrylic acid)-co-(MAA)] hydrogel with pH-sensitive and thermo-

sensitive features fabricated by Supaporn N et al. can controllably release insulin and 

methylene blue in vitro and showing a slower release effect under acidic conditions.[28] 

In addition, the introduction of MAA can increase drug loading to some extent.[29] 

The degradation behavior of MAA also affects its biological function, the hydrolyzation 

of MAA components can induce the ionic presence on the surface of copolymers, which 

contribute to the increased CLs’ absorption proteins from tear fluid.[30] Meanwhile, the 

absorption of other impurities in tear fluid is also enhanced, which makes it difficult to 

remove dirt. In the follow-up research, this is still a major concern for ophthalmological 

applications.  
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2.3. N-vinyl-2-pyrrolidone (NVP) 

Similar to MAA, N-vinyl-2-pyrrolidone (NVP) also has good water solubility and 

biocompatibility. NVP plays a role as a functional monomer owing to its lactam part. 

The existence of bipolar lactam group makes it highly polar, thus inducing 

hydrophilicity.[3] 

To achieve efficient drug delivery, hydrophilic monomer NVP is introduced into 

polymerization, which can improve gelation time, transparency, structure, swelling 

property and water holding capacity of the hydrogel. Besides, the release of norfloxacin 

loaded from CLs can be controllable within a certain period.[31] 

However, the concern about NVP is the mechanical properties. With the increased of 

NVP content, the moisture content of material is improved, but the mechanical strength 

of the material also decreases subsequently. 

 

2.4. N, N-dimethylacrylamide (DMA) 

Different from MAA and NVP, N, N-dimethylacrylamid (DMA) is easy to assembly to 

polymer, which has excellent hygroscopicity, antistatic property, dispersibility, 

compatibility, protective stability and so on. It is worth noting that the significant 

difference between HEMA and DMA is that DMA contains a hydroxyl pendant group, 

which can form hydrogen bonds between monomers. Therefore, expansion of HEMA 

materials is significantly smaller than that of DMA materials, which is reflected that the 

EWC of all model HEMA materials is lower than that of DMA materials.[32] 

Furthermore, higher EWC may be associated with higher drug absorption. DMA is a 
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particular monomer that can be polymerized into the highly hydrophilic and 

biocompatible hydrogels. Matthew and co-workers prepared copolymers of DMA and 

2-(N-ethyl-perfluorooctanesulfonamido) ethyl acrylate (FOSA), which made the 

mechanically robust DMA-based hydrogels as an effective drug delivery system. As 

the increased of DMA content in hydrogel, the drug release rate was also accelerated 

subsequently. Besides, the increasing pH of buffered media can slow the drug 

penetration capacity through control of the swelling of the hydrogel.[33] 

Compared with NVP, incorporation of DMA shows better performance in 

hydrophilicity and swelling ratio. As shown in the work of Jude and co-workers, the 

thermo-sensitive N, N-diethylacrylamide (DEA) was employed to copolymerize with 

NVP and DMA respectively. As a result, poly(DEA-co-DMA) hydrogel can load more 

aminophylline than poly(DEA-co-NVP) does, which is owing to the high 

hydrophilicity and swelling ratio that is easy for drugs to spread (Table 1).[34] However, 

even with chemical cross-linking, poly(DMA) still exhibits fairly low mechanical 

strength. 

 

2.5. Ethylenglycol dimethacrylate (EGDMA) 

Different from HEMA, MAA, NVP and DMA, ethylenglycol dimethacrylate (EGDMA) 

is the most frequently used monomer that has the cross-linking function, which can 

increase spatial stability, strength and hardness. As the most indispensable material in 

SCLs, the addition of EGDMA can increase the durability, elasticity, tensile strength 

and stability of the materials.[26] 
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EGDMA can also regulate the process of drug release. The existence of EGDMA can 

make the combination of all monomers closer, leading to a more compact structure of 

hydrogel. Then shrinkage of hydrogel leads to pore size reduction. Pore diffusion 

mechanism contributes to the drug release of hydrogels, thus the pore size reduction is 

accompanied by the prolonged drug release time (Figure 2). For instance, as Jude et al 

reported, the copolymer with 0.4 wt% EGDMA shows a longer drug release time than 

that with 0.25 wt%.[34] Accordingly, if monomer EGDMA is utilized, the drug release 

property can be further strengthened in copolymer hydrogel. 

Furthermore, the EGDMA-crosslinking hydrogel CLs fabricated by 

photopolymerization have a stable property of copolymer, which could offer a suitable 

basic for micelle implanting (Figure 3a). The results showed that micelle implanted 

hydrogels extended cyclosporine release to over 12 days.[35] 

Despite EGDMA is an excellent connector between other monomers, the increased 

content can also reduce the water content of hydrogel, and ionic permeability and 

swelling rate. 
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Figure 2. Schematic illustration showing the compact silicone hydrogel design with 

both hydrophilic and hydrophobic phases. 

