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ABSTRACT

Introduction: Eye drops are commonly used for delivering ophthalmic drugs despite many deficiencies
including low bioavailability and poor compliance. Contact lenses can deliver drugs with high bioavail-
ability but commercial contacts release drug rapidly, limiting benefits and necessitating modifications
to improve the drug release characteristics.

Areas covered: This review covers the common approaches to prolong the release rates of drugs from
contact lenses including molecular imprinting, incorporation of nano/microparticles, vitamin-E barriers,
and layered/implant contact lenses. It also evaluates their suitability for commercialization and dis-
cusses challenges that need to be addressed before commercialization is possible.

Expert opinion: In spite of many benefits of contact lenses compared to eye drops, a drug-eluting
contact lens has not emerged in the market due to many reasons including potential safety risks,
patient and practitioner acceptance, and production and storage factors. Importantly, changes in the
critical lens properties must also be considered such as ion and oxygen permeability, loss in modulus,
optical and swelling properties, and protein adherence upon drug loading. Many technologies have
addressed scientific and commercialization challenges and are currently being tested both in animal
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and clinical studies. It is likely that a drug-eluting contact lens will be commercialized in the future.

1. Introduction

The current market for ophthalmic drugs is dominated by eye
drop formulations which accounts for about 90% of treat-
ments of common anterior segment diseases such as bacterial
and fungal infections, conjunctivitis, dry eye, cystinosis, and
glaucoma [1-3]. In the United States, there are over 3 million
people plagued by glaucoma alone [4]. The use of eye drops
to treat the diseases may require multiple instillations daily,
and with glaucoma, the treatment commonly requires multi-
ple drugs [5]. This reduces patient compliance which is
a critical issue in managing many diseases. The requirement
of multiple instillations results from the low bioavailability of
eye drops ranging from about 1-5% [6]. The low bioavailability
of eye drops leads to higher therapeutic concentration
requirements and thus concerns regarding toxicity. Low bioa-
vailability can be explained as the human tear film has
a volume of around 7 pL which is maintained by a balance
between tear secretion via lacrimal glands and drainage
through the canaliculi into the nasal cavity [7], whereas an
eyedrop has a volume of approximately 30 pL. Addition of the
30 yL causes the volume of the tear film to undergo a sub-
stantial increase in size and, rapid drainage occurs to restore
the steady state volume [8]. This results in a large amount of
the drug to drain out through those routes in a short time
span. Plus, the drop may spill out of the eye itself as a major
route of loss.

The surface of the cornea comprises epithelial cells with
tight junctions in between which forms a strong barrier

against permeation of compounds from the tears. The low
permeability and rapid clearance of drugs from the tears
result in low bioavailability, and a potential for undesired
side effects due to transport of the remainder of the drug
into blood and then into other tissues [9]. Another drawback
with eye drop formulations is the use of preservatives which
has been shown to cause cell toxicity [10]. Researchers have
devised many modifications of eye drop formulations by
encapsulating the drugs in nanoparticles, adding mucoadhe-
sives, or simply increasing the viscosity. However, even
increasing the residence time cannot significantly increase
transport into the cornea as a large fraction of the drug in
the tears also diffuses through the conjunctiva, which has
a much larger surface area and permeability than the cornea
[11,12]. As the conjunctival stroma is highly vascular, this can
lead to elimination of the instilled dose from the pre-corneal
area within ~90 seconds and to systemic uptake. Systemic
uptake of certain drugs can lead to undesired side effects; for
example, systemic uptake of the [-adrenergic receptor
blocker, timolol, can cause effects in the heart [13]. Plus,
the conjunctiva have structural barriers (i.e. tight junctions)
and enzymatic barriers that limit the penetration of thera-
peutics across the conjunctiva [14]. Thus, even with the
above modifications to the formulations, the bioavailability
with eye drops remains low. Therefore, this is a critical need
for novel drug delivery methods and devices that can
increase the bioavailability, reduce or eliminate the need for
preservatives, and improve patient compliance.
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Article highlights

o . Contact lenses are significantly more efficient than eye drops for
ophthalmic drug delivery.

o Drug release duration can be extended by many approaches includ-
ing molecular imprinting, vitamin E barriers, nanoparticles, and multi-
layered/implant lenses.

o Commercialization challenges for each method are discussed includ-
ing manufacturing, storage, and animal studies.

o Impact of drug extension methods on critical lens properties such as
transparency and oxygen permeability was explored.

o Expert opinion on future prospects of commercialization

This box summarizes key points contained in the article.

The deficiencies of the eye drop formulations for glau-
coma therapy were addressed by Ocusert®, a pilocarpine
releasing insert that was placed in the cul-de-sac of the
eye. Ocusert® produced a constant reduction in IOP for
over 7 days with one-eighth of the eye drop dose, which
improved patient compliance [15]. Unfortunately, Ocusert®
has been discontinued due to retention problems and burst
release issues [16]. Many devices have been explored for
delivering ophthalmic drugs including fornix inserts like
Ocusert®, puncta plugs, drug-eluting rings, and contact
lenses. Each of these types of devices offers advantages
compared to eye drops for improved bioavailability, but
each has its own set of challenges. Amongst these devices,
it is clear that a contact lens will offer the highest bioavail-
ability for delivering drugs to the anterior chamber because
of its position in the eye. Drug released by the contact lens
toward the cornea will invariably diffuse into the tissue
because the time needed for the drug molecules to diffuse
out radially is much longer than the time for transport into
the cornea. For any other device, the drug released will be
exposed to the same clearance pathways as eye drops and
so the improvements in bioavailability may not be as high
as for contact lenses.

When considering potential devices for delivering drugs to
the eyes, contact lenses are an obvious choice because mil-
lions of subjects (approximately 100 million people in 2006
[17]) have been safely wearing contacts for decades.
Therefore, it is expected that drug-delivering contact lenses
would have higher patient compliance than eyedrop formula-
tions which require multiple installments daily. Most contact
lenses are hydrogels, often made from silicone, which can be
loaded with drugs either through dissolving the drug into the
water phase of the lens [18-21] or through binding the ther-
apeutic to the polymer matrix [22,23]. The significant advan-
tage of drug release from contact lenses vs. conventional
methods such as eye drops is the drug released from the
contact lens has a longer residence time in the post lens tear
film (POLTF) than eye drop residence time in the tear film; this
leads to higher flux into the cornea from lenses than from the
application of eye drops [24-27]. Further, contact lenses will
reduce the drug inflow into the nasolacrimal sac, which will
reduce uptake into the bloodstream [28]. Another advantage
is that the release profile from a contact lens could be tuned

for specific diseases and dosing regimens (i.e. to be zero or
first-order release). It is therefore not surprising that research-
ers patented using contact lenses for delivering ophthalmic
drugs in 1972 [29]; however, no drug-eluting contact lenses
have yet been translated to the market.

There are insufficiencies to the drug-releasing lenses that
may explain the lack of commercialization. Initial attempts
for delivering drugs by contacts were based on soaking the
lenses in drug solution until equilibrium to load the drug,
followed by placement on the eye for release. This simple
approach can accomplish delivery but cannot be used for
extended release beyond a short duration of a few hours
[30-37]. The soaked contact lenses may provide more effi-
cient drug delivery than eye drops, but the short duration
of release limits the potential benefits particularly for dis-
eases that require multiple eye drops each day. Another
major drawback of the soaking approach is that the loading
capacity is limited by the equilibrium solubility of the drug
in the lens matrix, which could be inadequate for some
drugs [18,38-40]. Additionally, the soaking method takes
several hours for drug loading into the lens. A further
issue with contact lenses is they cause hypoxia, i.e. reduced
oxygen and increased carbon dioxide, in POLTF when worn
for extended time periods. Silicon-hydrogel copolymers with
high oxygen transmissibility were synthesized in response
to this issue but were still shown to have adverse effects
after extended wear such as microbial keratitis [41] and
papillary conjunctivitis [42]. As of yet, no drug-eluting lenses
have made it to market, although ACUVUE® has released
lenses with a photochromic additive [43]. Plus, incorporation
of drugs into contact lenses can potentially alter key lens
properties such as transparency, ion and oxygen permeabil-
ity, lubricity, and protein binding.

