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Abstract 

The eye is one of the most complex organs in the human body, containing rich and critical 

physiological information (e.g., intraocular pressure, corneal temperature, and pH) as well as 

a library of metabolite biomarkers (e.g., glucose, proteins, and specific ions).  Smart contact 

lenses (SCLs) can serve as a wearable intelligent ocular prosthetic device capable of non-

invasive and continuous monitoring of various essential physical/biochemical parameters and 

drug loading/delivery for the treatment of ocular diseases. Advances in SCL technologies and 

the growing public interest in personalized health are accelerating SCL research more than 

ever before. Here, we discussed the current status and potential of SCL development through 
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a comprehensive review from fabrication to applications to commercialization. First, we 

discuss the material, fabrication, and platform designs of the SCLs for the diagnostic and 

therapeutic applications. Then, we review the latest advances in diagnostic and therapeutic 

SCLs for clinical translation. Later, we summarize the established techniques for wearable 

power transfer and wireless data transmission applied to current SCL devices. We also 

provide an outlook, future opportunities, and challenges for developing next-generation SCL 

devices. With the rise in interest of SCL development, this comprehensive and essential 

review can serve as a new paradigm for the SCL devices.  

1. Introduction 

The world has seen a significant growing interest in improving the quality of human life, 

especially against the backdrop of the severe global-spanning impact caused by the 

coronavirus disease 2019 (COVID-19) pandemic, together with other diseases or chronic 

health risks.[1-4] With the growing interest in health monitoring, wearable bioelectronic 

devices have been innovated to enable non-invasive, real-time, and continuous monitoring of 

physiological signals and biomarkers with little to no interference with users’ daily routines. 

[5] Besides, by collecting and analyzing raw signals and then integrating them into 

understandable and actionable health knowledge, the wearable bioelectronic platform can 

significantly enhance the healthcare and information delivery efficiency in a timely, precise, 

and personalized manner. [6] 

Tears, along with sweat and saliva, have tremendous potential for non-invasive monitoring 

biological signals. [7] As a source for monitoring biosignals, tears have the advantages of 

easy access, low complexity of sampling, and minimal invasiveness. [8] Furthermore, the tear 

fluid provides an on-demand supply for continuous and real-time health monitoring since it 

contains a wide variety of physiological indices such as proteins, glucose, and pH. [9, 10] 
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With the development of wearable bioelectronics, numerous efforts have been made to 

develop smart contact lenses (SCLs) that sense through the tear fluid. 

The advent of SCLs enables non-invasive real-time detection of the key signals from the eyes 

and tear fluids. [11] After the first mention of “SCL” as a contact lens for measuring 

intraocular pressure (IOP) on the corneal surface in 2007, SCL research reports have been 

steadily increasing. [12] In particular, after Google’s announcement of the SCL project in 

2014, interest in SCLs began to drastically increase, and related research papers have also 

increased since 2017. These SCL studies range from biosignal detection (IOP, glucose, 

cortisol) [13-15] to therapeutic tools (aniridia, chronic ocular inflammation). [16, 17] In 

addition, multi-disciplinary research is continuing to develop advanced SCLs in various 

attributes such as sensitivity improvement, [18] wireless signal transmission, [13] and 

personalized design using 3D printing technology. [19] 

As one of the most recent examples, in early 2020, an American startup company named 

Mojo Vision drew attention as it introduced  the first SCL concept that could demonstrate 

data and health statistics based augmented reality (AR) technology. Although the state-of-the-

art technology has been included in the products, the ease-of-use lowers the barrier to entry 

for SCL users. When the user wears the lenses, pop-up icons with features such as calendar, 

music, and weather forecast, enabled the wearer to choose the next action actively and 

accurately.  As Mojo Vision’s product is defined as “a vision of the future”, SCLs hold 

considerable promise for the next-generation of smart bioelectronics and make a breathtaking 

breakthrough in the high-tech world.[20, 21]  

In addition to the information transmission and sensing aspects, the SCLs have the promising 

potential to be used as a drug delivery platform for therapeutic applications. Ocular drug 



 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

delivery remains challenging due to  various anatomical and physiological drug penetration 

barriers, including the precorneal and corneal barrier, the conjunctival barrier, the blood-

aqueous barrier, and the blood-retinal barrier.[22, 23] Currently, ocular drug delivery 

methods to treat eye diseases mainly rely on eye drops and ointments for non-invasive drug 

administration.[24, 25] However, limitations such as poor patient compliance, low 

bioavailability, and high systemic drug uptake, still make current treatment strategies not 

optimally efficient enough for managing ocular disease.[26]  

To solve these shortcomings, the SCL-based drug delivery wearable platform has been 

devised and developed. [27-29] SCL-based drug delivery systems are designed to achieve 

efficient drug encapsulation, accurate drug dose delivery, sustained drug release, adequate 

drug bioavailability, and better patient compliance.[25, 29] As a very recent example, the first 

clinical trial investigating LLT-BMT1, a drug eluting SCL product from MediPrint
TM

 

Ophthalmics, has been shown to be safe and well-tolerable for the treatment of glaucoma. 

This uplifting trial results will undoubtedly boost the advances in contact lens products for 

patients suffering from conceivably-disabling ocular diseases such as glaucoma and diabetic 

retinopathy.  

Despite these promising prospects and expectations of SCL, there remain problems to be 

solved such as transparency (opaque electronic material), reliability (scalability, 

repeatability), and biocompatibility (rigidity, size, irritation) for commercialization of SCL 

devices. In particular, the underlying side effects that may occur due to the use of CLs, such 

as dry eye disease (DES), aggravate the developmental difficulties of SCLs. [30] To 

overcome these limitations, the development/design of new biocompatible materials and 

multifunctional/ultrasensitive biosensors, as well as recent developments in wearable 

information and communication technology (ICT) will further accelerate the development of 
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SCLs by enhancing the usability and minimizing side effects. [11, 31, 32] Through 

significant multi-disciplinary research efforts, innovations of SCLs with the ability to 1) 

continuously monitor real-time physiological signals in a wireless manner, 2) provide reliable 

diagnosis, and 3) offer beneficial feedback to users for follow-up treatment, which will 

ultimately enable personalized medicine.   

In this comprehensive review, we provide recent progress and future opportunities for the use 

of SCLs for diagnostic and therapeutic applications (Figure 1). Firstly, we review the SCL 

materials and manufacturing methods, followed by an extensive discussion in SCLs as an 

effective diagnostic tool to sense bio-signals from the eye or tear fluids. Then, SCLs for 

therapeutic applications, including typical characteristics and responsive strategies were 

summarized. Besides, we offer an outline of current marketable therapeutic SCLs and 

examples under the clinical trials. Subsequently, we provide a summary of wearable 

powering systems and wireless transmission technologies, and representative examples for 

the next generation of SCL wearable platforms are highlighted. Finally, we conclude this 

review focusing on current challenges and future perspectives for developing next-generation 

SCL devices. 
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Figure 1. Lab-on-a-contact lens. A wearable smart contact lens platform integrated with 

flexible power transfer systems is employed to wirelessly monitor physiological signals 

(intraocular pressure, corneal temperature, and pH), biomarkers (glucose, proteins, ions, and 

virus), and controlled drug release in diagnostic and therapeutic applications. 
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2. Material Designs and Considerations   

Physical properties are critical when choosing CL materials. Firstly, the ideal candidates 

should be gas-permeable and have an anti-abrasiveness feature for user comfort. Secondly, 

excellent optical transparency, proper structural hardness, and stability are required to 

maintain the lens curvature.[33] The wettability, low non-specific absorption, and 

compatibility with circuit/electronic components have to be considered if an electrochemical 

sensing unit is integrated into SCL devices.[33] Furthermore, integrative sensor modalities 

and desired biocompatibility should be regarded for SCL applications.[34, 35] Finally, it is 

essential to consider the length of wear, durability, raw materials, and manufacturing cost, as 

these factors can affect the commercialization of SCL devices.[19, 36] In this section, we 

summarized classic CL materials and their improved utilizations for SCL device 

fabrication. Moreover, we highlighted the advances in materials and designs of the SCLs 

used for diagnostic and therapeutic applications.[10, 37, 38] 

 

2.1. Contact Lens Materials 

Polymethyl Methacrylate (PMMA): Developed in the 1940s, PMMA was the first CL 

material.[10] As a biocompatible plastic, PMMA is well-known for its transparency, rigidity, 

and durability.[39] Dipole-dipole interactions and physical entanglement between polymer 

chains serve as the intermolecular forces to lead to excellent rigidity.[33] Albeit strong 

durability and optical transparency, its poor oxygen permeability, inflexibility, and weak 

hydrophilicity hampered PMMA’s role as a CL.[36] It has been studied that wearing CLs 

with low oxygen permeability may trigger several ocular diseases, such as hypoxia and 

corneal neovascularization.[34] Furthermore, the rigidity of PMMA and its limited 

hydrophilicity could cause weak flexibility and uncomfortable compliance with the eyes.[11] 

As a result, although PMMA CLs have been reported to manage keratoconus after an 
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intrastromal corneal ring segment (INTACS) procedure[40], PMMA CLs are not suitable for 

long-term use.[36] A study shows that an estimated 45 million Americans use CLs, with only 

about 1% of lenses from PMMA.[41] Therefore, aside from the integration of biosensors and 

augmented reality (AR) with PMMA CLs, the field has been unattractive to researchers thus 

far.[11]  

Silicone: Silicone represents a series of popular and modern CL materials.[34] Silicone 

hydrogels are naturally oxygen-permeable and durable due to intrinsic robust silicon-oxygen 

bonding.[33] 

These features make silicone CLs feasible for long-term wear and commercially attractive, as 

seen by the largest CL market share (Table 1).[33, 42] However, silicone materials are 

inherently hydrophobic,[43] resulting in CL-induced ocular dryness, weakening their 

biocompatibility.[44] In addition, silicone CLs may irritate eyes due to the higher modulus 

compared to conventional hydrogel lenses.[34] Therefore, copolymerization of the silicone 

monomer with a hydrophilic comonomer, such as polyhydroxyethylmethacrylate (PHEMA) 

and methacrylic acid (MAA), was adopted to address the hydrophobicity.[34, 45] For 

example, Mendelez-Ortiz et al. reported MAA-grafted silicone CLs, with a superb anti-

fouling effect that showed a negligible protein absorption when exposed to albumin and 

fibrinogen.  Cooper Vision, a CL manufacturer, recently introduced Smart Silicone
™

, a 

chemically modified CL with silicone channels combined with hydrophilic materials (note 

that the specific hydrophilic material is not mentioned due to the commercial privacy) that 

increase oxygen permeability to almost 100% while using less silicone[46]. Furthermore, 

non-steroidal anti-inflammatory drugs can be loaded into these SCLs to achieve controlled 

release.[47] Therefore, silicone is promising for the construction of SCLs. 

Polyvinyl alcohol (PVA): PVA is a relatively new synthetic polymer characterized by the 

single hydroxy (-OH) group present within its repeating monomer unit.[48] This unique 
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composition allows PVA hydrogels to be both hydrophilic and biocompatible.[49] A study 

found that PVA hydrogels exhibited higher tensile strength and lower protein absorption than 

other CL materials, such as silicone[50]. In addition, the low cost, increased bioavailability, 

and hydrophilic properties make PVA a promising material for CLs.[48, 51] However, 

similar to PMMA, PVA suffers from low gas permeability, which would cause user 

discomfort and eye irritation after long-term use.[33, 52] Therefore, there is promise in 

improving PVA properties for SCLs.[33] 

  

 

 

Table 1． Summary of the pros and cons of commercial contact lens materials 

 

Material Strengths Weaknesses Market 

Share 

Major manufacturer(s) 

PMMA Durable; 

Easy to manufacture. 

Low gas-permeability;  

Limited hydrophilic 

property. 

1% Bausch + Lomb 

PHEMA Highly flexible; 

Hydrophilic;  

Being able to be 

copolymerized. 

High protein absorption;  

Good gas-permeability. 

22% CooperVision 

Bausch + Lomb Vistakon 

Silicone Gas-permeable;  

Durable; 

Modifiable. 

Innate hydrophobicity;  

High modulus. 

64% Alcon CooperVision 

Bausch + Lomb 

PVA High tensile strength;  

Antibiofouling; 

Highly adjustable. 

Not fully researched;  

Low gas-permeability. 

2% CIBA Vision 
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Polyhydroxyethylmethacrylate (PHEMA): PHEMA is an optically transparent polymer 

material commonly used for soft CL fabrication, making up almost 22% of the CL market 

(Table 1).[33, 53, 54] Due to the high oxygen permeability and great hydrophilicity, the 

hydroxyethyl methacrylate (HEMA) monomer has frequently  been copolymerized with other 

polymers to improve the wettability and structural stability after soaking-drying cycles within 

the polymer network. [34] For example, typical monomers such as methacrylic acid (MAA) 

and N-Vinylpyrrolidone (NVP) have been coupled with HEMA to generate PHEMA-MAA 

and PHEMA-NVP hydrogels, respectively.[55]  Fares et al. grafted polylactide (PLA) onto a 

PHEMA-NVP copolymer and found increased control over drug release.[56] Besides, 

PHEMA-based copolymer systems also possess great mechanical flexibility that is desired 

for SCLs. To improve the structural integrity of PHEMA CLs, crosslinkers, such as ethylene 

glycol dimethacrylate (EGDMA), have been introduced.  EDGMA significantly improves 

gelling ability by forming covalent bonds between adjoining polymer chains.  However, it is 

of great importance to keep well-balanced stability and oxygen permeability, as the porosity 

inside the CL reduces with a higher crosslinking degree. Therefore, it is crucial to optimize 

the crosslinker-to-HEMA ratio for CL manufacturing. Although commercial microfabrication 

technologies, such as soft lithography and photolithography, are not currently compatible 

with PHEMA, its high transmittance and attractive mechanical properties make it an ideal 

material to construct SCLs for intelligent diagnostic and therapeutic applications. 
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Figure 2. Material innovations and device fabrication of smart contact lenses. (a) The 

zwitterionic coating on the contact lens exhibited antimicrobial and antifouling properties. 

Adapted with permission. [57] Copyright 2020, American Chemical Society. (b) Highly 

stable mucin coating improved the wettability and tribology. Adapted with permission.[58] 

Copyright 2020,American Chemical Society. (c) The hyaluronic acid (HA)-grafted coating 
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enabled contact lens antifouling. Adapted with permission.[59] Copyright 2019,  American 

Chemical Society. (d) Copolymerization of hydrophilic polymers and PDMS to make silicone 

CLs become protein-antifouling without cytotoxicity. Adapted with permission.[60] 

Copyright 2021, Elsevier. (e) Ultrathin MoS2 transistor-based SCL was used to monitor 

glucose levels. Adapted with permission.[35] Copyright 2021, Cell Press. (f) The all-printed 

stretchable SCL sensor based on poly(3,4-ethylene dioxythiophene) (PEDOT) coating. 

Adapted with permission.[61] Copyright 2021, Nature Group. (g) Schematic illustrations of 

the 3D-printed CL. Adapted with permission.[19] Copyright 2021, American Chemical 

Society. 

 

2.2. Functional Integrations  

Compared with traditional CLs, SCL devices have been integrated to endow enhanced 

properties and other functionalities to meet varied market needs. In the past decade, material 

and structure innovations have constantly evolved to empower SCL devices to achieve 

various application scenarios in sensing, diagnostics, and therapeutics.[10, 31, 62, 63] Herein, 

we summarized the recent modifications and improvements to enable SCLs with newly 

integrated functionalities and enhanced properties.  

2.2.1. Surface Modifications  

Applying surface coatings onto CLs has been used to improve the adhesion, hydrophilicity, 

and other functionalities such as antifouling, electromagnetic interference shielding, and 

electrical sensing.[64-66] Generally, after a period of use, the CL surface is prone to 

accumulating ocular metabolite deposits and contaminations from the surroundings, which 

can cause ocular diseases and wearer discomfort.[67] Therefore, a safe, stable, and anti-

fouling lens surface is one of the initial focuses in material selections, modifications, and 

fabrication. With proper surface modifications, the undesired adhesion can be eliminated to 
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avoid unexpected ocular contaminations.[67, 68] For example, polyethylene glycol (PEG) 

has been widely used to improve the surface hydrophilicity property of silicone CLs.[69] 

Besides PEG, zwitterionic coatings have been reported to effectively prevent ocular 

dehydration (Figure 2a) since some zwitterionic polymers are able to trap water molecules to 

keep CL highly hydrated and prevent biofilm formation.[57] Two approaches to zwitterionic 

coatings can be separated into graft-from (GF) and graft-to (GT).[57, 70, 71] Zwitterionic 

monomers are polymerized from surface grafted initiators/catalysts for the GF process. In 

contrast, a zwitterionic polymer is chemically grafted onto the SCL surface for the GT 

process, typically modified with functional groups, such as poly (2-methacryloyloxyethyl 

phosphorylcholine) (PMPC).[70] Furthermore,  particular functionalities such as antibiotic 

and sensing capabilities can also be incorporated into the SCL systems via surface 

modifications.[10, 72] For example, coating a thin conductive layer (e.g., copper, silver, or 

liquid metals) on a parylene film allowed the construction of a stretchable circuit on an SCL 

to achieve multimodal sensing functionalities.[35, 38, 61, 73] Bioinspired strategies can also 

be applied to surface coatings.[74-76] Mucin coatings have been utilized to reduce friction 

and prevent bacterial, protein, and cell adhesion[58] and could significantly improve the 

lubricated performance of hydrogel SCLs due to an auto-lubrication ability upon contact with 

the eye. The use of mucin coatings can effectively prevent adhesion wear on corneal tissue 

and increase the CL’s liquid breakup times while maintaining its optical transparency (Figure 

2b).[58] Besides, mucin coatings exhibit excellent stability to confront complicated 

mechanical, thermal, and chemical conditions.[77] These characteristics make mucin-based 

surface coatings promising to overcome biofouling[77], and it has also been shown that 

purified gastric mucins could efficiently prevent damage to the cornea.[78] 

To achieve the various functionalities of an SCL device, surface coatings are applied to 

conventional CL materials.[58, 66, 79]  For example, to improve the interfacial interactions 
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of silicone CLs with the ocular surface, a layer of hydrophilic glycosaminoglycan hyaluronic 

acid (HA) was covalently attached to the lens surface through UV-induced thiol-ene “click” 

chemistry (Figure 2c).[59] This HA-grafted PHEMA hydrogel was optically transparent and 

showed improved surface wettability and anti-biofouling properties.[51] Another example of 

the covalently bonded HA to the PHEMA surface achieved noncytotoxic coating fabrication 

with enhanced surface hydration and protein-resistance properties.[80] In addition, the 

inherent carboxylic acid moiety of HA during its grating with PHEMA provided a strategy 

for immobilizing antibodies or proteins on an SCL surface to achieve biosensing 

functions.[81, 82]  

2.2.2. Copolymerization 

 

Synthesis of CL materials relies on polymerization or copolymerization. Compared to 

polymer-based CLs, copolymer-based CLs have multiple advantages: enhanced physical 

features, alleviated rigidity, and improved oxygen permeability.[71] For example,  silicone 

polymers have high oxygen permeability, and therefore, silicone polymers have been grafted 

to modify low oxygen-permeable CLs to improve oxygen transfer.[83] In addition, 

copolymerization of silicone into hydrophilic materials such as PHEMA or poly(ethylene 

glycol) methacrylate (PEGMA) to enhance hydrophilicity has been explored.[60] Various 

silicone CLs have been prepared through a UV-initiated polymerization process, such as the 

copolymerized procedure of PDMA-PEGMA with NVP and PEGMA (Figure 2d).[60] This 

design showed that a higher content of hydrophilic polymers could enhance CL wettability 

and obtain softness properties of CLs without affecting optical transparency.[60] Another 

example is the copolymerization of HEMA monomers with a biocompatible compound 2-

methacryloyloxyethyl phosphorylcholine (MPC), which has been found to maintain the high 

water content but also increase the surface roughness.[67] Zwitterionic polymers, reported to 

improve the hydrophilicity and anti-adhesion properties, could also be copolymerized to an 
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SCL system.[57, 70, 71] A copolymer-based CL was synthesized through a radical 

copolymerization of HEMA, NVP, and sulfobetaine methacrylate monomer (SBMA).[71] 

Interestingly, the micro-structured pore sizes were positively correlated to the SBMA content, 

the equilibrium water content, and the visible light transmittance. Besides, the introduction of 

this compound improved anti-biofouling ability, indicating the practicality of the method.[71] 

2.2.3. Encapsulation 

Encapsulation of specific components is another method to endow SCLs with enhanced 

properties and more functions.[32, 33] For example, a metal-organic framework (MOF) silver 

cluster with antimicrobial properties could be incorporated into HEMA-based polymers to 

allow SCLs to be antibiotic.[84] Similarly, mixing silver nanoparticles (AgNPs) into silicone 

CLs demonstrated significant inhibition of bacterial growth and biofilm formation. Besides, 

the mechanical properties of the gel materials, such as tensile strength, were also improved. 

[85] Integration of sensor units into SCLs has been reported to manufacture flexible and 

transparent multifunctional sensor systems,[65] such as transition metal dichalcogenide 

(TMDC) semiconductors or flexible electrodes integrated into an SCL device.[35, 64, 86, 87] 

For example, molybdenum disulfide (MoS2) transistors were used as the core sensing unit, 

and the optimal charge transfer properties, large surface-to-volume ratio, tunable bandgap, 

and good biocompatibility indicated the potential applications and further exploration on this 

system (Figure 2e).[35] Functional nanoparticles with unique properties, such as no/low 

cytotoxicity, excellent physical/chemical features, and drug-delivery ability, have also been 

employed to improve/integrate some SCL properties.[51, 62, 88-90] For example, it has been 

reported that the nanoparticles were incorporated into CL polymers and gelling systems to 

enhance mechanical strength and elasticity of CLs.[34] For example, organic dye-

encapsulated silica nanoparticles were applied with PHEMA or PDMS to obtain precise 

biosensing capability, with the detection sensitivity of 0.5-5 mM of blood glucose.[10] 
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Carbon nanoparticles have also been introduced in an ophthalmic lens.[33, 50, 91] The 

wettability and tensile strength of the CL material were improved by chemically 

functionalized carbon nanoparticles, while retaining no cytotoxicity and exhibiting excellent 

impact resistance.[92] Other examples, such as titanium dioxide (TiO2) nanoparticles, were 

also explored to increase the refractive index and maintain the high transparency of the SCL 

device.[93] 

2.2.4. Integration manufacturing 

Not only does research focus on the improvement of traditional material properties, but 

literature has also been focusing on designing SCLs for diagnostic and therapeutic 

applications by incorporating functionalities to traditional CL materials. [13, 31, 38, 62, 94, 

95] A novel power-free soft PDMS CL has been fabricated to measure intraocular pressure 

(IOP) and achieve extended drug delivery with the ability to monitor glaucoma-related 

biomarkers.[37] The material designs used anodic aluminum oxide (AAO) thin film as the 

IOP sensor with a biomarker-specific antigen modified on the AAO surface. [37] Another 

example to monitor IOP was developed to achieve glaucoma diagnostics by using a mobile 

phone.[96] Altogether, a strain sensor, a wireless antenna, capacitors, resistors, stretchable 

metal interconnects, and an integrated circuit for wireless communications were combined to 

achieve the resulting aim.[96] Recently, a disposable SCL was integrated with a functional 

corneal sensor, which was tailored for ophthalmic electroretinogram (ERG) testing in human 

eyes (Figure 2f).[61] They used a biocompatible polymer doped with rosulate linked to an 

elastomeric connection wire composed of PDMS and silver flake-filled polystyrene 

polymer.[61]  

2.3. Guidance of Material Selections for SCL Applications 

The material choice and properties are also important to take into consideration when 

engineering the lens for various functional diagnostic and therapeutic applications which will 
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be discussed in later sections. Therefore, we briefly highlight the importance of choosing the 

right contact lens material when engineering them for various applications. For example, 

when designing a SLC for sensing pH and ions, it is important that the chosen material is not 

pH sensitive or can interact with ions that may de-stabilize the polymer material and lose 

integrity. In addition, when engineering a SLC for various light or thermo-responsive drug 

delivery, a material that responds to light and heat with optimal diffusion properties needs to 

be chosen. Silva et al. described how silicone-hydrogel CLs may be preferable to HEMA-

based lenses for drug delivery owing to their higher permeability to oxygen, however the use 

of silicone lenses for the release of ophthalmic drugs have been unsuitable in the past.[97] 

Engineering them for this application involves the application of layer-by-layer coatings and 

imprinting technologies to make the material suitable for the release of anti-bacterial drugs. 

Furthermore, when using hydrogel materials for sensing applications, the material properties 

need to be engineered to be conductive and possess fracture energy while still being 

wearable. Zha et al. highlighted that regulating polymer networks to fabricate highly 

conductive, sensitive, robust and transparent materials is of vital importance for contact 

lenses for sensing.[98] The traditional PVA material needed optimization for this application 

and they demonstrated a co-solvent strategy to fabricate organohydrogels. These were unlike 

traditional PVA hydrogels with microscopic networks, but this possessed a high cross-linking 

density with excellent tensile strength and when soaked in a NaCl/glycerol/water solution, the 

hydrogel displayed linear, stable, and repeatable sensing properties.  
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Figure 3. Summarization of the conventional manufacturing methods and the emerging 

3D printing techniques. (a-c) Traditional contact lens manufacturing methods: (a) lathe-cut 

method, (b) spin casting method, and (c) injection molding method. Adapted with permission 

[99].  Copyright 2019. Wiley. (d-f) Schematic representation of advanced 3D printing method 

using DLP. (d) production of the model of the lens, (e) preparation of 3D printer readable 

files, (f) DLP 3D printing of contact lenses, Adapted with permission.[19] Copyright 2021. 

American Chemistry Society. 

2.4. Smart Contact Lens Fabrication 

Traditional methods: The manufacturing of CLs plays a critical role in the mechanical 

properties of the resulting lenses. As shown in Figure 3a-c, Three conventional techniques to 

CL fabrication, including lathe-cutting, spin-casting, and cast-molding, are prevalent in the 

CL market today.[99] Lathe-cutting is a method of cutting lenses from non-hydrated disks of 

CL material using precise, computer-controlled cutting tools.[100] These non-hydrated disks 

have high surface-to-volume ratios, and CLs can be created from the inside of these disks to 

negate surface degradation easily.[101] Although this method is relatively time-consuming, 

automation is possible.[11] Spin-casting is another manufacturing method in which a liquid 
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polymer is exuded into a spinning mold, and centripetal force is then applied to shape the 

curvature of the lens.[99] Besides, spin-casting allows for resultant CLs to be relatively thin, 

and the process can be much faster than lathe-cutting. It takes few minutes to polymerize the 

final lens via spin-casting. However, spin-casting requires anaerobic conditions and nitrogen-

cleansed machinery to reduce irreversible surface degradation effects.[101] Cast-molding 

entails two molds being pressed together to harden and shape the material into SCLs. It is an 

inexpensive method and additionally negates the need to polish finished lenses. Because of 

these advantages, it is a popular method for the manufacturing of disposable CLs. 

A study involving a novel CL used the cast-molding technique to implant drug-loaded, semi-

circular rings within the periphery of the CLs.[102] However, due to its rapid polymerization 

time, resultant lenses have inefficient cross-linking and are susceptible to oxygen-related 

surface degradation effects.[103] In most cases, injection molding was used to fabricate CLs 

based on novel solutions incorporating biosensing units. Here, the material is injected 

between molds that are UV-transparent and the UV-triggered polymerization proceeds 

rapidly. However, this may lead to a low volume-to-surface ratio and possible oxygen 

degradation.  

As mentioned previously, the manufacturing of CLs plays a critical role in the mechanical 

properties of the resulting lenses, with a study showing that when using the same CL material 

of PHEMA, cast molded PHEMA CLs had the highest modulus but much lower elongation. 

The spun cast PHEMA CLs had the lowest modulus but the most elevated break extension 

and the lowest penetration force. Ball milling (a method to indicate how easily a crack could 

take place) and tear tests demonstrated no significant differences between the PHEMA lenses 

manufactured by the three methods.[101]  
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Additive Manufacturing (3D Printing)：Addictive manufacturing, well-known as 3D 

printing, has been an emerging technology for the fabrication of CLs. It is time-saving and 

cost-effective and allows for precise control over dimensions without surface geometry 

restrictions. This technique can architect structures at a microscale level, giving rise to 

functional SCLs with inbuilt sensing capabilities.  As shown in Figure 3d-f, there are various 

types of 3D printing technologies used for the fabrication of SCLs, including 

stereolithographic apparatus (SLA), digital light printing (DLP), fused deposit modeling 

(FDM), direct ink writing (DIW), extrusion-based, and selective laser sintering (SLS).[19] 

While FDM and SLS are limited because of low transparency and the necessity for post-

processing treatments, light-curing-based 3D printing, such as SLA and DLP, are preferred 

due to high resolution of printing and minimal thickness of the printable layers. [19, 41] A 

recent study used DLP 3D printing to manufacture SCLs using a transparent resin and 

achieved acceptable transmittance levels with good mechanical properties (Figure 2g). This 

versatility also facilitated manufacturing the lenses with various geometries, microchannels, 

and textured nanopatterns on the surface of the lens. Extrusion-based 3D printing was also 

highlighted in a recent work discussing drug-eluting SCLs as an optimally alternative to eye 

drops.[104] It was investigated that the 3D printing technique increased the swelling ratio, 

which resulted in superior control drug release compared to the lenses prepared using solvent 

casting. 

Overall, when selecting proper fabrication techniques, it is critical to analyze various factors, 

such as the usage conditions, resultant desired function and cost control based on material 

designs, including modification, and copolymerization. 

2.5. Smart Contact Lenses on the Market  



 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

Glass lenses were used for vision correction in the 1800s. In 1936, commercially available 

poly (methyl methacrylate) (PMMA) replaced glasses for soft CLs due to their better 

transparency and durability.[105] The commercial introduction of poly (2-hydroxyethyl 

methacrylate) (PHEMA), invented by Wichterle in 1960, facilitated the development of soft 

CLs [106, 107], and in 1971, Bausch & Lomb’s SofLens was the first soft CL to be FDA-

approved.[108] This marked a milestone in the CL industry, followed by the introduction of 

hydrogels into SCL devices. Later, an increasing amount of CL manufacturers joined the 

competition for the emerging and promising CL market.[109] To date, functional SCLs and 

their therapeutic aims have been evolving, and major manufacturers, such as Johnson & 

Johnson continue to make great efforts to provide a safe, comfortable, and cost-effective 

solution to patients suffering from various ocular illnesses.  

According to a recent report, the CL market revenue is predicted to grow at a compound 

annual growth rate (CAGR) of 5% from 2019 to 2025.[110] Although the global CL market  

experienced a decline of around $1,409.62 million resulting from the COVID-19 outbreak, 

which is responsible for more than a 10% decrease in the market revenue,[110] the demand 

for CLs continues to grow  due to the prevalence of visual dysfunctions and eye disorders 

across the world. The increasing demand from users for CL to restore vision dysfunctions 

such as myopia, hyperopia, astigmatism, corneal protection, and corneal pain relief is 

expected to account for the market growth in the following period.[110] In Table 2, we 

provided several examples of the FDA-approved CL products on the market.  