 

2.6. Other functional monomers 

In addition to monomers what has been included above, there are also various monomer 

materials applied to CLs, such as methyl methacrylate (MMA), pMMA and so on. 

Nevertheless, these rigid materials have gradually been displaced by soft materials. To 

improve the properties of SCLs, silicone-based monomers have been extensively 

explored, including tris (trimethylsiloxy) methacryloxy propyl silane (TRIS), 

polydimethylsiloxane (PDMS), which are both discussed in the following reports.[2, 15] 

This specific monomers exhibits higher elasticity, and combination with silicon and 

oxygen is able to increase the air permeability, resulting in improving the transparency 

and wet properties of the composites. Even with some improvement, the poor 

wettability is also hardly negligible. 
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Table 1. Structure-Performance Relationship of Each Monomer 

Materials 

Main 

Structural 

Features 

Water 

Content 
Hydrophilicity 

Oxygen 

Permeability 
Role in CLs Function in Drug Delivery 

HEMA Hydroxyl Medium Hydrophilic Medium 
Provides basic environment 

with good biocompatibility 

Can hydrolyze and ionize, 

can also produce hydrogen 

bond. Improve the slow 

release of drugs 

MAA Carboxyl High Hydrophilic Low 
Has iconicity and increases 

water content 

Ionization enables it to be 

combined with some drugs 

to improve drug loading 

NVP Lactam High Hydrophilic Low 
Increases water content and 

gelation time 

Quaternization under acid, 

has electrostatic interaction 

with the drugs 

DMA Nitrogen High Hydrophilic Low 

Has excellent 

hygroscopicity. Increases 

stability and swelling ratio 

Forms hydrogen bonds. 

Enhances drug absorption 

and drug release rate 

EGDMA Ester Low Hydrophobic Low 

As a cross-linker to 

increase hydrogel 

compactness and stability 

Improve the sustained 

release effect of drugs 

Silicone-

based 

monomer 

Silicon Low Hydrophobic High 
Greatly increases oxygen 

permeability and durability 

Adsorb some hydrophobic 

drugs, and help the drug 

diffusion 

 

3. New CLs hydrogels via rational copolymer design  

As described above, each monomer has its unique advantages, accompanied by 

different drawbacks. And the core strategy is developed to overcome these limitations, 

and the expected drug delivery system can be well implemented through the 

combination of these monomers.[36, 37] Hybrid copolymer materials have been classified 

into two groups based on silicone in the following text because the addition of silicone 

greatly improves the oxygen permeability of CLs, and improves the mechanical 

properties of CLs.[38] In this section, the advantages and applications of the six 

monomer copolymers in CLs drug delivery will be described. 
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3.1. Non-silicone based hydrogel CLs 

The materials described in this section are copolymers other than silicon monomers. 

Different copolymerization present different effects of drug loading and release, and 

this improvement of the property will be mentioned below.[39] 

 

3.1.1. HEMA copolymerizes with NVP (HEMA-co-NVP) 

NVP has the highest hydrophilicity among the copolymers used. But with the increase 

of NVP, the strength of materials decreases and this results in stability damage.[31, 40] 

Thus, to enhance the strength so that bad drug delivery can be avoided, the addition of 

HEMA is essential.  

Compared with pHEMA hydrogel, poly(HEMA-NVP) copolymer hydrogel has a larger 

EWC and a more uniform porous structure.[41] As the report showed, poly(HEMA-co-

NVP) hydrogel can also achieve a prolonged drug release property compared with 

HEMA hydrogel. Farzaneh and co-workers prepared nanoparticles loaded CLs for 

ocular drug delivery which has a good mechanism of drug loading and release (Figure 

3b).[42] Besides, the poly(HEMA-co-NVP) hydrogel embedded with drug loading 

nanoparticles showed longer cumulative drug release than drug loading nanoparticles 

and hydrogel only, which illustrated that the combination presented an excellent effect. 

The swelling ability of hydrogels was enhanced by copolymerization of HEMA with 

NVP, which provided conditions for the dispersion of nanoparticles in the hydrogel 

mixture. Nanoparticles were successfully trapped in the hydrogel matrix after photo-



15 

 

polymerization so that the drug release time could be extended. Therefore, the 

nanoparticles loaded hydrogel can achieve better drug release effect.  

 

Figure 3. (a) Synthesis of hydrogel CLs incorporating micelles.[35] Reproduced with 

permission from Ref. 35. Copyright 2019 Royal Society of Chemistry. (b) Synthesis 

and drug delivery of hydrogel CLs incorporating nanoparticles.[42] Reproduced with 

permission from Ref. 42. Copyright 2015 American Chemical Society. 