In the last couple of decades, several techniques, such as
molecular imprinting, cyclodextrins [44], liposomal laden lenses
[45], vitamin E diffusion barriers [5,34,46], micro and nanoparticle
loaded lenses [47], multi-layered lenses [37], and supercritical
solvent impregnation [48], have been developed to address the
issue of short release durations and inadequate drug loading.
These methods have been shown to deliver drugs from contact
lenses at controlled rates for extended periods of days, weeks, or
even longer. A number of recent reviews of drug-eluting contact
lenses have presented accounts of research in this area [28,49-
51]. The main focus of this review is to build on previous reviews
by covering the technologies that have addressed the described
challenges (e.g. short release durations, inadequate drug load-
ing) and the associated considerations for each described tech-
nology that must be addressed before commercialization. In
particular, molecular imprinting, vitamin-E barriers, micro and
nanoparticles, and multi-layer lenses are analyzed for their past
studies, benefits, and considerations for commercialization.
These are summarized in Table 1.

2. Molecular imprinting
2.1. Background

Molecular imprinting is a technique that involves manipula-
tion of the hydrogel structure to create higher affinity for the
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Table 1. Challenges and benefits toward commercialization of the various methods used to prolong drug release from contact lenses.

Method for extending
drug release

Challenges for commercialization

Benefits

Molecular imprinting
permeability for extended wear

« Further animal studies are required which evaluate safety of the lenses

« Lenses can deform after drug release

« Many studies focused on HEMA, which does not have adequate oxygen

« Tunable release profiles

« Animal studies have demonstrated pharmacokinetics
and efficacy
+ Minimal additional manufacturing costs

« Requires optimization of template/functional monomer for each drug

system

« May be difficult to release more than one therapuetic due to the

monomer/crosslinker needed

« Further studies on storage and shelf-life are required
« Amount of vitamin-E is limited due to its effect on lens properties

Vitamin-E barriers

« Further animal studies are require to evaluate drug concentration in the

tear film over time
« Must control ‘burst’ release in the formulations

Nano and microparticles

« Further animal studies demonstrating safety are needed

« Amount of particles is limited due to effect on lens properties
« Nanocavaties can be created in lenses after particle dissolution

« Vitamin-E can be directly incorporated into commercial
lenses
- Animal studies demonstrated efficacy

+ Minimal additional manufacturing costs

+ Adds UV protection to the lenses

« Vitamin-E has been shown to slow cataract
development

« Lenses can be stored in drug solutions due to
equilibrium loading method

- Particles can be made from a variety of materials

« Animal studies have demonstrated pharmacokinetics
and efficacy

« Storage has been evaluated for some formulations for
extended time periods

« Requires an additional manufacturing step for particle synthesis

+ ‘Burst’ release
+ Many previous studies used HEMA based lenses
Multi-layer lenses and
implantation

+ Many studies focused on HEMA
- Animal studies for long-term safety are required

» Complex manufacturating

- Layers are limited by their effect on lens properties
« PLGA creates acidic environment upon degradation

- Storage has been successful for dried lenses

« Animal studies have demonstrated pharmacokinetics
and efficacy

« Zero-order release can be achieved in these systems

« Incorporation of ring implants preserves overall lens
properties

- Storage has been shown in previous studies

drug of interest [52]. To produce molecularly imprinted hydro-
gels, the template molecule (i.e. the drug of interest for release)
is polymerized with functional monomers and crosslinkers
which can interact with the template molecule (Figure 1) [53].
The monomers and crosslinkers can be chosen to mimic the
interaction between the drug and the target receptor in the
body because it is already known to have a strong binding
interaction and results [54,55]. Once polymerized, the
unreacted monomer and template molecule are extracted to
leave behind the high-affinity pockets. The lenses are then
soaked in a template molecule solution to load the drugs of
interest. Some of the most common monomers and crosslinkers
used to customize the gel matrix are acrylic acid (AA), acetic
acid (HAc), acrylamide (AC), N,N-diethylacrylamide (DEAA),
methacrylic acid (MAA), methyl methacrylate (MMA), N-vinyl
2-pyrrolidine (NVP), 4-vinyl-pyridine (VP), N-(3-aminopropyl)
methacrylamide  (APMA), hydroxypropyl methylcellulose
(HPMCQ), N,N-diethylaminoethyl methacrylate (DEAEM), poly
(ethylene glycol) (200) dimethacrylate (PEG200DMA), and N,N’-
methylenebisacrylamide (NN-MBA) [55-58].

The process of molecular imprinting increases the overall
partition coefficient of the drug in the lens and decreases the
effective diffusivity through the hydrogel. Some of the early
work on the use of molecular imprinting for controlled release
from contact lenses focused on timolol, which is a commonly
used drug for managing glaucoma [59-61]. Hiratani et al. used
dimethyl acrylamide (DMA) and methacryloxypropyl-tris-

(trimethylsiloxy) silane (TRIS), as backbone monomers, MAA
as the functional monomers, and ethylene glycol dimethacry-
late (EGDMA) for the crosslinking agent [59]; all synthesized
formulations with template molecule timolol had optical
transparency, comparable mechanical strength, and similar
water contents. This study showed that adjustment of the
template:functional monomer ratio and the functional mono-
mer/cross-linker ratio can significantly affect the drug release
profile, extending the release duration from 5 to 72 h [59].
Timolol binding to the MAA is expected to be ionic or by
hydrogen binding with the amino, ether, and hydroxy groups
of the timolol; this study found that when using a lower
timolol: MAA ratio, more effective cavities can be created
with greater multi-point association. Plus, Wulff et al. found
that after the removal of the template molecules, the cavities
can relax and lose their original structure [62]. Matrix swelling
can also cause an irreversible change in the shape of cavities
so that they cannot take up the template again. This supports
that finding that the ratio of template/functional monomer is
critical in the formation of molecularly imprinted hydrogels as
they must maintain the conformation to have a high enough
affinity to recognize the template while also allowing the
template to be removed and reloaded [63]. Another study
[60] produced 2-hydroxyethylmethacrylate (HEMA) lenses
with EDGMA crosslinker in the presence of MAA (functional
monomer), MMA (functional monomer), and timolol maleate,
and showed that use of MAA as a comonomer increased the
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Figure 1. Imprinting Process. (a) Solution mixture of template, functional monomer(s) (triangles and circles), crosslinking monomer, solvent, and initiator (1). (b) The
pre-polymerization complex is formed via covalent or non-covalent chemistry. (c) The formation of the network. (d) Wash step where original template is removed.
(e) Rebinding of template. (f) In less crosslinked systems, movement of the macromolecular chains will produce areas of differing affinity and specificity (filled
molecule is isomer of template). Reprinted from Advanced Drug Delivery Reviews, Vol 4 Issue 1, Mark Bryne, Kinam Park, Nicholas A. Peppas, Molecular Imprinting
within Hydrogels, 149-161, Copyright 2002, Reference [53] with permission from Elsevier.

timolol loading to therapeutically relevant levels and main-
tained suitable release characteristics. Moreover, a study by
Yafez et al. [61] used isothermal titration calorimetry to iden-
tify the optimal timolol: functional monomer (AA) ratios for
sustained release from HEMA-based hydrogels. Ratios of 1:6
and 1:8 loaded less timolol than smaller ratios 1:12, 1:16 and
1:32, but sustained release for longer time periods (up to
2 weeks for the 0.9 mm thick hydrogels).