In fact, beyond vision correction, emerging smart CL (SCL) wearable platforms have been 

flourishing recently with newly launched and patented SCL products with some examples in 

Table 3. High-tech pharmaceutical companies and startups, including Google, Samsung, 

InWith Corp, Mojo Vision, Novartis, and Johnson & Johnson, have made progress in the 
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SCL field. For example, incorporated with augmented reality (AR) technology, Mojo Vision 

launched the AR CLs,[111] with which the wearer can gain information about the local 

temperature, weather forecast, and driving guidance. Another example is presented by 

Innovega Inc., a company that works to produce SCLs, and the eMacula
® 

CL is the example 

with several advantages such as light, unobtrusive, and no interference with life and wearing 

experiences.  Notably, eMacula
® 

has been under the FDA market clearance review 

process.[112] 

It is also worthy of paying attention to patented SCLs. Based on the database from Google 

Patents, there has been a rise in the number of patents in the last decades when entering the 

term “smart contact lens”. Many SCL systems have embedded electronic components into the 

substrate to achieve various functions. The SCL system, filed by Aleksandr Shtukater, was 

granted in 2020 and presented the integration of electronic, electro-optical, or optical 

components on the contact lens substrate.[113] The design aims to track conditions affecting 

reflexes, including pupillary reflex or accommodation reflex, to determine pupil dilation due 

to mental task engagement. Another patent granted in 2021 demonstrated the design, 

manufacturing, and operation of an SCL AR system. Compared to traditional head-mounted 

VR devices that the movements may affect the quality of images, this disclosure can 

eliminate the movement effects and enhance the viewing angle.[114] 

 

 

 

 

 

Table 2. Examples* of contact lenses on the market 

FDA-approved Manufacturer/ Featuring characteristics Material Water Ref. 
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Product Sponsored institution content 

1-Day Acuvue Moist 

 

Johnson & Johnson Decreased friction; Retained soft feeling; Enhanced visual accuracy; 

Blocking over 82% of UV-A/ 97% of UV-B radiation 

Etafilcon A 58% [115, 

116] 

 

Acuvue Oasys with 

Transitions 

Johnson & Johnson Seamlessly adapting to changing light; All-day/soothing vision Senofilcon A 38% [117] 

Air Optix Night & 

Day Aqua 

Alcon Oxygen permeability to pass through the lenses Lotrafilcon A 24% [118] 

Air Optix Aqua Alcon Up to five times more oxygen to reach the eyes compared to other CLs;  

Smooth surface to resist protein deposits; 

Lotrafilcon B 33% [119] 

Dailies Total 1 Alcon The first and only contacts with a water gradient composition;  

Great breathability 

Delefilcon A 33% [120] 

Dailies AquaComfort 

Plus 

Alcon Being super thin; Slowly released moisturizing ingredients Nelfilcon A 69% [121] 

Biofinity CooperVision High oxygen permeability and a naturally wet lens material; High water 

content with a soft lens; No need to use additional wetting drops 

throughout the day 

Comfilcon A 48% [122] 

Frequency 55 

Aspheric 

CooperVision Varying curvatures over the CL surface; Extended focus range right to the 

edge of the lens and increased contrast sensitivity 

Methafilcon A 55% [123] 

Avaira Vitality CooperVision Enhanced water content; Blocking more than 90% harmful UVA and 99% 

UVB rays; Great breathability, allowing for longer wear times; 

Filofocon A 55% [124] 

Proclear 1 Day CooperVision Aspheric design with varying amounts of curvature on different lens areas Omafilcon A 60% [125] 

ULTRA for 

Presbyopia 

Bausch&Lomb All-day comfort and great vision; Hydrating, breathable comfort for up to 

16 h; Excellent longevity 

Samfilcon A 46% [126] 

ULTRA for 

Astigmatism 

Bausch&Lomb 95% of lens moisture for 16 h; All-day comfort; Stable, clear vision; Samfilcon A 46% [127] 

SofLens Toric  

 

Bausch&Lomb Great comfort; High permeability to oxygen and moisture Alphafilcon A 66% [128] 

Biotrue ONEday Bausch&Lomb Being similar to the outer layers of the eye, making it practically 

imperceptible; Same water content as the cornea; The long-standing 

moisture over the day. Excellent breathability to provide the cornea with 

sufficient oxygen. 

Nesofilcon A 78% [129] 

*indicates data accessed in August of 2021 

 

Table   3. Examples* of smart contact lenses on the market 
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Manufacturer/ 

Applicant 
Product platform/Patent 

SCL 

material 

Powering 

method 
Features Ref. 

Sony 
U.S. Patent Application No. 

14/785,249) 
N/A 

Electromagnetic 

induction; Radio 

wave;Electromag

netic field 

resonance 

Image pickup 

and 

recording; 

Piezoelectric 

sensor for eye 

movements. 

[13

0] 

Google 

U.S. Patent Application No. 

17/096,072 

 

N/A Passive; Active 

Detection of 

a user's gaze; 

Millimeter 

waves-

compatible 

communicati

ons. 

[13

1] 

Innovega Inc. eMacula and iOptik N/A N/A 

Combination 

of glasses and 

SCLs; Being 

light and 

comfortable; 

AR/VR/MR 

configuration

. 

[11

2] 

Samsung 
U.S. Patent Application No. 

14/644,488  

N/A  

(SU-8, 

PMMA 

passivati

on layer) 

Capacitor 

Augmented 

reality 

function; 

Manufacturin

g and 

operation; 

Eliminating 

movement 

effects of 

wearers. 

[13

2] 

Mojo Vision Inc. 
Embedded microLED display  

 
N/A Solid-state battery 

Vision 

correction; 

AR 

configuration

, etc. 

[11

1] 

SENSIMED 

Triggerfish 

Continuous ocular monitoring 

system 
Silicone N/A 

FDA-

approved, 

CE-markedly 

24-hour IOP 

monitoring; 

Bluetooth-

enabled data 

transfer; 

Guiding 

glaucoma 

treatments, 

etc. 

[13

3] 

Aleksandr 

Shtukater 

U.S. Patent Application No. 

15/442,674  
N/A 

RF antenna, 

battery, capacitor, 

etc. 

Designs of 

generating 

many display 

outputs by 

using  

embedded 

display 

component of 

[13

4] 
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SCLs; 

Eye position 

tracking; 

Smart UI 

designs, etc. 

* indicates data accessed in January of 2022 

Definition: passive method refers to: the generation of power from the energy, collected from 

electromagnetic waves; active method refers to relying on a battery-storage device. 

Abbreviation: SCL: Smart contact lens; EMI: Electromagnetic induction; LED: Light-emitting 

diode; FDA: U.S. Food and Drug Administration; CE: IOP: Intraocular pressure; VR: Virtual reality; 

AR: Augmented reality MR: Mixed reality; SU-8: SU-8 is the epoxy-based negative photoresist; 

PMMA: poly (methyl methacrylate) 

 

 

 

 

3. Smart Contact Lenses for Diagnostic Applications 

Wearable biosensors have received increasing attention due to their ability to provide real-

time and reliable physiological information via a non-invasive measurement of biochemical 

markers in biofluids, including sweat, tears, and saliva.[7] Tears can provide an excellent 

source of biomarkers for diagnostic purposes. Unlike complex physiological fluids such as 

urine and blood, tears are considered to be “cleaner”.[8] Therefore, the SCL wearable 

platform has been employed as a diagnostic tool to monitor ocular health. Unlike blood or 

urine, the concentration of biomarkers in tears are often fluctuating, in that the secretion of 

tears is highly dependent on the environment. The presence of lacrimation agents or irritating 

volatile organic solvent can result in higher tear flow[135-137] whereas drier atmospheric 

conditions or underlying health problems can decrease tear flow.[138-141] Furthermore, tear 

film composition varies during sleep due to the cornea cellular regeneration process.[142] All 

these factors can result in changes in the overall biochemical composition and the detectable 

biomarkers within tears. Hence, establishing a resolution approach that calibrates for the 
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dynamic environment in the eye is critical for SCL designs. In this section, we will 

summarize the recent advances in SCLs for different diagnostic applications.  

3.1. Smart Contact Lens for Intraocular Pressure Monitoring  

Intraocular pressure (IOP) refers to the fluid pressure of the eye.[143] It is determined by 

measuring the force that the aqueous humor applies on the internal surface area of the 

anterior eye. The IOP is regulated delicately by an equilibrium between the production and 

drainage of aqueous humor to maintain the spherical structure of the eye. [144] Abrupt 

increases or decreases of the IOP are clinically relevant due to the increased risks of 

developing pathologies, including glaucoma, uveitis, and retinal detachment [145].  

Glaucoma is identified as progressive neurodegeneration of the optic nerves.[146] It can 

cause vision loss, pain or discomfort, and nausea.[147, 148] The major reason for glaucoma 

development results from obstructed drainage of the trabecular meshwork at the ocular 

area.[149] Consequently, the continuous build-up of IOP causes damage to the optic nerve 

and induces glaucoma. Hence, IOP is a significant clinical parameter for the diagnosis and 

therapy of glaucoma.[150] In the current clinical practice, the IOP is assessed by applanation 

tonometry. Applanation tonometry relies on measuring the force required to flatten a part of 

the cornea for a short period, estimating the pressure inside the anterior eye. However, it 

implicates using a slit lamp armed with forehead and chin supports and a tiny, flat-tipped 

cone that gently comes into contact with the cornea of the patient. Furthermore, since the 

equipment set-up and operation require the patient to visit the clinic and a trained operator to 

perform measurements, only a single measurement of IOP is performed per patient’s visit. 

Therefore, measuring IOP in the clinic is not convincing enough for pathologies such as 

glaucoma. Instead, a small, operator free, and continuous IOP monitoring system is expected 

for advanced diagnostics of glaucoma.[151] 
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The IOP fluctuation range is 10-21 mmHg, with an average indicator of 15.8 mmHg for 

healthy people.[152] However, the IOP can exceed the normal range in glaucoma patients, 

leading to the corneal curvature change. [153, 154] This distinctive variation creates a 

reliable physical marker to monitor glaucoma development. Therefore, there is an ongoing 

drive to develop SCL biosensors for real-time, continuous, and accurate IOP detection.[155, 

156]  

A microfluidic strain sensor has been designed based on a camera-detectable transduction 

technique, for which the subtle strain changes could be converted into a fluidic volume 

expansion/contraction (Figure 4a).[157] This microfluidic strain sensor could achieve a 

0.06% and 0.004% detection limit for uniaxial and biaxial strain, respectively, and the strain 

sensor was then integrated onto silicone CLs. IOP-induced strain fluctuations in porcine eyes 

were detected continuously for more than 19 hours and a robust shelf life of seven months 

was determined, indicating the sensor’s long-term use potential for ophthalmic monitoring 

applications. 

Encouraged by the advantages of volumetric amplification, passive microfluidic sensors with 

high sensitivity can be further optimized. The approach is promising in fostering microfluidic 

strain sensors in various clinical setting applications.[157] Similarly, a microfluidic SCL 

sensor was also engineered for power-free, continuous, noninvasive IOP monitoring based on 

pressure-induced volume changes.[158] Although this microfluidic system offers high 

sensitivity, it relies on external image processing and requires a high resolution of the readout 

camera. In order to address these issues, a closed-loop SCL sensor was designed to serve as a 

strain sensor for the correspondence to corneal deformation and an inductive antenna for 

wireless data readout.[159] The SCL device provided clinical translational opportunities for 

continuous IOP measurement systems with high reliability, sensitivity, and low cost.  
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In addition, a biocompatible PHEMA hydrogel-based SCL biosensor has been fabricated with 

the self-reporting ability. The CL colors would vary with the moisture and IOP changes, and 

the moisture and IOP are the key parameters for diagnosing DES and glaucoma. Moreover, 

this colorimetric-based SCL sensor could be connected to portable smartphones to provide 

innovative ophthalmic healthcare information.[160, 161] Similarly, a photonic crystal (PC)-

based IOP sensor was embedded into a CL to detect the IOP variation through an integrated 

microhydraulic amplification system (Figure 4b).[162] The IOP changes could trigger 

continuous visual color changes because of the PC structures. As a result, no external battery 

or power source was required. The color variation could be recognized by analyzing the RGB 

values with a smartphone camera to achieve the quantitative IOP measurement in a non-

invasive and cost-effective manner.[162]  

Inspired by these works, the colorimetric sensing system could be integrated into a wearable 

or implantable medical device to develop next-generation diagnostic tools for healthcare 

applications. For example, the graphene woven fabric (GWF) is reported to be sensitive to 

strain change.[163, 164] Therefore, the use of transparent GWF as a sensing component, 

without built-in complicated and costly circuits in an SCL, was developed to provide real-

time IOP information,[165] indicating the promising applications to achieve future low-cost 

disposable wearable SCL biosensors.  

Graphene nanowall (GNW) was used as another new strain gauge material to monitor IOP 

continuously.[166] GNWs remarkably reduced the power consumption, fabrication cost, and 

complexity of amplification and readout circuit with a high gauge factor, which provided 

another alternative to the IOP monitoring system. Graphene was also developed based on 

their self-assembly behavior, for which a self-assembly graphene (SAG) biosensor with 

excellent piezoresistive properties was integrated onto a flexible substrate [167]. A 
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Wheatstone bridge strain gauge circuit was adopted with simulation and analysis of the 

correlations between corneal deformations and IOP. An SCL sensor of high sensitivity was 

fabricated via microelectromechanical systems (MEMS) technology (Figure 4c). Although 

the testing showed the SCL sensors retain data-reliable under various set conditions such as 

different amplitudes and the frequencies of IOP fluctuation, the wireless data transmission 

still needs further optimization from algorithm and processing chip. Therefore, it could avoid 

any adverse effects on users’ daily routines.[167]  

A metal electrode could serve as a strain gauge to measure the subtle deformation caused by 

IOP fluctuations.[168] With the transparent polyethylene terephthalate (PET) substrate, two 

counterpart active strain gauges were embedded into a CL. The Wheatstone circuit was 

engineered to increase precision and avoid temperature drift. The resultant excellent IOP 

responses showed promise for continuous IOP monitoring and future POC management for 

glaucoma patients. Even though current SCL systems can provide continuous measurements 

of IOP, some critical issues remain to be solved. For example, the metals/semiconductors-

based sensors are not sensitive enough to the minute IOP fluctuations, with a CL deformation 

of only 0.03% in tensile strain per mm Hg.[169] Besides signal quality, possible eye damage 

caused by rigid and opaque electric materials and bulky equipment limited the clinical use of 

SCLs.[169-173] To improve the SCL for real-time IOP monitoring, Kim and colleagues 

designed and tested a soft and transparent SCL to real-time quantitatively monitor IOP with a 

smartphone.[169] The SCL included a strain sensor, a wireless antenna, stretchable metal 

interconnects and an integrated circuit for wireless transmission (Figure 4d).[169] This SCL 

does not bring any adverse effect on the users’ vision field due to the components that are 

placed outside the wearers’ pupil. Rabbit models were applied for the in vivo validation of 
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IOP monitoring, and the calibrated IOP value could be real-time and wirelessly recorded with 

a smartphone.  

The manometry was used as a gold standard to compare with the SCL for IOP measurements, 

showing similar fluctuation profiles of IOP. An infrared camera was used during the lens 

operation to investigate the safety concerns of the SCL, such as the Joule heat generated by 

the electronic units. The results showed that the operating SCL temperature was kept at 

around 36.4°C, because of the magnetic coupling at the relatively low-frequency band (13.56 

MHz). Although a slightly higher temperature of the transmitting coil was approximately 

40.2 °C, the coil did not touch the rabbit’s eyes (with a gap of around 5 mm) due to the 

wireless design. In vivo biocompatibility was also carried out by a slit lamp examination, 

suggesting that the SCL could be worn for over 48 hours without harming the eyes. 

Volunteers were also recruited for the clinical trial of the SCL wear. For example, a 28-year-

old female human wore this as-prepared SCL to allow real-time wireless IOP monitoring 

with a smartphone. After 12 hours, no overt reaction of the cornea to the SCL and no 

conjunctivitis injection was detected, showing medical safety at the human level. Overall, the 

integration of manufacturing technologies combining advanced materials fabrication made 

this SCL possible. In the future, the soft SCL offers a non-invasive, battery-free, mobile 

healthcare device for the monitoring of IOP in patients.[169] 
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Figure 4. Smart contact lens with intraocular pressure monitoring. (a) The microfluidic 

strain sensor-based contact lenses (MSS-CL) for IOP measurement and the illustration of the 

working mechanism. Adapted with permission.[157] Copyright 2018, Agaoglu et al. (b) 

Cross-section of the photonic crystal-incorporated SCLs and the description of Pascal’s 

principle behind the signal amplification process. Adapted with permission.[162] Copyright 

2020, Maeng et al. (c) Self assembly graphene (SAG) Wheatstone bridge strain gauges, and 

the self-assembly graphene contact lenses (SAG-CLS) with flexible printed circuit board 

(FPCB) connection with insert showing the bent contact lenses. Adapted with 

permission.[167] Copyright 2021, Liu et al.  (d) Schematic of the CL-based IOP monitoring 

with its strain sensor, the elastic region, and working mechanism. Adapted with 

permission.[169] Copyright 2021, Kim et al. 

3.2. Smart Contact Lenses for Glucose Monitoring   

The most commonly used route for glucose detection is the finger-prick method, which is 

applied by diabetic patients to monitor their blood glucose levels on a daily basis. However, 

this sampling method brings pain and inconvenience,[174] which is expected to be addressed 

by other non-invasive approaches. For instance, monitoring the glucose level in urine, saliva, 
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intestinal, or tear fluid is feasible to manage diabetes progresses.[175] As forementioned, 

tears  are less complicated in composition and offer abundant detectable biomarkers, such as 

amino acids, enzymes, and small molecules, for different diagnostic purposes[32, 176-178]. 

Notably, a strong correlation was found between blood and tear glucose levels after 

carbohydrate intake.[179] In addition, based on a tear sample and blood sample collected 

from 30 testing subjects, there is a significant association between plasma and tear glucose 

concentration.[180] Sensor devices continue to show evidence of the significant association 

between blood and tear glucose levels.[181-183] However, the correlation between blood and 

tear glucose concentration was questioned during the attempt to distinguish between diabetic 

and non-diabetic individuals using tear glucose levels. Later, this inquisition was further 

fueled by the hiatus of the Verily-Alcon SCL program claiming a lack of correlation between 

tear and blood glucose.[184] Here, it is essential to clarify, despite their inability to make a 

clear distinction between diabetic and non-diabetic individuals using tear glucose level, it 

does not equate to a lack of correlation between tear and blood glucose. Verily-Alcon’s SCL 

program clearly stated that the reason for failing was the small quantities of glucose and other 

contaminants. If future SCLs can resolve the fourth-mentioned issue, they can still be adopted 

for diabetic diagnosis. Hence, in this section, we highlight the most recent advancement made 

of SCLs in glucose detection. The recent technological advances in wearable bioelectronics 

have enabled the continuous monitoring of tear glucose levels.[185] However, the opaque, 

brittle electric units may interfere with the wearer's vision and trigger eye damage. To address 

these concerns, Park, and colleagues fully integrated glucose sensors, wireless power transfer 

circuits, and a signal-visualizable LED display into a transparent and flexible CL (Figure 

5a).[38] The system could operate properly under mechanical deformations by molding the 

integrated components to the SCL for the fabrication process. Besides, the molding method 

can be combined with conventional photolithography and vacuum metallization, indicating 
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mass production ability. The in vivo test proved to be safe and a fast signal-to-result 

transformation for glucose level monitoring resulting via glucose oxidase (GOD) surfaced 

modification.  

for glucose level monitoring. This SCL showed substantial promise for future non-invasive 

healthcare diagnostics via the tear fluid.[38] Graphene is attractive because of its structural 

uniqueness and excellent electrical performance, and the glucose sensor has been fabricated 

based on the graphene field-effect transistor (G-FET).[186] However, concerns about the 

mechanism and the fabrication techniques of G-FET devices still exist. Most G-FET devices 

are based on the enzymatic reaction, which may cause problems with their accuracy and 

stability. They are usually constructed on rigid substrates such as glass, which limits their 

wearability.[186] With the improvements in materials and fabrication techniques, Zhi et al. 

developed a wearable pyrene-1-boronic acid (PBA)-based G-FET glucose sensor with a wide 

detection range, a high sensitivity, and a low detection limit, opening up opportunities for G-

FET sensors for other body fluid diagnostic developments and applications.[186] 

Another example is a biocompatible nanoparticle embedded contact lens (NECL), developed 

by incorporating GOD and cerium oxide (III).[187] Through reflectance spectrum analysis 

and the established correlation of the reflection spectrum with the known glucose level, the 

NECL offered a noninvasive glucose monitoring technique to develop future SCL biosensor 

devices for glucose level monitoring.[187] A photonic microstructure-based SCL sensor was 

developed with a direct-stamping approach on the glucose-responsive hydrogel surface to 

overcome the time-consuming calibration and instability issues present in the electrochemical 

sensors.[188] This hydrogel sensor could be attached to the CL surface and showed efficient 

feedback to the glucose changes in the form of diffraction wavelength changes, which offered 

a facile fabrication strategy and promoted smartphone readouts. 
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Surface-enhanced Raman scattering (SERS) has also contributed to the SCL advances.[189-

191] For example, Lee et al. constructed a multi-layered structure which could detect glucose 

levels through SERS. On this SCL, a layer of protective film was embedded with AgNWs. 4-

mercaptophenyl boronic acid (MBA) was covalently coated to the AgNW network. The 

AgNWs further covered with a silk fibroin (SF). The SF acts as a sieve layer, allowing 

glucose to diffuse to the 4-MBA modified AgNWs. The interaction of glucose and 4-MBA 

molecules was detected using Raman spectra due to the SERS enabled by the AgNWs. The 

developed SERS-CL exhibits excellent glucose sensing performance in the concentration 

range of 500 nM to 1 mM, and the limit of detection of 211 nM. Volunteers’ glucose data 

were collected before and after a meal, proving the potential use of the SERS for developing 

noninvasive tear glucose monitoring integrated systems, and also for the broader applications 

for other biofluidic metabolites and chemical biomarker monitoring.[189]   

One of the classic approaches in glucose sensors is through an electrochemical platform. A 

real-time tear glucose sensor was developed in a combination with electrically-controlled 

drug delivery units (Figure 5b).[192] Three electrodes were integrated with low chemical 

resistance during the electrochemical glucose reaction. In this design, the working electrode 

(WE) and the counter electrode (CE) were fabricated with platinum (Pt) to achieve sufficient 

efficiency of the electrochemical glucose reaction. To increase the adhesion between 

polyethylene terephthalate (PET) substrate and Pt, a chromium (Cr) layer was pre-deposited 

on the PET substrate. For the reference electrode (RE), a silver/silver chloride (Ag/AgCl) 

mixture coating was applied to obtain the accurate amperometric electrochemical glucose 

sensor. A mixed solution of chitosan and PVA hydrogel co-immobilized with glucose 

oxidase and bovine serum albumin (BSA) was coated on the WE to accomplish the sensitive 

and stable tear glucose monitoring. With the correlation confirmed between blood and tear 
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glucose levels, the SCL displayed a strong diagnostic potential for medical applications in 

measuring tear glucose levels.[192]  

Besides the ability to detect a single biomarker, a multifunctional wearable SCL was 

designed to measure tear glucose level and IOP simultaneously.[193] The graphene/AgNW-

based SCL ensured the users’ comfort and clear vision with excellent transparency and 

stretchability. The real-time in vivo glucose detection and in vitro IOP monitoring 

performance were confirmed with a rabbit and a bovine eyeball. Holding the potential to 

incorporate multiple sensing units, the SCL wearable platform could enable non-invasive, 

wireless, and real-time continuous biomarker detection and monitoring for a vast range of 

ocular diseases.[193] Recently, Guo et al. reported a multifunctional SCL platform, which 

integrated three sensor systems to perform multiple functions with flexible electrical 

interconnections. Specifically, the integrated sensors could achieve glucose detection as well 

as temperature sensing, which could offer essential ocular diseases-related healthcare 

information (Figure 5c).[35] The integrated ultrathin MoS2 transistor and the gold wire-based 

sensor system with direct eye contact provided high detection sensitivity through a facile 

fabrication process. Besides strong mechanical robustness and excellent stretchability, the 

thin serpentine mesh structure ensured wear comfort and visual transparency.  

From fabrication to utilization, the integrated SCL system has inspired researchers to develop 

SCL platform systems with more advanced functional components and implant them for in 

vivo applications. Google and Novartis International, in 2014, have jointly announced the 

futuristic project to design, develop and commercialize SCL platforms for diabetes, where the 

wearables are expected to free diabetes patients from painful finger pricks to track glucose 

levels.[184]  
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Figure 5. Smart contact lens with glucose monitoring. (a) Schematic of the wireless LED 

incorporated contact lens glucose sensor, with on/off states of the LED indicator. Adapted 

with permission.[38] Copyright 2018, Park et al.  (b) Schematic of the SCL embedded with a 

biosensor, a flexible drug delivery system (f-DDS), and a transmitter, with the inset showing 

the biosensor components and working mechanism. Adapted with permission.[192] 

Copyright 2020, Keum et al. (c) Schematic illustration of the multifunctional sensor placed 

on the serpentine circuit and the integrated glucose sensor. Adapted with permission.[35] 

Copyright 2021, Guo et al. 
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3.3. Smart Contact Lenses for Ocular Electrolyte Analysis  

The electrolyte concentrations and pH values of ocular microenvironments have been 

correlated to several ocular diseases. For example, in a patient with dry eye disease (DED), 

the pH value of tear could increase to 7.9 compared to the pH value of healthy ocular fluid 

around 7.4. In addition, the sodium ion (Na
+
) concentrations can also be increased for 

patients with DES.[194, 195] Therefore, it is essential to develop biosensing systems that 

monitor the electrolyte concentrations and pH values of the ocular microenvironment to 

provide timely and accurate guidance for patients with ophthalmic diseases. Accordingly, a 

variety of SCL biosensors have been innovated to detect changes in pH and ion 

concentration. To achieve biosensing capabilities, bioactive molecules have been 

incorporated into SCLs. For example, Riaz and colleagues used naturally-derived 

anthocyanins that can undergo chemical conformational changes with various H
+
 

concentrations/pH values to fabricate a biocompatible SCL pH sensor. The SCL sensor 

showed a systematic color shift as a function of pH value change.[196]  

Microchannels have not been widely adopted in commercially available hydrogel SCLs 

because they are difficult to fabricate using conventional manufacturing techniques.[197] 

Nevertheless, microchannels may serve as a significant component of SCLs. For example, 

microchannels in PHEMA hydrogels have been developed incorporating colorimetric-based 

pH and Na
+
 sensors to monitor tear osmolarity for the diagnosis of dry eye diseases.[197] 

This work has shown great promise in promoting micromachining of commercial PHEMA 

hydrogel SCLs for further biosensing and drug delivery applications. Similarly, Moreddu and 

colleagues reported a wearable SCL biosensor engraved with microchannels for in situ tear 

pH, nitrite ions, and glucose sensing.[198] The pH sensor demonstrated a sensitivity of 12.23 

nm/pH with a LOD of 0.25 pH variation. 
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Another example was the integration of paper microfluidics within the laser-inscribed 

commercial CLs, achieving the detection of various biomarkers, including H
+
, glucose, and 

nitrites. The current tear sampling procedure, which uses Schirmer's paper strip inserted into 

the lower eyelid for 5 minutes, has been reported to have contamination risks of eyes and 

induced tear overflow.[76] To extend the in-situ tear fluid analysis, Moreddu et al. explored 

the multiplexed integration of the paper microfluidics in wearable devices to monitor 

clinically meaningful biomarkers.[199] Incorporating paper-based microfluidic components 

into the SCL device, this design can prevent leakage and facilitate capillary flow (Figure 6a). 

The biosensor was eventually chemically bonded to a PHEMA SCL device with an inlet 

designed for tear fluid flowing from the concave surface into the microchannel. Besides, a 

readout platform via a mobile phone has established for data processing.  

It is widely agreed that measuring total tear osmolarity is the most suited for DED 

diagnostics. However, not all ionic concentrations can be measured during the test.[200] A 

hydrogen ion (H
+
)- and chloride ion (Cl

-
)- selective SCL biosensor was engineered based on 

silicone hydrogel to address the concern.[200] Similarly, Yetisen et al. reported a scleral SCL 

sensor for quantitative analysis of the tear ion compositions (Figure 6b).[201] Instead of 

complete surface modification of the SCLs, this work designed a micro-reaction chamber in 

the lens with ion-responsive dye for ion-sensing such as H
+
 (pH), Na

+
, K

+
, Ca

2+
, Mg

2+
, and 

Zn
2+

. Our group has also demonstrated the application of PHEMA hydrogel based CL for 

monitoring pH via ion sensitive dyes. Microchambers were integrated into the PHEMA 

structure and were modified with pH sensitive dyes, that changes color with different pH 

levels ranging from 5 to 7.5. (Figure 6C). Finally, various ion probes such as 

benzenedicarboxylic acid, crown ether derivatives, etc., were incorporated to serve the 
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corresponding ion-detecting roles. The representative ion-sensitive probes, along with their 

sensitivity and detection range are provided in Table 4.  

Overall, ion and pH sensing remain limited to incorporating color-changing or fluorescence 

changing probes into the SCL. However, the ion-selective field-effect transistor (FET) 

sensors have been reported to record electrophysiological signals. [202]  have also been 

desired to be explored for ocular biomarker detections. Based on previously discussed FET 

sensors for IOP and glucose monitoring, it is not challenging to see FETs adapted into pH 

and ion sensing.  

 

 

 

Figure 6. Smart contact lens for the monitoring of pH, ions, and small molecules. (a) 

From left to right, the image showing the laser-inscribed microfluidic system contact lens, 

image with the embedded paper microfluidic chip inside the inscribed cavities for ascorbic 

acid, protein, NO2, glucose, and pH detection, schematic illustration showing the paper 
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integration for ion sensing and the full functioning sensor on an artificial eye model. Scale 

bar represents 2 cm, and image reproduced with permission. Adapted with permission.[199] 

Copyright 2020, The Royal Society of Chemistry. (b) From left to right, the image showing 

the fluid flow of the multiplexed scleral lens for ion detections, the photograph of the 

microchannel integrated lens in increasing magnification, and finally LED excited image 

(top) and fluorescence image (bottom) showing the ion-sensitive fluorescence probe 

integrated scleral lens.[201] (c)Schematic illustration of the PHEMA microchannel contact 

lens for pH sensing.[197] 

 

 

 

Table 4. Summary in smart contact lenses for the detection of ions in tear fluids 

Bioactive molecule Target Sensitivity  Detection 

range 

Ref. 