 

Drug delivery of CLs hydrogels can be influenced by the solubility of the drug and the 

pH of the medium. As redox polymerization technology was utilized for synthesis 
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reaction, p(HEMA-co-NVP) hydrogel were obtained. On one hand, the solubility of 

sodium diclofenac in acid was low. On the other hand, the nitrogen atoms in the NVP 

structure were quaternized in an acidic medium, so the sodium diclofenac could be 

retained in the hydrogel through strong electrostatic interactions. These factors make 

the release amount of diclofenac sodium low in acidic medium, which can be reversed 

in alkaline medium. By contrast, trimethoprim had a higher solubility in the acidic pH, 

so its drug release results are opposite to those of diclofenac sodium.[43] Therefore, 

selecting the right drug and pairing it with the right copolymer can make a big 

difference in drug delivery of CLs. 

Also, the HEMA hydrogel containing NVP is susceptible to protein contamination, yet 

this can be improved by introducing hydrophilic sulfobetaine-type zwitterionic groups 

to build a copolymerized hydrogel with anti-protein-fouling performance.[44] Therefore, 

poly(HEMA-co-NVP) hydrogel can be combined with specific drugs to achieve both 

anti-infection and sustainable drug release under certain conditions.  

 

3.1.2. HEMA copolymerizes with MAA (HEMA-co-MAA) 

The study has demonstrated that when MAA was added, the strength and water content 

were higher than when NVP was added.[45] 

Especially, the iconicity of MAA is similar to the mechanism that oleic acid contained 

CLs can prolong the release time of cationic drugs because of the electrostatic 

interactions between anions and cations.[46] When pH is low, the hydrogels are nonionic, 

whereas at high pH, hydrogels are anionic due to ionization of MAA.[47, 48] However, 
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even though MAA plays an important role in binding drugs, it doesn’t mean that the 

more MAA, the more drugs binding. As we can find out from the study Sajedeh 

Kioomars et al. conducted, the drug ciprofloxacin : MAA molar ratio affected the drug 

binding of HEMA/MAA imprinted hydrogel. Particularly, the drug binding and release 

properties at three different ratios (1:16, 1:20 and 1:32) were evaluated.  The results 

showed that the drug binding amount was lower in the ratio of 1:32 than the counterpart 

ratios of 1:16 and 1:20. However, in terms of drug release, the initial release rate of 1:32 

sample was faster than the other two samples. The cumulative release amount was also 

higher in the end, which might be related to the weak binding effect. That’s because 

MAA could be combined with CFX through hydrogen bonding and this kind of 

combination can reach an equilibrium state.[49] C. Alvarez-Lorenzo et al. have proved 

the similar result. They investigated the effect of the different template/functional 

monomer ratios on the drug release of molecularly imprinted hydrogels. The drug 

release rate decreased by increasing the MAA/template (timolol) ratio in the gel recipe, 

which was related to the affinity between the drug and the imprinted cavities.[50] M. 

Byrne et al. also demonstrated that adjusting the ratio of functional monomer to 

molecule could achieve a high level of control release rate.[51] Therefore, the optimal 

drug/monomer ratio is also crucial for drug delivery. 

To find a better drug ligand, modification can be feasible. Hu and co-workers prepared 

a biocompatible hydrogel with controllable drug delivery via modifying β-cyclodextrin 

(β-CD) with MAA and then copolymerizing with HEMA. With the increase of MAA/β-

CD ratio, the drug loading of copolymer hydrogel also increased.[52] The hydrophilicity 
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of the copolymer hydrogel is not as good as that of HEMA, but better than that of MAA. 

What’s more, this HEMA/MAA-CD hydrogel has better hydrophilicity and 

biocompatibility and has the better property of drug loading and release. 

Similarly, Shi et al. study to choose the most suitable carrier of drug gatifloxacin 

(GFLX). Five monomers, including MAA, NVP and other three monomers, were 

utilized to copolymerize with HEMA and each copolymer was studied in terms of drug 

loading and release properties. With the increase of the weight percent of EGDMA, the 

EWC of copolymers decreased. Thus, after choosing the best concentration of EGDMA, 

poly(HEMA-co-MAA) showed the highest loading amount of GFLX among all 

attached hydrogels. Besides, it could slowly release more than 70% of the drug within 

24 hours, which achieved a good property of stable and controllable drug release. And 

this can be proved by in vivo experiment, which illustrated that poly(HEMA-co-MAA) 

hydrogel could treat better than pHEMA hydrogel that almost had no therapeutic 

effect.[53] 

There are still other ways to improve the drug loading and release of HEMA/MAA 

hydrogel. For instance, nanosuspensions were applied to HEMA/MAA hydrogel CLs 

and as a result, the loading capacity and release of triamcinolone acetonide (TA) were 

increased, compared with another commercial CLs which had similar composition with 

HEMA/MAA hydrogel.[54] In addition, more improvement can be achieved through 

loading nanoparticles onto hydrogel CLs. As described above, the introduction of 

EGDMA can heighten water content and greatly improve the tightness and binding 

affinity between monomers which include nanoparticles. That enables nanoparticles-
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loaded HEMA-co-MAA-co-EGDMA hydrogel to have a better performance of drug 

loading and longer drug release.[55, 56] Therefore, the addition of MAA and EGDMA 

can highlight the function of hydrogel to make it easy to combine with nanoparticles or 

micelles, which could better enhance the property of drug delivery in hydrogel CLs.  