There are many other studies that focused on hydrophi-
lic, hydrophobic, and amphiphilic drugs and showed
increases in drug release durations [64-66]. For example,
Tieppo et al. [64] synthesized molecularly imprinted HEMA
lenses with DEAEM (functional comonomer) and
PEG200DMA (crosslinker) for the sustained release of non-
steroidal anti-inflammatory drug (NSAID) diclofenac sodium.
This study showed that without DEAEM there was negligible
binding, and by manipulating the DEAEM: diclofenac ratio,
macromolecular memory sites within the gel could be engi-
neered for optimal release kinetics (i.e. zero-order release
for 2 days). Another study [65] created HEMA lenses with VP
and AMPA to release NSAIDs ibuprofen and diclofenac and
showed that incorporating the functional monomers did not
significantly affect viscoelastic properties of the hydrogel

but did significantly increase loading of the NSAIDs. The
developed HEMA gels were able to sustain release of ibu-
profen up to 24 h and up to 1 week for the diclofenac.
A study by Hui et al. [66] synthesized some of the first
molecularly imprinted silicone-based hydrogels with AA
and HAc comonomers for the release of antibiotic ciproflox-
acin. Release was achieved up to 14 days dependent on the
concentration of functional monomer and functional mono-
mer:template ratio. Greater monomer: template ratio (8:1
and 16:1) resulted in longer release periods where lower
ratios (4:1) released higher amounts of ciprofloxacin into
solution over a shorter time period [66]. While most
research has focused on delivery of single small molecule
drugs, a study by White et al. [67] developed molecularly
imprinted silicone lenses for the simultaneous release of
hydroxypropyl methylcellulose (HPMC), trehalose, ibuprofen,
and prednisolone. This study also shows the feasibility of
releasing high molecular weight molecules such as HPMC
using molecular imprinting [67]; other studies have also
released relatively high weight molecules such as antimicro-
bial peptides [68] and hyaluronic acid (HA) [57]. Overall,
these studies have shown that molecular imprinting can
be used to prolong the release of several relevant



ophthalmic drugs from contact lenses. They have also
demonstrated findings which are imperative to the design
of functional molecularly imprinted lenses: the choice of
template and functional monomer must be compatible,
the template: functional monomer ratio must be optimized
to produce cavities with high enough affinity for the mole-
cule but also allow for the template to be removed and
reloaded, and amount of cross-linker must also be opti-
mized for the hydrogel to maintain its structure while also
allowing the template molecule to be released. The func-
tional monomer-crosslinker interaction must also be con-
sidered, as the crosslinker choice has been linked to
changes in the template recognition behavior [69].

2.2. Considerations for commercialization

It is important to evaluate the effect of molecular imprinting
on the properties of the contact lens before commercializa-
tion. Contact lenses must have very defined optical and
mechanical properties, in addition to ion and oxygen perme-
ability. Thus, the functional monomers that can be used and
the degree of crosslinking are restricted. This may also limit
the maximum amount of drug loaded. A majority of optimiza-
tion studies have been focused on HEMA which is not ideal for
extended wear. However, more recent studies have been
performed with silicone hydrogels which is more oxygen-
permeable [66]. A study by Venkatesh et al. [70] showed that
molecular imprinting did not have a significant effect on the
swelling ratios of the hydrogel compared to control HEMA
gels; a study by Alvarez-Lorenzo et al. [60] also showed that
molecular imprinting did not significantly affect swelling and
transparency of HEMA lenses. Another study using molecularly
imprinted silicone lenses to release hydroxypropyl methylcel-
lulose showed that using EGDMA and PEG200DMA as cross-
linking molecules resulted in lenses with acceptable optical
clarity and modulus values [71]; the authors noted that numer-
ous other crosslinking agents were evaluated that did not
result in acceptable lens properties [72]. A further study [59]
using silicone-based lenses made from TRIS and DMA for
timolol release showed that the lenses retained optical trans-
parency and good mechanical strength after being imprinted
with MAA and crosslinker EGDMA; the water content of the
lenses was shown to be dependent on the amount of EGDMA
used. Taken together, these results indicate the ideal lens
properties can be maintained through the molecular imprint-
ing process but that optimization for each lens/monomer/
template will need to be performed. Moreover, it also needs
to be considered that there can be a change in module
following drug release.

Importantly, animal studies have demonstrated safety and
pharmacokinetics from the imprinted contact lenses [58,63].
An in vivo study [63] using Male Nippon albino rabbits and N,
N-diethylacrylamide (DEAA) lenses modified with MAA and
EGDMA for timolol release provided measurable timolol con-
centrations in the tear fluid 2 and 3 times longer than control
lenses and eyedrops. Another in vivo study [58] used Male
New Zealand white rabbits to test the efficacy of HEMA lenses
with AA, AM, NVP, and PEG200DMA to release ketotifen fuma-
rate; the results showed the lenses could sustain a constant
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concentration of drug in the tear film for up to 26 h, whereas
non-imprinted lenses only sustained release for 10 h. Before
commercialization, more in vivo studies will be required to
show safety of these molecularly imprinted systems and that
they do not induce corneal hypoxia, irritation, inflammatory
responses, or adverse changes in tear volume or intraocular
pressure.

As for manufacturing, the imprinted lenses can be manu-
factured using the same approach as current manufacturing
protocols for lenses and stored for extended periods without
any impact on subsequent drug release. The imprinted lenses
could be produced through the same approach of polymer-
ization in molds as is currently done in contact lens industry.
One study showed molecularly imprinted HEMA lenses could
be stored in water for 24 h with minimal release of therapeu-
tic, but have relevant release profiles in lachrymal fluid [73].
Due to the required optimization process for template/poly-
mer/monomer/crosslinker, the design and scale-up of molecu-
larly imprinted lenses could be tricky when the treatment
requires more than one drug. In addition, implementing
more than one therapeutic may negatively impact the lens'
optical and physical properties due to the required monomer/
crosslinker needed. However, an advantage of imprinting is
control over release rate via polymer properties. The degree of
control using the imprinting process has been shown to be
higher than other methods and is one of the main attractions
of this method.

Altogether, molecularly imprinted lenses have promise for
commercialization as they extend therapeutic release to clini-
cally relevant time periods and increase corneal bioavailability.
However, more in vivo studies are required to assure the
safety of the lenses, and it may be difficult to commercialize
any lenses with multiple therapeutics which may limit their
utility.

3. Vitamin-E barriers
3.1. Background

Nanoaggregates of vitamin-E can be incorporated into con-
tact lenses to function as diffusion barriers for drugs and
slow down their release (see Figure 2). Vitamin-E (D-a toco-
pherol), a yellow-brown viscous liquid is a lipid-soluble
antioxidant and a commonly used dietary supplement.
Besides serving as a diffusion barrier, prior research shows
the ocular benefits of vitamin-E including slowing down the
progression of cataract development [74] and inhibiting
keratocyte apoptosis following photorefractive keratectomy
(PRK) surgery [19]. Being lipophilic in nature, vitamin-E read-
ily dissolves in organic solvents such as ethanol; thus, vita-
min-E is integrated into contact lenses by soaking an
unmodified control lens in vitamin-E concentrated ethanol
solution. The hydrogel lens swells in ethanol owing to poly-
mer relaxation, enabling pore size expansion within the
hydrogel matrix. This allows the vitamin-E to partition into
the lens and bind to the long-chain polymer units in the
matrix. The soaked hydrogel is left for 24 h to ensure
equilibration at room temperature (25°C). The swollen gel
is later removed from the vitamin-E/ethanol solution and
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Figure 2. Vitamin-E diffusion barriers in a contact lens create a longer diffusion path for the drug into the tear film. Image courtesy of Kuan-Hui Hsu.

rinsed in PBS to shrink it to the pre-deformed shape and
stored in phosphate-buffered solution or dried until further
experiments [19,20,75-78]. The vitamin-E remains in the lens
due to the inherent hydrophobicity, high viscosity, and
negligible solubility in PBS solution [5,19,46,75-80].
Chauhan et al. investigated the effect of vitamin-E diffusion
attenuators in commercial lenses including ACUVUE®
NIGHT&DAY™, ACUVUE® OASYS™, ACUVUE® ADVANCE™, O,
OPTIX™, and PureVision™ on extended delivery of
ophthalmic drugs [77]. Timolol (beta-blocker and a glaucoma
medication), fluconazole (anti-fungal), and dexamethasone 21-
disodium phosphate (anti-inflammatory corticosteroid) were
the test drugs in these studies. Release experiments were
conducted by soaking the drug and vitamin-E loaded lens in
2 ml of PBS and measuring the dynamic drug concentration in
solution using an UV-Vis spectrophotometer. Thus, it should
be noted that in vivo studies may show different release
results. Studies on ocular delivery of timolol by vitamin-
E-loaded lenses demonstrated an increase in release durations
from ~1.5 h with no vitamin-E to ~43 h for 27% vitamin
E loading and ~192 h for 74% vitamin E loading in the
NIGHT&DAY™ lens [77]. Similar results were observed for
transport of both fluconazole and dexamethasone 21-
disodium phosphate. It was also demonstrated for the inves-
tigated drugs that the extent of time scale of release showed
a quadratic increase when correlated with the fraction of
vitamin-E loading in commercial lenses [77]. The disparities
in release durations of these three drugs are attributed to
differences in molecular weight and partition coefficient.
Interestingly, vitamin-E also attenuates the release of hydro-
phobic drugs such as dexamethasone, but the relative
increase in the release durations is much less than that for
the hydrophilic counterpart [78]. In this case, solute dissolu-
tion into the hydrophobic nanoaggregates of vitamin-E pro-
vides additional resistance to solute transport through the gel
matrix. The release duration of dexamethasone increases from
4.5 h (with no vitamin E) to 12 days in NIGHT&DAY™ lenses
with 27% vitamin-E loading [78]. Vitamin-E-loaded lenses have
also been synthesized and shown to increase release duration

of cyclosporine (for dry eyes treatment) [75], betaine (osmo-
protectant) [80], dexpanthenol (moisturizing agent) [80],
cysteamine (for treatment of cystinosis) [81], pirfenidone (anti-
inflammatory, antifibrotic) [34], and more.