Benzenedicarboxylic acid H
+
 (pH) 0.12 pH  pH 5.0-9.0 [201] 

6-hydroxyquinoline-C18 alkane  H
+
 (pH) - pH 4.2-10.0 [200] 

Methyl red H
+
 (pH) 12.23 nm/pH pH 4.3-6.2 [198, 

199] 

Phenolphthalein  H
+
 (pH) 12.23 nm/pH pH 8.2-12.0 [198] 

6-methoxyquinolinium-C18 alkane Na
+
 - - [200] 

Diaza-15-crown-5 conjugated 2’7’-

dichlorofluorescein 

 

Na
+ 

15.6 mM 6.7-12 mM 

[201] 

Diaza-18-crown-6 conjugated 2’7’-

dichlorofluorescein 

K
+
 0.8 mM 1-50 mM 

[201] 

1,2 biz(o-aminohenoxy) ethane-N,N-N’,N’- Ca
2+

  0.02-0.05 mM 0-2 mM [201] 
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tetraacetic acid 

5-oxazolecarboxylic acid Mg
2+

 0.01-0.03 mM 0.1-2.0 mM [201] 

Fluorescent N-(2-methoxyphenyl) iminodiacetate Zn
2+

 0.001 mM 0.005-0.05 mM [201] 

Sodium green poly-L-lysine Cl
- 

0.2-0.7 mM 0-100 mM [203] 

           

 

3.4. Smart Contact Lenses for Hormones, Enzymes, and Cytokine Monitoring  

In addition to monitoring physical parameters, such as IOP and ocular electrolyte analysis, 

other physiological biomarkers, including hormones, enzymes, and cytokines are gaining 

momentum under the SCL wearable platform.[8, 10, 13, 76] 

For example, cortisol, a steroid hormone also known as a stress hormone, is secreted by the 

adrenal glands and can be triggered by psychological or physical stress.[204] However, 

chronic stress can introduce abnormal secretion of cortisol, the accumulation of which 

increases the concentrations of fat and amino acids. This, in turn, can lead to several diseases, 

such as cardiovascular complications, diabetes and anxiety disorders.[13, 205-207] Thus, 

monitoring cortisol levels is believed to be correlated with the quantitative analysis of 

individual stress levels. Although cortisol detection system in various samples (blood, sweat, 

and interstitial fluid) have been developed, biological instability caused by temperature, 

mechanical stress, and inconvenient external equipment hindered measurement accuracy and 

used mobility.[13] Therefore, it is essential to explore the non-invasiveness and wearability 

of the biosensors for the purpose of  wirelessly monitoring the cortisol concentration in real 

time with high precision.  

With the rapid advances in smart bioelectronics, the tear fluid containing cortisol has been 

explored as a promising sampling area.[10] Ku and colleagues first reported the methods to 

fabricate an SCL device for sensing the tear cortisol. The composition of the SCL device 
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includes a cortisol sensor based on a graphene FET sensor, an antenna for real-time wireless 

data transmission, and the integrated circuit, all without any interference with the clearance of 

the users’ view (Figure 7a).[13] Human pilot trials and in vivo rabbit models’ validation 

were conducted, confirming the biocompatibility of the SCL device. Besides, remote wireless 

data transmission provided the convenience for the wearer to obtain cortisol levels in real-

time. Driven by this work, in the future, more SCL wearable platforms capable of  monitoring 

multiplexed vital biomarkers in tear fluids are greatly anticipated. 

The rise in chronic ocular surface inflammatory (OSI) diseases and the lack of adequate 

approaches to screening and responding to OSI treatment have spurred further improvement 

in diagnostic methods.[208, 209] Jang et al. developed an SCL wireless system that could 

remotely monitor and digitize the chronic OSI levels based on quantitative analysis of matrix 

metalloproteinase-9 (MMP-9), known as a typical OSI biomarker.[210] Compared to several 

commercial medical devices, such as the LipiFlow
®
 thermal pulsation system, this newly-

reported SCL device is portable and visually precise, making it easy for daily use by 

patients.[211-213] The graphene FET biosensor was fabricated from graphene functionalized 

with the F(ab')2 region of an anti-MMP-9 antibody levels  to measure the MMP-9 levels in 

the tear fluid. The hybrid electrodes were constructed by graphene and AgNW networks to 

achieve excellent transparency and stretchability [210] (Figure 7b-c). The quantitative 

measurements of the MMP-9 concentration from tear fluids allowed timely and accurate 

identification of the underlying risks of eye inflammation. Besides, aging tests proved the 

long-term use of the SCL system for patients, demonstrating that the SCL platform could 

diagnose chronic OSI in clinical applications.[210] 

It is worth noting that the SCL device has been developed as a theranostic platform to 

modulate and detect viral infections.[214] For example, Mak and colleagues engineered a 
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theranostic SCL device via a layer-by-layer technique, which showed excellent optical 

transparency, satisfactory surface wettability, and good biocompatibility. Though a proof-of-

concept, the developers demonstrated the capability to measure the cytokine and interleukin-

1α (IL-1α) that are unregulated during herpes simplex virus type 1 (HSV-1). This work 

exemplified the potential of SCLs as theranostic platform, which is a concept of great 

relevance, especially during the current COVID-19 pandemic.  

On the implantable spectrum of SCL biosensors for protein biomarkers in tears, Shin et al. 

presented an implantable biosensor towards MMP-9, which is tied to neurodegeneration and 

eye disorders.[215] The intraocular lens (IOL) sensor described here was fabricated through 

cross-linking polyethylene (PEG) bases acrylamide to form a hydrogel, then MMP-9 

degradable fluorogenic peptide conjugated was combined into the IOL gel matrix. In the 

absence of MMP-9, the quencher attached to the peptides suppresses the fluorescence signal. 

When MMP-9 presents, it cleaves the hydrogel conjugate peptides, resulting in detectable 

fluorescence (Figure 7d). The sensor demonstrated a LOD of 4.02 nM in the detection range 

of 0–20 nM towards MMP-9. Compared to the previous CL sensor structure, the LOI 

hydrogel base CL sensors here are more invasive and require surgical intervention. However, 

the peptide conjugated sensing approach is interesting and can quickly be adapted to measure 

other protein targets.   

In conclusion, the SCL biosensor is advancing rapidly to become the next generation 

healthcare platform from IOP, glucose, ion, and other biomolecular capturing and sensing. 

However, despite extensive investigations of the SCL wearable platforms, challenges remain 

in material designs, fabrication techniques, and future commercialization. Furthermore, the 

selection of  appropriate biomarkers to diagnose specific diseases and subsequent 

therapeutics is also critical to the whole process of diagnosing SCL wearers. Driven by 
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intensive research worldwide, we envisage that the ocular biosensors will become a powerful 

diagnostic tool in the near future. 

 

 

 

 

 

Figure 7. Smart contact lenses for the monitoring of hormones, enzymes, and cytokines. 

(a) Schematic showing the cortisol CL biosensor integrated with the 3D printed stretchable 

interconnects, antenna component, capacitor, and resistor. Adapted with permission.[13] 

Copyright 2020, Ku et al. (b-c) Schematic showing the incorporation of a near-field 

communication (NFC) chip, biosensor, stretchable transparent antenna on a soft contact lens, 

integrated with a Bluetooth-controlled heat pad, and an illustration showing the detection 

mechanism of the antibody-functionalized SCL platform. Adapted with permission.[210] 

Copyright 2021, Jang et al. (d) Graphical representation showing the working principle of 

matrix-metalloproteinase-9 (MMP-9) hydrogel sensor. Where a hydrogen matrix is 
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crosslinked to MMP-9 specific peptides, and it will be cleaved in the presence of MMP-9, 

resulting in detectable fluorescence. Adapted with permission. [215] Copyright 2020. 

Elsevier.  

 

 

 

4. Smart Contact Lenses for Therapeutic Applications 

CLs have been approved as medical devices by the US Food and Drug Administration (FDA) 

[216] and used to correct refractive errors in approximately 150 million wearers 

worldwide.[76, 217] The therapeutic applications of SCLs have been explored to achieve 

topical sustained drug release and to heal corneal wounds.[74, 218, 219] Compared to 

conventional approaches to treat ocular illnesses with eye drops or ointments, SCLs can 

achieve better patient compliance and controlled drug delivery at the target sites through 

direct and continuous contact with the treated areas.[220]  Furthermore, the global SCL 

market is projected to reach over 19 billion US dollars by 2024,[76] indicating promising 

research potentials towards clinical translations. However, even with advances in various 

applications, concerns about the side effects of wearing SCLs,[221] such as allergies,[222] 

microbial keratitis, [223, 224] CL acute red eye,[225] SCL-induced peripheral ulcer,[226] 

and other unfavorable side effects remain.[76, 218] Therefore, it is indispensable to develop 

SCL devices with both the desired physical and biological properties to achieve therapeutic 

efficacy and bench-to-bedside translations. The following section discusses the fundamental 

properties of therapeutic SCLs, summarizes recent advances in the research field (Table 5), 

and focuses on potential clinical translations.  
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Table 5. Examples of therapeutic smart contact lenses for treating various ocular 

diseases 

Main 

ingredients 

Active agent Mechanism Characteristics Disease Ref. 

Chitosan Brimonidine 

tartrate 

Chitosan film 

swelling controlled 

diffusion 

Simple and ecofriendly fabrication; 

Low toxicity; Excellent 

biocompatibility/biodegradability; 

High cornea permeability 

Glaucoma [227] 

HEMA, 

NVP, 

TRIS, 

EGDMA 

Betaxolol 

hydrochloride 

pH-responsive Excellent stability during storage in 

PBS buffer with ignorable drug 

loss; Sustained in vivo drug release 

for over 240 h in tear fluid; 53 times 

increase in mean residence time of 

drug in rabbits compared to soaked 

contact lenses 

Glaucoma [228] 

EGDMA, 

DMA, 

NVP, 

Siloxane 

and HEMA 

Timolol, 

Bimatoprost 

and HA 

Diffusion/dissolution Adoption of implantation 

technology to passively deliver 

drugs at therapeutically relevant 

doses without high burst release; 

Smooth CL surface; Reduction of 

IOP for 120 h; Sustained drug 

release for 72 h with a low burst 

release 

Glaucoma [229] 

EGDMA, 

HEMA, 

NVP, TRIS 

Betaxolol 

hydrochloride 

pH-responsive Ion-exchange resin as a carrier; 

Increase drug loading amount; 

Sustained drug release; Prevent 

drug leakage during storage in PBS 

Glaucoma [230] 
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with low ionic strength 

PLGA-

PEG-

PLGA 

copolymer 

Brimonidine Step I: Brimonidine 

released from LDH 

NPs to thermogel 

matrix 

Step II: Diffused 

from matrix to the 

tear film 

Dual-control release system based 

on a thermogel incorporated with 

Bri@LDH to deliver brimonidine to 

the ocular surface continuously; No 

cytotoxicity to human corneal 

epithelial cells;  Good 

biocompatibility; In vitro sustained 

drug release for up to 144 h;  In 

vivo sustained drug release for at 

least seven days 

Glaucoma [231] 

Silica NPs,  

HEMA,  

MAA 

Timolol N/A Usage of molecular imprinting 

technology for sustained timolol 

release; Self-reporting ability for 

the release process: conversion of 

the drug release into a readable 

signal by  color changes 

Glaucoma [232, 

233] 

HEMA, 

EGDMA, 

NVP 

Timolol Light-responsiveness 

(exposures of the 

lens to the 400-430 

nm) 

Patient controllability over the 

amount of timolol released from CL 

throughout the day; Disposable; 

Daily use; Low-cost manufacturing 

Glaucoma [234] 

PDMS 

 

 

Timolol Diffusion;  

IOP-triggered 

release 

Combination of a ball-mold 

fabrication process and soft 

lithography; High 

bioavailability/lower risk for 

adverse effects; A simple, 

noninvasive, sustained drug release 

up to 45 days; Self-adaptive drug 

release without human intervention 

Glaucoma [235] 

 

Table 5. Examples of therapeutic smart contact lenses for treating various ocular 

diseases (Continued) 

Main ingredients Active agent Mechanism Characteristics Disease Ref. 

PDMS Timolol Diffusion All-in-one design: power-free soft CL device to measure IOP; Extended 

in situ drug release (up to 30 days); Glaucoma biomarker detection; 

Optically transparent/biocompatible material-anodic AAO thin film 

Glaucoma [236

] 

N/A Gentamicin 

Sulfate 

Bacterial-caused pH 

responsiveness 

Self-assembly of antibiotics loaded ADA-GS/PEI multilayered films on 

CL surface; Bacterial-responsive release; Fast antibacterial property 

Corneal bacterial 

infections 

[68] 
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HEMA, MAA, 

EGDMA 

Moxifloxacin 

HCl & HA 

HA/Moxifloxacin HCl 

release; Diffusion in 

the release media 

In vitro release for moxifloxacin HCl/HA up to 96 h; in vivo drug 

release with the significant improvement compared to eye drops; 

Successful application of the implantation technology to co-deliver 

moxifloxacin HCl/HA to treat conjunctivitis 

Bacterial 

conjunctivitis 

[237

] 

HEMA, VP Pranoprofen Pranoprofens-release Incorporation of a zwitterionic polymer to suppress protein and bacteria 

adsorption; The “hot-melt press method” involves poorly water-soluble 

pranoprofen into the CL 

Allergic 

conjunctivitis 

[238

] 

Methafilcon A Tobramycin Lens surface reaction Sonochemical modification; Antibacterial/antifungal; Enhanced 

wettability; Anti-adhesion ability of platelets and proteins; Antioxidant 

capacity; Good cytocompatibility 

Keratitis [79] 

HTCC/Ag/GO Voriconazole 

& AgNPs 

Diffusion  

(Vor adherent to GO) 

Mechanically robust cross-linked CL formation via electrostatic 

interactions between GO and HTCC; In vivo experiments proved 

biocompatibility; Increased drug loading capacity/ extended drug 

release time due to the hydrophobicity of Vor and the physical 

uniqueness of GO; Incorporation of AgNPs to enhance the antifungal 

activity/ expand the antimicrobial spectrum 

Keratitis [239

] 

HEMA/Glycerol/ 

EGDMA 

Diclofenac Diffusion from 

inclusion complexes 

of β-CD-crHA and 

diclofenac 

Advantages of inclusion of β-CD-crHA: Improved surface 

hydrophilicity; Water uptake ability; Oxygen permeability; Great 

flexibility/light transmission; Enhanced drug encapsulation capacity/ 

sustainable delivery. 

Conjunctivitis [240

] 

TRIS, HEMA, 

NVP, EGDMA 

Moxifloxacin 

hydrochloride 

N/A Suitable hydrophilic property. High transmittance; Increased ionic 

permeability. Low surface roughness/adequate stiffness. Molecular 

imprinting technology was applied with AA as a functional monomer to 

recognize MXF specifically. Sustained drug release. No cytotoxicity 

and no potential ocular irritancy effect. 

Bacterial-related 

ocular disease 

[241

] 

 

Table 5. Examples of therapeutic smart contact lenses for treating various ocular 

diseases (Continued) 

Main 

ingredients 

Active agent Mechanism Characteristics Disease Ref. 

HEMA/EGDMA, 

MAA/Pluronic 

F127 

Cyclosporine pH 

responsiveness 

Sustained release of cyclosporine up to 

156 h at therapeutic rates; No drug 

leaching during sterilization/storage 

period; Maintaining optical/physical 

properties of CLs; In vivo drug release 

up to 336 h in tear fluid 

DES [242] 

HEMA, EGDMA Cyclosporine N/A Significant improvement in 

wettability/mechanical strength with 

maintained optical transmittance; In 

vitro cyclosporine release/controlled 

delivery for over 12 days; Approved 

DES [243] 
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therapeutic effect on DES by Schirmer 

tear test etc 

HEMA, MMA, 

DMAA 

Lifitegrast Light 

responsiveness  

Sustained passive delivery lifitegrast at 

a therapeutic level for a long time; 

Improved drug utilization at a lower 

cost; Easily integrated technology for 

daily-use CLs 

DES [244] 

PVA HA Diffusion Excellent light 

transmittance/biostability when 

exposed to eye shear stress; Sustained 

HA release from the ring implanted CL 

up to 14 days; No corneal epithelial 

cell cytotoxicity and no cell attachment 

on the device 

DES  

[245] 

 

 

Nelfilcon A HA Diffusion Adoption of biomimetic imprinting 

technology (molecular imprinting); No 

structural and property change; 

Controlled release of HA over 24 h 

DES [246] 

Siloxane, DMA, 

NVP,EGDMA, 

HEMA 

Epalrestat N/A Deliver hydrophobic epalrestat to the 

anterior and posterior side of the eye 

without affecting the critical lens 

properties; In vitro release studies 

showed low burst release and sustained 

release up to 196 h; High epalrestat 

accumulation in the various ocular 

tissues 

DED [247] 

HEMA; Silicone-

containing 

monomers of 

TMSPMA,TRIS, 

EGDMA 

Genistein 

metformin 

Electrical 

control  

(on-demand) 

(Noninvasive) electrically controlled 

(on-demand) drug delivery combined 

with real-time glucose monitoring; 

Wireless power management; Wireless 

communication; Biocompatibility with 

ultrathin, flexible electrical circuits, 

and a microcontroller chip 

DR [192] 

PDMS Gaseous 

tritium light 

sources 

Light 

responsiveness 

A first phototherapeutic SCLs to 

manage diabetic retinopathy by 

reducing retinal metabolism via 

suppression of rod cell dark current; 

Being qualified with FDA guidelines 

for overnight wear; Comfortable and 

reliability 

DR [176] 

ACUVUE 

OASYS® CLs 

(purchased from 

Johnson & 

Johnson) 

Pirfenidone Diffusion 50 times higher drug in the lens to 

cornea compared to eye drops; 

Suppression of gene expressions of 

inflammatory cytokine and profibrotic 

growth factor treated with pirfenidone 

OSI [137] 
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SCLs; Significant improvement in a 

corneal haze after the treatment of 

pirfenidone CLs 

Table 5. Examples of therapeutic smart contact lenses for treating various ocular 

diseases (Continued) 

Main 

ingredients 

Active agent Mechanism Characteristics Disease Ref. 

Methafilcon Dexamethasone N/A Sustained in vivo drug delivery for 

seven days; No ocular irritation; No 

toxicity; Prevention of suture-induced 

corneal neovascularization/ 

inflammation for seven days and 

lipopolysaccharide-induced anterior 

uveitis for five days. 

OSI [248] 

N/A N/A Wireless 

communications 

with 

programmed 

applications 

Real-time monitoring of a biomarker 

for OSI and serve as a therapeutic 

device; Usage of smartphones to 

achieve an instantaneous diagnosis of 

OSI and automated hyperthermia 

treatments; Great wearability/ reliability 

as a noninvasive, mobile healthcare 

device proved by in vivo experiments 

using live animals and human subjects; 

New opportunities to clinical 

information and the potential capability 

for machine learning in diagnosing 

disease 

Chronic 

OSI 

[249] 

PLGA Bromfenac N/A Usage of ultrasonic spray technology to 

develop a drug-eluting IOL; Sustained 

drug release, being able to bypass the 

corneal barrier and directly reach the 

posterior capsule with excellent 

biocompatibility; In the rabbit cataract 

surgery: the IOL exhibited superior 

PCO prevention and inflammation 

suppression effects 

PCO [250] 

PEGMA Doxorubicin 

hydrochloride 

MMP-2 enzyme 

responsive 

release 

In vitro LEC proliferation inhibition; 

Great PCO prevention; Excellent 

intraocular biocompatibility. 

PCO [251] 

HEMA Dipicolyl- 

amine             

Removal of zinc 

ions to 

deactivate 

excessive 

expression of 

Effective prevention of cornea 

degradation; DPA specifically binding 

to a zinc ion among all (biological) 

metal ions decreases the chance of side 

effects resulting from the depletion of 

Corneal 

Melting 

[252] 
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zinc-dependent 

MMPs that 

cause corneal 

melting 

other metal ions; Synthesis production 

on a large scale at a low cost; No 

adverse impact on the viability of 

keratocytes and corneal epithelial cells; 

Minimizing the risk of severe 

nonspecific side effects. 

HEMA, 

NVP, MAA 

Ceria NPs CeNPs to 

effectively 

eliminate ROS 

The intrinsic ROS-scavenging property 

of the incorporate CeNPs mimicked 

superoxide dismutase and catalase; 

High transparency with excellent 

extracellular ROS-scavenging 

properties. Enhanced viabilities of 

human conjunctival epithelial cells and 

human meibomian gland epithelial cells 

in the presence of CeNP-CLs. 

OSD [90] 

EGDMA, 

HEMA 

Diclofenac 

sodium 

pH 

responsiveness 

Storability in PBS without noticeable 

drug loss and changes in drug release; 

Safe with minor ocular irritation. In 

vivo sustained drug release for over 24 

h in tear fluid with improvement in 

drug residence time. 

Swelling 

of the 

eye 

[253] 

 

Table 5. Examples of therapeutic smart contact lenses for treating various ocular 

diseases (Continued) 

Main 

ingredients 

Active agent Mechanism Characteristics Disease Ref. 

PLGA Dexamethasone Diffusion 

out of the 

matrix 

Sustained drug delivery to the retina at 

therapeutic levels; Great biocompatibility; 

200 times retinal drug concentrations greater 

compared to hourly drop use; Lower  

dexamethasone concentrations in blood 

serum. 

RVI [254] 

Abbreviation: CL: contact lens ； HEMA: 2-hydroxyethyl methacrylate; NVP: 1-vinyl-2-pyrrolidinone; 

TRIS:3-[tris(trimethylsiloxy)silyl] propyl methacrylate; EGDMA: ethyleneglycol dimethacrylate; DMA: N,N-

dimethyl acrylamide; PLGA: poly(lactide-co-glycolide); MAA: methacrylic acid; PDMS: 

polydimethylsiloxane; VP: 4-vinylpyridine; PVA: poly(Vinyl Alcohol); HTCC: quaternized chitosan; AgNPs: 

Silver nanoparticles; GO: graphene oxide;  AAO: anodic aluminum oxide；AA: acrylic acid；LEC: lens 

epithelial cell;  OSD: ocular surface disease; RVI: retinal vascular leakage; PCO: posterior capsular 
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opacification; OSI: ocular inflammation; DR: diabetic retinopathy; DES: dry-eye syndrome; HA: Hyaluronic 

Acid; PEGMA: poly(ethylene glycol) methacrylate; MMP: matrix metallopeptidase; ROS: reaction oxygen 

species; CeNPs: ceria nanoparticles; NVP: N-vinylpyrrolidone; PBS: phosphate-buffered saline; TMSPMA: 3-

(Trimethoxysilyl)propyl methacrylate. 

 

 

 

 

 

 

4.1. Fundamental Characteristics of Smart Contact Lenses for Therapeutics 

Therapeutic SCLs should be suitable for users, physiologically stable, durable, and 

transparent. To ensure ocular safety, the biological evaluations should be biocompatible, 

no/low immunogenicity, and no/low cytotoxicity to the wearers. Precisely, among the various 

factors that should be evaluated, one biocompatibility consideration is the biological response 

to the mechanical failure of the devices. [255] Accordingly, it is crucial to evaluate the 

fundamental characteristics of SCLs, such as mechanical and biological properties, to 

develop SCLs as therapeutic medical devices.  

4.1.1.  Physical Properties 

The geometric design is critical for personalized SCL products because the surface 

morphology of the eye can vary from individual to individual. As for the mechanical 

properties, the wearers’ comfort is influenced as it affects the tear exchange and oxygen 

permeability between the corneal epithelial cells and the surrounding air.[216, 256] Besides, 
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the clarity of vision, wearability, and durability are important considerations when designing 

SCLs. The geometric design of SCL should include several parameters that are consistent 

with current optically correcting CLs; Base curve radius (BCR) refers to the curvature of the 

back surface of an SCL in the range of 8-10 mm. The proper BCR promotes fluid and gas 

exchange between the corneal tissue and the surrounding air, ensuring patient comfort with a 

proper fit between the cornea and the SCL. For reference, the size of the average eyeball 

measures approximately 24.2 mm in the transverse, 23.7 mm in the sagittal, and 23.4 mm in 

the axial directions. [257] 

A center thickness (CT), usually around 0.1 mm, refers to the consistency between the inner 

and outer surfaces through the central axis of the SCL. Combined with material-dependent 

oxygen permeability levels, CT serves as a determinant of the oxygen transfer flux to corneal 

tissue. Factors related to the mechanical properties of a CL, including its ability to resist 

applied stress (compression, tensile, or shear) and coefficient of friction (CoF), serve 

essential roles in the SCL performance. Optical properties, such as optical transparency and 

refractive index, can significantly affect the visual performance of SCLs. Therefore, the 

physical properties should be considered as the top priority while developing therapeutic 

practices of the SCL. 

4.1.2. Biological Evaluations 

Biological assessments of any medical devices such as an SCL should be fully studied due to 

its direct or indirect contact with body issue. Several material factors may affect the 

biological system’s response to the assistive SCL, including its water content, wettability, and 

oxygen permeability. Water content and wettability would influence the microbial adhesion 

onto the lens surface and the ability to keep good contact with physiological tear fluid, 

respectively.[218, 258] Oxygen, as the critical health factor for the corneal to prevent 
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microbial invasion, [259] should be easily transmissible and transferable between corneal 

epithelial cells to avoid hypoxia-related complications.[218] 

Biocompatibility, defined as the ability of a medical device or biomaterial to perform with an 

appropriate host response for a specific application[255, 260], is one of the most critical 

factors in engineering SCLs. Inappropriate materials and application methods may cause 

toxicity to corneal epithelial cells and trigger severe immune responses. [218] Hence, both in 

vitro and in vivo tests should be performed at an early stage of development to evaluate the 

safety and corresponding therapeutic effects.   

The International Organization for Standardization (ISO) has developed and published 

regulations for medical devices.[261] Without enforcement to comply with ISO standards, 

corporations adopt ISO requirements to meet product commercialization. ISO 10993-1 

indicates that SCLs are classified  as direct contact devices due to their physical contact with 

body tissue. In other words, marketability is only possible after complete supervision and 

audit of safety, function, and reliability.[262] Issued in September of 2020, entitled: Use of 

International Standard ISO 10993-1, "Biological evaluation of medical devices-Part 1: 

Evaluation and testing within a risk management process", this document specifically sets out 

the requirements for the biological evaluation of sterile and non-sterile medical devices that 

come into direct or indirect contact with the human body.[255] The considerations that 

should be examined include evaluation of cytotoxicity, sensitization, hemocompatibility, 

pyrogenicity, genotoxicity, and degradation.[255] Because mechanical failure could alter the 

biological responses to a medical device, biocompatibility testing should investigate changes 

during the use of material properties, such as geometric and/or physiochemical, on biological 

system response.[255] Consequently, it is essential to study the fundamental mechanical and 

biological properties of a SCL prior to developing therapeutic functions.   



 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

4.2. Applications of Smart Contact Lenses for Therapeutics 

4.2.1．Treatment of Glaucoma  

Glaucoma is the leading cause of blindness worldwide due to irreversible progressive optic 

neuropathy[263, 264], and may affect approximately 112 million people by 2040.[263] The 

main treatment for glaucoma is to reduce IOP.[264] The commercially available formulations 

for the treatment of glaucoma either have difficulty crossing the blood-retinal barrier or 

possess low bioavailability.[143] As a result, various therapeutic platforms such as 

microneedles, nanoparticles, and SCLs have been developed to achieve better drug effects in 

the treatment of glaucoma.[143]  

Layered double hydroxide (LDH) nanoparticles have gained significant attention for their 

applications in drug-eluting biomaterials.[265] However, drug delivery systems based on 

LDH nanoparticles confront undesired aggregation[266, 267] and uncontrolled drug 

release.[268] To overcome the drawbacks, Sun and colleagues have developed the 

brimonidine@LDH thermogel (Figure 8a), an SCL drug delivery system based on poly (DL-

lactic acid-co-coglycolic acid)-polyethylene glycol-poly (DL-lactic acid-co-coglycolic acid) 

(PLGA-PEG-PLGA) loaded with Bri.[231] The soft lenses formed by applying Bri@LDH 

thermogel solution to the ocular surface. The proposed drug release mechanism is that when 

the tear film solution is hydrated, Bri is released from the LDH nanoparticles into the 

thermogel matrix and then diffuses from the matrix into the tear film solution. In vitro and in 

vivo experiments confirmed the efficacy of sustained brimonidine release to reduce the IOP 

for glaucoma treatment.[231]  

In another study, nanopores were embedded into an SCL device and used as a drug 

reservoir.[236] The soft CL requires no electrical power and can be used to measure IOP and 

detect glaucoma biomarkers, while simultaneously extending in situ drug delivery and 

release. Besides, this device was the first to accomplish the three applications in a single all-
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in-one device.[236] Later, continuing their nanopore-embedded work, the same group 

reported an SCL device with incorporated microtubes (μ-tubes) to achieve successful drug 

release based on diffusion and IOP-triggered mechanisms (Figure 8b-c).[235] This device 

features self-adaptative timolol-controlled release using the IOP as the release trigger. This 

tactic helps reduce drug-related side effects and provide safer therapies.[235] In another 

example, timolol was chemically coupled to the starting material of SCL via a photocleavable 

caged crosslinker. This study showed that drug release could be successfully mediated by 

daylight (Figure 8d).[234] With several advantages such as optically triggered drug release, 

lower dose use compared to eye drops, and lower cost, this technology broadens the 

potentials of developing integrated SCLs for therapeutic applications.[234]  

4.2.2. Treatment of Corneal Melting  

Corneal melting is caused by the uncontrollable and excessive degradation of corneal tissue 

and is related to several ocular diseases, such as ulcerative keratitis and Sjögren’s 

syndrome.[269, 270] Various factors, such as eye surgical procedures, chemical burns, and 

improper treatments of ocular diseases, would increase the risk of corneal melting, which can 

ultimately lead to loss of vision.[252] To date, there are various ways of treating patients with 

corneal melting, such as steroidal anti-inflammatory drugs, tissue adhesives, amniotic 

membrane transplantation, and corneal transplantation. However, there are no satisfactory 

techniques for curing corneal melting.[252, 271] To tackle this area, Chelsisi and colleagues 

developed a hydrogel therapeutic SCL that inhibits the corneal melting process by 

inactivating zinc-dependent MMPs (Figure 8e). Dipicolylamine (DPA) was selected to form 

DPA-conjugated PHEMA (pDPA-HEMA) hydrogels for zinc ion removal.[252] Although 

few studies have developed therapeutic SCLs to treat corneal melting, this investigation 
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provides an option and inspiration for researchers to work on these challenging research 

subjects.  

 

 

 

 

Figure 8. Drug-eluting smart contact lenses for therapeutic applications. (a) The double-

layered hydroxide (LDH) nanoparticle/thermogel composited drug delivery system for 

sustained brimonidine (Bri) release. Adapted with permission.[231] Copyright 2017, 

American Chemical Society. (b) A self-adaptive contact lens embedded with microtubes as 

the drug container for the treatment of glaucoma. Adapted with permission.[235] Copyright 

2020, American Chemical Society. (c) The illustration of the PDMS microtubes (μ-tubes)-

embedded drug container and delivery system with self-adaptive drug release ability. 

Adapted with permission.[235] Copyright 2020, American Chemical Society. (d) The 

illustration of the coupled timolol to the contact lenses’ polymer compositions with the 
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photo-responsiveness (400-430 nm) to achieve the daylight-mediated sustained timolol 

release to treat glaucoma. Adapted with permission.[234] Copyright 2018, American 

Chemical Society. (e) The illustration of the mechanism of deactivating MMPs through the 

pDPA-HEMA-based contact lens. Adapted with permission.[252] Copyright 2019, American 

Chemical Society. 