 

3.1.3. HEMA copolymerizes with MAA and NVP (HEMA-co-MAA-co-NVP) 

Combining the MAA and NVP can significantly improve material strength and 

hydrophilicity, and further improve drug delivery performance. For example, Yang and 

co-workers produce a poly(HEMA-co-NVP-co-MAA) hydrogel with responsive 

sensitively to multi-stimulus.[57] On the one hand, HEMA-NVP copolymer hydrogel 

was regarded as the main chain because of its good mechanical properties and high 

swelling ratio. On the other hand, MAA in the polymer system responds well to pH and 

ionic strength stimulation. So the poly(HEMA-co-NVP-co-MAA) hydrogel showed 

better properties and furthermore revealed good delivery of drug theophylline when 

stimulated accordingly. The poly(HEMA-co-MAA-co-NVP) hydrogel CLs, with high 

water content and hydrophilicity, show high potential to achieve a good drug loading 

and controllable release among different kinds of drugs. 

 

3.1.4. DMA copolymerizes with NVP (DMA-co-NVP) 

But interestingly, HEMA isn't necessarily a monomer that must be existed in SCLs 

hydrogel. The good hygroscopicity, antistatic and stability of DMA make the 

combination of DMA and NVP more significant because of the improved EWC, 
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biocompatibility and drug loading. Thus the property-improved and hydrophilic DMA-

co-NVP hydrogel can have a good application for loading and release of some drugs.[26, 

31, 33, 40] 

As a backbone, DMA-co-NVP hydrogel with high hydrophilicity has numerous 

possibilities for modification. For example, after linked with other functional 

monomers that contain N-hydroxyethyl acrylamide (HEAA), zinc ion and 4-

vinylimidazole (4VI), DMA-co-NVP hydrogel showed a two-fold increase in drug 

affinity of acetazolamide and ethoxzolamide. In this hydrogel, what is interesting is that 

the content of backbone monomers is pretty higher than that of functional monomers. 

[58] The reason why this type of hydrogel can have an advanced property to load more 

drugs and to control the drug release process was that artificial receptors were built, 

which resulted in simulating the active sites of metalloenzymes in the hydrogel network. 

This receptor could combine with drugs so that the affinity between drug and hydrogel 

can be considered improved. 

DMA-co-NVP hydrogel can copolymerize with other silicone-based monomers to 

improve the low oxygen permeability.[4, 15, 59] Study conducted by Tran et al. exhibited 

a kind of SCLs hydrogel based on DMA-co-NVP copolymer, with an improved oxygen 

permeability property, which is also attributed to the addition of silicone nanoparticles 

(SiNPs) (Figure 4).[60] The DMA-co-NVP hydrogel not only can improve the 

hydrophilicity and biocompatibility of CLs, but also can be modified to reach a better 

property for drug delivery because of quaternization of NVP and hydrogen bonds 

formed by DMA. 
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Figure 4. Fabrication of hydrogel CLs incorporating silicone nanoparticles to increase 

oxygen permeability.[60] Reproduced with permission from Ref. 60. Copyright 2019 

Springer Netherlands. 

 

3.2. Silicone-based hydrogel CLs 

As mentioned above, the non-silicone based hydrogel CLs have an essential issue: low 

oxygen permeability, which can cause corneal hypoxia and result in "red blood 

filament".[19, 61-63] So the silicone monomers are taken into consideration for the reason 

that these silicone materials contain silicon which can enhance oxygen permeability of 

CLs.[38] Silicone monomer often copolymerizes with other monomers above to improve 

its low water content. In addition, the copolymerization of hydrophobic monomers and 

hydrophilic monomers can improve the drug delivery ability of copolymer hydrogel to 

a certain extent because the improved oxygen can be helpful to drug release process.[15]   

In terms of the mechanism of silicone-containing hydrogels, water dissolves oxygen 

and increases persistence, while silicone provides toughness due to its hydrophobic 

properties. In addition, these hydrophobic monomers also contribute to the adsorption 

of some hydrophobic drugs and part of the group of some drugs can interact with the 
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silicone.[64-66] Next, we will introduce some of the recent advanced silicone hydrogel 

contact lens materials which are based on TRIS or PDMS and the drug delivery ability 

of them will be discussed.  