A recent study combined vitamin-E technology with catio-
nic surfactants, cetalkonium chloride, and stearylamine, in
order to improve the drug loading capacity of three different
NSAIDS (ketorolac tromethamine, flurbiprofen sodium, and
diclofenac sodium) into ACUVUE® OASYS™ and ACUVUE®
TruEye™ lenses [82]. First, it was shown that for lenses with
11% and 21% vitamin-E loading, release of ketorolac tro-
methamine and flurbiprofen sodium is extended from hours
to several days but that the overall amount of drug released
was reduced. By incorporating the cationic surfactants, the
authors were able to extend release while maintaining drug
loading capabilities of the lenses [82]. Another recent study
loaded vitamin-E barriers into ACUVUE® OASYS™ and
ACUVUE® TruEye™ lenses for the extended release of oflox-
acin to treat corneal infections [83]. The results showed that
incorporation of the vitamin-E barriers significantly prolonged
release profiles for both lens types (p < 0.05) and release was
achieved for up to 4 days [83].

Overall, these studies have shown that vitamin-E can be
incorporated into commercially available contact lenses as
nanoaggregate diffusion barriers. This type of delivery system
has been developed for numerous drugs, including hydrophi-
lic and hydrophobic.

3.2. Considerations for commercialization

Important considerations for commercialization are the prop-
erties of these lenses such as transparency, water content,
tensile strength, oxygen permeability, and ion permeability.
Since the vitamin-E barriers can be directly incorporated into
commercial lenses, it will likely reduce regulatory barriers for
their commercialization, especially if proven that the proper-
ties of the commercial lens are retained. Chauhan and cow-
orkers demonstrated that vitamin-E barriers can be created in



extended wear contact lenses without any impact on the trans-
parency for vitamin-E loadings as high as 42% (w/w) [77]. Plus,
these lenses were shown to block UV light, adding an additional
benefit of UV protection to the lenses [77]. Indirect evidence
suggests that the vitamin-E phase separates into high aspect
ratio disc-shaped nano-barriers, 21 nm in thickness and 350 nm
in radius [19,77]. Since the aggregates are smaller than the
wavelength of the visible light, the lenses remain transparent
[39]. A further study [79] showed that ACUVUE® OASYS™ and
ACUVUE® TruEye™ remain transparent after vitamin-E loading,
but ACUVUE® Moist™ become hazy; SEM images showed that
the vitamin-E barriers in the ACUVUE® Moist™ lenses are micron
sized which explains the loss of transparency in these lenses.
Thus, the property of transparency should not be a barrier for
commercialization.

However, increase in size and decrease in ion permeability
limit the maximum vitamin-E loaded in these Ienses.
Specifically, for NIGHT&DAY lenses, a 30% vitamin-E loading
led to a 6.5% increase in lens size, 75% vitamin-E loading led
to ~40% reduction in oxygen diffusion, and 10% vitamin-E
loading led to 50% reduction in the ion permeability [77].
This study also showed that the water content at equilibrium
for each lens decreased with vitamin-E loading compared to
the control lenses, but it was different for each commercial
lens type evaluated [77]. These values are still adequate to
allow movement of the lens on the eye and prevent corneal
hypoxia. The study which combined vitamin-E barriers and
cationic surfactants did not evaluate the effect on contact
lens wettability, water content, material modulus, base curve,
power, or diameter, and thus this will need to be done before
moving to in vivo testing of these lenses [82].

Before widespread commercialization, in vivo and clinical
studies must be performed to prove the efficacy and safety of
the technology. Pilot in vivo studies were done to demon-
strate the efficacy of glaucoma drug delivery via vitamin-
E-modified lenses in Beagle dogs [5,20,76]. These studies also
showed that vitamin-E-modified contact lenses with a lower
drug payload are as efficacious as topical drops in regard to
the intraocular pressure reduction for glaucoma treatment.
Lenses with a 20% vitamin-E loading increase the release
duration from 2-3 to 24 and 36 h, respectively, for individually
loaded timolol and dorzolamide lenses [5]. However, the time-
scale of release increased to 42 h for both drugs delivered
contemporaneously. Glaucomatous Beagle dogs were treated
by these lenses over the course of 288 h [5]. Studies revealed
that intraocular pressure upon treatment with vitamin-
E-modified lenses was roughly 5 mmHg lower than that of
the untreated eyes for up to 21 days, which is clinically sig-
nificant for effective glaucoma management [5].

Another study showed that NIGHT & DAY™ lenses loaded
with timolol were able to reduce intraocular pressure by
5 mmHg, and showed that use of contact lenses reduced
systemic uptake compared with eye drops [20]. A third study
[76] with beagle dogs used 20% vitamin-E loaded ACUVUE®
TruEye™ lenses for the release of timolol; the lenses were
replaced every 24 h or worn continuously for 4 days. The
results showed that the lenses resulted in comparable
decrease in intraocular pressure to eye drops but with only
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20% of the dose [76]. The decrease in dose could both reduce
disease-associated costs and reduce systemic side effects. An
in vivo study using New Zealand white rabbits and
ACUVUE®OASYS™ lenses loaded with 20% vitamin-E and
cysteamine (for ocular cystinosis treatment) showed no sign
of irritation, congestion, lacrimation or blepharospasmor
photophobia, no inflammatory response, no significant
change in tear volume or intraocular pressure, and no signifi-
cant change in endothelial cell count [79]. Finally, ex vivo
studies for commercial lenses loaded with ofloxacin and vita-
min-E barriers were performed on excised New Zealand rabbit
eyes inoculated with S. aureus or P. aeruginosa and showed
that the lenses were effective at eliminating the bacteria [83].
Taken together, these in vivo results show that the lenses can
increase corneal bioavailability and be used safely, although
human clinical studies will need to be performed. Plus, further
animal studies are required which measure the drug concen-
tration over time in the tear film and systemically.

For scaling up production, it is important to consider that the
fabrication of vitamin-E-modified lenses involves an additional
step of integrating barriers through ethanol soaking in compar-
ison to manufacturing control lenses. However, the loading of
the drugs into the lenses is a one-step process, and it does not
have the problem of early release while packaged because it is
based on an equilibrium loading mechanism and can be stored
in drug solution [77]. Vitamin-E lenses are loaded by soaking the
lens in drug solution and are only loaded up until equilibrium.
This can be done after the monomer extraction and sterilization
steps. Plus, it can be done in already commercially available
lenses. The simple modification protocol does not induce sig-
nificant property changes, thus retaining patient compliance
and tolerability upon lens insertion. Though cleanroom facilities
will require initial investment, manufacturing costs of modified
lenses are comparable to those involved for control lens fabrica-
tion with only added costs for the vitamin-E and ethanol which
is relatively inexpensive. The high efficacy and simplicity of the
technology have attracted industrial investment. Another
potential drawback for the vitamin-E-loaded lenses is they typi-
cally display first-order ‘burst’ kinetics; this will need to be
evaluated and controlled to avoid toxicity and to maintain
a clinically relevant dose of therapeutic over time.

Altogether, the major advantages of integrating vitamin-E bar-
riers in the lens matrix include class-1 UV blocking, attenuated
drug delivery rates, and improved corneal bioavailability com-
pared to eye drops. Key properties of the commercial lenses
were minimally altered especially at low vitamin-E loading percen-
tages; mechanical strength will need to be studied further. A shelf-
life study will also need to be done prior to commercialization.
Plus, the amount of vitamin-E will need to be optimized specifi-
cally for each lens/drug combination in order to achieve clinically
relevant release profiles for different ophthalmic diseases.