 

4.2.3. Treatment of Ocular Inflammation  

The inflammation of the eye can occur on the cornea or inside the eye and may cause vision 

loss or even blindness.[248] Ocular inflammation could be caused by several issues such as 

trauma, allergies, and infections. The most widely applied method to treat ocular 

inflammation is to take eyedrops on a regular basis. However, the required frequent 

administration of eye drops leads to low patient compliance and difficulty teaching the 

treated eye site, which can result in undesired side effects. [248] Hence, to overcome such 

issues, SCLs have appeared and attracted a lot of attention for delivering therapeutic effective 

drugs to the site of reaction, and various drug delivery/eluting SCL studies have been carried 

out to treat ocular inflammation.[79, 240, 248, 272] 

 Bacterial and fungal keratitis inflammation can occur when SCLs are contaminated by 

pathogenic bacterial and fungal strains.[79] Therefore, antifouling, and antimicrobial 

properties are highly desired for SCL application. A prototype antifungal SCL was 

engineered by embedding econazole in PLGA to achieve extended antifungal activity.[273] 

The coated SCL has been reported to exhibit significant antibacterial (>log10 5.60), 

antifungal, and antibiofilm performance against (bacterial keratitis) BK-causing multidrug-
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resistant bacteria and fungal keratitis (FK)-related pathogenic fungal strains.[79] The SCLs 

also showed good antioxidant, biocompatibility, and wettability characteristics.  

Another case of an antibacterial coating on the SCL surface was achieved via a layer-by-layer 

(LbL) electrostatic self-assembly method.[274] The positively charged sodium 

tripolyphosphate (CTVNP) was applied for LbL deposition with negatively charged heparin 

(HEP), generating a multilayered (HEP/CTVNP)n structure.[274] In vitro and in vivo 

antibacterial experiments have shown a therapeutic effect on keratitis treatment without 

influencing light transmittance and patient vision.[274] Based on the fact that the 

conventional therapeutic method by using eye drops for treating keratitis is limited due to low 

bioavailability for specific eye tissues. Huang et al. designed a hybrid hydrogel-based SCL 

composed of quaternized chitosan (HTCC), AgNPs, and graphene oxide (GO), which 

endowed anti-microorganism properties.[239] This chemical components also achieved great 

hydrophilicity for hydrogel formation, served as a drug carrier, and aided in sustained drug 

release to increase antibacterial and antifungal ability.[239]  

Conjunctivitis occurs with the dilatation of the conjunctival vessels that can cause hyperemia, 

chemosis, lid edema, and the typical eye discharge.[275] It is a commonly seen among red-

eye patients in adults and children in the US.[237] This illness can be caused by allergens, 

irritants, bacteria, and viruses, such as the coronavirus that causes the common cold and 

COVID-19.[276] The typical therapeutic approach involves the use of eye drops, which are 

inefficient due of the low drug residence time of the tear fluid and poor ocular 

bioavailability.[277] Therefore, it is desired to develop a feasible approach to overcome the 

weak efficacy of eye drop therapeutics to combat conjunctivitis.[237] Drug-loaded SCLs 

have been considered suitable alternative to eye drops and have received much attention for 

their excellent performance and biomedical applications.[240] Li and colleagues developed a 
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PHEMA/β-CD-crHA hydrogel with the ability to reduce tear protein adsorption and bacterial 

adhesion. In the in vivo treatment of conjunctivitis using rabbits, the SCL showed excellent 

drug encapsulation, sustained drug release capability, and therapeutic effects on ocular 

inflammation.[240] Similarly, to suppress protein and bacteria adsorption, Ogawa and 

colleagues developed an SCL platform to prevent and treat ocular diseases with a drug 

loading capacity.[238] In order to introduce pranoprofen, a hydrophobic drug for allergic 

conjunctivitis, in to the SCL system, a “hot-melt press method” was innovated, and the 

sustained drug release has been proved to be workable . This development is expected to 

improve the quality of life of the SCL wearers and prevent and treat the progression of 

allergic conjunctivitis.[238] 

Furthermore, wearable bioelectronic devices are incorporated with the SCLs to achieve real-

time monitoring and therapy of ocular diseases.[192, 249] Keum et al. reported a smart 

medical SCL device that measures and treats diabetic retinopathy in real-time.[192] Using a 

graphene field-effect transistor that continuously measure the concentration of a biomarker 

(MMP-9) for OSI, these therapeutic SCLs are stretchable for human eyelid design. It is 

designed to be transparent and can connect to smartphones for wireless communications. The 

proof-of-concept has been  demonstrated by in vivo experiments and a human pilot trial.[249] 

These works demonstrate how combining bioelectronic monitoring with therapeutic functions 

can inspire the next-generation multifunctional SCLs to improve personalized healthcare. 

4.2.4. Treatment of Cataracts  

Opacification of the lens, known as cataracts, is the leading cause of vision loss globally and 

has been considered an intractable social concern due to the rapid growth of the human 

population and the increasing public expectations towards better quality of life.[278] Various 
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factors may induce cataract formation, such as aging, trauma, metabolic disorders, and drug-

induced changes.[278] However, except for surgery, there is still no effective method to treat 

cataracts.[250, 279] A drug delivery system for cataract treatment based on CLs is highly 

desired with improved ocular bioavailability.[280, 281] However, the drug loading may alter 

properties of CLs such as swelling, optical transparency, and oxygen permeability.[282-285]  

To address this issue, Zhu and colleagues, first reported Pluronic
®
 F68 stabilized pegylated 

solid lipid nanoparticle-laden SCLs to deliver hydrophobic Epalrestat to the anterior and 

posterior segment of the eye for the treatment of diabetes-related cataracts and diabetic 

retinopathy.[247] Intraocular lens (IOL) modification is considered a viable strategy to 

prevent posterior capsular opacification (PCO),[286, 287] the most common complication of 

cataract surgery.[279] However, it is challenging to maintain the refractive properties of the 

IOL and avoid possible damage to intraocular tissue. Zhang et al. reported a drug-eluting IOL 

using PLGA with sustained bromfenac release to prevent posterior capsular opacification 

(PCO) development using ultrasonic spray technology.[250, 279] In this study, bromfenac 

was used for PCO prophylaxis; bromfenac can inhibit TGF-β2-induced lens epithelial cell 

migration and EMT by regulating ERK/GSK-3β/Snail signaling, an important pathological 

mechanism involved in the development of PCO. The bromfenac-eluting IOLs were 

engineered and implemented for cataract surgery. This design is effective in PCO prevention 

and has been demonstrated to be biocompatible for in vivo experiments, showing great 

potential for future clinical applications.[250] 

4.2.5. Treatment of Dry Eye Disease 

Keratoconjunctivitis sicca, also known as dry eye disease (DED), is a common medical 

complaint because it causes discomfort to patients [288] due to low tear production and/or 
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excessive tear evaporation.[289] In practice, eye dryness can be associated with Sjögren’s 

syndrome, allergies, infection, blepharitis, and preservative-containing eye drops.[290] 

Besides, DED is one significant cause of persistent corneal epithelial defects (PEDs), among 

the other three causes, including keratoplasty, chronic infection, and limbal stem cell 

deficiency.[291] However, for conventional dry eye treatments with eye drops, these methods 

always experience a short residence time (ca.5 min) and low bioavailability (approximately 

50%). To address the above shortcomings limiting applications, higher doses of eye drops 

have been advocated, despite the increased risk of side effects.[245] Therefore, it is beneficial 

to explore effective therapeutic medical devices for ocular diseases. 

In the past decades, wearable SCLs have been investigated for treating DES.[243] However, 

the uncontrollable initial burst release of drugs from the SCL remains to be addressed to 

achieve constant and sustained drug release. Elham and colleagues reported a therapeutic 

SCL system based on hyaluronic acid (HA)-loaded chitosan nanoparticles (CS NPs) in a ring-

implanted CL to achieve sustained HA release for treating DES.[245] The stepwise design for 

the CL fabrication, from preparing HA-loaded CS NPs to embedding CS NPs into a PVA 

implant ring to incorporating the ring into the PVA-based hydrogel CLs, has proven effective 

for controlled HA release for up to 14 days.[245]  

Regarding the mechanism of DED, it is reported that T cell-mediated inflammation at the 

ocular surface and periocular tissue could cause this disease.[292] Lifitegrast has shown the 

ability to lower T-cell activation, reduce cytokine release, and mitigate downstream 

inflammatory processes.[293] Mu et al. achieved controlled and sustained drug release upon 

exposure to indoor/outdoor daylights by binding Lifitegrast throughout the hydrogel polymer 

of CL via a photolabile crosslinker. Apart from the therapeutic applications of the SCLs, they 

are highly effective in protecting the retina from harmful UV-A1 wavelengths.[244] 
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Molecular imprinting technology has received great attention as a contribution to advances in 

drug delivery in therapeutic SCLs.[294-296] Works with sustained HA release ability (>24 h) 

have been reported based on the molecular imprinting technology. The SCL device can 

improve the ability of HA delivery to the eye surface to achieve the treatment of the dry eye 

symptoms.[246] 

4.2.6. Treatment of Diabetic Retinopathy 

Diabetic retinopathy (DR), a microvascular disease, is a common complication of diabetes 

mellitus (DM) and a leading cause of vision loss among the population.[297] The 

development of DR can be divided into two stages: non-proliferative diabetic retinopathy 

(NPDR) and a more advanced pathological stage, proliferative diabetic retinopathy (PDR), 

wherein the patient may experience severe vision impairment.[297] Throughout the course of 

DR, diabetic macular edema (DME), which is the swelling or thickening of the macula, may 

cause vision loss.[298] The use of SCLs is well-established as a non-invasive means to work 

at the site of action of the eye.[299] 

Among various methods of monitoring and treating diabetic retinopathy, soft bioelectronics 

has been widely explored due to the unique properties of polymers fabricated for wearable 

and implantable healthcare devices.[300, 301] Keum and colleagues engineered a remotely 

controllable SCL to implement a wirelessly powered controlled drug delivery system that 

provides real-time non-invasive glucose monitoring for diabetic retinopathy.[192] A set of 

control and comparator groups was established to demonstrate the therapeutic effect of 

genistein-loaded SCLs on diabetic retinopathy. The results indicated the feasibility of the as-

designed medical device for genistein delivery to the eye.  
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Based on the well-known properties of the vision system, the retinal oxygen consumption is 

highest in the dark. In order words,  retinal metabolism increases at night.[302] However, 

diabetic patients tend to develop severe hypoxia in the retina at night, which promotes 

progressive retinopathy.[302] Accordingly, Cook et al. reported the first phototherapeutic 

SCL to suppress rod cell dark current, thereby lowering retinal metabolism and combatting 

diabetic retinopathy.[299] With the success for the SCL applications, multifunctional SCL 

devices are expected to be investigated for next-generation wearables that can achieve the 

real-time monitoring of biomarkers and on-demand drug release for diabetic retinopathy 

medication in patients.  

4.3. Responsiveness Strategy in Ocular Therapeutics 

Among the various designs and applications of functional biomaterials, stimuli-responsive 

polymers have been widely investigated as they are sensitive to certain triggers from the 

external environment, including temperature, pH, and light. Therefore, the design principles 

and synthetic routes in achieving stimuli-responsiveness should be well considered for future 

applications and potential clinical prospects. In this section, we summarize the stimuli-

responsiveness strategies for developing therapeutic SCLs as well as the excellent clinical 

values of stimuli-responsive SCLs for therapeutic applications. 

4.3.1. pH-Responsive Drug Releasable Smart Contact Lenses 

During bacterial infections, the microenvironment of the eyes becomes more acidic.[303] 

Therefore, pH-responsive antibiotic (gentamicin sulfate, GS)-loaded SCLs can be an effective 

prophylactic/therapeutic strategy through reversible implantation of antibiotics based on 

Schiff base reaction to prevent severe bacterial infection.[68] The antibacterial property was 

imparted via self-assembly of the antibiotic-loaded ALG-GS/PEI (polyethyleneimine) 

multilayer films coated on the lens surface. Five cycles of GS loading and release testing 



 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

demonstrated excellent ability to maintain drug loading capacity on the multilayer films.[68] 

The GS was bound to AI-ALG through dynamic chemical bonding that could load and 

release drugs in neutral and acidic environments. Both in vitro and in vivo antibacterial 

assessments showed the intelligent bacterial-cased pH-triggered drug loading and delivery 

processes. 

Eudragit S100 is a pH-sensitive anionic copolymer consisting of methacrylic acid and methyl 

methacrylate with a free carboxyl to the ester groups ratio of 1:2. This polymer has been used 

to construct pH-responsive therapeutic SCLs.[228, 242, 253] For example, a blended film of 

cellulose acetate and Eudragit S100 was adopted as the inner layer and silicone hydrogel was 

used as the outer layer to construct internal layer-embedded SCLs.[228] Similarly, an inner 

layer-embedded SCL consisting of a film blended with ethyl cellulose and Eudragit S100 as 

the inner layer and PHEMA hydrogel as the outer layer was engineered. The pH-responsive 

drug-eluting mechanism allows the inner layer-embedded SCL to be stable and storable in 

PBS (pH=6.8) without drug loss. An in vivo study in rabbits showed sustained drug release in 

tear fluid for over 12 hr, indicating the practicability of the drug delivery platform for ocular 

therapeutics.[253] Another approach loaded pH-sensitive cyclosporine-loaded Eudragit S100 

nanoparticles into SCLs to obtain sustained cyclosporine release for the treatment of several 

ophthalmological diseases, including DED.[242] 

4.3.2. Light-Responsive Drug Releasable Smart Contact Lenses 

Combined with rapid advances in chemical and material sciences, biomaterials research and 

development have fueled growth in drug delivery, cell biology, micro-devices, and tissue 

engineering.[304]  In addition to the precise control of material synthesis and desired 

applications, an increasing amount of attention has been paid to control material properties 
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over time and space changes by external triggers (e.g., light).[305] An attractive energy 

source, light has been used in modern medicine to treat skin-related illnesses.[306] Among 

various light-dependent innovations, photo-responsive biomaterials in biomedical 

engineering have been advanced for controlled therapeutic applications.[307, 308] In the 

development of therapeutic SCLs, daylight serves an essential role in sustaining drug release 

for the treatment of ocular diseases (Figure 9a). Two different photo linkers, dimethoxy-

substituted 2-nitrobenzene and 4-[4-(1-hydroxyethyl)-2-methoxy-5-nitrophenoxy] butyric 

acid, were adopted as the photo-linkers to link timolol and lifitegrast, respectively in these 

SCL systems. Both drugs can be released when exposed to daylight with a wavelength of 

400-430 nm, which triggers a bond cleavage reaction, passively releasing timolol and 

lifitegrast into the surrounding body fluids.[234, 244] Consequently, the future opportunities 

and challenges to develop photo-responsive therapeutic SCLs may arise from multifunctional 

integrated manufacturing, starting from the designs of  materials and more drug screening 

with the photo-liable properties for ocular disease treatment. 

4.3.3. Thermo-Responsive Gelling System for Localized Ocular Drug Release  

Because of physical blinking and fluid on the surface of the eye, many drugs applied to the 

ocular surface cannot be well maintained, making them inefficient for treating eye 

diseases.[309] Therefore, other approaches, such as in situ gelation systems, have been 

reported for local ocular drug delivery.[310] However, gelling droplets can form clumps that 

would reduce vision clarity. To address the issue, Kim and colleagues adopted a hypotonic 

formulation to help to develop a highly consistent, transparent thin layer on the ocular surface 

and prevent the removal caused by  blinking.[309] This strategy increased the absorption of 

hydrophilic and hydrophobic drugs and extended drug-ocular-epithelium contact time, 

thereby improving the therapeutic effect on the ocular surface. More importantly, this drug-
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loaded gelation system technology can provide more opportunities in medical conditions 

where other gelling/adhesives are required.[309] 

4.3.4. Smart Wireless Responsiveness 

Remote controllable SCLs have been engineered for the diagnosis of diseases such as 

diabetes and ocular inflammation.[192, 249] An electrically controlled drug delivery system 

has successfully achieved and combined with real-time biometric analysis to provide precise 

diabetic prognosis and therapy (Figure 9b).[192] Therefore, the development of 

biodegradable and bioresorbable bioelectronics [311] for medical applications holds great 

promise to better human health.  

 4.4. Real-Time Self-Regulated Therapeutic Smart Contact Lens 

Besides integrating the diagnosis and therapeutics of ocular diseases into a bioelectronic 

device, as described via smart wireless responsiveness[312-314], real-time monitoring of the 

drug release in the SCL remains challenging. In molecular imprinting technology, Deng and 

colleagues developed a convenient self-reporting therapeutic SCL that can convert drug 

release information into readable color changes based on colorimetric analysis (Figure 

9c).[233] Another example is a sustained delivery system based on embedded microtubes in 

SCLs as drug containers.[235] These SCL devices can have self-adaptive drugs that are 

released in response to fluctuations in the patient’s IOP. Additionally, the device can also 

achieve stable drug storage and sustained release.  

4.5. Therapeutic Smart Contact Lenses in Clinical Trials  

A wide variety of therapeutic SCLs has achieved lab-to-bedside translation over the past 

decades. However, the underlying side effects of an SCL should be taken into account before 

its use, as some ocular reactions to external stimuli, such as dryness, discomfort, and nonreal 
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infections may occur during/after the lens application.[217] Therefore, well-established 

clinical trials of an SCL for therapeutic applications are of considerable importance before 

commercialization can occur. Herein, we summarized the currently developing clinical trials 

for SCLs shown in Table 6. (Data accessed in August of 2021) 
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Figure 9. Examples of the therapeutic smart contact lens with responsiveness. (a) Left: 

The illustration of the engineered contact lens with its structure on the anterior eye. Right: 

The contact lens releases therapeutically effective lifitegrast during exposures to indoor 

daylight (400-430 nm). The photo-released lifitegrast molecules demonstrate a progressive 

diffusion-based manner from the lens hydrogel to reach the tear film and the conjunctiva 

stroma. Adapted with permission.[244] Copyright 2021, Marriott et al. (b) The illustration of 
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the SCL for real-time diabetic diagnosis and therapy with electrically-controlled drug release 

design. Adapted with permission.[192] Copyright 2020, AAAS. (c) The molecular imprinting 

technology used in contact lens design gave the contact lens considerable blue shift with 

accumulative timolol release. Adapted with permission.[233] Copyright 2018, American 

Chemical Society. 

 

 

Table 6. Smart contact lenses in clinical trials 

Title (NCT 

number) 

Sponsored 

institution/person

nel 

Application/Objec

tive 

Investigated condition(s) Phas

e 

Ref. 

LSH Silicone 

Soft 

Hydrophilic 

CLs for Daily 

Wear 

(NCT017350

45) 

Szabocsik and 

Associates, Inc. 

To evaluate the 

performance of the 

LSH (mangofilcon 

A) soft silicone CLs 

for myopia 

correction  

Myopia Phas

e III 

[315

] 

TCLDDS in 

Patients With 

Recurrent 

Cystoid 

Macular 

Edema 

(NCT042256

11) 

Massachusetts Eye 

and  

Ear Infirmary 

To investigate the 

safety, tolerability, 

and feasibility of a 

dexamethasone-

eluting TCL-DDS 

for the treatment of 

recurrent cystoid 

macular edema  

Cystoid Macular Edema Phas

e I/ 

Phas

e II 

[316

] 

Latanoprost 

Eluting CL 

for Treating 

Glaucoma 

and Ocular 

Hypertension 

(NCT045005

74) 

Massachusetts Eye 

and  

Ear Infirmary 

To assess the 

safety, comfort, and 

feasibility of 

lowering IOP using 

a novel CLDDS 

with latanoprost 

Glaucoma/ 

Ocular Hypertension 

Phas

e I 

[317

] 
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Prolongation 

of CL 

Comfortable 

Wear 

Duration by 

CLM2 

Topical Gel 

(NCT039944

06) 

Glia, LLC To investigate 

comfortable wear 

duration time of 

CLs; test versus 

control 

CL-induced CD/CFS; CL acute red 

eye 

Phas

e II 

[318

] 

The Impact of 

CL CoF on 

the 

Development 

of LWE 

(NCT032095

05) 

University of 

Houston 

To determine the 

amount of LWE 

induced in subjects 

after SCL fitting 

that do not have 

LWE at study 

enrollment 

LWE Phas

e IV 

[319

] 

Safety Study 

of a Contact 

Lens With 

Ketotifen in 

Healthy, 

Normal 

Volunteers 

(NCT008892

52) 

Vistakon 

Pharmaceuticals 

To evaluate the 

safety of SCL in 

healthy regular 

volunteers 

Allergic Conjunctivitis Phas

e III 

[320

] 

Anesthetic 

Impregnated 

Bandage Soft 

CL in Pain 

Management 

After PRK 

(NCT042833

31) 

Beeran Meghpara, 

MD 

To explore the 

potential of an 

anesthetic soaked 

bandage SCL in 

reducing pain levels 

compared to a 

bandage SCL alone 

after PRK  

Myopia/Hypermetropia/RE/Astig

matism 

Phas

e IV 

[321

] 

 

 

 

 

Table 6. Smart contact lenses in clinical trials (Continued) 

Title (NCT number) Sponsored 

institution/personnel 

Application/Objective Investigated 

condition(s) 

Phase Ref. 
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Evaluating the Impact of JJVC 

Senofilcon A - Based CL With 

New UV-blocker on Day and 

Night Driving Performance 

(NCT03330275) 

Johnson & Johnson Vision 

Care, Inc. 

To evaluate the effect of JJVC Senofilcon A-

based CLs with a new UV-blocker on day and 

night driving performance 

VP Phase II [322

] 

A Clinical Study Comparing the 

Comfort of Three Commercially 

Available CLs (NCT02298400) 

ORA, Inc. 

 

To compare the comfort of three commercially 

available CLs 

 

CL Complication 

 

Phase IV 

 

[323

] 

 

*indicates data accessed in August of 2021  

Abbreviation: TCL-DDS: Therapeutic Contact Lens Drug Delivery System; LWE: Lid Wiper Epitheliopathy; 

PRK: Photorefractive Keratectomy; CoF: Coefficient of Friction; CD: Corneal Disorder; CFS: Corneal 

Fluorescein Staining; RE: Refractive Errors; VP: Visual Performance. 

 

 

 

 

 

 

 

 

5. Ocular Signal Extractions  

To realize the full potential the SCL wearable platform, a suitable power supply and data 

transfer units needed to be integrated.[324] However, current wearable power sources face 

several challenges: relatively bulky size, low energy densities, undesirable biocompatibility, 

and incompatible mechanical properties.[325-327] Similarly, current data transfer techniques 

are bottlenecked in reducing power consumption, increasing the data transfer rate, and 

extending the working/communication distance.[325, 328] In recent years, researchers from 

different fields have worked to solve these challenges to make the SCL wearable platforms 



 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

more practical.[185, 325, 329] In this section, we provide discussions about the applicable 

powering techniques for SCLs, such as radio-frequency identification, wearable batteries, and 

solar cells. Moreover, we summarize the advanced wireless data transfer technologies, 

including optics, remote resonance detection, and custom-built application-specific integrated 

circuits (ASIC). Finally, we highlight the pros and cons of wearable applications. 

5.1.  Powering Methodology for Smart Contact Lens Wearable Platform 

As summarized in the above section, the SCL wearable platform enables more versatile 

functions than solely vision correction, such as pressure sensing, temperature measurement, 

biomarker detection, or even treatments to alleviate or prevent ocular diseases. These features 

are accomplished by integrating functional units/active components onto the contact lens. The 

power supply is critical to achieving those functions without interrupting the users’ daily 

route. One standard method is to introduce ultrathin conductive wires connected to an 

external power source.[38, 61, 330, 331] For example, 

Renaud’s group pioneered a non-invasive IOP sensor for diagnosing glaucoma. This pressure 

sensor was placed circumferentially to detect corneal curvature changes caused by IOP shifts. 

A custom-built micro-flex connection cable was employed to connect the sensors to the 

external power source (Figure 10a).[332] Recently, similar examples have been reported 

applying flexible connection wires such as conductive serpentine trace to connect the 

integrated functional units to the external power supply module within the SCL wearable 

platform.[73, 333] For instance, Mitsubayashi’s group was the first to monitor tear glucose 

levels via an electrochemical sensor within the SCL wearable platform. .[334] This SCL 

sensor was connected to a Potentiostat or analog/digital converters via a custom-built flexible 

electrode (Figure 10b).  

The connection wires can provide an efficient and straightforward strategy to power the 

functional units within an SCL wearable platform. However, ocular discomfort/user-
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inconvenience is an uprising concern. The discomfort caused by the flexible power wires 

would adversely affect the users’ compliance with long-term continuous monitoring. 

Therefore, wireless powering strategies are much more appropriate for further 

commercialization of the SCL wearable platform. RFID based powering and data 

transmission techniques have been adapted to the SCL platform. The fundamental principle is 

illustrated in Figure 10c.[38] The RF power can be transmitted to the receiver unit with coil 

or antenna-based inductive coupling. A rectifier in the receiver unit is utilized to convert the 

RF waveforms to direct-current (DC) voltages, which are used as a power supply to sensors 

or integrated circuit (IC) chips.  

Schnakenberg’s group reported the first wireless powered micro-transponder system for 

continuous measurement of IOP shown in Figure 10d.[335] The external 13.56 MHz RF 

source was used to power the micro-transponder based on complementary metal-oxide-

semiconductor (CMOS) technology, with a typical power consumption of around 240 uW. 

The capacitive pressure sensor was integrated with the RF transmission electronics by 

MEMS. The RF frequency used for RFID-based inductive powering varies from MHz to 

GHz and from near field coupling to far-field radiation.[325]  

However, the selective resonant frequency and antenna designs need to be considered to 

achieve higher power transmission efficiency and meet the dimensional constraints of the 

SCLs. In principle, the lower resonant frequencies generally have less power loss to the 

antennas, but the corresponding impedance matching components occupy a large portion of 

the circuit area. The higher frequencies allow for far-field energy harvesting, but the Joule-

heating effects caused by the power transfer became more observable.  

The near-field communication (13.56 MHz) technique has been modified for low energy 

consumption and efficient power delivery among the acceptable frequency range. Loop or 

spiral antennas are primarily used in contact lens receivers because of their simple design and 
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integration.[172, 325, 331] It is critical to achieve parameter matching for the resonant 

circuits due to the space constraints within the SCLs.  

In addition to inductive or field coupling-based wireless powering, many other powering 

methods are reported for SCL applications. For example, Lee’s group developed an aqueous 

battery based on tear liquids and Prussian blue nanocomposites shown in Figure 10e.[326] It 

can achieve a discharging capacity of 155 μAh in tear fluid with 0.15 M Na
+
 ions and 0.02 M 

K
+
 ions, which is sufficient to operate a low-power microprocessor. It is also mechanically 

stable and bio-compatible, giving rise to a long lifetime and the possibility of integrating bio-

implantable devices. 

Flexible solar cells can also be an excellent candidate for energy harvesting from solar light 

in SCL applications. For example, Ghannam's group proposed a hybrid energy harvesting 

system on the SCL platform assisted with RF electronics and solar cell units shown in Figure 

10f.[63] Although not yet reported, ultrasonic power transferring is another possible 

candidate for wireless powering of the SCL. The power transmitting link could be composed 

of an ultrasonic oscillator in the frequency range of 200 kHz to 1.2 MHz and an ultra-small 

piezo-electronic transducer embedded in the SCL (Figure 10g).[336-338] 
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Figure 10. Wearable powering methodology for smart contact lens. (a) The SCL is 

integrated with sensing resistive gages and micro-flex interconnections. Adapted with 

permission.[332] Copyright 2004, the authors.. (b) The flexible electrode bonded onto the 

PDMS contact lens as an electrical interconnection for glucose sensing. Adapted with 

permission.[334] Copyright 2011, the author(s). (c) Typical circuit diagram for the RF signal 

coupling and the conversion to DC voltage. Adapted with permission.[38] Copyright 2018, 

AAAS. (d) Schematic illustration for the integrated TOP sensor in the artificial intraocular 

lens. Adapted with permission.[335] Copyright 2001, IEEE. (e) The bio-fuel battery 

integrated contact lens. Adapted with permission.[326] Copyright 2021, American Chemical 

Society. (f) Schematic of the self-powered contact lens with hybrid energy harvesters. 

Adapted with permission.[63]  Copyright 2020, the author(s). (g) The wireless ultrasonic 

power receiver unit, originally for neural stimulations. Adapted with permission.[338] 

Copyright 2016, the author(s). 
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5.2. Optical Signal Output  

The multifunctional integrations within the SCL platform facilitate the detection of a variety 

of physiological signals and data generation. As part of these efforts, colorimetric techniques 

are widely used in several research groups as a power-free signal extraction strategy.[10, 160, 

162, 188]  

A pattern or color output, which can be recognized by eyes and/or instruments, can reflect the 

changes in detected parameters.  For example, IOP has been displayed as perceivable optical 

patterns, as shown in Figure 11a.[339] The high-aspect-ratio spiral Parylene tube structure 

was fabricated based on a buried channel process. A circular air reservoir surrounded by ten 

Parylene spiral tubes resided in the center of the lens. When the central reservoir detected 

pressure, the inside air was then pushed into the tubes at different angles. This SCL platform 

can be optimized to have a resolution of up to 0.22°/mmHg.  

Moreover, IOP fluctuations can be detected by the microfluidic pressure sensor integrated-

SCL. In general, the microfluidic system-based CL usually contains liquid and air reservoirs. 

The liquid-air interface and pressure can be detected via the change in volume of the liquid 

reservoir. Yan et al. demonstrated the concept based on a dyed glycerol and PDMS 

microchannels, as shown in Figure 11b.[340] Multiple circular sensing chambers surrounded 

by the zig-zag micro-channels were constructed. Applying pressure to these sensing 

chambers would push the dyed glycerol into the micro-channel. Therefore, one can visualize 

the IOP differences with the length of the dyed glycerol along the micro-channels. The 

sensitivity can be adjusted by changing the width of the micro-channels. Similar works have 

been reported and optimized by fluid dynamic simulations, simplifying pattern designs, or 

decreasing fabrication complexity.[158, 341, 342]  
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LEDs were also employed for the rendering of optical signal extraction. For example, as 

shown in Figure 11c,[38] a glucose sensor was prepared by immobilizing glucose oxidase 

with a pyrene linker on the graphene surface through the π-π stacking interaction. As a result, 

the increased glucose concentration decreased the resistance of the integrated glucose sensor, 

which reduces the biased voltage and the light intensity of the LED unit. In addition, a 

transparent circular AgNF film was patterned to assemble the RF antennas. This antenna 

could convert the external RF signals to the DC voltage. Therefore, the custom-built rectifier 

could power the integrated sensor and LED unit. 

Structured color induced by the photonic crystal is another method category for IOP 

detection. Mechanical changes of the SCL substrate can be transferred to affect the periodic 

modulation of the photonic crystal, indicating a shift of the apparent color. [343] For 

example, colloidal silica particles were assembled into the CL template by 

photopolymerization. The color can change from red to green and blue, indicating a broad 

detection range with outstanding sensitivity of 0.2 kPa nm
-1

 and a detection limit of 0.18 kPa 

(Figure 11d). Another example has been reported with an optimized structure (Figure 

11e).[344] A ring-shaped microfluidic channel could concentrate the sensed pressure by the 

whole ring channel and direct it to the outlet. Here, the color changes could be measured and 

analyzed by a smartphone camera or spectrometer. In addition to being used for IOP 

monitoring, color changes can be used for temperature sensing. Precisely, a temperature 

sensor based on a temperature-sensitive Cholesteric Liquid Crystal (CLCs) was integrated 

within the SCLs (Figure 11f).[345] In CLC, the distance between two equally-oriented layers 

varied with temperature in a non-linear manner, generating a reflection peak shift. The 

temperature sensing resolution could reach up to 0.1 °C, suitable for body temperature 

monitoring.  
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This sensing strategy has also been explored to characterize ion species and concentrations in 

tear liquid. For instance, an ion sensor within SCLs for DEDs was designed based on ion-

sensitive fluorophores integrated with silicone hydrogels.[346] The shift of the wavelength-

ratiometer changed according to pH values and chloride concentrations, as shown in Figure 

11g. The light scattering through SCLs could be used to detect glucose in diabetic patients. 