3.2.1. TRIS copolymerizes with HEMA or DMA (TRIS -co-HMA, TRIS-co-

DMA) 

As above mentioned, conventional hydrogel SCLs are usually made from hydrophilic 

monomers including HEMA, NVP, MAA and DMA, which show good EWC and 

compatibility. In the above studies, the combination of HEMA with different amounts 

of MAA or NVP increased properties of drug delivery. Although hydrogel polymers 

have achieved good performance under open conditions, there are still major defects in 

the oxygen permeability of materials.[15, 22, 67] TRIS is a kind of silane coupling agent 

with excellent properties and it is widely used as the modifier of CLs, which has 

excellent properties such as smoothness, heat resistance and air permeability. CLs with 

excellent oxygen permeability and moisture retention can be prepared by 

copolymerization of TRIS with other monomers, which is beneficial to drug release. 

Phan et al. prepared a smart contact lens containing natamycin-loaded poly (D, L-

lactide)-dextran nanoparticles (Dex-b-PLA NPs) based on different hydrogel materials, 

including HEMA, HEMA-co-TRIS and DMA-co-TRIS. It was demonstrated that 

nanoparticles could increase the loading of drug and the drug release was higher in 

TRIS/DMA hydrogel. In silicone hydrogel materials, the polylactic acid core of 

nanoparticles can be rearranged and interacted with the silicone part of polymer 

network. Therefore, the nanoparticles released from these materials may undergo 
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structural changes, so the encapsulated drugs will be released more quickly. The high 

hydrophobicity hydrogel containing TRIS followed this release mode and released the 

drug before 12 hours, and the release time of most hydrogels was improved. In addition, 

they also observed an increased in the percentage of drug release from the polymer.[32] 

TRIS only prolonged the release period of DMA hydrogel at drug loading nanoparticles, 

but did not extend the hydrogel containing HEMA. Thus after combining with DMA or 

HEMA, the drug delivery properties both show better than HEMA only. 

 

3.2.2. TRIS copolymerizes with DMA and NVP (TRIS -co-DMA-co-NVP) 

In fact, TRIS is a kind of hydrophobic silicone that can increase Dk (oxygen 

permeability coefficient) containing silicon group. In addition, DMA and NVP is a 

hydrophilic monomer containing hydrogen bonds. Therefore, TRIS and DMA-NVP 

combine to enhance both the Dk and water content of hydrogel lens, as well as other 

chemical and physical functions.[68] 

Therefore, the combination of hydrophilic monomers and hydrophobic monomers can 

improve the comprehensive properties of CLs because each monomer can give full play 

to its own advantages. Only under this premise can the drug be delivered more 

effectively whether it's hydrophilic or hydrophobic.[46, 60] 

 

3.2.3. TRIS copolymerizes with HEMA and NVP (TRIS -co-HEMA-co-NVP) 

Since HEMA-NVP hydrogel has good performance of EWC and biocompatibility, the 

copolymerization with TRIS can exactly increase Dk of hydrogel to balance the 
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properties of CLs.[40, 43] Silva et al. synthesized TRIS-NVP-HEMA hydrogels with high 

water content and low protein adsorption, which may be useful for drug loading.[69]  

Due to the addition of TRIS monomer, hydrogel possesses hydrophilic and hydrophobic 

phases, leading to having some new properties, one of which is pH sensitive response.[70] 

Zhao et al. demonstrated that the feature of dual-phases made the TRIS-HEMA-NVP 

hydrogel load both hydrophilic and hydrophobic drugs at the same time. Besides, this 

silicone contained hydrogel has pH and solvent response properties which could result 

in a controllable drug release.[71] The responsivity of pH was mainly determined by the 

hydrophilic phase of hydrogels, and the proportion of the hydrophilic phase decreased 

with the increase of TRIS content. Therefore, the rate of release of hydrophilic drugs 

from silicone hydrogels can be controlled by adjusting the pH value. Besides, another 

intelligent pH-sensitive TRIS-HEMA-NVP contact lens was prepared by Zhu and co-

workers.[68] What’ different is that this CL has a structure of inner layer  for the 

sustained release of hydrophilic drug. Since phosphate buffer solution with pH 6.8 was 

selected as solution of inner layer, the drug showed better release and storage under 

compatible environment of TRIS-HEMA-NVP hydrogel. It’s interesting to mention 

that the pH value in this environment is close to eye pH. 