4. Micro and nanoparticles
4.1. Background

A promising technology for controlled ophthalmic drug deliv-
ery are drug-laden particles dispersed in a contact lens gel



1140 O. LANIER ET AL.

matrix. Drugs of interest can be encapsulated into nano or
microparticles and dispersed into the polymerizing medium of
unreacted monomers. When the lens has completed the poly-
merization process and is applied to an eye, drug diffuses out
of the dispersed particles, travels through the lens matrix, and
then reaches the POLTF. Due to the slow rate of diffusion of
drug molecules from particles and through the lens matrix,
continuous drug release from the lenses can occur for
extended periods of days or weeks [24,84]. The particles
used for drug encapsulation can be synthesized using
a myriad of different materials including polymers [24] and
liposomes [85].

Liposomes are one of the most common and well-
researched carrier particles for drug delivery. They are cele-
brated for their highly adaptable properties as well as their
ability to stabilize therapeutic species of hydrophobic, hydro-
philic, or amphiphilic nature [25,86]. Liposome particles consist
of a lipid bilayer which include molecules with hydrophilic
heads and hydrophobic tails. This structure is advantageous
because hydrophilic drugs can be encapsulated in the aqu-
eous center surrounded by hydrophilic heads. Alternatively,
hydrophobic drugs can localize in the region of hydrophobic
tails (Figure 3). Liposomes deliver therapeutics using two main
mechanisms. Either the particles break down and drug freely
diffuses through the gel matrix before releasing into the
POLTF or the liposomal particles diffuse through the lens
and through the lipid layers of target cells before rupturing
and releasing the encapsulated medicament [85,87]. An
advantage of these drug-laden particles have over common
treatments is that the surface of the liposome can be functio-
nalized with specific ligands to increase intracellular uptake
into target cells [88]. Examples of liposomes adaptable
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properties include modifications to the particles using surface
charge, polymer chains, antibodies, or proteins to ensure sta-
bility both in vitro and in vivo [89,90]. Another advantage to
these types of particles is that the large aqueous center and
lipid bilayer exterior can allow for the incorporation of macro-
molecules. These macromolecules include drugs, peptides,
proteins, plasmic DNA, antisense oligonucleotides, or ribo-
zymes which can be used for gene therapies and regenerative
medicine approaches [91].

Multiple studies in the literature have incorporated lipo-
somes into contact lens formulations. A study by Gulsen et al.
[85] synthesized HEMA hydrogels with dimyristoyl phosphati-
dylcholine (DMPC) liposomes and showed that ophthalmic
drugs were released for up to 8 days, which is significantly
greater than control lenses. Another study by Danion et al.
[92] immobilized PEG-biotinylated lipid liposomes to the sur-
face of a commercial contact lens (Hioxifilcon B). First, poly-
ethylenimine was covalently bounded onto the hydroxyl
groups; then, NHS-PEG-biotin molecules were bound to the
surface amine groups by carbodiimide chemistry. NeutrAvidin
was bound to the PEG-biotin layer and the liposomes were
bound to the NeutrAvidin. Consecutive layers of NeutrAvidin
and liposomes were created. The lenses showed release of
carboxyfluorescein for up to 12 days [92].

Nanoparticles and microparticles can also be used for
extended drug release from contact lenses. Numerous particle
materials have been explored in the literature, and some are
reviewed below. Nanoparticle loaded gels may be useful for
hydrophobic drugs since they can be encapsulated within the
particle instead of directly into the lens. The particles can be
used to encapsulate relatively high amounts of therapeutic
and provide an additional barrier for release, essentially
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Figure 3. Schematic of liposome with encapsulated hydrophilic or hydrophobic drug.



leading to extended-release periods. For some formulations,
stabilized emulsions can be formed to create particles that can
then be added to the polymerization mixture. An oil-water (O/
W) microemulsion effectively encapsulates hydrophobic drugs
within a polymer matrix because the drug readily solubilizes in
the oil phase droplets [24]. This study [24] synthesized HEMA
lenses with hexadecane particles (with and without silica shell
for stabilization) for release of lidocaine. Results showed that
drug was released for up to 10 days, and increasing nanopar-
ticle concentration in the gel from 0.23 to 1.2 mg/g did not
significantly affect release profiles [24]. Plus, the silica shell was
shown to improve stability of the formulation. A study by Jung
Jung and Chauhan [84] produced HEMA lenses with dispersed
particles made from propoxylated glyceryl triacylate (PGT) and
EGDMA encapsulating timolol for its extended release (2—-
4 weeks). The goal of this study was to produce lenses that
would release drug upon application to the eye and not
during prior storage, which was an issue in previous studies
due to destabilization of soft particles [24,85]. The results
showed first-order release for up to 30 days with a tempera-
ture-dependent rate constant [84].

A study by Maulvi et al. [93] incorporated gold nanoparti-
cles into HEMA lenses for increased uptake and release of
timolol through absorption of timolol onto the gold nanopar-
ticle surface. The incorporation of gold nanoparticles was
shown to improve loading of timolol, but not to prolong its
release [93]. A further study by this group [94] incorporated
Eudragit S100 (pH-sensitive) nanoparticles-laden into HEMA
contact lenses for the sustained release of cyclosporine. The
nanoparticle lenses could release cyclosporine up to 6 days
where the control lenses could only release up to 4 days [94].
This group also synthesized ketotifen loaded microemulsion
laden HEMA hydrogels and silica shell nanoparticle-laden (pre-
pared from microemulsion using octyltrimethoxysilane) HEMA
hydrogels for sustained release of ketotifen (anti-allergy drug)
[95]. The results showed that silica nanoparticle hydrogels
sustained release of ketotifen the longest (up to 9 days), fol-
lowed by the microemulsion hydrogels (7 days), and the con-
trol lenses releasing for the shortest time period (5 days).
Further, another study [96] prepared HEMA lenses with ethyl-
cellulose particles for release of timolol; the particle-laden
hydrogels had less loading than control gels but were able
to extend release from 22 to 48 h with zero-order release [96].
Recently, Maulvi et al. also investigated using Pluronic-F68 for
improved loading and release of hydrophobic drug, gatiflox-
acin [97,98]. Incorporation of Pluronic F68 into the lens with
the monomers reduced the optical and physical properties,
and therefore this approach should be avoided [97]. However,
when Pluronic F68 was added to the packaging solution, the
optical and swelling properties of the lens were improved
after 7 days of sterilization, indicating that Pluronic F68 can
form micelles over time which dissolve the gatifloxacin pre-
cipitates within the lens matrix [97]. A follow-up study showed
that incorporation of the Pluronic F68 into the monomer
solution improved drug loading despite reducing optical and
physical properties, and based on these collective results used
software to determine the ideal amount of Pluronic F68 which
should be used in the packaging and monomer solutions [98].
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This study showed that gatifloxacin could be released from
silicone-based lenses for up to 72 h, whereas release from the
control lenses without Pluronic F68 showed sustained release
for up to 48 h [98].

Overall, these studies have shown that liposomes and par-
ticles can be incorporated into or immobilized onto contact
lenses for the extended release of drugs from the lenses. The
release rates vary from days to weeks depending on the drug/
particle and hydrogel formulation. Moreover, zero-order and
first-order release have been achieved.

4.2. Considerations for commercialization

Using particles to load the drug and control release rates is
certainly very appealing. There is considerable literature on
using colloidal particles for controlled release that could be
adapted into contact lenses. Yet, before commercialization, con-
tact lens properties with incorporated particles must be evalu-
ated, and many past studies have evaluated these properties.
A study by Gulsen and Chauhan [24] showed that HEMA hydro-
gels with incorporated hexadecane-drug particles or hexade-
cane-drug particles stabilized with a silica shell maintained 66%
and 79% transmittance, respectively; this is compared to 88%
transmittance for pure HEMA control gels. An additional study
that synthesized silica nanoparticle loaded HEMA hydrogels and
showed that the nanoparticles did not significantly affect the
transmittance, swelling, wettability, or ion permeability com-
pared to control hydrogels, but the presence of particles did
affect cell viability [95]. This study also showed that direct drug
loading into the hydrogels caused changes in these properties
compared to control lenses that were not present with the
nanoparticle-loaded lenses [95]. Another study producing
HEMA hydrogels with dispersed EGDMA/PGT nanoparticles for
timolol delivery showed that the lenses retained optical trans-
parency in the visible light range but had an increase in storage
modulus with particle loading [84]. Importantly, the study
showed that loading only 4.6% particles resulted in a zero-
frequency storage modulus value (0.95 MPa) comparable to
commercial lenses [84]. However, it should be noted that leach-
ing of drug can even occur from the nanoparticles with time, as
the lens is in aqueous media. Generally, soaking method is used
to uptake the nanoparticle inside the lens, so high burst release is
observed.