For example,  Chen’s group presented phenylboronic acid-based HEMA SCLs, exhibiting 

reversible swelling/shrinking effects in Figure 11h.[347] The smartphone camera can 

recognize the thickness difference without using specific photo-sensors.  
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Figure 11. Ocular signal extraction based on optical methods. (a) Rotation of the pointing 

tip for the high-aspect-ratio Partlene tube. Adapted with permission.[339] Copyright 2006, 

Elsevier. (b) Two represented types of microfluidic-based IOP sensors. Adapted with 
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permission.[340, 342]  Copyright 2011, 2020, the authors. (c) Schematic of the wireless 

display circuit, including rectifier, LED units, the transparent antenna, and electrical 

interconnections. Adapted with permission.[38] Copyright 2018, AAAS. (d) Camera images 

of the structural colored contact lens for the ophthalmic health monitoring. Adapted with 

permission.[160] Copyright 2020, the authors. (e) Illustration denoting the operation 

principles of the SCL. Adapted with permission.[162] Copyright 2020, Royal Society of 

Chemistry. (f) Photographs of contact lens for corneal temperature mapping. Adapted with 

permission.[345] Copyright 2019, Royal Society of Chemistry. (g) Digital photos of 6HQ-18 

labeled biofinity contact lens in various pH under room light or UV light. Adapted with 

permission.[200]  Copyright 2018, the author(s). (h) Integrated system for detecting the 

thickness of the PBA-based HEMA contact lens. Adapted with permission.[347] Copyright 

2018, the author(s). 

5.3. Signal Extraction based on Remote Resonance Detection 

Mechanical changes caused by the IOP can be converted into electrical signals, which can be 

detected by the impedance spectrum response measurement based on the inductive coupling 

and the impedance reflection. An inductive coil and integrated capacitor were fabricated on 

soft silicone CLs (Figure 12a).[330] The resonance frequency of the sensor was set to 

depend on the lens curvature induced by the IOP changes, achieving excellent linearity of 8 

kHz/mmHg. Later, a thin-film capacitor was fabricated on an SCL with an induction coil, as 

shown in Figure 12b.[348] The resonant capacitance was designed according to the lens 

curvature, which magnifies the linearity to 32 kHz/mmHg. However, further optimization of 

the conductive material and pattern design was required to achieve greater versatility and 

linearity. A wearable SCL was fabricated with highly transparent and stretchable sensors 

(Figure 12c).[172] A hybrid structure of 1D and 2D nanomaterials could provide 
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conductivity, flexibility, and transparency and showed the ability to wirelessly and 

continuously monitor glucose and IOP levels. For example, stretchable serpentine wires for 

both the sensor and antennas has been developed, as shown in Figure 12d.[349] The pressure 

response can be 523 kHz per 1% axial strain and 35.1 kHz/mmHg. In another study, a liquid 

metal-based SCL sensor for continuous IOP monitoring was explored (Figure 12e).[72] The 

stretchable inductance coil was fabricated by sealing the liquid metal into ultra-soft channels 

and a linearity of 86.7 kHz/mmHg could be achieved.  

5.4. Signal Output based on Integrated ASIC Chip 

Physiological signals, such as the IOP, temperature, pH, or ion concentrations, are analogous. 

If these signals could be digitalized, it would be much more efficient for collecting, storing, 

and processing information. The previously discussed signal extraction methods typically 

rely on an external system or instruments to complete the conversion; these include optical 

spectrometers, camera systems, or electrical impedance measuring systems. The advanced 

integrated circuit industries have also driven SCLs’ information conversion and processing. 

They have gradually reduced the need for bulky external modules, miniaturized the systems, 

and allowed higher functionalities for the SCLs. For example, RFID, invented over the past 

decades, is fully developed for the internet of things (IoT). It can convert the carrier 

frequency into DC voltage to provide energy to embedded IC chips and transmit digital 

information through impedance modulations (Figure 12f). Researchers have extended the 

design architecture of the existing RFID tag by adding various physiological signal sensing 

interfaces to the previous RF link for data uploading, integrate signal sensing, pre-

amplification, conversion, and transmittion on the SCL platforms.  

Schnakenberg’s group did initial work on integrating RF transmission modules within the 

IOP sensor.[335] The IC chip was built based on 1.2-um CMOS technology with a carrier 
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frequency of 13.56 MHz and data transmission up to 26.5 kbit/s. Researchers have 

investigated appropriate technological pathways to improve SCLs by integrating the system 

with an artificial intraocular lens. Besides, investigators have been optimizing the RFID-like 

SCLs to improve biocompatibility, comfort, and functionalities.[15, 328, 350, 351] Recently, 

an innovative soft SCL platform was developed with high transparency along with the 

integration of strain sensors, wireless antennas, stretchable interconnections, and the ASIC 

chips, as shown in Figure 12g.[96] The reinforced ring could transfer the overall strain 

variations through the rigid regime to the small elastic regime, which can then be detected by 

the Si strain sensor and acquired by the ASIC chip. The antenna was fabricated by an AgNF-

AgNW mixture for better stretchability and transparency. The quality factor and spectral 

response were comparable to that of the conventional opaque copper antenna. Therefore, the 

soft CL may offer a non-invasive mobile healthcare solution for patient IOP monitoring. A 

similar design has been applied for glucose sensing after integrating the front-end circuits for 

impedance analysis or differential voltage amplifier.[185] 
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Figure 12. Signal extraction based on remote resonance detection and integrated ASIC 

chip. (a) The SCL with sensing components is embedded in a silicone rubber contact lens. 

Adapted with permission.[330] Copyright 2014, the author(s). (b) Photograph and cross-

section of the contact lens sensor for IOP monitoring. Adapted with permission.[256] 

Copyright 2013, Elsevier. (c) Schematics of the wearable contact lens platform integrated 

with Glucose and IOP sensing. (d) The soft contact lens sensor for the IOP monitoring. 
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Adapted with permission.[349] Copyright 2020, Royal Society of Chemistry. (e) Camera 

images of the liquid-metal-based pressure sensor on the contact lens. Adapted with 

permission.[72] Copyright 2021, the author(s). (f) IOP monitoring with a pressure transducer. 

Adapted with permission.[352] Copyright 2011, the author(s). (g) Schematics of a fully 

integrated system, including a strain sensor, stretchable AgNF-AgNW antenna, NFC chip, 

passive elements, and the stretchable EGaIn interconnects on a rigid-soft hybrid film. 

Adapted with permission.[169] Copyright 2021, the author(s). 

5.5. Integration Challenges for the Smart Contact Lenses 

In the future advances in SCL development, the requirements of material selections, 

fabrication techniques, and integrated manufacturing will undoubtedly increase. In other 

words, more efforts should be focused on material processing for developing soft and 

stretchable wearable SCL platforms. Park’s group reported an excellent example to address 

the integration challenges in the SCL system. Two methods were used to mount the ASIC 

chip on the board, including wire-bonding and flip-chip. Free-standing wire bonding could 

achieve interconnections because the liquid metal pad could match the shape changes of the 

substrate. If the conventional gold pad was used for the ASIC chip, flip-chip bonding could 

be a better approach.[15, 328, 350, 351] The soft substrate placed more stringent 

requirements regarding the stretchability of the conductive materials. For example, nano-

material conductive networks or serpentine paths could be used to address this issue.[96, 349] 

The heat tolerance of a soft substrate is another consideration during fabrication. Accordingly, 

the temperatures for film deposition or bonding of ASIC chips should be carefully adopted. 

Moreover, multiple electronic components require strictly electrically isolated conditions and 

resistance against electrochemical erosions, especially in tear fluid containing electrolytes. A 

thick Parylene coating is a typical solution for encapsulation because of its vacuum 
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deposition, great electrical isolation, excellent film coverage, and most importantly, 

biocompatibility.[15, 96, 351] Finally, forming a tight interface with the eye prevents uneven 

tear-film production which may disrupt readings and promises higher signal acquisition.[353] 

Therefore, it is therefore necessary to produce soft CL electrodes that can flexibly mold to the 

eye curvature.[65]  

5.6. Electroretinogram recording using the Smart Contact Lenses 

Electroretinogram (ERG) is an ophthalmic diagnostic test to evaluate the functional integrity 

of the retina. [65, 354] It is a technology that analyzes the activity of various neurons and 

non-neuronal cells in the retina in response to light stimuli by measuring changes in the 

potential of the corneal surface. Yin et. al. demonstrated soft graphene contact lens electrodes 

(GRACEs) for electroretinography (ERG). These soft electrodes allow the measurement of 

higher signal amplitudes compared to conventional methods. Also, this technology made 

multifocal ERG with topographical mapping possible.[65] Another example of soft sensor for 

ERG reading was developed by Kim et. al. In this study stretchable sensor was 3D printed 

onto a commercially available CL. The results showed high signal the noise ratio as well as 

good adaption to eye with minimal intervention of blinking and eye movements. [355] All 

three studies aimed for soft and flexible designs to increase the interface with the cornea and 

maintain high signal intensity without sacrificing comfort.  

6. Outlooks, Opportunities, and Challenges 

Contact lenses have experienced rapid evolution for diagnostic and therapeutic applications 

[11]. In particular, the SCL platform achieves non-invasive, real-time continuous monitoring 

of physical parameters of the eye or tear fluid-related biomarkers. Thus, an intelligent 

ophthalmic management system is necessary.[31] To realize their great potentials, SCLs are 
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designed or integrated with specific features, such as antibiotic ability on specifically 

designed contact lens surface coatings; stimuli-sensitivity for wearable diagnostics; drug 

loading/controlled releasing profile for wearable therapeutics and proper energy 

storage/wireless information transmission for contact lens power supply and readouts, as 

summarized in the sections above.  

Despite the tremendous advances and possibilities of SCL devices, several challenging and 

untapped opportunities remain that provide ample room for future development into multiple 

research areas. Here, we will discuss future research directions for an SCL on five significant 

aspects: (a) novel SCL materials with extraordinary properties; (b) SCL with brand-new 

functionalities; (c,) SCL platform via wireless power; (d) intelligence and programmability of 

SCL wearable platform; and (e) bench-to-bedside translations and commercialization of SCL 

wearable platforms for diagnostics and therapeutics. 

6.1. Novel Smart Contact Lens Materials with Extraordinary Properties 

Based on the discussion above, a contact lens with specific functions requires unique 

properties. Therefore, the development of function-oriented contact lens materials serves as a 

critical trend in the research field. 

Surface coating or nano-composited mixing[356, 357] strategies have been widely employed 

as current contact lenses lack antibiotic properties. However, long-term stability and 

biocompatibility require further investigation. Joule heating is another concern due to the 

current flow generated by the integrated module.[31] Increased temperature can cause eye-

related health/safety concerns such as ocular dryness and discomfort. In addition, a contact 

lens is a cause of DED, which results in visual disturbances, tear film instability, increased 

tear osmolarity, inflammation, and even impaired vision.[358] Therefore, it is crucial to keep 
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the lens moist and maintain a stable tear fluidic exchange between the contact lens and the 

ocular surface. Based on these aspects, the search for new contact lens materials with 

antibiotics, supreme wettability, and appropriate temperature tolerance may represent the 

future direction of the field. 

6.2. Smart Contact Lenses with New Functionalities 

Besides the existing functions of SCLs, scientists have shown a growing interest in 

developing multifunctional SCLs. For instance, current single-modal SCL might not 

accomplish the future multi-parameter detection to accurately predict or diagnose the diseases 

during their early progressive stage. Therefore, the next-generation SCL is expected to 

integrate multiple sensing modal components (e.g., vital physical signs and metabolites in 

tear fluid) to achieve precise medical care. Besides the role for biosensing, optical/electrical 

communications, visual stimulation, and recording are envisioned to be achievable by 

incorporating electrically conductive coatings or applying intrinsic conductive contact lens 

materials. 

In addition to the functionalities,  additive manufacturing (3D printing) can construct micro-

scaled structures, enabling contact lens fabrication without surface geometry restrictions[19, 

36]. [19, 36]. For example, 3D printing can create embedded microchannels or 

microchambers into the contact lens. These inbuilt channels or chambers can be employed to 

load drugs/mRNA/stem cells for promising personalized therapeutic applications [29, 54]. 

More sophisticated SCL wearable platforms are expected in the future, such as a medical 

bandage SCL that can simultaneously include biosensing, drug delivery, and electrical 

stimulation. 



 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

Augmented reality (AR) is another vital feature that could be integrated into an SCL device. 

Over 253 million people worldwide suffer from permanent visual impairments that cannot be 

rectified via refractive correction or surgery. Canes, monocular, and service dogs are 

sometimes needed for patient mobility, which, while effective, do not provide rich 

information and are not hand-free[359, 360]. AR SCLs can be considered a promising 

candidate for hands-free, real-time, enhanced-image overlays that highlight objects and 

obstacles. 

Furthermore, intelligent point-of-care (POC) systems that can monitor real-time 

illness/disease progress and provide intelligent corresponding therapies hold great promise 

for the emerging development of precision medicine. Therefore, a highly integrated closed-

loop contact lens platform will be steering the direction for next-generation contact lens 

devices.  

6.3. Wireless Powering Package of Smart Contact Lens Wearable Platform 

Existing powered SCLs have been achieved by a wired system or wireless power transfer 

with temporal and spatial restrictions, limiting their real-time continuous long-term operation 

and required energy storage devices.[327, 328] The rigidity, heat, and bulk shape of 

conventional batteries for wired system make them unsuitable for the practical SCL wearable 

system. Besides, the safety of contact lenses is undoubtedly a top priority when the device is 

applied to human eyes. Although the potential for mechanical failure or leakage of batteries 

composed of toxic, flammable or reactive chemicals is minimal, this slight margin for error is 

not acceptable in SCL systems[326]. However, due to the limited volume of a contact lens, it 

is not possible to strengthen the battery encapsulation to prevent these defects. For the 

wireless power transfer, inductive power transmission (NFC) and inductive sensors have been 

reported.[328, 329] However, both are not practical for continuous operation of SCL systems 
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due to the external requirement of power-transmitting devices. A more practical wirelessly 

flexible rechargeable battery/supercapacitor with an overall size and power density 

commensurate with potential SCL applications should be developed. 

6.4. Intelligence and Programmability of Smart Contact Lens Wearable Platform 

Intelligence and programmability are desirable attributes for future SCL systems. However, 

progress towards intelligent and programmable contact lenses is limited[361, 362]. Therefore, 

the investigation of intelligent and programmable SCL systems should be continuous to focus 

on adopting appropriate tactics, including bio-inspired strategies, programmed functions, and 

machine learning (ML) to enable intelligent control and management.  

ML has been found to be attractive for controlling various medical devices with the 

assistance of artificial intelligence (AI). AI devices can capture useful data, identify learned 

patterns, and make final decisions with no/minimal human intervention. Consequently, the 

integration of ML technologies into the control module is appealing for SCL systems, such as 

automatically controlled drug vehicles for drug-eluting SCLs. Moreover, ML algorithms can 

collect long-term data from contact lens sensors/biosensors and then transform them into 

scientific and/or clinically meaningful information to classify human health conditions and 

diagnose ocular abnormalities and diseases[363, 364]. Furthermore, the AI-enabled SCL 

platform can get feedback from the built-in sensor module of the CL, eventually achieving 

closed-loop and/or autonomous control.  

6.5. Bench-to-Bed Translations and Commercialization of Smart Contact Lens 

for Diagnostics and Therapeutics 

Translations from lab research to marketized products present an essential path for SCL 

systems must take to have great societal impact.  Representative examples that have been 
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successfully commercialized with various design philosophies are as follows: usage for 

monitoring glucose level (e.g., Google) and detecting IOP (e.g., Sensimed Triggerfish); 

incorporation of AR (e.g., Samsung, Mojo Vision, InWith) and head-up display (e.g., 

Innovega); achievable drug delivery (e.g., Johnson & Johnson, OcuMedic, Leo Lens, CIBA 

Vision); UV-resistant/super wettability/ (Edmund Optics, BAUSCH＋LOMB). The SCL 

products typically act passively as coatings or bulking agents at the current stage. In the 

current translational SCL market, long-term reliability is more important than the functional 

response capability in commercial applications [365, 366].  

Understanding practical factors such as cost-effectiveness, raw material availability, scalable 

manufacturing, application scenarios, reliable performance, and safety can help researchers 

better design and engineer potentially marketable contact lens products from academia. 

Besides, the above-mentioned factors, composition, microbiology, toxicology, immunology, 

biocompatibility, shelf life, and clinical investigations also need to be evaluated by the US 

Food and Drug Administration (FDA) to assure the SCL’s biological safety and effectiveness 

before commercialization[367]. Because CLs are susceptible to absorbing tears or proteins 

during use, prolonged use can cause dry eye and eye irritation. Hence, it is highly desirable to 

develop antibiotic and/or self-wettable contact lenses with the addition of hygroscopic salts or 

thin surface coatings, especially for users expecting long-term operation. Lastly, a good 

balance between user-centric design and proper cost management would be a win-win for 

manufacturers and customers. 

6.6. Smart contact lenses for anti-viral infection 

In the field of ophthalmology, there have been several reports focusing on the relationship 

between ocular concerns and COVID-19.[368-370] In the early stages of the virus outbreak 

worldwide, Jones and colleagues reported no evidence showing an increased risk of COVID-
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19 infection for SCL wearers.[371] However, it has also been reported that an infected eye 

may be one route of transmission for the virus as COVID-19 patients may experience visual 

symptoms, and the virus may be present in tears and conjunctival secretions.[369] 

Consequently, the ocular transmission of SARS-CoV-2 should not be ignored.[372]  

To the best of our knowledge, there are few reports of the use of therapeutic SCLs to combat 

COVID-19.[373] Among several future opportunities, the possible use of SCL may be to 

serve as a drug dissolution device in viral diseases such as COVID-19. The technical 

challenges may lie in two aspects: material selections, i.e., synthetic, or natural sources, and 

the SCL designs, i.e., the drug-eluting strategy. Advances in materials processing allow the 

application of a variety of fabrication techniques to develop therapeutic SCLs that can fight 

against viral infections. Additionally, inspired by advanced drug delivery technologies, drug-

eluting SCLs can be employed to transport bioactive antiviral agents such as mRNA and 

proteins from the ocular surface to the site of action in the body, opening up opportunities for 

functional SCLs in antiviral therapeutic applications.   

6.7. Challenges of Smart Contact Lenses  

The field of SCLs faces a variety of challenges when being developed for healthcare settings. 

Because these devices are considered as biomedical devices in contact with mucous 

membranes, they require extensive testing before translation into human application. The 

diversity of technologies and the amount of testing required prior to clinical applications limit 

the translation of products from the lab to the market.  

The first challenge is to evaluate whether the device is sufficiently "safe" for clinical 

application. ISO 10993 (Biological evaluation of medical devices) and ISO 9394 

(Ophthalmic optics) both cover the testing of contact lenses. [374, 375] Since contact lenses 
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are devices in contact with mucosal membranes, they require testing for cytotoxicity, 

hypersensitivity, irritation, and implantation effects. Animal testing on rabbit eyes is also 

required before further animal testing. After establishing the criteria for biological testing, the 

devices may be placed into clinical trials. Advances in contact lens technology take 

considerable time due to the length and cost of the testing and testing process, which causes 

very few products to translate from lab benches to market.  

MiSight's daily lens product was FDA-approved in 2019 for SCLs that slow myopia in 

children while correcting vision using a concentric ring design.[376, 377] According to the 

NIH, the clinical approval period for this SCL was six years. Another SCL device on the 

market is the SENSIMED Triggerfish®, which performs intraocular pressure sensing and 

received FDA approval in 2017. [378]This clinical trial had to pass two years of safety and 

tolerability tests and four years of multicenter sensor efficacy trials. The aforementioned 

examples’ time-to-market timelines exemplify how complex the process of approving and 

bringing SCLs to market is complex. 

The second challenge in SCL development is shelf life and reproducibility. As the technology 

advances, products can become more complex and may include chemical and biological 

sensors and/or drug delivery modalities. Due to this biological/chemical complexity, the 

sterilization, packaging, and shelf life of the final product are important factors that can affect 

the scalability of SCL.[95] Changes in biochemical sensor quality during storage and 

transport may induce inaccurate data measurements, which can lead to false negatives and 

erroneous medical consequences. In addition, in the case of drug delivery SCL, denaturation 

of the drug incorporated with SCL can cause not only a decrease in efficacy but also 

unwanted side effects, which can lead to a more serious issues. Since the 1980s, there are 

several drug-eluting CLs that have been used in clinical trials, including lenses with 
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chloramphenicol, gentamicin carbenicillin, and some other drugs.[379-381] However, over 

the past 40 years, there have been few market launches due to issues related to shelf life and 

drug stability. Another aspect related to shelf life is the power of electronic components. 

Batteries and power sources not only affect the shelf life of the product, but may also cause 

special storage conditions.[382] An SCL, which includes more functions, such as sensing and 

drug delivery, and  informatics aspects, compared to the existing CL, demands further 

development in the realm of safety and shelf life as well as more accurate functionality. 

 

 

7. Conclusion 

In the present age, the development of wearable devices is faster than ever. Along with 

technological developments such as the miniaturization of electronics, development of 

artificial intelligence, and popularization of AR, increasing public interest in personalized 

medicine is accelerating the development of wearable devices. In this respect, it can be said 

that the SCL, a “visible device”, has reached an important point more than ever. Through this 

comprehensive review article, we reviewed the development of SCLs from material 

synthesis, device design and fabrication, and functionalization to diagnostic and therapeutic 

applications. As we demonstrated in section 3 and section 4, SCLs are being tested as 

minimally invasive, daily-use biomedical devices. As we discussed throughout the article, the 

development of such SCL technology is not simple from one field of bioelectronics that 

affects miniaturization/wearable, but include 1) development of biocompatible materials, 2) 

development of intuitive interfaces, and 3) development of technologies capable of SCL 
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research, our comprehensive review can serve as a guiding light for those pursuing SCL 

research.  

Acknowledgments 

The authors gratefully acknowledged funding by the National Institutes of Health 

(CA214411, AR074234, GM126571, TR003148). Finally, the authors acknowledge our 

colleagues from the Terasaki Institute for Biomedical Innovation, the University of 

California, Los Angeles, the University of California, San Diego, and the University of 

California, Riverside, for the excellent collaboration. 

Conflict of Interest  

The authors declare no conflict of interest 

 

 

Reference 

[1] P.L. Sacco, M. De Domenico, Public health challenges and opportunities after COVID-19, Bull 
World Health Organ, 99 (2021) 529-535. 
[2] S.K. Kulshreshtha, Virus Outbreaks and Tourism Mobility: Strategies to Counter Global Health 
Hazards, Emerald Group Publishing2021. 
[3] H.C. Ates, A.K. Yetisen, F. Güder, C. Dincer, Wearable devices for the detection of COVID-19, 
Nature Electronics, 4 (2021) 13-14. 
[4] S. Mirjalali, S. Peng, Z. Fang, C.-H. Wang, S. Wu, Wearable Sensors for Remote Health Monitoring: 
Potential Applications for Early Diagnosis of Covid-19, Advanced Materials Technologies, n/a  
2100545. 
[5] S.-H. Sunwoo, K.-H. Ha, S. Lee, N. Lu, D.-H. Kim, Wearable and Implantable Soft Bioelectronics: 
Device Designs and Material Strategies, Annual Review of Chemical and Biomolecular Engineering, 
12 (2021) 359-391. 
[6] Y. Lin, M. Bariya, A. Javey, Wearable Biosensors for Body Computing, Advanced Functional 
Materials, n/a  2008087. 
[7] J. Kim, A.S. Campbell, B.E.-F. de Ávila, J. Wang, Wearable biosensors for healthcare monitoring, 
Nature Biotechnology, 37 (2019) 389-406. 
[8] R.C. Tseng, C.-C. Chen, S.-M. Hsu, H.-S. Chuang, Contact-Lens Biosensors, Sensors, 18 (2018) 
2651. 
[9] R. Moreddu, V. Nasrollahi, P. Kassanos, S. Dimov, D. Vigolo, A.K. Yetisen, Lab-on-a-Contact Lens 
Platforms Fabricated by Multi-Axis Femtosecond Laser Ablation, Small, n/a  2102008. 



 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

[10] N.M. Farandos, A.K. Yetisen, M.J. Monteiro, C.R. Lowe, S.H. Yun, Contact Lens Sensors in Ocular 
Diagnostics, Advanced Healthcare Materials, 4 (2015) 792-810. 
[11] X. Ma, S. Ahadian, S. Liu, J. Zhang, S. Liu, T. Cao, W. Lin, D. Wu, N.R. de Barros, M.R. Zare, S.E. 
Diltemiz, V. Jucaud, Y. Zhu, S. Zhang, E. Banton, Y. Gu, K. Nan, S. Xu, M.R. Dokmeci, A. 
Khademhosseini, Smart Contact Lenses for Biosensing Applications, Advanced Intelligent Systems, 3 
(2021) 2000263. 
[12] M. Detry-Morel, Update in tonometry. Phosphene and rebound tonometries, self-tonometry 
and technologies for the future, Bulletin de la Société belge d'ophtalmologie, 303 (2007) 87-95. 
[13] M. Ku, J. Kim, J.-E. Won, W. Kang, Y.-G. Park, J. Park, J.-H. Lee, J. Cheon, H.H. Lee, J.-U. Park, 
Smart, soft contact lens for wireless immunosensing of cortisol, Science advances, 6 (2020) 
eabb2891. 
[14] H.-J. Jeon, S. Kim, S. Park, I.-K. Jeong, J. Kang, Y.R. Kim, D.Y. Lee, E. Chung, Optical Assessment of 
Tear Glucose by Smart Biosensor Based on Nanoparticle Embedded Contact Lens, Nano Letters, 21 
(2021) 8933-8940. 
[15] T.Y. Kim, S. Shin, H. Choi, S.H. Jeong, D. Myung, S.K. Hahn, Smart Contact Lenses with a 
Transparent Silver Nanowire Strain Sensor for Continuous Intraocular Pressure Monitoring, ACS 
Applied Bio Materials, 4 (2021) 4532-4541. 
[16] J. Jang, J. Kim, H. Shin, Y.-G. Park, B.J. Joo, H. Seo, J.-e. Won, D.W. Kim, C.Y. Lee, H.K. Kim, Smart 
contact lens and transparent heat patch for remote monitoring and therapy of chronic ocular 
surface inflammation using mobiles, Science Advances, 7 (2021) eabf7194. 
[17] P. Pérez-Merino, F.G. AI, H. De Smet, Smart contact lens: a promising therapeutic tool in 
aniridia, Archivos de la Sociedad Espanola de Oftalmologia, (2021). 
[18] S. Agaoglu, P. Diep, M. Martini, K. Samudhyatha, M. Baday, I.E. Araci, Ultra-sensitive microfluidic 
wearable strain sensor for intraocular pressure monitoring, Lab on a Chip, 18 (2018) 3471-3483. 
[19] F. Alam, M. Elsherif, B. AlQattan, A. Salih, S.M. Lee, A.K. Yetisen, S. Park, H. Butt, 3D Printed 
Contact Lenses, ACS Biomaterials Science & Engineering, 7 (2021) 794-803. 
[20] K. Padmanabh, L. Malhotra, A.M.R. V, A. Kumar, V. S. K, S. Paul, MOJO: A Middleware That 
Converts Sensor Nodes into Java Objects,  2010 Proceedings of 19th International Conference on 
Computer Communications and Networks, 2010, pp. 1-6. 
[21] M. Wiemer, Mojo Vision: Designing Anytime, Anywhere AR Contact Lenses with Mojo Lens, 
SPIE2021. 
[22] E. Moisseiev, A. Loewenstein, Drug Delivery to the Posterior Segment of the Eye, Dev 
Ophthalmol, 58 (2017) 87-101. 
[23] V. Agrahari, A. Mandal, V. Agrahari, H.M. Trinh, M. Joseph, A. Ray, H. Hadji, R. Mitra, D. Pal, A.K. 
Mitra, A comprehensive insight on ocular pharmacokinetics, Drug Deliv Transl Res, 6 (2016) 735-754. 
[24] A. Patel, K. Cholkar, V. Agrahari, A.K. Mitra, Ocular drug delivery systems: An overview, World J 
Pharmacol, 2 (2013) 47-64. 
[25] P. Franco, I. De Marco, Contact Lenses as Ophthalmic Drug Delivery Systems: A Review, 
Polymers, 13 (2021) 1102. 
[26] O.L. Lanier, M.G. Manfre, C. Bailey, Z. Liu, Z. Sparks, S. Kulkarni, A. Chauhan, Review of 
Approaches for Increasing Ophthalmic Bioavailability for Eye Drop Formulations, AAPS 
PharmSciTech, 22 (2021) 107. 
[27] R. Lace, K.G. Doherty, D. Dutta, M.D.P. Willcox, R.L. Williams, Poly-ε-Lysine or Mel4 
Antimicrobial Surface Modification on a Novel Peptide Hydrogel Bandage Contact Lens, Advanced 
Materials Interfaces, 7 (2020) 2001232. 
[28] H. Shin, H. Seo, W.G. Chung, B.J. Joo, J. Jang, J.-U. Park, Recent progress on wearable point-of-
care devices for ocular systems, Lab on a Chip, (2021). 
[29] A. Dennyson Savariraj, A. Salih, F. Alam, M. Elsherif, B. AlQattan, A.A. Khan, A.K. Yetisen, H. Butt, 
Ophthalmic Sensors and Drug Delivery, ACS Sensors, 6 (2021) 2046-2076. 