This type of layer-by-layer (LbL) CLs, looking like sandwich structure, can exhibit 

better properties of drug delivery because a more suitable drug-release carrier can be 

introduced as a layer of them (Figure 5a).[19, 72] There are so many studies based on 

TRIS-HEMA-NVP hydrogel CLs with multilayers that the performance of drug loading 

and release could be obviously enhanced. Because this structure can modify the contact 
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lens, not only can change its surface hydrophilicity, hydrophobicity, charge condition 

and charge density, but also can alter its physical properties of hardness and roughness.[2, 

15, 16, 73] These properties determine whether the contact lens hydrogel can have the 

function of drug delivery.[74] 

Silva et al. used LbL CLs, with chitosan and alginate selected as a coating layer, to 

investigate the drug release from three kinds of CLs materials, one of which is a 

silicone-based TRIS-NVP-HEMA material. They compared the release of diclofenac 

and chlorhexidine in TRIS-NVP-HEMA hydrogel.[75] Although the partition 

coefficients of the two drugs were similar, the adsorption of chlorhexidine on polymer 

fibers was stronger than that of diclofenac, which was due to the interaction between 

positively charged amino groups and acrylate groups in HEMA monomers. And the 

adsorption capacity of chlorhexidine on TRIS-NVP-HEMA was the highest.[37] 

Moxifloxacin was lipophilic and should be adsorbed on the hydrophobic sites of the 

chain. The absorption and release of diclofenac should be determined by the water 

phase of the hydrogel, and volume diffusion basically determines the release, this 

mechanism is likely proposed in Figure 2. Similar inner layer-embedded CLs could 

also reach a good drug release performance and the schematic is illustrated in Figure 

5b. As Zhu et al. reported, the inner layer was a drug ion-exchange resin composite 

dispersed polymer film while the outer layer was silicone hydrogel.[76] After dispersing 

betaxolol hydrochloride in the inner layer, this CL could achieve a longer release time. 

These smart CLs with coating inner layers all led to a controllable release of drugs 

because of the special structure.  
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Figure 5.  (a) Mechanism of layer-by-layer sandwich structure CLs developed. (b) 

Schematic of drug release ability in layer-embedded CLs.[76] Reproduced with 

permission from Ref. 76. Copyright 2018 Elsevier B. V. 

 

3.2.4. TRIS copolymerizes with HEMA, DMA and NVP (TRIS -co-HEMA-co-

DMA-co-NVP) 

The copolymerization of these four-materials can enhance the performance and 

properties. Tran et al. demonstrated this. The TRIS-HEMA-DMA-NVP hydrogel  
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they developed was prepared to increase oxygen permeability, EWC and hydrophilicity, 

compared with TRIS-DMA-NVP hydrogel and other commercial CLs. And this TRIS-

HEMA-DMA-NVP hydrogel hardly has cytotoxicity, which means it could be a 

biocompatible material used for drug delivery.[77]  

However, the addition of drugs or drug-containing device may not only affect the 

chemical or physical performance of CLs, but also induce another disease like pinkeye. 

In order to solve these problems, Desai et al. researched a new drug implant for CLs 

which had good biocompatibility.[78] The implant with semicircular ring-type could load 

drugs and then release after implanted in CLs, while other properties of CLs were not 

influenced and no side effects were found (Figure 6). In addition, it is worth mentioning 

that this timolol-loaded implant was fabricated by copolymerization of HEMA, DMA, 

TRIS and NVP via EGDMA monomer. Compared with eye drops, the drug residence 

time of implanted lens in rabbit tears is longer and the initial release of the drug in this 

copolymer is lower. Thus, the improvement opportunity of timolol in terms of 

bioavailability is much higher than that of immersed hydrogel CLs, which means the 

drug is able to stay in CLs for a long time. The combination of the implant with hydrogel 

makes it a novel drugs carrier on CLs. 
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Figure 6.  Synthesis of a smart CLs implant with block structure complex for drug-

loading and eluting.[78] Reproduced with permission from Ref. 78. Copyright 2018 

Royal Society of Chemistry. 

 

3.2.5. TRIS copolymerizes with HEMA, MAA and NVP (TRIS -co-HEMA-co-

MAA-co-NVP) 

There are some differences in replacing DMA with MAA. After research of Zhu and 

co-workers, they find the drug loading rate of TRIS-HEMA-MAA-NVP copolymer 

hydrogel can be significantly improved by adjusting the ionic strength of drug loading 

solution, and the salt concentration and drug solubility are the main factors affecting 

the performance of drug loading. For example, when the influence of NaCl 

concentration on the diclofenac sodium loading of CLs was investigated, the drug 

loading efficiency of the water group was only 7.58%, and that of the 0.15 mol/l NaCl 

group was 37.17%, which may because the addition of salt may increase the solute-
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adsorbent affinity by decreasing the solute-solvent affinity, thus reducing the solubility 

of the drug and enhancing the drug loading. In addition, they demonstrated that when 

salt is added, both the apparent solubility of the drug and the bound water content of 

the CLs decrease, indicating a decrease in drug-solvent and lens-solvent affinity, which 

synergistically increases the drug load of the CLs, resulting in a combination of the 