Another study that incorporated gold nanoparticles into
HEMA lenses showed that the lenses had minimal increase in
swelling compared to control lenses and maintained optical
transparency [93]. Further, a study [94] using Eudragit S100
nanoparticles in HEMA lenses to release cyclosporine showed
that only a ratio of 1:1 Eudragit S100: cyclosporine created
lenses with ideal swelling/optical properties, and with more
Eudragit S100 added, the properties of the lens were undesir-
ably altered. This is because nanochannels/cavities were cre-
ated within the lens when the nanoparticles dissolved, which
will be an interesting consideration for all lenses with incor-
porated particles. The study by Maulvi et al. [96] that synthe-
sized HEMA lenses with ethylcellulose microparticles for the
sustained release of timolol showed that the microparticles
affected the optical and physical properties of the hydrogels
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proportionally to the amount of particles incorporated. This
issue could potentially be solved by reducing the particle size
to the nanoscale. Recent studies by Maulvi et al. optimized the
amount of Pluronic-F68 surfactant used in monomer and
packaging solutions for improved transmittance, swelling,
and drug loading in lenses for the extended release of gati-
floxacin micelles in the lenses since gatifloxacin is
a hydrophobic drug which affects these lens properties
when loaded [97,98]. These studies show that the material
properties of the particles affect the hydrogel properties, but
can be tailored to minimize their effect and still be within
acceptable values for lens commercialization.

Moreover, animal and clinical studies must be done before
commercialization. An in vivo study [93] using New Zealand
white rabbits was performed with HEMA lenses with incorpo-
rated gold nanoparticles for timolol release. The study showed
that lenses with 0.025 mM gold nanoparticles had 1685 ug/ml
timolol in the tear solution after 1 h of exposure compared to
none for the eye drop formulation. The nanoparticle loaded
lenses also invoked reduced intraocular pressure for up to
72 h. The authors noted further studies to access the toxicity
of the lenses are required with monitoring of heart rate and
timolol plasma concentration over time [93]. Another study
[94] used New Zealand white rabbits to test HEMA lenses with
Eudragit S100 nanoparticles to release cyclosporine and
showed that the drug could be released into the tear film
for up to 14 days without any obvious histopathological
changes in conjunctiva and cornea due to contact lenses.
The authors note that to get a better viewpoint of what
histopathological changes the nanoparticle-loaded lenses will
induce, a long-term study with silicone-based lenses should be
performed [94]. Another animal study used Swiss albino mice
and New Zealand white rabbits to test HEMA hydrogels with
silica nanoparticles loaded for ketotifen (anti-allergy) release
[95]. The results showed no abnormal behavior in test groups,
no symptoms of ocular irritation such as opacity of the cornea,
inflammation or swelling of the iris, conjunctivae redness,
chemosis, and discharge were observed after instillation of
test extract at various time intervals. Control groups showed
redness and chemosis of conjunctivae of grade 1 in the ocular
irritation study. The nanoparticle loaded lenses released keto-
tifen into the tear film up to 10 days [95]. In vivo studies of the
gatifloxacin-loaded lenses with Pluronic F68 micelles were
performed in New Zealand white rabbits and showed that
release could be sustained in the tear fluid up to 24 h (with
the release amount being less than HPLC detection limit after
this timepoint); however, more in-depth studies of this and
long-term safety studies are required before commercializa-
tion [98]. These studies collectively suggest that particle-
loaded lenses can be used for extended release in vivo, but
more safety and long-term toxicity studies are required before
clinical trials can be done.

One drawback of the particle approach is the stability of
the particles within the lens. The ability for a particle to retain
an encapsulated drug is dependent on its ability to maintain
its structure. This structure breaks down chemically over time
due to hydrolysis and oxidation [99]. Plus, the past study

showed that dissolution of the particles caused formation of
nanocavities which caused optical/physical properties to
change in the hydrogel [94], which could cause adverse effects
to the patient. Premature release is also a concern when
considering the viability of particles as a therapeutic. When
a modified lens is applied, the particles in the outermost layer
of the lens diffuse to the target region. This is undesirable
because it leads to an initial burst release of drug, and reduces
the capability of the system to provide extended drug release
[24]. To circumvent some of these potential drawbacks, parti-
cles may be further modified or go through additional pro-
cesses. These include surface modifications and coatings, as
well as altering the composition of a particle or incorporation
of other species [100]. Although these modifications have
shown some improvements on stability or release duration,
each type of particle may require a unique, intensive optimi-
zation process. Plus, it should be noted that many of the past
studies on particle-loaded lenses were done with HEMA lenses
which do not have adequate oxygen permeability for
extended wear, and further studies with silicone-based lenses
are needed. Another drawback for commercialization of parti-
cle-loaded lenses is the manufacturing will require two steps:
one for particle formulation and one for lens formulation.

Another critical challenge with this approach is the potential
for release of the incorporated drug during packaging and/or
early breakdown of the particles [35]. Some of the problems of
early release could be addressed by designing particles to elim-
inate the release of the drug during packaging. For example,
Jung et al. [47] designed polymeric particles with covalently
attached timolol through an ester bond, which can be hydro-
lyzed to release the drug. Storing the lenses in a refrigerator
reduced the rate of hydrolysis allowing storage of the lenses
for longer than 6 months without any premature drug release.
Another study that produced lenses with immobilized liposomes
containing carboxyfluorescein showed minimal drug release at
4°C for 1 month [92], showing that lenses can be stored without
releasing the drug. Plus, the study that produced HEMA lenses
with Eudagrit S100 particles showed that the lenses could be
stored for 3 months without drug leaching due to the pH-
sensitive properties of Eudragit S100 [94]. These results suggest
that particle-loaded lenses can be tailored for extended storage
without drug leaching. These results display that it is possible to
store particle loaded lenses for extended time periods without
drug leaching when the system is properly tailored.

Altogether, these studies show that particle-loaded lenses can
be used to extend release of drugs while maintaining appropri-
ate optical and physical properties for the hydrogel. Previous
studies have also shown that the lenses can be tailored to mini-
mize release of drug during storage for extended time periods.
The preliminary in vivo studies suggest these lenses can be used
for extended release of drugs, although more long-term and
safety studies are needed. Many of the previous studies used
HEMA lenses which do not have adequate oxygen permeability
for extended wear, so more focus should be made on developing
these systems in silicone-based lenses. It should also be consid-
ered that the release rate in these types of systems will decay,
and thus optimization for clinically relevant release curves is



required for each therapeutic. Further, a cost/benefit analysis
must be done since the manufacturing of these lenses will
require the extra step of particle synthesis.

5. Multilayer lenses and implantation
5.1. Background

Another approach to extend drug release from contact lenses
that have been utilized by researchers is to create multi-layer
lenses. The layers are made of multiple hydrogel layers with
encapsulated drug or include an encapsulated polymeric layer
or implant for extended release. An example of this technol-
ogy is Ciolino et al. developed a multi-layer contact lens by
sandwiching a drug-loaded poly-(lactic-co-glycolic acid)
(PLGA) film in a HEMA contact lens [36]. PLGA has become
a common choice for drug release because it is biodegradable,
biocompatible, and has been FDA approved for drug delivery
applications [101]. The drug-loaded PLGA films were prepared
by a solvent casting method and subsequently incorporated
inside poly-HEMA contact lens by placing the drug-loaded film
in a mold filled with the monomer, crosslinker, and initiator
[36]. The fabricated device had an optically clear central aper-
ture in the center of the PLGA film. Fluorescein and ciproflox-
acin were eluted from the device for an extended-release
period of roughly a month at a steady rate with a minimal
burst release [36]. The authors used the same approach [37] to
release econazole, an antifungal, for an extended period (up to
10 days) and was able to inhibit the growth of a fungus
in vitro. These layered lenses were also used to release lata-
noprost for extended duration (up to 8 days) [102].