 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

[30] S. Kusama, K. Sato, S. Yoshida, M. Nishizawa, Self‐moisturizing smart contact lens employing 
electroosmosis, Advanced Materials Technologies, 5 (2020) 1900889. 
[31] J. Kim, E. Cha, J.-U. Park, Recent Advances in Smart Contact Lenses, Advanced Materials 
Technologies, 5 (2020) 1900728. 
[32] Y. Zhu, R. Haghniaz, M.C. Hartel, L. Mou, X. Tian, P.R. Garrido, Z. Wu, T. Hao, S. Guan, S. Ahadian, 
H.-J. Kim, V. Jucaud, M.R. Dokmeci, A. Khademhosseini, Recent Advances in Bioinspired Hydrogels: 
Materials, Devices, and Biosignal Computing, ACS Biomaterials Science & Engineering, (2021). 
[33] C.S.A. Musgrave, F. Fang, Contact Lens Materials: A Materials Science Perspective, Materials 
(Basel), 12 (2019) 261. 
[34] C.S.A. Musgrave, F. Fang, Contact Lens Materials: A Materials Science Perspective, Materials, 12 
(2019) 261. 
[35] S. Guo, K. Wu, C. Li, H. Wang, Z. Sun, D. Xi, S. Zhang, W. Ding, M.E. Zaghloul, C. Wang, F.A. 
Castro, D. Yang, Y. Zhao, Integrated contact lens sensor system based on multifunctional ultrathin 
MoS2 transistors, Matter, 4 (2021) 969-985. 
[36] F. Alam, M. Elsherif, B. Alqattan, M. Ali, I. Ahmed, A.E. Salih, D.S. Antonysamy, A. Yetisen, S. 
Park, H. Butt, Prospects for Additive Manufacturing in Contact Lens Devices, Advanced Engineering 
Materials, (2020) 2000941. 
[37] C. Song, G. Ben-Shlomo, L. Que, A Multifunctional Smart Soft Contact Lens Device Enabled by 
Nanopore Thin Film for Glaucoma Diagnostics and <italic>In Situ</italic> Drug Delivery, Journal of 
Microelectromechanical Systems, 28 (2019) 810-816. 
[38] J. Park, J. Kim, S.-Y. Kim, W.H. Cheong, J. Jang, Y.-G. Park, K. Na, Y.-T. Kim, J.H. Heo, C.Y. Lee, J.H. 
Lee, F. Bien, J.-U. Park, Soft, smart contact lenses with integrations of wireless circuits, glucose 
sensors, and displays, Science Advances, 4 (2018) eaap9841. 
[39] T.T. McMahon, K. Zadnik, Twenty-five Years of Contact Lenses: The Impact on the Cornea and 
Ophthalmic Practice, Cornea, 19 (2000) 730-740. 
[40] K. Dalton, L. Sorbara, Fitting an MSD (mini scleral design) rigid contact lens in advanced 
keratoconus with INTACS, Contact Lens and Anterior Eye, 34 (2011) 274-281. 
[41] F. Alam, M. Elsherif, B. AlQattan, M. Ali, I.M.G. Ahmed, A. Salih, D.S. Antonysamy, A.K. Yetisen, 
S. Park, H. Butt, Prospects for Additive Manufacturing in Contact Lens Devices, Advanced Engineering 
Materials, 23 (2021) 2000941. 
[42] F. Alipour, S. Khaheshi, M. Soleimanzadeh, S. Heidarzadeh, S. Heydarzadeh, Contact Lens-
related Complications: A Review, J Ophthalmic Vis Res, 12 (2017) 193-204. 
[43] M.-C. Yang, P.L. Tran-Nguyen, Evaluation of silicone hydrogel contact lenses based on poly 
(dimethylsiloxane) dialkanol and hydrophilic polymers, Colloids and Surfaces B: Biointerfaces, 206 
(2021) 111957. 
[44] A.R. Desai, F.A. Maulvi, D.M. Desai, M.R. Shukla, K.M. Ranch, B.A. Vyas, S.A. Shah, S. Sandeman, 
D.O. Shah, Multiple drug delivery from the drug-implants-laden silicone contact lens: Addressing the 
issue of burst drug release, Materials Science and Engineering: C, 112 (2020) 110885. 
[45] H.I. Melendez-Ortiz, C. Alvarez-Lorenzo, A. Concheiro, E. Bucio, Grafting of N-vinyl caprolactam 
and methacrylic acid onto silicone rubber films for drug-eluting products, Journal of Applied Polymer 
Science, 132 (2015). 
[46] N.A. Brennan, Beyond flux: total corneal oxygen consumption as an index of corneal 
oxygenation during contact lens wear, Optom Vis Sci, 82 (2005) 467-472. 
[47] C. Torres-Luna, N. Hu, T. Tammareddy, R. Domszy, J. Yang, N.S. Wang, A. Yang, Extended 
delivery of non-steroidal anti-inflammatory drugs through contact lenses loaded with Vitamin E and 
cationic surfactants, Cont Lens Anterior Eye, 42 (2019) 546-552. 
[48] S.-H. Hyon, W.-I. Cha, Y. Ikada, M. Kita, Y. Ogura, Y. Honda, Poly(vinyl alcohol) hydrogels as soft 
contact lens material, Journal of Biomaterials Science, Polymer Edition, 5 (1994) 397-406. 



 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

[49] M.I. Baker, S.P. Walsh, Z. Schwartz, B.D. Boyan, A review of polyvinyl alcohol and its uses in 
cartilage and orthopedic applications, Journal of Biomedical Materials Research Part B: Applied 
Biomaterials, 100B (2012) 1451-1457. 
[50] H. Sahabudeen, R. Machatschek, A. Lendlein, Multi-functionality as design principle for contact 
lens materials, Multifunctional Materials, (2021). 
[51] E. Akbari, R. Imani, P. Shokrollahi, S. Heidari keshel, Preparation of Nanoparticle-Containing 
Ring-Implanted Poly(Vinyl Alcohol) Contact Lens for Sustained Release of Hyaluronic Acid, 
Macromolecular Bioscience, 21 (2021) 2100043. 
[52] S. Chatterjee, P. Upadhyay, M. Mishra, S. M, M.R. Akshara, K. N, Z.S. Zaidi, S.F. Iqbal, S.K. Misra, 
Advances in chemistry and composition of soft materials for drug releasing contact lenses, RSC 
Advances, 10 (2020) 36751-36777. 
[53] Y. Chen, S. Zhang, Q. Cui, J. Ni, X. Wang, X. Cheng, H. Alem, P. Tebon, C. Xu, C. Guo, R. Nasiri, R. 
Moreddu, A.K. Yetisen, S. Ahadian, N. Ashammakhi, S. Emaminejad, V. Jucaud, M.R. Dokmeci, A. 
Khademhosseini, Microengineered poly(HEMA) hydrogels for wearable contact lens biosensing, Lab 
on a Chip, 20 (2020) 4205-4214. 
[54] Z. Li, H. Cheng, L. Ke, M. Liu, C.-G. Wang, X. Jun Loh, Z. Li, Y.-L. Wu, Recent Advances in New 
Copolymer Hydrogel-Formed Contact Lenses for Ophthalmic Drug Delivery, ChemNanoMat, 7 (2021) 
564-579. 
[55] H.A. Ketelson, D.L. Meadows, R.P. Stone, Dynamic wettability properties of a soft contact lens 
hydrogel, Colloids and Surfaces B: Biointerfaces, 40 (2005) 1-9. 
[56] M.M. Fares, S.M. Assaf, A.A. Jaber, Biodegradable amphiphiles of grafted poly(lactide) onto 2-
hydroxyethyl methacrylate-co-N-vinylpyrrolidone copolymers as drug carriers, Journal of Applied 
Polymer Science, 122 (2011) 840-848. 
[57] G. Liu, K. Li, H. Wang, L. Ma, L. Yu, Y. Nie, Stable Fabrication of Zwitterionic Coating Based on 
Copper-Phenolic Networks on Contact Lens with Improved Surface Wettability and Broad-Spectrum 
Antimicrobial Activity, ACS Applied Materials & Interfaces, 12 (2020) 16125-16136. 
[58] C.A. Rickert, B. Wittmann, R. Fromme, O. Lieleg, Highly Transparent Covalent Mucin Coatings 
Improve the Wettability and Tribology of Hydrophobic Contact Lenses, ACS Applied Materials & 
Interfaces, 12 (2020) 28024-28033. 
[59] M. Korogiannaki, L. Jones, H. Sheardown, Impact of a Hyaluronic Acid-Grafted Layer on the 
Surface Properties of Model Silicone Hydrogel Contact Lenses, Langmuir, 35 (2019) 950-961. 
[60] N.-P.-D. Tran, M.-C. Yang, P.L. Tran-Nguyen, Evaluation of silicone hydrogel contact lenses based 
on poly(dimethylsiloxane) dialkanol and hydrophilic polymers, Colloids and Surfaces B: Biointerfaces, 
206 (2021) 111957. 
[61] K. Kim, H.J. Kim, H. Zhang, W. Park, D. Meyer, M.K. Kim, B. Kim, H. Park, B. Xu, P. Kollbaum, B.W. 
Boudouris, C.H. Lee, All-printed stretchable corneal sensor on soft contact lenses for noninvasive and 
painless ocular electrodiagnosis, Nature Communications, 12 (2021) 1544. 
[62] H.-J. Jeon, S. Kim, S. Park, I.-K. Jeong, J. Kang, Y.R. Kim, D.Y. Lee, E. Chung, Optical Assessment of 
Tear Glucose by Smart Biosensor Based on Nanoparticle Embedded Contact Lens, Nano Letters, 
(2021). 
[63] Y. Xia, H. Heidari, H. Fan, R. Ghannam, Hybrid Microenergy Harvesters for Smart Contact Lenses,  
2020 27th IEEE International Conference on Electronics, Circuits and Systems (ICECS), 2020, pp. 1-2. 
[64] K. Choi, H.G. Park, Smart Reinvention of the Contact Lens with Graphene, ACS Nano, 11 (2017) 
5223-5226. 
[65] R. Yin, Z. Xu, M. Mei, Z. Chen, K. Wang, Y. Liu, T. Tang, M.K. Priydarshi, X. Meng, S. Zhao, Soft 
transparent graphene contact lens electrodes for conformal full-cornea recording of 
electroretinogram, Nature communications, 9 (2018) 1-11. 
[66] S. Lee, I. Jo, S. Kang, B. Jang, J. Moon, J.B. Park, S. Lee, S. Rho, Y. Kim, B.H. Hong, Smart Contact 
Lenses with Graphene Coating for Electromagnetic Interference Shielding and Dehydration 
Protection, ACS Nano, 11 (2017) 5318-5324. 



 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

[67] W.-H. Chang, P.-Y. Liu, C.-J. Lu, D.-E. Lin, M.-H. Lin, Y.-T. Jiang, Y.-H.H. Hsu, Reduction of Physical 
Strength and Enhancement of Anti-Protein and Anti-Lipid Adsorption Abilities of Contact Lenses by 
Adding 2-Methacryloyloxyethyl Phosphorylcholine, Macromolecular Research, 28 (2020) 1064-1073. 
[68] B. Wang, J. Zeng, Y. Guo, L. Liang, Y. Jin, S. Qian, R. Miao, L. Hu, F. Lu, Reversible grafting of 
antibiotics onto contact lens mediated by labile chemical bonds for smart prevention and treatment 
of corneal bacterial infections, Journal of Materials Science & Technology, 61 (2021) 169-175. 
[69] S. Imafuku, Silicone hydrogel soft contact lens having wettable surface, Google Patents, 2019. 
[70] D. Li, Q. Wei, C. Wu, X. Zhang, Q. Xue, T. Zheng, M. Cao, Superhydrophilicity and strong salt-
affinity: Zwitterionic polymer grafted surfaces with significant potentials particularly in biological 
systems, Advances in Colloid and Interface Science, 278 (2020) 102141. 
[71] W. Zhang, G. Li, Y. Lin, L. Wang, S. Wu, Preparation and characterization of protein-resistant 
hydrogels for soft contact lens applications via radical copolymerization involving a zwitterionic 
sulfobetaine comonomer, Journal of Biomaterials Science, Polymer Edition, 28 (2017) 1935-1949. 
[72] H. An, L. Chen, X. Liu, X. Wang, Y. Liu, Z. Wu, B. Zhao, H. Zhang, High-sensitivity liquid-metal-
based contact lens sensor for continuous intraocular pressure monitoring, Journal of 
Micromechanics and Microengineering, 31 (2021) 035006. 
[73] Y. Fan, H. Tu, H. Zhao, F. Wei, Y. Yang, T. Ren, A wearable contact lens sensor for noninvasive in-
situ monitoring of intraocular pressure, Nanotechnology, 32 (2020) 095106. 
[74] C. Alvarez-Lorenzo, S. Anguiano-Igea, A. Varela-García, M. Vivero-Lopez, A. Concheiro, 
Bioinspired hydrogels for drug-eluting contact lenses, Acta Biomaterialia, 84 (2019) 49-62. 
[75] T. Goda, T. Shimizu, K. Ishihara, 10 - Bioinspired biomaterials for soft contact lenses, in: T. Chirila 
(Ed.) Biomaterials and Regenerative Medicine in Ophthalmology, Woodhead Publishing2010, pp. 
263-279. 
[76] R. Moreddu, D. Vigolo, A.K. Yetisen, Contact Lens Technology: From Fundamentals to 
Applications, Adv Healthc Mater, 8 (2019) e1900368. 
[77] B. Winkeljann, M.G. Bauer, M. Marczynski, T. Rauh, S.A. Sieber, O. Lieleg, Covalent Mucin 
Coatings Form Stable Anti-Biofouling Layers on a Broad Range of Medical Polymer Materials, 
Advanced Materials Interfaces, 7 (2020) 1902069. 
[78] B. Winkeljann, K. Boettcher, B.N. Balzer, O. Lieleg, Mucin Coatings Prevent Tissue Damage at the 
Cornea–Contact Lens Interface, Advanced Materials Interfaces, 4 (2017) 1700186. 
[79] S.A. Khan, S. Shahid, T. Mahmood, C.S. Lee, Contact lenses coated with hybrid multifunctional 
ternary nanocoatings (Phytomolecule-coated ZnO nanoparticles:Gallic Acid:Tobramycin) for the 
treatment of bacterial and fungal keratitis, Acta Biomater, 128 (2021) 262-276. 
[80] M. Korogiannaki, J. Zhang, H. Sheardown, Surface modification of model hydrogel contact lenses 
with hyaluronic acid via thiol-ene “click” chemistry for enhancing surface characteristics, Journal of 
Biomaterials Applications, 32 (2017) 446-462. 
[81] G. Camci-Unal, H. Aubin, A.F. Ahari, H. Bae, J.W. Nichol, A. Khademhosseini*, Surface-modified 
hyaluronic acid hydrogels to capture endothelial progenitor cells, Soft Matter, 6 (2010) 5120-5126. 
[82] C. Radhakumary, A.M. Nandkumar, P.D. Nair, Hyaluronic acid-g-poly(HEMA) copolymer with 
potential implications for lung tissue engineering, Carbohydrate Polymers, 85 (2011) 439-445. 
[83] J.K. Fitzgerald, Silicone Contact Lenses,  Advances in Biomaterials, CRC Press2021, pp. 209-216. 
[84] A.K. Rossos, C.N. Banti, A.G. Kalampounias, C. Papachristodoulou, K. Kordatos, P. Zoumpoulakis, 
T. Mavromoustakos, N. Kourkoumelis, S.K. Hadjikakou, pHEMA@AGMNA-1: A novel material for the 
development of antibacterial contact lens, Materials Science and Engineering: C, 111 (2020) 110770. 
[85] R. Mourad, F. Helaly, O. Darwesh, S.E. Sawy, Antimicrobial and physicomechanical natures of 
silver nanoparticles incorporated into silicone-hydrogel films, Contact Lens and Anterior Eye, 42 
(2019) 325-333. 
[86] Y. Zhang, Y. Chen, T. Man, D. Huang, X. Li, H. Zhu, Z. Li, High resolution non-invasive intraocular 
pressure monitoring by use of graphene woven fabrics on contact lens, Microsystems & 
Nanoengineering, 5 (2019) 39. 



 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

[87] Z. Liu, G. Wang, C. Ye, H. Sun, W. Pei, C. Wei, W. Dai, Z. Dou, Q. Sun, C.-T. Lin, Y. Wang, H. Chen, 
G. Shen, An Ultrasensitive Contact Lens Sensor Based On Self-Assembly Graphene For Continuous 
Intraocular Pressure Monitoring, Advanced Functional Materials, 31 (2021) 2010991. 
[88] F. Sartini, M. Menchini, C. Posarelli, G. Casini, M. Figus, In Vivo Efficacy of Contact Lens Drug-
Delivery Systems in Glaucoma Management. A Systematic Review, Applied Sciences, 11 (2021) 724. 
[89] S. Park, J. Hwang, H.-J. Jeon, W.R. Bae, I.-K. Jeong, T.G. Kim, J. Kang, Y.-G. Han, E. Chung, D.Y. 
Lee, Cerium Oxide Nanoparticle-Containing Colorimetric Contact Lenses for Noninvasively 
Monitoring Human Tear Glucose, ACS Applied Nano Materials, 4 (2021) 5198-5210. 
[90] S.W. Choi, B.G. Cha, J. Kim, Therapeutic Contact Lens for Scavenging Excessive Reactive Oxygen 
Species on the Ocular Surface, ACS Nano, 14 (2020) 2483-2496. 
[91] Y. Zhu, X. Li, G. He, X. Qi, Magnetic C–C@Fe3O4 double-shelled hollow microspheres via 
aerosol-based Fe3O4@C-SiO2 core–shell particles, Chemical Communications, 51 (2015) 2991-2994. 
[92] X. Shi, D. Cantu-Crouch, V. Sharma, J. Pruitt, G. Yao, K. Fukazawa, J.Y. Wu, K. Ishihara, Surface 
characterization of a silicone hydrogel contact lens having bioinspired 2-methacryloyloxyethyl 
phosphorylcholine polymer layer in hydrated state, Colloids and Surfaces B: Biointerfaces, 199 
(2021) 111539. 
[93] L. M. Shaker, H.A.-H. Ali, A.A.-A. Ahmed, Vision Improvement Using Titanium Dioxide 
Nanoparticles-Doped PMMA for Contact Lenses, Engineering and Technology Journal, 38 (2020) 681-
689. 
[94] D.H. Keum, S.-K. Kim, J. Koo, G.-H. Lee, C. Jeon, J.W. Mok, B.H. Mun, K.J. Lee, E. Kamrani, C.-K. 
Joo, S. Shin, J.-Y. Sim, D. Myung, S.H. Yun, Z. Bao, S.K. Hahn, Wireless smart contact lens for diabetic 
diagnosis and therapy, Science Advances, 6 (2020) eaba3252. 
[95] P. Chaudhari, V.M. Ghate, S.A. Lewis, Next-generation contact lenses: Towards bioresponsive 
drug delivery and smart technologies in ocular therapeutics, European Journal of Pharmaceutics and 
Biopharmaceutics, 161 (2021) 80-99. 
[96] J. Kim, J. Park, Y.-G. Park, E. Cha, M. Ku, H.S. An, K.-P. Lee, M.-I. Huh, J. Kim, T.-S. Kim, D.W. Kim, 
H.K. Kim, J.-U. Park, A soft and transparent contact lens for the wireless quantitative monitoring of 
intraocular pressure, Nature Biomedical Engineering, 5 (2021) 772-782. 
[97] D. Silva, H.C. de Sousa, M.H. Gil, L.F. Santos, M.S. Oom, C. Alvarez-Lorenzo, B. Saramago, A.P. 
Serro, Moxifloxacin-imprinted silicone-based hydrogels as contact lens materials for extended drug 
release, European Journal of Pharmaceutical Sciences, 156 (2021) 105591. 
[98] X.-J. Zha, S.-T. Zhang, J.-H. Pu, X. Zhao, K. Ke, R.-Y. Bao, L. Bai, Z.-Y. Liu, M.-B. Yang, W. Yang, 
Nanofibrillar Poly(vinyl alcohol) Ionic Organohydrogels for Smart Contact Lens and Human-
Interactive Sensing, ACS Applied Materials & Interfaces, 12 (2020) 23514-23522. 
[99] Z. Mutlu, S. Shams Es-haghi, M. Cakmak, Recent Trends in Advanced Contact Lenses, Advanced 
Healthcare Materials, 8 (2019) 1801390. 
[100] A. Childs, H. Li, D.M. Lewittes, B. Dong, W. Liu, X. Shu, C. Sun, H.F. Zhang, Fabricating 
customized hydrogel contact lens, Scientific Reports, 6 (2016) 34905. 
[101] C. Maldonado-Codina, N. Efron, Impact of manufacturing technology and material composition 
on the mechanical properties of hydrogel contact lenses, Ophthalmic and Physiological Optics, 24 
(2004) 551-561. 
[102] F.A. Maulvi, S.S. Singhania, A.R. Desai, M.R. Shukla, A.S. Tannk, K.M. Ranch, B.A. Vyas, D.O. 
Shah, Contact lenses with dual drug delivery for the treatment of bacterial conjunctivitis, 
International Journal of Pharmaceutics, 548 (2018) 139-150. 
[103] J.G. Kloosterboer, Network formation by chain crosslinking photopolymerization and its 
applications in electronics, Springer Berlin Heidelberg, Berlin, Heidelberg, 1988, pp. 1-61. 
[104] G. Zidan, C.A. Greene, A. Etxabide, I.D. Rupenthal, A. Seyfoddin, Gelatine-based drug-eluting 
bandage contact lenses: Effect of PEGDA concentration and manufacturing technique, International 
Journal of Pharmaceutics, 599 (2021) 120452. 



 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

[105] P.C. Nicolson, J. Vogt, Soft contact lens polymers: an evolution, Biomaterials, 22 (2001) 3273-
3283. 
[106] C. González-Chomón, A. Concheiro, C. Alvarez-Lorenzo, Soft contact lenses for controlled 
ocular delivery: 50 years in the making, Ther Deliv, 4 (2013) 1141-1161. 
[107] W. Otto, L. Drahoslav, Cross-linked hydrophilic polymers and articles made therefrom, Google 
Patents, 1965. 
[108] P. Cho, M.V. Boost, Daily disposable lenses: the better alternative, Cont Lens Anterior Eye, 36 
(2013) 4-12. 
[109] X. Fan, C. Torres-Luna, M. Azadi, R. Domszy, N. Hu, A. Yang, A.E. David, Evaluation of 
commercial soft contact lenses for ocular drug delivery: A review, Acta Biomater, 115 (2020) 60-74. 
[110] https://www.marketwatch.com/press-release/contact-lenses-market-report-2021-top-
companies-growth-rate-trends-product-profiles-development-plans-and-demand-status-forecast-to-
2025-2021-06-03?tesla=y. 
[111] https://www.mojo.vision/. 
[112] https://www.emacula.io/home/invest. 
[113] https://patentimages.storage.googleapis.com/82/ee/f7/77d81b84f73356/US10845620.pdf. 
[114] T. Kim, S. Hwang, S. Kim, H. Ahn, D. Chung, Smart contact lenses for augmented reality and 
methods of manufacturing and operating the same, Google Patents, 2019. 
[115] https://www.lens.com/contact-lenses/1-day-acuvue-moist/. 
[116] https://www.jnjvisioncare.co.uk/contact-lenses/all-acuvue-brand-contact-lenses/spherical/1-
day-acuvue-moist. 
[117] https://www.lens.com/contact-lenses/acuvue-oasys-with-transitions/. 
[118] https://www.lens.com/contact-lenses/air-optix-night-day-aqua/. 
[119] https://www.lens.com/contact-lenses/air-optix-aqua/. 
[120] https://www.lens.com/contact-lenses/dailies-total-1/. 
[121] https://www.lens.com/contact-lenses/dailies-aquacomfort-plus/. 
[122] https://www.lens.com/contact-lenses/biofinity/. 
[123] https://www.lens.com/contact-lenses/frequency-55-aspheric/. 
[124] https://www.lens.com/contact-lenses/avaira-vitality/. 
[125] https://www.lens.com/contact-lenses/proclear-1-day/. 
[126] https://www.lens.com/contact-lenses/ultra-for-presbyopia/. 
[127] https://www.lens.com/contact-lenses/ultra-for-astigmatism/. 
[128] https://www.lens.com/contact-lenses/soflens-toric/. 
[129] https://www.lens.com/contact-lenses/biotrue-oneday/. 
[130] Y. Sako, M. Iwasaki, K. Hayashi, A. Tange, Contact lens and storage medium, US Patent. Appl, 
(2016). 
[131] S.P. Korphi, M.R. Ghajar, F. He, Actuating a Contact Lens Using Millimeter Electromagnetic 
Waves, Google Patents, 2021. 
[132] https://patentimages.storage.googleapis.com/f0/eb/03/c639b6eb92a72d/US10754178.pdf. 
[133] https://www.sensimed.ch/sensimed-triggerfish/. 
[134] A. Shtukater, Smart contact lens with eye driven control system and method, Google Patents, 
2019. 
[135] G. Wieslander, D. Norbäck, Ocular symptoms, tear film stability, nasal patency, and biomarkers 
in nasal lavage in indoor painters in relation to emissions from water-based paint, International 
Archives of Occupational and Environmental Health, 83 (2010) 733-741. 
[136] R.J. Fullard, D. Tucker, Tear Protein Composition and the Effects of Stimulus, in: D.A. Sullivan 
(Ed.) Lacrimal Gland, Tear Film, and Dry Eye Syndromes: Basic Science and Clinical Relevance, 
Springer US, Boston, MA, 1994, pp. 309-314. 
[137] A. Tomlinson, S. Khanal, Assessment of Tear Film Dynamics: Quantification Approach, The 
Ocular Surface, 3 (2005) 81-95. 

https://www.marketwatch.com/press-release/contact-lenses-market-report-2021-top-companies-growth-rate-trends-product-profiles-development-plans-and-demand-status-forecast-to-2025-2021-06-03?tesla=y
https://www.marketwatch.com/press-release/contact-lenses-market-report-2021-top-companies-growth-rate-trends-product-profiles-development-plans-and-demand-status-forecast-to-2025-2021-06-03?tesla=y
https://www.marketwatch.com/press-release/contact-lenses-market-report-2021-top-companies-growth-rate-trends-product-profiles-development-plans-and-demand-status-forecast-to-2025-2021-06-03?tesla=y
https://www.mojo.vision/
https://www.emacula.io/home/invest
https://patentimages.storage.googleapis.com/82/ee/f7/77d81b84f73356/US10845620.pdf
https://www.lens.com/contact-lenses/1-day-acuvue-moist/
https://www.jnjvisioncare.co.uk/contact-lenses/all-acuvue-brand-contact-lenses/spherical/1-day-acuvue-moist
https://www.jnjvisioncare.co.uk/contact-lenses/all-acuvue-brand-contact-lenses/spherical/1-day-acuvue-moist
https://www.lens.com/contact-lenses/acuvue-oasys-with-transitions/
https://www.lens.com/contact-lenses/air-optix-night-day-aqua/
https://www.lens.com/contact-lenses/air-optix-aqua/
https://www.lens.com/contact-lenses/dailies-total-1/
https://www.lens.com/contact-lenses/dailies-aquacomfort-plus/
https://www.lens.com/contact-lenses/biofinity/
https://www.lens.com/contact-lenses/frequency-55-aspheric/
https://www.lens.com/contact-lenses/avaira-vitality/
https://www.lens.com/contact-lenses/proclear-1-day/
https://www.lens.com/contact-lenses/ultra-for-presbyopia/
https://www.lens.com/contact-lenses/ultra-for-astigmatism/
https://www.lens.com/contact-lenses/soflens-toric/
https://www.lens.com/contact-lenses/biotrue-oneday/
https://patentimages.storage.googleapis.com/f0/eb/03/c639b6eb92a72d/US10754178.pdf
https://www.sensimed.ch/sensimed-triggerfish/


 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

[138] J.P. McCulley, J.D. Aronowicz, E. Uchiyama, W.E. Shine, I.A. Butovich, Correlations in a Change 
in Aqueous Tear Evaporation With a Change in Relative Humidity and the Impact, American Journal 
of Ophthalmology, 141 (2006) 758-760. 
[139] S.C. Pflugfelder, A. Solomon, M.E. Stern, The Diagnosis and Management of Dry Eye: A Twenty-
five–Year Review, Cornea, 19 (2000) 644-649. 
[140] M. Rolando, M. Zierhut, The Ocular Surface and Tear Film and Their Dysfunction in Dry Eye 
Disease, Survey of Ophthalmology, 45 (2001) S203-S210. 
[141] M.E. Johnson, P.J. Murphy, Changes in the tear film and ocular surface from dry eye syndrome, 
Progress in Retinal and Eye Research, 23 (2004) 449-474. 
[142] K.O. Tan, R.A. Sack, B.A. Holden, H.A. Swarbrick, Temporal sequence of changes in tear film 
composition during sleep, Current Eye Research, 12 (1993) 1001-1007. 
[143] K.S. Yadav, R. Rajpurohit, S. Sharma, Glaucoma: Current treatment and impact of advanced 
drug delivery systems, Life sciences, 221 (2019) 362-376. 
[144] G. Pardianto, Recent awareness and consideration of intraocular pressure fluctuation during 
eye surgery, Journal of Cataract & Refractive Surgery, 41 (2015) 695. 
[145] D.F. Sena, K. Lindsley, Neuroprotection for treatment of glaucoma in adults, Cochrane 
Database of Systematic Reviews, (2017). 
[146] H.A. Quigley, E.M. Addicks, W.R. Green, A.E. Maumenee, Optic Nerve Damage in Human 
Glaucoma: II. The Site of Injury and Susceptibility to Damage, Archives of Ophthalmology, 99 (1981) 
635-649. 
[147] H.A. Quigley, Open-Angle Glaucoma, New England Journal of Medicine, 328 (1993) 1097-1106. 
[148] P.J. Pisella, P. Pouliquen, C. Baudouin, Prevalence of ocular symptoms and signs with preserved 
and preservative free glaucoma medication, British Journal of Ophthalmology, 86 (2002) 418-423. 
[149] O.-Y. Tektas, E. Lütjen-Drecoll, Structural changes of the trabecular meshwork in different 
kinds of glaucoma, Experimental Eye Research, 88 (2009) 769-775. 
[150] J.O. Lee, H. Park, J. Du, A. Balakrishna, O. Chen, D. Sretavan, H. Choo, A microscale optical 
implant for continuous in vivo monitoring of intraocular pressure, Microsystems & Nanoengineering, 
3 (2017) 17057. 
[151] J. Xu, T. Cui, T. Hirtz, Y. Qiao, X. Li, F. Zhong, X. Han, Y. Yang, S. Zhang, T.-L. Ren, Highly 
Transparent and Sensitive Graphene Sensors for Continuous and Non-invasive Intraocular Pressure 
Monitoring, ACS Applied Materials & Interfaces, 12 (2020) 18375-18384. 
[152] B.E. Klein, R. Klein, K.L. Linton, Intraocular pressure in an American community. The Beaver 
Dam Eye Study, Invest Ophthalmol Vis Sci, 33 (1992) 2224-2228. 
[153] Y. Morad, E. Sharon, L. Hefetz, P. Nemet, Corneal thickness and curvature in normal-tension 
glaucoma, American Journal of Ophthalmology, 125 (1998) 164-168. 
[154] A. Heijl, M.C. Leske, B. Bengtsson, L. Hyman, B. Bengtsson, M. Hussein, E.M.G.T. Group, 
Reduction of Intraocular Pressure and Glaucoma Progression: Results From the Early Manifest 
Glaucoma Trial, Archives of Ophthalmology, 120 (2002) 1268-1279. 
[155] A. Campigotto, S. Leahy, G. Zhao, R.J. Campbell, Y. Lai, Non-invasive Intraocular pressure 
monitoring with contact lens, Br J Ophthalmol, 104 (2020) 1324-1328. 
[156] I.K. Karunaratne, C.H.C. Lee, P.W. Or, Y. Wei, I.T. Chong, Y. Yang, M. Yu, D.C.C. Lam, Wearable 
dual-element intraocular pressure contact lens sensor, Sensors and Actuators A: Physical, 321 (2021) 
112580. 
[157] S. Agaoglu, P. Diep, M. Martini, S. Kt, M. Baday, I.E. Araci, Ultra-sensitive microfluidic wearable 
strain sensor for intraocular pressure monitoring, Lab Chip, 18 (2018) 3471-3483. 
[158] H. An, L. Chen, X. Liu, B. Zhao, H. Zhang, Z. Wu, Microfluidic contact lenses for unpowered, 
continuous and non-invasive intraocular pressure monitoring, Sensors and Actuators A: Physical, 295 
(2019) 177-187. 