"squeezing out" and "leaving space" process. On the contrary, if the addition of salt 

increases the solubility of the drug and the bound water content, it will lead to a decrease 

in the drug load.(Figure 7). [79] 

Adjusting the ionic strength of drug loading solution is an economical and effective 

method to improve the drug loading efficiency of CLs, but this method is more suitable 

for salt drugs with high solubility. The equivalent of NaCl in tears is about 0.9% and 

ocular preparations should be kept as isotonic as possible, so the ionic strength should 

not be increased unrestricted. 
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Figure 7. Schematic illustration showing the mechanism of ionic responsive copolymer 

hydrogel CLs with tunable drug loading and release ability by salt concentration.[79] 

Reproduced with permission from Ref. 79. Copyright 2018 Shenyang Pharmaceutical 

University. 

 

3.2.6. PDMS copolymerizes with TRIS and DMA (PDMS-co-TRIS-co-DMA) 

As one of the silicone-based hydrogel materials, polydimethylsiloxane (PDMS) is a 

kind of hydrophobic silicone material that is non-toxic. In addition to oxygen 

permeation, copolymer hydrogels based on PDMS have properties of transparency, 

good biocompatibility, thermal stability and oxidation stability.[80] Compared with TRIS, 

PDMS has a longer chain length and stronger strength.[77] Moreover, PDMS has the 

properties of elasticity, transparency, biocompatibility, gas permeability, which make it 

possible to be used for drug-loaded SCLs.[81]  

Kaczmarek et al. tried to change the ratio of different monomers in silicone hydrogel 

CLs to achieve a controlled release of dexamethasone and evaluated its properties 

compared with commercial CLs.[82] The results illustrated that the release rate of 

dexamethasone was significantly inhibited when the hydrophobic monomers 

(PDMS/TRIS) were dominant, while the drug release rate was faster when the 

proportion of hydrophilic monomers (DMA) was high, which was due to the 

hydrophobicity of dexamethasone, and the increased hydrophobic interaction between 

dexamethasone and polymer network slowed down the diffusion and release of 

dexamethasone. Besides, the drug release time could be longer if monomer EGDMA 
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was applied. So this PDMS/TRIS/DMA copolymer hydrogel is a suitable 

dexamethasone reservoir for ocular treatment SCLs. 

 

3.2.7. PDMS copolymerizes with HEMA, TRIS and DMA (PDMS-co-HEMA-

co-TRIS-co-DMA) 

Although DMA has been demonstrated to be more hydrophilic than HEMA, the extra 

addition of HEMA still can enhance the hydrophilicity and drug loading property.[3, 83] 

For example, Xu et al. developed a kind of ketotifen fumarate-containing silicone 

hydrogel CLs via copolymerizing modified PDMS with HEMA, TRIS and DMA.[84] In 

this silicone hydrogel, the hydrophilic phase benefited the loading of ketotifen fumarate. 

The loading capacity of ketotifen fumarate in all copolymer hydrogel matrices was 

significantly higher than that of free drugs. This indicated that the main chain of the gel 

had an affinity for ketotifen fumarate, and the affinity of the drug to the hydrophilic 

phase was higher than that of the hydrophobic phase. In addition, the copolymer 

hydrogel had a fast drug release time, which was attributed to the hydrophilic phase. 

Compared with PDMS-co-TRIS-co-DMA hydrogel, this one has better hydrophilicity 

and is more biocompatible because of the addition of HEMA to PDMS. 

 

3.2.8. Other PDMS-based Copolymer Hydrogels 

Because of good elasticity, transparency, biocompatibility, PDMS monomer is capable 

of being manufactured to drug-loaded copolymer SCLs with other materials. For 

instance, Song and co-workers fabricated a smart nanopore thin film-containing SCL 
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with functions of treatment and diagnosis.[85] Along with PDMS used as a matrix 

material for CLs, anodic aluminum oxide (AAO) was coated on the CLs as a thin film, 

resulting in a smart contact lens with extended drug release time which could last up to 

30 days. What’s interesting is that intraocular pressure (IOP) can further trigger the 

release of drugs into CLs. If IOP remains in the normal range, the release rate depends 

only on the diffusion process. If IOP increases, the release rate of nanopores also 

increases due to the stretching of CLs. The AAO film was hydrophilic, which facilitated 

the loading of timolol and fluorescein sodium saline. During drug release, the initial 

drug concentration was 10 ug/ml. With the passage of time, the drug was released 

slowly and the drug concentration had dropped to less than 1 ug/ml after 30 days. 

Although the device can control the rate of drug release by the change of IOP, rapid 

drug release over a short period of time may cause other unforeseen problems. 