Similarly, contact lenses with ring-implants have been
synthesized for improved drug delivery. In one study, Maulvi
et al. [103] developed HEMA-based lenses with a HA ring
implant as shown in Figure 4. The HA implant was incorpo-
rated to extend the release of HA for treatment of dry eye
syndrome. The lenses were designed by analyzing the effects
of the amount of EGDMA crosslinker and thickness of the HA
implant on HA leaching, 50% toxic dose (tsq), and effective
ion diffusivity. The optimized lenses showed release up to
9 days in the therapeutic range [103]. The lenses were also
tested in vivo as discussed below. In another study, HEMA
lenses were modified with HA rings as well as timolol-loaded
rings [104]. The therapeutic-loaded rings were prepared from
the hydrogel components (HEMA, DMA, TRIS, NVP, EGDMA,
and Irgacure D) but the EGDMA (crosslinker) and Irgacure
D (photo-initiator) were used in higher amounts in the rings
than in the base lens [104]. The lenses showed in vitro release
of timolol and HA up to 96 h [104]. A similar study by this
research group produced HEMA lenses with implanted rings
loaded with moxifloxacin hydrochloride and HA and showed
release of the therapeutics for up to 96 h [105]. Further,
another study by this group [106] incorporated ethyl cellulose
nanoparticles encapsulating timolol maleate into the HEMA/
MA ring implant and then incorporated this ring into the
HEMA/MA hydrogel lens. This was done to extend release
using the nanoparticle system while minimizing the effect
of the nanoparticles on the total lens properties. Release
data showed timolol to be released within the therapeutic
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Figure 4. lllustration of fabricating HA-laden implant contact lenses using
modified cast molding technique. Blank arrow points to the inner margin of
the ring implant and white arrow points the outer margin. Reprinted from
Maulvi, F.A, et al, [103] Design and optimization of a novel implantation
technology in contact lenses for the treatment of dry eye syndrome: In vitro
and in vivo evaluation, 211-221, Copyright 2017, with permission from Elsevier.

range up to 7 days [106]. The study showed that the combi-
nation of the nanoparticle-laden ring into the hydrogel
extended release longer than the ring only or nanoparticles
only [106]. Recently, another study with a PLGA ring loaded
with dexamethasone was inserted into a methafilcon lens for
extended delivery to the retina and was shown to extend
release up to 7 days [107]. Stability and in vivo studies with
these lenses are discussed below in the considerations for
commercialization.

A different approach combined the multi-layers with vita-
min-E diffusion barriers for release of moxifloxacin hydrochlor-
ide [108]. The produced lenses were composed of three-layer
bimodal amphiphilic co-networks (B-APCNs) where the center
layer contained the drug and the outer layers contain vitamin-
E barriers. The B-APCNs were made of a co-continuous
morphology of percolating hydrophilic poly(N,N-dimethylacry-
lamide) (PDMAAm) and hydrophobic polydimethylsiloxane
(PDMS) networks, in order to improve oxygen permeability.
This type of system was shown to eliminate any type of initial
diffusional burst release and the resulting release profile was
zero-order for up to 30 h (at which timepoint 25% of encap-
sulated drug was released) [108].
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Figure 5. Multi-layer lens structure of commercial lens with dimethylacrylamide surface layers as synthesized in reference [106].

Multi-layer lenses have also been synthesized to improve
wettability and protein deposition of current contact lenses.
A study by Hu et al. [109] assembled chitosan/HA multi-layers
by layer-by-layer deposition on the surface of a contact lens,
which increased water retention and decrease protein absorp-
tion. The lenses released loaded norfloxacin up to 1 h and
timolol in 30 minutes [109]. Thus, although they improve
properties of the lenses, the drug release was not significantly
improved for extended release. Other studies also have sought
to add layers to contact lenses for property improvement, but
did not measure drug release from the lenses [110,111]. The
structure of the layered lenses from Yu et al. [111] that added
dimethylacrylamide surface layers to the commercial lenses
can be seen in Figure 5. This demonstrates the layers can
potentially have different drug loadings in the future as the
water content is different.

Another study used multiple implants in HEMA-based
lenses for the multi-drug release of timolol, bimatoprost, and
hyaluronic acid at therapeutically relevant doses without high
burst release for treatment of glaucoma [112]. The drugs were
loaded into three separate implants by adding the required
amount of drug to the monomer mixture [Irgacure 184,
EGDMA, DMA, NVP, Siloxane, and HEMA (up to 1 ml)]. Then,
the implants were cut and placed around the periphery of the
lens which was cast in a polypropylene mold [112]. Release
was shown for up to 72 h, with a lower burst release com-
pared to the control lens which was loaded by the traditional
soaking method [112].

As shown by these studies, considerable efforts have been
made using a multitude of layer and implant approaches. The
layers and implants indeed can extend drug delivery, but other
parameters must be evaluated before commercialization.

5.2. Considerations for commercialization

Considerable issues may arise in the multi-layer lenses as they
are often not transparent besides the aperture in the center of

the lens and could potentially reduce oxygen and ionoflux
permeability of the lenses. The study that synthesized (-
APCNs [108] sought to solve this issue for the multi-layer
lenses by using a highly oxygen permeable material. Indeed,
the work showed that the lenses maintained appropriate oxy-
gen permeability during drug release and also maintained
transparency [108]. Plus, the ring implantation technology
explored by Maulvi et al. [103] is intended to extend release
while maintaining the overall optical and physical properties
of the HEMA lenses. HEMA lenses with HA and timolol ring
implants maintained similar swelling characteristics and trans-
parency, and had decreased surface roughness compared to
Freshlook® control lenses [104]. However, when the ethylcel-
lulose nanoparticles were incorporated into the rings, the
effective ion diffusivity decreased [106]. Plus, as discussed in
previous sections, HEMA lenses are not ideal for extended
wear, and silicone lenses should be further explored. Another
study that incorporated three implants for multi-drug release
around the periphery of the lens showed that optical trans-
mittance was maintained [112]. By placing the implants
around the periphery, many issues with optical and physical
properties of the lenses changing with drug loading can be
bypassed.

Storage is another important consideration for manufactur-
ing. The layered lenses with PLGA films inserted could require
lyophilization to prevent drug elution or degradation. One
study with a PLGA layer showed that the anti-fungal econa-
zole maintained its anti-fungal activity after 24 h following
lyophilization [37]. The study by Maulvi et al. [103] that pro-
duced HEMA lenses with HA ring implants showed that the
lenses could be stored for up to 6 months with insignificant
HA leaching. Another study for HEMA lenses with timolol and
HA loaded rings showed that the monomer extraction and
autoclave steps caused a major amount of timolol to leach
from the lenses; thus, the lenses were sterilized using radiation
and dehydrated for dry storage [104]. A similar study that
produced HEMA lenses with moxifloxacin hydrochloride and
HA loaded lenses showed that the moxifloxacin also leached



out and thus these lenses also needed to be sterilized by
radiation and dehydrated for storage [105]. Further, the
study which incorporated ethyl cellulose nanoparticles into
the ring [106] showed negligible release of timolol into the
stimulated tear fluid packaging solution after 90 days; how-
ever, release profiles were dissimilar from these lenses and the
authors proposed packaging the lenses dry would be prefer-
able [106]. Generally, these lenses can thus be stored dry, but
there are possible ways to optimize the formulation for wet
storage conditions.

Next, animal and clinical studies must be done before
commercialization to ensure safety and efficacy of the lenses.
Multi-layer lenses composed of a PLGA film with encapsulated
latanoprost within the periphery of a methafilcon hydrogel
have been tested successfully in a monkey model to reduce
intraocular pressure [37]. The study did not measure systemic
drug concentrations or measure other parameters for optical
safety such as endothelial cell count. More recently, lenses
with a PLGA ring insert were shown to deliver dexamethasone
to the front and back of the eye for up to a week in New
Zealand white rabbits, and moreover inhibited retinal vascular
leakage in the posterior segment of the eye [107]. Plus, this
study also showed that the lenses could be worn continuously
for up to 4 weeks without toxicity [107]. The HA ring implant
lenses were tested in vivo in a rabbit model for treatment of
dry eye syndrome [103]. The results showed release of HA into
the rabbit eye for up to 15 days, and the HA ring lenses
showed faster and more complete healing of dry eye syn-
drome compared to control lenses [103]. New Zealand white
rabbits were used for animal testing of the HEMA lenses with
implanted HA and timolol loaded rings [104]. The ring-loaded
lenses showed presence of timolol in the tear fluid for up to
72 h and showed significant reduction of intraocular pressure
compared to control lenses and eye drops [104]; signs of
ocular irritation and chemosis were not observed for the
study period of 168 h. The authors note heart rate studies
will need to be conducted to ensure no systemic side effects
are occurring.