 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

[159] M.K. MH, J. Wu, A. Tavakoli, A.J. Weber, W. Li, Wireless, passive strain sensor in a doughnut-
shaped contact lens for continuous non-invasive self-monitoring of intraocular pressure, Lab Chip, 20 
(2020) 332-342. 
[160] Y. Wang, Q. Zhao, X. Du, Structurally coloured contact lens sensor for point-of-care ophthalmic 
health monitoring, J Mater Chem B, 8 (2020) 3519-3526. 
[161] R. Moreddu, N. Mahmoodi, P. Kassanos, D. Vigolo, P.M. Mendes, A.K. Yetisen, Stretchable 
Nanostructures as Optomechanical Strain Sensors for Ophthalmic Applications, ACS Applied Polymer 
Materials, 3 (2021) 5416-5424. 
[162] B. Maeng, H.K. Chang, J. Park, Photonic crystal-based smart contact lens for continuous 
intraocular pressure monitoring, Lab Chip, 20 (2020) 1740-1750. 
[163] X. Li, P. Sun, L. Fan, M. Zhu, K. Wang, M. Zhong, J. Wei, D. Wu, Y. Cheng, H. Zhu, 
Multifunctional graphene woven fabrics, Scientific Reports, 2 (2012) 395. 
[164] X. Li, R. Zhang, W. Yu, K. Wang, J. Wei, D. Wu, A. Cao, Z. Li, Y. Cheng, Q. Zheng, R.S. Ruoff, H. 
Zhu, Stretchable and highly sensitive graphene-on-polymer strain sensors, Scientific Reports, 2 
(2012) 870. 
[165] Y. Zhang, Y. Chen, T. Man, D. Huang, X. Li, H. Zhu, Z. Li, High resolution non-invasive intraocular 
pressure monitoring by use of graphene woven fabrics on contact lens, Microsyst Nanoeng, 5 (2019) 
39. 
[166] Z. Liu, G. Wang, W. Pei, C. Wei, X. Wu, Z. Dou, Y. Li, Y. Wang, H. Chen, Application of graphene 
nanowalls in an intraocular pressure sensor, J Mater Chem B, 8 (2020) 8794-8802. 
[167] Z. Liu, G. Wang, C. Ye, H. Sun, W. Pei, C. Wei, W. Dai, Z. Dou, Q. Sun, C.T. Lin, Y. Wang, H. Chen, 

G. Shen, An Ultrasensitive Contact Lens Sensor Based On Self‐Assembly Graphene For Continuous 
Intraocular Pressure Monitoring, Advanced Functional Materials, 31 (2021). 
[168] Y. Pang, Y. Li, X. Wang, C. Qi, Y. Yang, T.-L. Ren, A contact lens promising for non-invasive 
continuous intraocular pressure monitoring, RSC Advances, 9 (2019) 5076-5082. 
[169] J. Kim, J. Park, Y.G. Park, E. Cha, M. Ku, H.S. An, K.P. Lee, M.I. Huh, J. Kim, T.S. Kim, D.W. Kim, 
H.K. Kim, J.U. Park, A soft and transparent contact lens for the wireless quantitative monitoring of 
intraocular pressure, Nat Biomed Eng, 5 (2021) 772-782. 
[170] M. Leonardi, E.M. Pitchon, A. Bertsch, P. Renaud, A. Mermoud, Wireless contact lens sensor 
for intraocular pressure monitoring: assessment on enucleated pig eyes, Acta Ophthalmol, 87 (2009) 
433-437. 
[171] J. Pandey, Y. Liao, A. Lingley, R. Mirjalili, B. Parviz, B.P. Otis, A Fully Integrated RF-Powered 
Contact Lens With a Single Element Display, IEEE Transactions on Biomedical Circuits and Systems, 4 
(2010) 454-461. 
[172] J. Kim, M. Kim, M.-S. Lee, K. Kim, S. Ji, Y.-T. Kim, J. Park, K. Na, K.-H. Bae, H. Kyun Kim, F. Bien, C. 
Young Lee, J.-U. Park, Wearable smart sensor systems integrated on soft contact lenses for wireless 
ocular diagnostics, Nature Communications, 8 (2017) 14997. 
[173] G.E. Dunbar, B.Y. Shen, A.A. Aref, The Sensimed Triggerfish contact lens sensor: efficacy, 
safety, and patient perspectives, Clin Ophthalmol, 11 (2017) 875-882. 
[174] N.S. Oliver, C. Toumazou, A.E. Cass, D.G. Johnston, Glucose sensors: a review of current and 
emerging technology, Diabet Med, 26 (2009) 197-210. 
[175] J. Zhang, W. Hodge, C. Hutnick, X. Wang, Noninvasive diagnostic devices for diabetes through 
measuring tear glucose, J Diabetes Sci Technol, 5 (2011) 166-172. 
[176] F. Bachhuber, A. Huss, M. Senel, H. Tumani, Diagnostic biomarkers in tear fluid: from sampling 
to preanalytical processing, Scientific Reports, 11 (2021) 10064. 
[177] S. Hagan, E. Martin, A. Enríquez-de-Salamanca, Tear fluid biomarkers in ocular and systemic 
disease: potential use for predictive, preventive and personalised medicine, EPMA J, 7 (2016) 15-15. 
[178] M. Azkargorta, J. Soria, A. Acera, I. Iloro, F. Elortza, Human tear proteomics and peptidomics in 
ophthalmology: Toward the translation of proteomic biomarkers into clinical practice, Journal of 
Proteomics, 150 (2017) 359-367. 



 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

[179] J.D. Lane, D.M. Krumholz, R.A. Sack, C. Morris, Tear glucose dynamics in diabetes mellitus, Curr 
Eye Res, 31 (2006) 895-901. 
[180] M. Aihara, N. Kubota, T. Minami, R. Shirakawa, Y. Sakurai, T. Hayashi, M. Iwamoto, I. 
Takamoto, T. Kubota, R. Suzuki, S. Usami, H. Jinnouchi, M. Aihara, T. Yamauchi, T. Sakata, T. 
Kadowaki, Association between tear and blood glucose concentrations: Random intercept model 
adjusted with confounders in tear samples negative for occult blood, Journal of Diabetes 
Investigation, 12 (2021) 266-276. 
[181] Q. Yan, B. Peng, G. Su, B.E. Cohan, T.C. Major, M.E. Meyerhoff, Measurement of Tear Glucose 
Levels with Amperometric Glucose Biosensor/Capillary Tube Configuration, Analytical Chemistry, 83 
(2011) 8341-8346. 
[182] B. Peng, J. Lu, A.S. Balijepalli, T.C. Major, B.E. Cohan, M.E. Meyerhoff, Evaluation of enzyme-
based tear glucose electrochemical sensors over a wide range of blood glucose concentrations, 
Biosensors and Bioelectronics, 49 (2013) 204-209. 
[183] K.H. Cha, G.C. Jensen, A.S. Balijepalli, B.E. Cohan, M.E. Meyerhoff, Evaluation of Commercial 
Glucometer Test Strips for Potential Measurement of Glucose in Tears, Analytical Chemistry, 86 
(2014) 1902-1908. 
[184] D. Barrettino, Look into my eyes, IEEE Spectrum, 54 (2017) 38-43. 
[185] D. Bamgboje, I. Christoulakis, I. Smanis, G. Chavan, R. Shah, M. Malekzadeh, I. Violaris, N. 
Giannakeas, M. Tsipouras, K. Kalafatakis, A. Tzallas, Continuous Non-Invasive Glucose Monitoring via 
Contact Lenses: Current Approaches and Future Perspectives, Biosensors, 11 (2021). 
[186] Y. Zhi, J. Jian, Y. Qiao, Y. Tian, Y. Yang, T.L. Ren, An ultrathin flexible affinity-based graphene 
field-effect transistor for glucose monitoring,  2020 21st International Conference on Electronic 
Packaging Technology (ICEPT), 2020, pp. 1-6. 
[187] S. Kim, H.J. Jeon, S. Park, D.Y. Lee, E. Chung, Tear Glucose Measurement by Reflectance 
Spectrum of a Nanoparticle Embedded Contact Lens, Sci Rep, 10 (2020) 8254. 
[188] M. Elsherif, M.U. Hassan, A.K. Yetisen, H. Butt, Wearable Contact Lens Biosensors for 
Continuous Glucose Monitoring Using Smartphones, ACS Nano, 12 (2018) 5452-5462. 
[189] W.-C. Lee, E.H. Koh, D.-H. Kim, S.-G. Park, H.S. Jung, Plasmonic contact lens materials for 
glucose sensing in human tears, Sensors and Actuators B: Chemical, 344 (2021). 
[190] Y. Zhu, S. Kim, X. Ma, P. Byrley, N. Yu, Q. Liu, X. Sun, D. Xu, S. Peng, M.C. Hartel, S. Zhang, V. 
Jucaud, M.R. Dokmeci, A. Khademhosseini, R. Yan, Ultrathin-shell epitaxial Ag@Au core-shell 
nanowires for high-performance and chemically-stable electronic, optical, and mechanical devices, 
Nano Research, (2021). 
[191] Q. Liu, S. Kim, X. Ma, N. Yu, Y. Zhu, S. Deng, R. Yan, H. Zhao, M. Liu, Ultra-sharp and surfactant-
free silver nanowire for scanning tunneling microscopy and tip-enhanced Raman spectroscopy, 
Nanoscale, 11 (2019) 7790-7797. 
[192] D.H. Keum, S.K. Kim, J. Koo, G.H. Lee, C. Jeon, J.W. Mok, B.H. Mun, K.J. Lee, E. Kamrani, C.K. 
Joo, S. Shin, J.Y. Sim, D. Myung, S.H. Yun, Z. Bao, S.K. Hahn, Wireless smart contact lens for diabetic 
diagnosis and therapy, Sci Adv, 6 (2020) eaba3252. 
[193] J. Kim, M. Kim, M.S. Lee, K. Kim, S. Ji, Y.T. Kim, J. Park, K. Na, K.H. Bae, H. Kyun Kim, F. Bien, C. 
Young Lee, J.U. Park, Wearable smart sensor systems integrated on soft contact lenses for wireless 
ocular diagnostics, Nat Commun, 8 (2017) 14997. 
[194] A.K. Yetisen, N. Jiang, A. Tamayol, G.U. Ruiz-Esparza, Y.S. Zhang, S. Medina-Pando, A. Gupta, 
J.S. Wolffsohn, H. Butt, A. Khademhosseini, S.-H. Yun, Paper-based microfluidic system for tear 
electrolyte analysis, Lab on a Chip, 17 (2017) 1137-1148. 
[195] J.P. Gilbard, Human tear film electrolyte concentrations in health and dry-eye disease, Int 
Ophthalmol Clin, 34 (1994) 27-36. 
[196] R.S. Riaz, M. Elsherif, R. Moreddu, I. Rashid, M.U. Hassan, A.K. Yetisen, H. Butt, Anthocyanin-
Functionalized Contact Lens Sensors for Ocular pH Monitoring, ACS Omega, 4 (2019) 21792-21798. 



 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

[197] Y. Chen, S. Zhang, Q. Cui, J. Ni, X. Wang, X. Cheng, H. Alem, P. Tebon, C. Xu, C. Guo, R. Nasiri, R. 
Moreddu, A.K. Yetisen, S. Ahadian, N. Ashammakhi, S. Emaminejad, V. Jucaud, M.R. Dokmeci, A. 
Khademhosseini, Microengineered poly(HEMA) hydrogels for wearable contact lens biosensing, Lab 
Chip, 20 (2020) 4205-4214. 
[198] R. Moreddu, J.S. Wolffsohn, D. Vigolo, A.K. Yetisen, Laser-inscribed contact lens sensors for the 
detection of analytes in the tear fluid, Sensors and Actuators B: Chemical, 317 (2020). 
[199] R. Moreddu, M. Elsherif, H. Adams, D. Moschou, M.F. Cordeiro, J.S. Wolffsohn, D. Vigolo, H. 
Butt, J.M. Cooper, A.K. Yetisen, Integration of paper microfluidic sensors into contact lenses for tear 
fluid analysis, Lab Chip, 20 (2020) 3970-3979. 
[200] R. Badugu, B.H. Jeng, E.A. Reece, J.R. Lakowicz, Contact lens to measure individual ion 
concentrations in tears and applications to dry eye disease, Anal Biochem, 542 (2018) 84-94. 
[201] A.K. Yetisen, N. Jiang, C.M. Castaneda Gonzalez, Z.I. Erenoglu, J. Dong, X. Dong, S. Stosser, M. 
Brischwein, H. Butt, M.F. Cordeiro, M. Jakobi, O. Hayden, A.W. Koch, Scleral Lens Sensor for Ocular 
Electrolyte Analysis, Adv Mater, 32 (2020) e1906762. 
[202] P. Bergveld, Development, Operation, and Application of the Ion-Sensitive Field-Effect 
Transistor as a Tool for Electrophysiology, IEEE Transactions on Biomedical Engineering, BME-19 
(1972) 342-351. 
[203] R. Badugu, H. Szmacinski, E.A. Reece, B.H. Jeng, J.R. Lakowicz, Fluorescent contact lens for 
continuous non-invasive measurements of sodium and chloride ion concentrations in tears, Anal 
Biochem, 608 (2020) 113902. 
[204] F. Holsboer, M. Ising, Stress hormone regulation: biological role and translation into therapy, 
Annual review of psychology, 61 (2010) 81-109. 
[205] E.R. De Kloet, M. Joëls, F. Holsboer, Stress and the brain: from adaptation to disease, Nature 
reviews neuroscience, 6 (2005) 463-475. 
[206] S.H. Sunwoo, J.S. Lee, S. Bae, Y.J. Shin, C.S. Kim, S.Y. Joo, H.S. Choi, M. Suh, S.W. Kim, Y.J. Choi, 
Chronic and acute stress monitoring by electrophysiological signals from adrenal gland, Proceedings 
of the National Academy of Sciences, 116 (2019) 1146-1151. 
[207] B.S. McEwen, Protective and Damaging Effects of Stress Mediators, New England Journal of 
Medicine, 338 (1998) 171-179. 
[208] N.L. Lanza, F. Valenzuela, V.L. Perez, A. Galor, The Matrix Metalloproteinase 9 Point-of-Care 
Test in Dry Eye, The Ocular Surface, 14 (2016) 189-195. 
[209] K.K. Nichols, J.J. Nichols, G.L. Mitchell, The lack of association between signs and symptoms in 
patients with dry eye disease, Cornea, 23 (2004) 762-770. 
[210] J. Jang, J. Kim, H. Shin, Y.-G. Park, B.J. Joo, H. Seo, J.-e. Won, D.W. Kim, C.Y. Lee, H.K. Kim, J.-U. 
Park, Smart contact lens and transparent heat patch for remote monitoring and therapy of chronic 
ocular surface inflammation using mobiles, Science Advances, 7 (2021) eabf7194. 
[211] E.M. Messmer, The pathophysiology, diagnosis, and treatment of dry eye disease, Dtsch 
Arztebl Int, 112 (2015) 71-81; quiz 82. 
[212] J.V. Greiner, Long-term (12-month) improvement in meibomian gland function and reduced 
dry eye symptoms with a single thermal pulsation treatment, Clin Exp Ophthalmol, 41 (2013) 524-
530. 
[213] M.J. Kim, S.S. Stinnett, P.K. Gupta, Effect of thermal pulsation treatment on tear film 
parameters in dry eye disease patients, Clin Ophthalmol, 11 (2017) 883-886. 
[214] W.C. Mak, K.Y. Cheung, J. Orban, C.-J. Lee, A.P.F. Turner, M. Griffith, Surface-Engineered 
Contact Lens as an Advanced Theranostic Platform for Modulation and Detection of Viral Infection, 
ACS Appl Mater Interfaces, 7 (2015) 25487-25494. 
[215] M.-K. Shin, Y.W. Ji, C.-E. Moon, H. Lee, B. Kang, W.-S. Jinn, J. Ki, B. Mun, M.-H. Kim, H.K. Lee, S. 
Haam, Matrix metalloproteinase 9-activatable peptide-conjugated hydrogel-based fluorogenic 
intraocular-lens sensor, Biosensors and Bioelectronics, 162 (2020) 112254. 



 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

[216] N.M. Farandos, A.K. Yetisen, M.J. Monteiro, C.R. Lowe, S.H. Yun, Contact lens sensors in ocular 
diagnostics, Adv Healthc Mater, 4 (2015) 792-810. 
[217] D.N. Shi, H. Song, T. Ding, W.Q. Qiu, W. Wang, Evaluation of the safety and efficacy of 
therapeutic bandage contact lenses on post-cataract surgery patients, Int J Ophthalmol, 11 (2018) 
230-234. 
[218] A. Xiao, C. Dhand, C.M. Leung, R.W. Beuerman, S. Ramakrishna, R. Lakshminarayanan, 
Strategies to design antimicrobial contact lenses and contact lens cases, J Mater Chem B, 6 (2018) 
2171-2186. 
[219] A.G. Gallagher, J.A. Alorabi, D.A. Wellings, R. Lace, M.J. Horsburgh, R.L. Williams, A Novel 
Peptide Hydrogel for an Antimicrobial Bandage Contact Lens, Advanced Healthcare Materials, 5 
(2016) 2013-2018. 
[220] C.J.F. Bertens, M. Gijs, F. van den Biggelaar, R. Nuijts, Topical drug delivery devices: A review, 
Exp Eye Res, 168 (2018) 149-160. 
[221] S.J. Lea, M.A. Neugebauer, R.G. Smith, S.A. Vernon, The incidence of ophthalmic problems in 
the contact lens wearing population, Eye (Lond), 4 ( Pt 5) (1990) 706-711. 
[222] V.Y. Hayes, C.M. Schnider, J. Veys, An evaluation of 1-day disposable contact lens wear in a 
population of allergy sufferers, Cont Lens Anterior Eye, 26 (2003) 85-93. 
[223] C.H. Lim, N.A. Carnt, M. Farook, J. Lam, D.T. Tan, J.S. Mehta, F. Stapleton, Risk factors for 
contact lens-related microbial keratitis in Singapore, Eye (Lond), 30 (2016) 447-455. 
[224] F. Stapleton, N. Carnt, Contact lens-related microbial keratitis: how have epidemiology and 
genetics helped us with pathogenesis and prophylaxis, Eye (Lond), 26 (2012) 185-193. 
[225] P.R. Sankaridurg, S. Sharma, M. Willcox, T.J. Naduvilath, D.F. Sweeney, B.A. Holden, G.N. Rao, 
Bacterial colonization of disposable soft contact lenses is greater during corneal infiltrative events 
than during asymptomatic extended lens wear, J Clin Microbiol, 38 (2000) 4420-4424. 
[226] P.R. Sankaridurg, D.F. Sweeney, S. Sharma, R. Gora, T. Naduvilath, L. Ramachandran, B.A. 
Holden, G.N. Rao, Adverse events with extended wear of disposable hydrogels: results for the first 
13 months of lens wear, Ophthalmology, 106 (1999) 1671-1680. 
[227] B. Li, J. Wang, Q. Gui, H. Yang, Drug-loaded chitosan film prepared via facile solution casting 
and air-drying of plain water-based chitosan solution for ocular drug delivery, Bioact Mater, 5 (2020) 
577-583. 
[228] Q. Zhu, H. Cheng, Y. Huo, S. Mao, Sustained ophthalmic delivery of highly soluble drug using 
pH-triggered inner layer-embedded contact lens, Int J Pharm, 544 (2018) 100-111. 
[229] A.R. Desai, F.A. Maulvi, D.M. Desai, M.R. Shukla, K.M. Ranch, B.A. Vyas, S.A. Shah, S. 
Sandeman, D.O. Shah, Multiple drug delivery from the drug-implants-laden silicone contact lens: 
Addressing the issue of burst drug release, Mater Sci Eng C Mater Biol Appl, 112 (2020) 110885. 
[230] Y. Wei, Y. Hu, X. Shen, X. Zhang, J. Guan, S. Mao, Design of circular-ring film embedded contact 
lens for improved compatibility and sustained ocular drug delivery, Eur J Pharm Biopharm, 157 
(2020) 28-37. 
[231] J. Sun, Y. Lei, Z. Dai, X. Liu, T. Huang, J. Wu, Z.P. Xu, X. Sun, Sustained Release of Brimonidine 
from a New Composite Drug Delivery System for Treatment of Glaucoma, ACS Appl Mater Interfaces, 
9 (2017) 7990-7999. 
[232] T.J. Zimmerman, H.E. Kaufman, Timolol, dose response and duration of action, Arch 
Ophthalmol, 95 (1977) 605-607. 
[233] J. Deng, S. Chen, J. Chen, H. Ding, D. Deng, Z. Xie, Self-Reporting Colorimetric Analysis of Drug 
Release by Molecular Imprinted Structural Color Contact Lens, ACS Appl Mater Interfaces, 10 (2018) 
34611-34617. 
[234] C. Mu, M. Shi, P. Liu, L. Chen, G. Marriott, Daylight-Mediated, Passive, and Sustained Release 
of the Glaucoma Drug Timolol from a Contact Lens, ACS Cent Sci, 4 (2018) 1677-1687. 



 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

[235] X. Ding, G. Ben-Shlomo, L. Que, Soft Contact Lens with Embedded Microtubes for Sustained 
and Self-Adaptive Drug Delivery for Glaucoma Treatment, ACS Appl Mater Interfaces, 12 (2020) 
45789-45795. 
[236] C. Song, G. Ben-Shlomo, L. Que, A multifunctional smart soft contact lens device enabled by 
nanopore thin film for glaucoma diagnostics and in situ drug delivery, J. Microelectromechanical 
Syst., 28 (2019) 810-816. 
[237] F.A. Maulvi, S.S. Singhania, A.R. Desai, M.R. Shukla, A.S. Tannk, K.M. Ranch, B.A. Vyas, D.O. 
Shah, Contact lenses with dual drug delivery for the treatment of bacterial conjunctivitis, Int J 
Pharm, 548 (2018) 139-150. 
[238] H. Ogawa, T. Nakaji-Hirabayashi, K. Matsumura, C. Yoshikawa, H. Kitano, Y. Saruwatari, Novel 
anti-biofouling and drug releasing materials for contact lenses, Colloids Surf B Biointerfaces, 189 
(2020) 110859. 
[239] J.F. Huang, J. Zhong, G.P. Chen, Z.T. Lin, Y. Deng, Y.L. Liu, P.Y. Cao, B. Wang, Y. Wei, T. Wu, J. 
Yuan, G.B. Jiang, A Hydrogel-Based Hybrid Theranostic Contact Lens for Fungal Keratitis, ACS nano, 
10 (2016) 6464-6473. 
[240] R. Li, X. Guan, X. Lin, P. Guan, X. Zhang, Z. Rao, L. Du, J. Zhao, J. Rong, J. Zhao, Poly(2-
hydroxyethyl methacrylate)/β-cyclodextrin-hyaluronan contact lens with tear protein adsorption 
resistance and sustained drug delivery for ophthalmic diseases, Acta Biomater, 110 (2020) 105-118. 
[241] D. Silva, H.C. de Sousa, M.H. Gil, L.F. Santos, M.S. Oom, C. Alvarez-Lorenzo, B. Saramago, A.P. 
Serro, Moxifloxacin-imprinted silicone-based hydrogels as contact lens materials for extended drug 
release, European journal of pharmaceutical sciences : official journal of the European Federation for 
Pharmaceutical Sciences, 156 (2021) 105591. 
[242] F.A. Maulvi, H.H. Choksi, A.R. Desai, A.S. Patel, K.M. Ranch, B.A. Vyas, D.O. Shah, pH triggered 
controlled drug delivery from contact lenses: Addressing the challenges of drug leaching during 
sterilization and storage, Colloids Surf B Biointerfaces, 157 (2017) 72-82. 
[243] J. Mun, J. won Mok, S. Jeong, S. Cho, C.-K. Joo, S.K. Hahn, Drug-eluting contact lens containing 
cyclosporine-loaded cholesterol-hyaluronate micelles for dry eye syndrome, RSC Adv., 9 (2019) 
16578-16585. 
[244] C. Mu, V. Lee, Y. Liu, Y. Han, G. Marriott, An Engineered Contact Lens for Passive and Sustained 
Release of Lifitegrast, an Anti-Dry Eye Syndrome Drug, bioRxiv, (2021). 
[245] E. Akbari, R. Imani, P. Shokrollahi, S. Heidari Keshel, Preparation of Nanoparticle-Containing 
Ring-Implanted Poly(Vinyl Alcohol) Contact Lens for Sustained Release of Hyaluronic Acid, Macromol 
Biosci, 21 (2021) e2100043. 
[246] M. Ali, M.E. Byrne, Controlled release of high molecular weight hyaluronic Acid from 
molecularly imprinted hydrogel contact lenses, Pharm Res, 26 (2009) 714-726. 
[247] Y. Zhu, Y. Sheng, Sustained delivery of epalrestat to the retina using PEGylated solid lipid 
nanoparticles laden contact lens, Int J Pharm, 587 (2020) 119688. 
[248] L.C. Bengani, H. Kobashi, A.E. Ross, H. Zhai, B. Salvador-Culla, R. Tulsan, P.E. Kolovou, S.K. 
Mittal, S.K. Chauhan, D.S. Kohane, J.B. Ciolino, Steroid-eluting contact lenses for corneal and 
intraocular inflammation, Acta Biomater, 116 (2020) 149-161. 
[249] J. Jang, J. Kim, H. Shin, Y.G. Park, B.J. Joo, H. Seo, J.E. Won, D.W. Kim, C.Y. Lee, H.K. Kim, J.U. 
Park, Smart contact lens and transparent heat patch for remote monitoring and therapy of chronic 
ocular surface inflammation using mobiles, Sci Adv, 7 (2021). 
[250] X. Zhang, K. Lai, S. Li, J. Wang, J. Li, W. Wang, S. Ni, B. Lu, A. Grzybowski, J. Ji, Drug-eluting 
intraocular lens with sustained bromfenac release for conquering posterior capsular opacification, 
Bioact. Mater., (2021). 
[251] Y. Han, J. Tang, S. Liu, X. Zhao, R. Wang, J. Xia, C. Qin, H. Chen, Q. Lin, Cellular 
microenvironment-sensitive drug eluting coating on intraocular lens for enhanced posterior capsular 
opacification prevention and in vivo biocompatibility, ACS Appl. Bio Mater., 3 (2020) 3582-3593. 



 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

[252] C. Lopez, S. Park, S. Edwards, S. Vong, S. Hou, M. Lee, H. Sauerland, J.J. Lee, K.J. Jeong, Matrix 
Metalloproteinase-Deactivating Contact Lens for Corneal Melting, ACS Biomater Sci Eng, 5 (2019) 
1195-1199. 
[253] Q. Zhu, C. Liu, Z. Sun, X. Zhang, N. Liang, S. Mao, Inner layer-embedded contact lenses for pH-
triggered controlled ocular drug delivery, Eur J Pharm Biopharm, 128 (2018) 220-229. 
[254] A.E. Ross, L.C. Bengani, R. Tulsan, D.E. Maidana, B. Salvador-Culla, H. Kobashi, P.E. Kolovou, H. 
Zhai, K. Taghizadeh, L. Kuang, M. Mehta, D.G. Vavvas, D.S. Kohane, J.B. Ciolino, Topical sustained 
drug delivery to the retina with a drug-eluting contact lens, Biomaterials, 217 (2019) 119285. 
[255] https://www.fda.gov/media/85865/download. 
[256] G.-Z. Chen, I.-S. Chan, D.C. Lam, Capacitive contact lens sensor for continuous non-invasive 
intraocular pressure monitoring, Sensors and Actuators A: Physical, 203 (2013) 112-118. 
[257] I. Bekerman, P. Gottlieb, M. Vaiman, Variations in Eyeball Diameters of the Healthy Adults, 
Journal of Ophthalmology, 2014 (2014) 503645. 
[258] J.F. Reverey, R. Fromme, M. Leippe, C. Selhuber-Unkel, In vitro adhesion of Acanthamoeba 
castellanii to soft contact lenses depends on water content and disinfection procedure, Cont Lens 
Anterior Eye, 37 (2014) 262-266. 
[259] S.M. Fleiszig, D.J. Evans, Pathogenesis of contact lens-associated microbial keratitis, Optom Vis 
Sci, 87 (2010) 225-232. 
[260] J. Black, Biological performance of materials: fundamentals of biocompatibility, Crc Press2005. 
[261] https://www.iso.org/home.html. 
[262] https://www.iso.org/standard/68936.html. 
[263] Y.C. Tham, X. Li, T.Y. Wong, H.A. Quigley, T. Aung, C.Y. Cheng, Global prevalence of glaucoma 
and projections of glaucoma burden through 2040: a systematic review and meta-analysis, 
Ophthalmology, 121 (2014) 2081-2090. 
[264] J. Lusthaus, I. Goldberg, Current management of glaucoma, Med J Aust, 210 (2019) 180-187. 
[265] G. Mishra, B. Dash, S. Pandey, Layered double hydroxides: A brief review from fundamentals to 
application as evolving biomaterials, Appl. Clay Sci., 153 (2018) 172-186. 
[266] M. Pavlovic, L. Li, F. Dits, Z. Gu, M. Adok-Sipiczki, I. Szilagyi, Aggregation of layered double 
hydroxide nanoparticles in the presence of heparin: towards highly stable delivery systems, RSC 
Adv., 6 (2016) 16159-16167. 
[267] H. Zuo, Z. Gu, H. Cooper, Z.P. Xu, Crosslinking to enhance colloidal stability and redispersity of 
layered double hydroxide nanoparticles, J Colloid Interface Sci, 459 (2015) 10-16. 
[268] V. Rives, M. del Arco, C. Martín, Intercalation of drugs in layered double hydroxides and their 
controlled release: A review, Appl. Clay Sci., 88 (2014) 239-269. 
[269] S.N. Arafat, A.M. Suelves, S. Spurr-Michaud, J. Chodosh, C.S. Foster, C.H. Dohlman, I.K. Gipson, 
Neutrophil collagenase, gelatinase, and myeloperoxidase in tears of patients with stevens-johnson 
syndrome and ocular cicatricial pemphigoid, Ophthalmology, 121 (2014) 79-87. 
[270] K. Brejchova, P. Liskova, E. Hrdlickova, M. Filipec, K. Jirsova, Matrix metalloproteinases in 
recurrent corneal melting associated with primary Sjörgen's syndrome, Mol Vis, 15 (2009) 2364-
2372. 
[271] K. Brejchova, P. Liskova, J. Cejkova, K. Jirsova, Role of matrix metalloproteinases in recurrent 
corneal melting, Exp Eye Res, 90 (2010) 583-590. 
[272] P. Dixon, T. Ghosh, K. Mondal, A. Konar, A. Chauhan, S. Hazra, Controlled delivery of 
pirfenidone through vitamin E-loaded contact lens ameliorates corneal inflammation, Drug Deliv 
Transl Res, 8 (2018) 1114-1126. 
[273] J.B. Ciolino, S.P. Hudson, A.N. Mobbs, T.R. Hoare, N.G. Iwata, G.R. Fink, D.S. Kohane, A 
prototype antifungal contact lens, Invest Ophthalmol Vis Sci, 52 (2011) 6286-6291. 
[274] R. Wang, D. Lu, H. Wang, H. Zou, T. Bai, C. Feng, Q. Lin, “Kill-release” antibacterial 
polysaccharides multilayer coating based therapeutic contact lens for effective bacterial keratitis 
treatment, RSC Adv., 11 (2021) 26160-26167. 

https://www.fda.gov/media/85865/download
https://www.iso.org/home.html
https://www.iso.org/standard/68936.html