The limitation of SCLs based on hydrophobic PDMS is poor wettability and it is 

susceptible to bacteria. And the rate of drug release is difficult to control.[86] Hence, 

Banerjee et al. prepared a self-healable and antifouling CL for sustained curcumin drug 

delivery, using a zwitterionic PDMS-containing hydrogel mixture. This mixture 

consists of two kinds of modified PDMS components: one is curcumin-loaded 

zwitterionic PDMS polymersomes and the other is amine functionalized PDMS 

polymersomes, forming a tri-block copolymer.[80] Only drug loaded polymersome 

released drug rapidly, while the drug loaded polymersome containing hydrogel 

achieved sustained drug delivery to play a long-term antibacterial effect. (Figure 8a). 

So this CL can eliminate the shortcomings of PDMS as much as possible by direct 
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modification, but the downside is that curcumin loaded hydrogel also gives the CL its 

color. 

In order to make copolymer hydrogel more controllable, Wang and Park invented an 

implant of magnetic micropump to achieve an on-demand drug delivery.[87] What’s 

special is the on-demand drug release which means you can activate it whenever you 

need with an external magnetic field but not electricity. The mechanism of this release 

system is that under exerting an external magnetic field, which can trigger a micro 

check value to open, the drug then releases out of the device (Figure 8b). These 

intelligent CLs reach a controllable drug delivery in a novel way. However, the device 

used water-soluble red dye in PBS solution to simulate drug release process, so whether 

it can carry other drugs remains to be considered, and how much it can load is also a 

vital problem to be explored. 
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Figure 8. (a) The loading and in vitro release of curcumin on tri-block copolymer CL.[80] 

Reproduced with permission from Ref. 80. Copyright 2019 Royal Society of Chemistry. 

(b) Schematic of magnetic field-triggered CLs with a drug-loading magnetic 

micropump for on-demand drug release.[87] Reproduced with permission from Ref. 87. 

Copyright 2020 SpringerOpen. 

 

4. Conclusion and Future Perspective 
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CLs used for drug delivery have been researched for a few decades and the CLs in each 

study are made of different monomers. These monomers have various properties that 

can have an influence on drug delivery effect via copolymerization. Present common 

monomers including HEMA, DMA, MAA, NVP, EGDMA, TRIS and PDMS, as well 

as their copolymer hydrogels for drug loading and release on SCLs showed versatile 

functions. Each monomer plays its unique role in CLs. HEMA is the most basic 

monomer with moderate water content and good biocompatibility, which can improve 

the slow release of drugs. Compared with HEMA, NVP can greatly improve water 

content and the hydrophilicity of the material, it can quaternize in acid which may 

extend the drug release. Similar to NVP, DMA is an excellent hydrophilic monomer 

with higher EWC, and copolymerizing with DMA can increase drug release while 

maintaining sufficient mechanical properties and forming a hydrogen bond. Different 

from the above monomers, MAA not only can greatly increase water content, but also 

can increase the absorption of some drugs or groups due to its ionicity. Unlike other 

monomers, EGDMA is a monomer with cross-linking ability, which makes the structure 

of hydrogel more closed and stable, so as to extend the effect of drug release. Besides, 

TRIS and PDMS are silicone-based hydrophobic monomers that can greatly improve 

the oxygen permeability of the materials, thus improving the durability of CLs and 

ensuring longer drug release time. Therefore, copolymerization of these hydrophilic or 

hydrophobic monomers can greatly enhance the comprehensive properties and drug 

delivery performance of copolymer hydrogels. After that, these copolymer hydrogels 

will be manufactured to be CLs. So the ability of CLs to load and release drugs has 



36 

 

been maintained. Furthermore, a variety of intelligent drug delivery modes on these 

SCLs have been discovered for sake of improving drug loading and release ability such 

as layer-by-layer structure, drug-loading implants, drug-eluting nanoparticles, etc. 

Consequently, CLs are endowed with the ability of loading and releasing drugs. It is 

worth mentioning that although some drug-containing devices can be used to embed in 

CLs, the unclear side effects of these devices need to be paid attention to before 

practical application. There are more and more researches having focused on the design 

of “smart” implants on CLs which can bring good drug loading and release ability. Yet 

the way to enhance drug delivery by adjusting monomers type or proportion is also 

worth exploring. In addition, more in vivo experiments of drug-loading SCLs are 

expected to be considered to better test and verify the feasibility of practically using 

CLs for ocular drug delivery. 
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This review focuses on strategies of copolymerizing various monomers to 

enhacne the physical and chemical properties of hydrogel contact lenses (CLs), and 

further improve the drug loading and release ability of copolymers. The structure-

properties of monomers and the improved drug delivery performance of the 

copolymer hydrogel CLs are disclosed. Further more, advanced application and 

different drug delivery strategies of copolymer hydrogel CLs are presented. This 

review provides useful conderation for future design of hydrogel CLs with drug 

delivery ability.  
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