New Zealand white rabbits were also used to test the HEMA
lenses with HA and moxifloxacin hydrochloride ring implants for
treatment of bacterial conjunctivitis [105]. The results showed
moxifloxacin to be released into the tear fluid up to 48 h and that
the ring-laden lenses had equivalent healing effects to the high
dose eye drops [105]. Further, the ethylcellulose nanoparticle
loaded ring lenses for release of timolol were tested in a rabbit
model and shown to release timolol into the tear fluid for up to
192 h and also to reduce intraocular pressure for this time period
[106]. Further animal studies were conducted in New Zealand
white rabbits for the multi-drug release of timolol, bimatoprost,
and hyaluronic acid from lenses with multiple HEMA implants
which showed that the implant-loaded lenses provided
a significantly lower burst release and improved drug residence
times compared to eyedrop therapy [112]. Plus, these lenses
showed reduction of IOP up to 120 h [112]. These in vivo studies
collectively show that multi-layer and ring-laden lenses can be
efficacious at treating different eye conditions, but in most cases,
more safety studies need to be preformed before moving to
clinical trials. However, authors of the recent study with the
PLGA ring lenses for dexamethasone release note that actions
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have been taken toward moving to Phase I/ll clinical trials to treat
recurrent cystoid macular edema, as their in vivo studies showed
adequate efficacy and safety [107]. This is currently listed as
a study in the NIH Clinical Trials database.

The multi-layer and implant approach has the advantage and
capability of being adapted to any therapeutic, and potentially
providing a zero-order release for extended durations. There are
however multiple drawbacks including the complex, multistep
manufacturing, which is not consistent with the currently used,
high throughput manufacturing of contact lenses. Plus, many of
the above devices include PLGA in the formulation. PLGA
degrades by hydrolysis into acidic monomers and can cause acidic
pH change which may cause toxicity [113]. The commercialization
barriers for the layered contact lenses include cost of manufactur-
ing and the potential for degradation of the drug layer during
packaging. The degradation could be minimized by storing the
lens dry and hydrating it just prior to insertion. The transport of
other critical molecules including oxygen, ions, and water and
comfort enhancers could be impeded by the multi-layers, which
could limit the use of this technology, although the preliminary
research shows that these parameters can be optimized by vary-
ing the synthesis conditions. Plus, further animal studies are
needed to show safety of the technology for extended wear.

6. Conclusion

Eye drops continue to be the most common approach for mana-
ging ophthalmic diseases. However, low corneal bioavailability
and reduced patient compliance of topical treatment demand
development of noninvasive drug-eluting devices. In addition to
addressing concerns of low bioavailability, the ophthalmic
devices should also eliminate potential toxic effects by reducing
systemic drug absorption. The location of a contact lens in the
immediate vicinity of the cornea make it the optimal device for
targeting anterior segment. Both mathematical models and ani-
mal studies have demonstrated that about 50% of the drug
loaded in the contacts react the cornea compared to about
1-5% for eye drops. In addition to controlled drug elution, drug-
eluting contact lenses can also correct vision making it an ideal
platform for patents that also need vision correction.

Lenses that uptake drugs purely by the soaking method are
only capable of release for a few hours. Different methods such
as the ones reviewed in this paper (molecular imprinting, vita-
min-E barriers, micro and nanoparticles, and multilayer lenses)
have been employed for extending the release of drugs up to
days or weeks; however, it is important to note that these may
induce undesired changes in the optical and physical properties
of the lenses which can cause potential barriers to commerciali-
zation. Plus, the lenses all require further in vivo and clinical
studies and have important considerations for their scale-up for
large-scale manufacturing. In addition to the technological chal-
lenges, there are other factors that must be critically analyzed,
particularly patient and physician acceptance.

7. Expert opinion

The considerations for commercialization of each modified
lens type for extended delivery have been discussed.



1146 O. LANIER ET AL.

Although there are other general issues with contact lenses
that need to be addressed before commercialization. There
are numerous risks associated with ongoing contact lens wear:
microbial keratitis [114], corneal erosion [114], hypoxia [115],
hypercapnia [115], dry eye syndrome [116], and conjunctivitis
in patients with allergies [117]. Incorporation of drugs that
may alleviate these risks could therefore increase chances of
successful commercialization. In fact, Johnson & Johnson
recently completed positive phase 3 clinical studies for com-
mercial lenses that release the antihistamine ketotifen [118]. It
is well known though that many of contact lens wearers drop
out each year due to discomfort. Contact lens discomfort has
been linked to friction [116]. Thus, approaches to minimize the
end of the day discomfort by improving the lubricity and
wettability of the surface must be explored and optimized
for commercialization. Lenses that release comfort molecules
[57] or are modified for higher surface wettability [111] may be
able to address this challenge. Thus, lenses that elute drugs to
mitigate the issues with contact lens wear may be the answer
to the risks associated with contact lenses. Although, for
ophthalmic diseases, these molecules may be needed with
additional therapeutics for disease treatment, and lens design
for multiple therapeutics is generally more complicated.

In addition, there may be issues with public and physician
acceptance of the technology, especially for extended wear.
Some subjects particularly the elderly make even have diffi-
culties in inserting and taking out the contact lenses. However,
a survey of glaucoma physicians suggested that if a drug-
eluting contact lenses became available for glaucoma therapy,
doctors would consider it as a useful addition to their arsenal
of choices for managing the disease in their patients [119].
Plus, it should be noted that promising safety evaluations of
drug-loaded lenses for human trials were conducted with
soaked contact lenses [120]. This is promising that drug-
releasing lenses will soon be commercialized, and the exten-
sion of drug release through the reviewed methods will be
able to further enhance the utility of this technology.

Importantly, the drug-eluting contact lenses must be eval-
uated for their optical and physical properties such as water
content/swelling, mechanical strength, transparency, and ion
and oxygen permeability. All platforms will require optimiza-
tion to obtain clinically relevant release profiles for each drug
and corresponding ophthalmic disease while maintaining
these key properties. One barrier for commercialization is
indeed the time it takes for optimization of these parameters,
followed by animal and clinical studies. The costs associated
with animal and clinical studies are not insignificant and thus
the potential benefits of the technology must be significant
enough for the investment. Many of the reviewed studies had
associated animal studies with rabbits or monkeys and were
able to show therapeutic efficacy of the drug-eluting lenses.
Yet, in many cases, further studies on long-term safety are
required before clinical studies can be done. Also, many stu-
dies analyzed storage conditions and shelf-life of their drug-
eluting lenses, but this must be done for any formulation that
is being considered for commercialization. While each tech-
nology discussed in this review can be successful, there are
some clear differences and pros and cons, which are summar-
ized in Table 1. A downfall of these studies is that protein

adherence and modulus of the lenses were typically not eval-
uated. Further, many of the studies used HEMA materials
which have a relatively low oxygen permeability; a study
showed that using silicone-based hydrogels with higher oxy-
gen permeability can be worn for extended time periods up to
4 months without any signs of hypoxia [42].

Moreover, even if drug-eluting contact lenses can be success-
fully commercialized, they face competition from other devices
such as the puncta plugs and the corneal rings. Puncta plugs are
rather small in size which considerably limits the mass of drug
that can be delivered. Corneal rings have some of the same
benefits as contact lenses but may not offer the same increase
in bioavailability as contacts. There are also manufacturing issues
that need to be considered. Vitamin-E barriers and molecular
imprinting techniques will add minimal steps to the manufactur-
ing process, but nano and microparticles as well as multi-layer
lenses face the issue of complex manufacturing which may be
difficult for scale-up. Even further to consider are the regulatory
hurdles that these types of technology face, with acquiring the
relevant intellectual property rights to getting the product
approved by the FDA.

With an aging world population, there is a growing need
for developing more efficient drug delivery systems for treat-
ing diseases both in the front and the back of the eyes, and
contact lenses are well positioned to play an important role in
this field. The future appears to be promising but several
challenges remain such as balancing optimization for critical
optical and physical lens properties with adequate drug load-
ing and release, processing and storage issues, regulatory
hurdles, high costs of clinical studies, and potential lack of
acceptance by the elderly.
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