 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

[275] A.A. Azari, N.P. Barney, Conjunctivitis: a systematic review of diagnosis and treatment, Jama, 
310 (2013) 1721-1729. 
[276] https://my.clevelandclinic.org/health/diseases/8614-pink-eye-conjunctivitis. 
[277] P. Tangri, S. Khurana, Basics of ocular drug delivery systems, Int. j. pharm., 2 (2011) 1541-1552. 
[278] P.A. Asbell, I. Dualan, J. Mindel, D. Brocks, M. Ahmad, S. Epstein, Age-related cataract, Lancet, 
365 (2005) 599-609. 
[279] C.M. Lee, N.A. Afshari, The global state of cataract blindness, Curr Opin Ophthalmol, 28 (2017) 
98-103. 
[280] V.P. Ranta, A. Urtti, Transscleral drug delivery to the posterior eye: prospects of 
pharmacokinetic modeling, Adv Drug Deliv Rev, 58 (2006) 1164-1181. 
[281] J.B. Ciolino, T.R. Hoare, N.G. Iwata, I. Behlau, C.H. Dohlman, R. Langer, D.S. Kohane, A drug-
eluting contact lens, Invest Ophthalmol Vis Sci, 50 (2009) 3346-3352. 
[282] J. Liang, F. Li, Heat transfer in polymer composites filled with inorganic hollow micro-spheres: A 
theoretical model, Polym. Test., 26 (2007) 1025-1030. 
[283] V. Gote, S. Sikder, J. Sicotte, D. Pal, Ocular Drug Delivery: Present Innovations and Future 
Challenges, The Journal of pharmacology and experimental therapeutics, 370 (2019) 602-624. 
[284] X. Zhang, X. Cao, P. Qi, Therapeutic contact lenses for ophthalmic drug delivery: major 
challenges, J Biomater Sci Polym Ed, 31 (2020) 549-560. 
[285] T.R. Hoare, D.S. Kohane, Hydrogels in drug delivery: Progress and challenges, Polymer, 49 
(2008) 1993-2007. 
[286] C. Qin, S. Liu, S. Wen, Y. Han, S. Chen, J. Qie, H. Chen, Q. Lin, Enhanced PCO prevention of drug 
eluting IOLs via endocytosis and autophagy effects of a PAMAM dendrimer, J Mater Chem B, 9 
(2021) 793-800. 
[287] A. Topete, J. Tang, X. Ding, H.P. Filipe, J.A. Saraiva, A.P. Serro, Q. Lin, B. Saramago, Dual drug 
delivery from hydrophobic and hydrophilic intraocular lenses: in-vitro and in-vivo studies, J Control 
Release, 326 (2020) 245-255. 
[288] S.E. Moss, R. Klein, B.E. Klein, Prevalence of and risk factors for dry eye syndrome, Arch 
Ophthalmol, 118 (2000) 1264-1268. 
[289] D.A. Schaumberg, D.A. Sullivan, M.R. Dana, Epidemiology of dry eye syndrome, Adv Exp Med 
Biol, 506 (2002) 989-998. 
[290] C. Baudouin, The pathology of dry eye, Surv Ophthalmol, 45 Suppl 2 (2001) S211-220. 
[291] P. Lim, R. Ridges, D.S. Jacobs, P. Rosenthal, Treatment of persistent corneal epithelial defect 
with overnight wear of a prosthetic device for the ocular surface, Am J Ophthalmol, 156 (2013) 1095-
1101. 
[292] W. Stevenson, S.K. Chauhan, R. Dana, Dry eye disease: an immune-mediated ocular surface 
disorder, Arch Ophthalmol, 130 (2012) 90-100. 
[293] C.P. Semba, T.R. Gadek, Development of lifitegrast: a novel T-cell inhibitor for the treatment of 
dry eye disease, Clin Ophthalmol, 10 (2016) 1083-1094. 
[294] M.E. Byrne, K. Park, N.A. Peppas, Molecular imprinting within hydrogels, Adv Drug Deliv Rev, 
54 (2002) 149-161. 
[295] A. Rösler, G.W. Vandermeulen, H.A. Klok, Advanced drug delivery devices via self-assembly of 
amphiphilic block copolymers, Adv Drug Deliv Rev, 53 (2001) 95-108. 
[296] J.Z. Hilt, M.E. Byrne, Configurational biomimesis in drug delivery: molecular imprinting of 
biologically significant molecules, Adv Drug Deliv Rev, 56 (2004) 1599-1620. 
[297] W. Wang, A.C.Y. Lo, Diabetic Retinopathy: Pathophysiology and Treatments, Int J Mol Sci, 19 
(2018). 
[298] P. Romero-Aroca, M. Baget-Bernaldiz, A. Pareja-Rios, M. Lopez-Galvez, R. Navarro-Gil, R. 
Verges, Diabetic Macular Edema Pathophysiology: Vasogenic versus Inflammatory, J Diabetes Res, 
2016 (2016) 2156273. 

https://my.clevelandclinic.org/health/diseases/8614-pink-eye-conjunctivitis


 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

[299] C.A. Cook, J.C. Martinez-Camarillo, Q. Yang, N.E. Scianmarello, M.S. Humayun, Y.-C. Tai, 
Phototherapeutic contact lens for diabetic retinopathy,  2018 IEEE Micro Electro Mechanical Systems 
(MEMS), IEEE, 2018, pp. 62-65. 
[300] B. Chu, W. Burnett, J.W. Chung, Z. Bao, Bring on the bodyNET, Nature, 549 (2017) 328-330. 
[301] T. Someya, Z. Bao, G.G. Malliaras, The rise of plastic bioelectronics, Nature, 540 (2016) 379-
385. 
[302] G.B. Arden, J.E. Wolf, Y. Tsang, Does dark adaptation exacerbate diabetic retinopathy? 
Evidence and a linking hypothesis, Vision Res, 38 (1998) 1723-1729. 
[303] L. Sun, W. Jiang, H. Zhang, Y. Guo, W. Chen, Y. Jin, H. Chen, K. Du, H. Dai, J. Ji, B. Wang, 
Photosensitizer-Loaded Multifunctional Chitosan Nanoparticles for Simultaneous in Situ Imaging, 
Highly Efficient Bacterial Biofilm Eradication, and Tumor Ablation, ACS Appl Mater Interfaces, 11 
(2019) 2302-2316. 
[304] J.S. Katz, J.A. Burdick, Light-responsive biomaterials: development and applications, Macromol 
Biosci, 10 (2010) 339-348. 

[305] J.F. Mano, Stimuli‐responsive polymeric systems for biomedical applications, Adv. Eng. 
Mater., 10 (2008) 515-527. 
[306] H.P. Lee, A.K. Gaharwar, Light-Responsive Inorganic Biomaterials for Biomedical Applications, 
Adv Sci (Weinh), 7 (2020) 2000863. 
[307] E.R. Ruskowitz, C.A. DeForest, Photoresponsive biomaterials for targeted drug delivery and 4D 
cell culture, Nat. Rev. Mater., 3 (2018) 1-17. 
[308] P.M. Kharkar, R.A. Scott, L.P. Olney, P.J. LeValley, E. Maverakis, K.L. Kiick, A.M. Kloxin, 
Controlling the Release of Small, Bioactive Proteins via Dual Mechanisms with Therapeutic Potential, 
Adv Healthc Mater, 6 (2017). 
[309] Y.C. Kim, M.D. Shin, S.F. Hackett, H.T. Hsueh, E.S.R. Lima, A. Date, H. Han, B.J. Kim, A. Xiao, Y. 
Kim, L. Ogunnaike, N.M. Anders, A. Hemingway, P. He, A.S. Jun, P.J. McDonnell, C. Eberhart, I. Pitha, 
D.J. Zack, P.A. Campochiaro, J. Hanes, L.M. Ensign, Gelling hypotonic polymer solution for extended 
topical drug delivery to the eye, Nat Biomed Eng, 4 (2020) 1053-1062. 
[310] A.K. Agrawal, M. Das, S. Jain, In situ gel systems as 'smart' carriers for sustained ocular drug 
delivery, Expert Opin Drug Deliv, 9 (2012) 383-402. 
[311] Y.S. Choi, R.T. Yin, A. Pfenniger, J. Koo, R. Avila, K. Benjamin Lee, S.W. Chen, G. Lee, G. Li, Y. 
Qiao, A. Murillo-Berlioz, A. Kiss, S. Han, S.M. Lee, C. Li, Z. Xie, Y.Y. Chen, A. Burrell, B. Geist, H. Jeong, 
J. Kim, H.J. Yoon, A. Banks, S.K. Kang, Z.J. Zhang, C.R. Haney, A.V. Sahakian, D. Johnson, T. Efimova, Y. 
Huang, G.D. Trachiotis, B.P. Knight, R.K. Arora, I.R. Efimov, J.A. Rogers, Fully implantable and 
bioresorbable cardiac pacemakers without leads or batteries, Nat Biotechnol, (2021). 
[312] H. Lee, T.K. Choi, Y.B. Lee, H.R. Cho, R. Ghaffari, L. Wang, H.J. Choi, T.D. Chung, N. Lu, T. Hyeon, 
S.H. Choi, D.H. Kim, A graphene-based electrochemical device with thermoresponsive microneedles 
for diabetes monitoring and therapy, Nat Nanotechnol, 11 (2016) 566-572. 
[313] J. Kim, A.S. Campbell, B.E. de Ávila, J. Wang, Wearable biosensors for healthcare monitoring, 
Nat Biotechnol, 37 (2019) 389-406. 
[314] K. Yamagishi, I. Kirino, I. Takahashi, H. Amano, S. Takeoka, Y. Morimoto, T. Fujie, Tissue-
adhesive wirelessly powered optoelectronic device for metronomic photodynamic cancer therapy, 
Nat Biomed Eng, 3 (2019) 27-36. 
[315] https://clinicaltrials.gov/ct2/show/NCT01735045 
term=contact+lens&phase=0123&draw=2&rank=20. 
[316] https://ClinicalTrials.gov/show/NCT04225611. 
[317] https://ClinicalTrials.gov/show/NCT04500574. 
[318] https://ClinicalTrials.gov/show/NCT03994406. 
[319] https://ClinicalTrials.gov/show/NCT03209505. 
[320] https://ClinicalTrials.gov/show/NCT00889252. 
[321] https://ClinicalTrials.gov/show/NCT04283331. 

https://clinicaltrials.gov/ct2/show/NCT01735045
https://clinicaltrials.gov/show/NCT04225611
https://clinicaltrials.gov/show/NCT04500574
https://clinicaltrials.gov/show/NCT03994406
https://clinicaltrials.gov/show/NCT03209505
https://clinicaltrials.gov/show/NCT00889252
https://clinicaltrials.gov/show/NCT04283331


 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

[322] https://ClinicalTrials.gov/show/NCT03330275. 
[323] https://clinicaltrials.gov/ct2/show/NCT02298400. 
[324] J. Kim, A.S. Campbell, B.E. de Avila, J. Wang, Wearable biosensors for healthcare monitoring, 
Nat Biotechnol, 37 (2019) 389-406. 
[325] M. Yuan, R. Das, E. McGlynn, R. Ghannam, Q.H. Abbasi, H. Heidari, Wireless Communication 
and Power Harvesting in Wearable Contact Lens Sensors, IEEE Sensors Journal, 21 (2021) 12484-
12497. 
[326] J. Yun, Y. Zeng, M. Kim, C. Gao, Y. Kim, L. Lu, T.T.-H. Kim, W. Zhao, T.-H. Bae, S.W. Lee, Tear-
Based Aqueous Batteries for Smart Contact Lenses Enabled by Prussian Blue Analogue 
Nanocomposites, Nano Letters, 21 (2021) 1659-1665. 
[327] J. Park, D.B. Ahn, J. Kim, E. Cha, B.-S. Bae, S.-Y. Lee, J.-U. Park, Printing of wirelessly 
rechargeable solid-state supercapacitors for soft, smart contact lenses with continuous operations, 
Science Advances, 5 (2019) eaay0764. 
[328] A. Vásquez Quintero, R. Arai, Y. Yamazaki, T. Sato, H. De Smet, Near-Field Communication 
Powered Hydrogel-Based Smart Contact Lens, Advanced Materials Technologies, 5 (2020) 2000702. 
[329] C. Jeon, J. Koo, K. Lee, M. Lee, S. Kim, S. Shin, S.K. Hahn, J. Sim, A Smart Contact Lens Controller 
IC Supporting Dual-Mode Telemetry With Wireless-Powered Backscattering LSK and EM-Radiated RF 
Transmission Using a Single-Loop Antenna, IEEE Journal of Solid-State Circuits, 55 (2020) 856-867. 
[330] G.-Z. Chen, I.-S. Chan, L.K.K. Leung, D.C.C. Lam, Soft wearable contact lens sensor for 
continuous intraocular pressure monitoring, Medical Engineering & Physics, 36 (2014) 1134-1139. 
[331] D. Keum, S.K. Kim, J. Koo, G.H. Lee, C. Jeon, J.W. Mok, B.H. Mun, K.J. Lee, E. Kamrani, C.K. Joo, 
S. Shin, J.Y. Sim, D. Myung, S.H. Yun, Z.N. Bao, S.K. Hahn, Wireless smart contact lens for diabetic 
diagnosis and therapy, Science Advances, 6 (2020). 
[332] M. Leonardi, P. Leuenberger, D. Bertrand, A. Bertsch, P. Renaud, First Steps toward 
Noninvasive Intraocular Pressure Monitoring with a Sensing Contact Lens, Investigative 
Ophthalmology & Visual Science, 45 (2004) 3113-3117. 
[333] Z. Dou, J. Tang, Z. Liu, Q. Sun, Y. Wang, Y. Li, M. Yuan, H. Wu, Y. Wang, W. Pei, H. Chen, 
Wearable Contact Lens Sensor for Non-Invasive Continuous Monitoring of Intraocular Pressure, 
Micromachines, 12 (2021) 108. 
[334] M.X. Chu, K. Miyajima, D. Takahashi, T. Arakawa, K. Sano, S.-i. Sawada, H. Kudo, Y. Iwasaki, K. 
Akiyoshi, M. Mochizuki, K. Mitsubayashi, Soft contact lens biosensor for in situ monitoring of tear 
glucose as non-invasive blood sugar assessment, Talanta, 83 (2011) 960-965. 
[335] W. Mokwa, U. Schnakenberg, Micro-transponder systems for medical applications, IEEE Trans. 
Instrum. Meas., 50 (2001) 1551-1555. 
[336] S.R. Khan, S.K. Pavuluri, G. Cummins, M.P.Y. Desmulliez, Wireless Power Transfer Techniques 
for Implantable Medical Devices: A Review, Sensors, 20 (2020) 3487. 
[337] J. Charthad, T.C. Chang, Z. Liu, A. Sawaby, M.J. Weber, S. Baker, F. Gore, S.A. Felt, A. Arbabian, 
A mm-Sized Wireless Implantable Device for Electrical Stimulation of Peripheral Nerves, IEEE 
Transactions on Biomedical Circuits and Systems, 12 (2018) 257-270. 
[338] D. Seo, R.M. Neely, K. Shen, U. Singhal, E. Alon, J.M. Rabaey, J.M. Carmena, M.M. Maharbiz, 
Wireless Recording in the Peripheral Nervous System with Ultrasonic Neural Dust, Neuron, 91 (2016) 
529-539. 
[339] P.-J. Chen, D.C. Rodger, M.S. Humayun, Y.-C. Tai, Unpowered spiral-tube parylene pressure 
sensor for intraocular pressure sensing, Sensors and Actuators A: Physical, 127 (2006) 276-282. 
[340] J. Yan, An unpowered, wireless contact lens pressure sensor for point-of-care glaucoma 
diagnosis,  2011 Annual International Conference of the IEEE Engineering in Medicine and Biology 
Society, 2011, pp. 2522-2525. 
[341] S. Agaoglu, P. Diep, M. Martini, S. Kt, M. Baday, I.E. Araci, Ultra-sensitive microfluidic wearable 
strain sensor for intraocular pressure monitoring, Lab on a Chip, 18 (2018) 3471-3483. 

https://clinicaltrials.gov/show/NCT03330275
https://clinicaltrials.gov/ct2/show/NCT02298400


 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

[342] A. Campigotto, Y. Lai, A novel non-invasive wearable sensor for intraocular pressure 
measurement, MEDICAL DEVICES & SENSORS, 3 (2020) e10086. 
[343] Y. Wang, Q. Zhao, X. Du, Structurally coloured contact lens sensor for point-of-care ophthalmic 
health monitoring, Journal of Materials Chemistry B, 8 (2020) 3519-3526. 
[344] B. Maeng, H.-k. Chang, J. Park, Photonic crystal-based smart contact lens for continuous 
intraocular pressure monitoring, Lab on a Chip, 20 (2020) 1740-1750. 
[345] R. Moreddu, M. Elsherif, H. Butt, D. Vigolo, A.K. Yetisen, Contact lenses for continuous corneal 
temperature monitoring, RSC Advances, 9 (2019) 11433-11442. 
[346] R. Badugu, B.H. Jeng, E.A. Reece, J.R. Lakowicz, Contact lens to measure individual ion 
concentrations in tears and applications to dry eye disease, Analytical Biochemistry, 542 (2018) 84-
94. 
[347] Y.-R. Lin, C.-C. Hung, H.-Y. Chiu, P.-H. Chang, B.-R. Li, S.-J. Cheng, J.-W. Yang, S.-F. Lin, G.-Y. 
Chen, Noninvasive Glucose Monitoring with a Contact Lens and Smartphone, Sensors, 18 (2018). 
[348] G.-Z. Chen, I.-S. Chan, D.C.C. Lam, Capacitive contact lens sensor for continuous non-invasive 
intraocular pressure monitoring, Sensors and Actuators A: Physical, 203 (2013) 112-118. 
[349] M.H. M. Kouhani, J. Wu, A. Tavakoli, A.J. Weber, W. Li, Wireless, passive strain sensor in a 
doughnut-shaped contact lens for continuous non-invasive self-monitoring of intraocular pressure, 
Lab on a Chip, 20 (2020) 332-342. 
[350] C. Jeon, J.Y. Sim, A 2.5-nW Radio Platform With an Internal Wake-Up Receiver for Smart 
Contact Lens Using a Single Loop Antenna, IEEE Journal of Solid-State Circuits, 56 (2021) 2668-2679. 
[351] Y. Huang, G. Yeh, T. Yang, J. Chiou, A contact lens sensor system with a micro-capacitor for 
wireless intraocular pressure monitoring,  SENSORS, 2013 IEEE, 2013, pp. 1-4. 
[352] A. Todani, I. Behlau, M.A. Fava, F. Cade, D.G. Cherfan, F.R. Zakka, F.A. Jakobiec, Y. Gao, C.H. 
Dohlman, S.A. Melki, Intraocular Pressure Measurement by Radio Wave Telemetry, Investigative 
Ophthalmology & Visual Science, 52 (2011) 9573-9580. 
[353] D. Khodagholy, J.N. Gelinas, T. Thesen, W. Doyle, O. Devinsky, G.G. Malliaras, G. Buzsáki, 
NeuroGrid: recording action potentials from the surface of the brain, Nature Neuroscience, 18 
(2015) 310-315. 
[354] S. Maehara, N. Itoh, Y. Itoh, S. Wakaiki, K. Tsuzuki, T. Seno, T. Kushiro, K. Yamashita, Y. 
Izumisawa, T. Kotani, Electroretinography using contact lens electrode with built-in light source in 
dogs, Journal of veterinary medical science, 67 (2005) 509-514. 
[355] K. Kim, H.J. Kim, H. Zhang, W. Park, D. Meyer, M.K. Kim, B. Kim, H. Park, B. Xu, P. Kollbaum, All-
printed stretchable corneal sensor on soft contact lenses for noninvasive and painless ocular 
electrodiagnosis, Nature communications, 12 (2021) 1-11. 
[356] Z. Zhu, L. Jin, F. Yu, F. Wang, Z. Weng, J. Liu, Z. Han, X. Wang, ZnO/CPAN Modified Contact Lens 
with Antibacterial and Harmful Light Reduction Capabilities, Advanced Healthcare Materials, 10 
(2021) 2100259. 
[357] K. Ishihara, K. Fukazawa, V. Sharma, S. Liang, A. Shows, D.C. Dunbar, Y. Zheng, J. Ge, S. Zhang, 
Y. Hong, X. Shi, J.Y. Wu, Antifouling Silicone Hydrogel Contact Lenses with a Bioinspired 2-
Methacryloyloxyethyl Phosphorylcholine Polymer Surface, ACS Omega, 6 (2021) 7058-7067. 
[358] J. Mun, J.w. Mok, S. Jeong, S. Cho, C.-K. Joo, S.K. Hahn, Drug-eluting contact lens containing 
cyclosporine-loaded cholesterol-hyaluronate micelles for dry eye syndrome, RSC Advances, 9 (2019) 
16578-16585. 
[359] R. Singh, S. Bailey, P. Chang, A. Olyaei, M. Hekmat, R. Winoto, 34.2 A 21pJ/frame/pixel Imager 
and 34pJ/frame/pixel Image Processor for a Low-Vision Augmented-Reality Smart Contact Lens,  
2021 IEEE International Solid- State Circuits Conference (ISSCC), 2021, pp. 482-484. 
[360] J. Chen, L. Mi, C.P. Chen, H. Liu, J. Jiang, W. Zhang, Design of foveated contact lens display for 
augmented reality, Opt. Express, 27 (2019) 38204-38219. 
[361] K.R. Martin, K. Mansouri, R.N. Weinreb, R. Wasilewicz, C. Gisler, J. Hennebert, D. Genoud, T. 
Shaarawy, C. Erb, N. Pfeiffer, G.E. Trope, F.A. Medeiros, Y. Barkana, J.H.K. Liu, R. Ritch, A. Mermoud, 



 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

D. Jinapriya, C. Birt, I.I. Ahmed, C. Kranemann, P. Höh, B. Lachenmayr, Y. Astakhov, E. Chen, S. Duch, 
G. Marchini, S. Gandolfi, M. Rekas, A. Kuroyedov, A. Cernak, V. Polo, J. Belda, S. Grisanti, C. 
Baudouin, J.-P. Nordmann, C.G. De Moraes, Z. Segal, M. Lusky, H. Morori-Katz, N. Geffen, S. Kurtz, J. 
Liu, D.L. Budenz, O.R.J. Knight, J.C. Mwanza, A. Viera, F. Castanera, J. Che-Hamzah, Use of Machine 
Learning on Contact Lens Sensor–Derived Parameters for the Diagnosis of Primary Open-angle 
Glaucoma, American Journal of Ophthalmology, 194 (2018) 46-53. 
[362] M. Veli, A. Ozcan, Computational Sensing of Staphylococcus aureus on Contact Lenses Using 
3D Imaging of Curved Surfaces and Machine Learning, ACS Nano, 12 (2018) 2554-2559. 
[363] K. Qian, Z. Zhang, Y. Yamamoto, B.W. Schuller, Artificial Intelligence Internet of Things for the 
Elderly: From Assisted Living to Health-Care Monitoring, IEEE Signal Processing Magazine, 38 (2021) 
78-88. 
[364] R.F. Mansour, A.E. Amraoui, I. Nouaouri, V.G. Díaz, D. Gupta, S. Kumar, Artificial Intelligence 
and Internet of Things Enabled Disease Diagnosis Model for Smart Healthcare Systems, IEEE Access, 
9 (2021) 45137-45146. 
[365] J.B. Ciolino, C.F. Stefanescu, A.E. Ross, B. Salvador-Culla, P. Cortez, E.M. Ford, K.A. Wymbs, S.L. 
Sprague, D.R. Mascoop, S.S. Rudina, S.A. Trauger, F. Cade, D.S. Kohane, In vivo performance of a 
drug-eluting contact lens to treat glaucoma for a month, Biomaterials, 35 (2014) 432-439. 
[366] S. Liu, X. Zhao, J. Tang, Y. Han, Q. Lin, Drug-Eluting Hydrophilic Coating Modification of 
Intraocular Lens via Facile Dopamine Self-Polymerization for Posterior Capsular Opacification 
Prevention, ACS Biomaterials Science & Engineering, 7 (2021) 1065-1073. 
[367] N. Cheng, D. Fromer, Understanding the FDA Device Approval Process in FPMRS, Current 
Bladder Dysfunction Reports, 16 (2021) 46-51. 
[368] M. Vianya-Estopa, J.S. Wolffsohn, E. Beukes, M. Trott, L. Smith, P.M. Allen, Soft contact lens 
wearers' compliance during the COVID-19 pandemic, Cont Lens Anterior Eye, 44 (2021) 101359. 
[369] R. Nuzzi, L.L. Carucci, F. Tripoli, COVID-19 and ocular implications: an update, J Ophthalmic 
Inflamm Infect, 10 (2020) 20. 
[370] G. Giannaccare, S. Vaccaro, A. Mancini, V. Scorcia, Dry eye in the COVID-19 era: how the 
measures for controlling pandemic might harm ocular surface, Graefes Arch Clin Exp Ophthalmol, 
258 (2020) 2567-2568. 
[371] L. Jones, K. Walsh, M. Willcox, P. Morgan, J. Nichols, The COVID-19 pandemic: Important 
considerations for contact lens practitioners, Cont Lens Anterior Eye, 43 (2020) 196-203. 
[372] N.M. Linton, T. Kobayashi, Y. Yang, K. Hayashi, A.R. Akhmetzhanov, S.M. Jung, B. Yuan, R. 
Kinoshita, H. Nishiura, Incubation Period and Other Epidemiological Characteristics of 2019 Novel 
Coronavirus Infections with Right Truncation: A Statistical Analysis of Publicly Available Case Data, J 
Clin Med, 9 (2020). 
[373] https://www.technology.org/2020/08/18/new-contact-lens-might-be-used-for-treatment-of-
covid-19/. 
[374] E. Drevon-Gaillot, Ocular medical devices: histologic technique and histopathologic evaluation 
of the biocompatibility and performance, Toxicologic pathology, 47 (2019) 418-425. 
[375] B. Iso, B. STANDARD, Biological evaluation of medical devices, Part, 1 (2009) 10993. 
[376] A. Ruiz-Pomeda, C. Villa-Collar, Slowing the Progression of Myopia in Children with the MiSight 
Contact Lens: A Narrative Review of the Evidence, Ophthalmology and Therapy, (2020) 1-13. 
[377] F.L. Prieto-Garrido, J.L.H. Verdejo, C. Villa-Collar, A. Ruiz-Pomeda, Predicting factors for 
progression of the myopia in the MiSight assessment study Spain (MASS), Journal of Optometry, 
(2021). 
[378] G.E. Dunbar, B.Y. Shen, A.A. Aref, The Sensimed Triggerfish contact lens sensor: efficacy, 
safety, and patient perspectives, Clinical Ophthalmology (Auckland, NZ), 11 (2017) 875. 
[379] M. Jain, S. Lal, Intraocular penetration of carbenicillin gentamicin and chloramphenicol 
with'Sauflon 85'soft contact lenses, Indian journal of ophthalmology, 31 (1983) 645. 

https://www.technology.org/2020/08/18/new-contact-lens-might-be-used-for-treatment-of-covid-19/
https://www.technology.org/2020/08/18/new-contact-lens-might-be-used-for-treatment-of-covid-19/


 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

[380] M. Jain, Drug delivery through soft contact lenses, British journal of ophthalmology, 72 (1988) 
150-154. 
[381] D. Kalayci, N. Basci, S. Kortunay, H. Hasiripi, A. Bozkurt, Penetration of topical ciprofloxacin by 
presoaked medicated soft contact lenses, The CLAO journal: official publication of the Contact Lens 
Association of Ophthalmologists, Inc, 25 (1999) 182-184. 
[382] J. Bailey, P.B. Morgan, H.F. Gleeson, J.C. Jones, Switchable liquid crystal contact lenses for the 
correction of presbyopia, Crystals, 8 (2018) 29. 

 

 

Yangzhi Zhu is currently a Terasaki Fellow (faculty) at the Terasaki Institute 

for Biomedical Innovation (TIBI). He was previously a postdoctoral researcher 

in the Nanoengineering department at the University of California, San Diego 

in 2020. He received his Ph.D. degree in Chemical Engineering from the 

University of California, Riverside in 2019. His recent work focuses on smart 

contact lenses, flexible electronics, and wearable sensors for personalized 

healthcare.  

 

Shaopei Li is currently a postdoctoral researcher at the Terasaki Institute for 

Biomedical Innovation in Los Angeles, CA, USA. He received his H.B.Sc. 

degree in Biochemistry and Biology from the University of Toronto (Toronto, 

Canada) in 2016. He then pursued and received his Ph.D. degree in Chemistry, 

in the analytical stream, with a sub-specialization in Electrochemical Biosensors 

from the University of Toronto (Toronto, Canada) in 2021. His research 

interests focus mainly on smart contact lenses, nanocomposites' application in 

biosensors, and integrating novel hydrogel materials for biosensing 

applications. 

 

Jinghang Li is currently a visiting scholar at  Terasaki Institute for Biomedical 

Innovation (TIBI) with a focus on wearable bioelectronics. He is also a 4th year 

B.S. student at Wuhan Institute of Technology with a major in Materials 

Chemistry. In the past, Jinghang did his research training at Westlake University 

and Harvard Medical School, respectively. Jinghang aspires to deploy 

interdisciplinary methods to develop functional (bio)materials to boost their 

medical/clinical applications for human health.  

 

Han-Jun Kim received his D.V.M. from Konkuk University, South Korea in 

2012. He then obtained a Ph.D. in Veterinary Pathology from Konkuk 

University in 2018. In 2018, he joined the University of California, Los Angeles 

(UCLA) as a postdoctoral research fellow in the Division of Bioengineering. 

Currently, he is an Assistant Professor at the Terasaki Institute for Biomedical 

Innovation. His research focuses on analyzing the effects of biomedical 



 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

technology on implanted hosts using animal models of human disease. His recent work focuses on 

developing biocompatible injectable hydrogel for minimally invasive therapeutics. 

 

Ali Khademhosseini is the CEO/Director of the Terasaki Institute for 

Biomedical Innovation. Formerly, he was Levi Knight Professor of 

Bioengineering, Chemical Engineering, and Radiology at the University of 

California-Los Angeles (UCLA) and prior to that a Professor and Center 

Director at Harvard University. He is recognized as a leader in combining 

microengineering and nanoengineering approaches with advanced 

biomaterials for regenerative medicine applications. 

 

 

Lab-on-a-Contact Lens: Recent Advances and Future Opportunities in Diagnostics and 

Therapeutics 

 

Yangzhi Zhu#*, Shaopei Li#, Jinghang Li#, Natashya Falcone, Qingyu Cui, Shilp Shah, 

Martin C. Hartel, Ning Yu, Patric Young, Natan Roberto de Barros, Zhuohong Wu, Reihaneh 

Haghniaz, Menekse Ermis, Canran Wang, Heemin Kang, Junmin Lee, Solmaz Karamikamkar, 

Samad Ahadian, Vadim Jucaud, Mehmet R. Dokmeci,  Han-Jun Kim*, Ali Khademhosseini*   

 

 

 
 

 

 



 

 

                                                                                                                                              

 
This article is protected by copyright. All rights reserved. 

 

Short text for the Journal’s Table of Contents: 

A smart contact lens (SCL) platform can be applied as an ideal interface between the human 

body and electronic device for wearable healthcare applications. This review provides recent 

progress and future opportunities of SCL for diagnostic and therapeutic applications. 

Specifically, this work summarizes the state of the art in material synthesis, device 

manufacturing, and system integration for SCLs, followed by an extensive discussion in 

SCLs as an effective diagnostic and therapeutic tool.  

 
 

 


