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Contact lenses (CLs) offer a wide variety of advantages as ocular drug-releasing platforms, but the feasibility of
medicated CL development is constrained by numerous scientific, technological, and regulatory challenges. One
main difficulty is the setting of release rate specifications for each drug, since at present there are no standardized
in vitro release models that can appropriately predict the performance of drug-eluting CLs once placed onto the
eye. CL-adapted release tests may provide knowledge on how the drug release pattern should perform in vivo to
trigger and maintain the therapeutic effects for both anterior and posterior ocular tissues. Moreover, in vitro
release tests are valuable tools for quality assessment during production and to investigate the effect of a change
in composition or process variables. This review aims to shed light on biorelevant ways of evaluating in vitro drug
release from CLs and the feasibility of establishing in vitro-in vivo correlations (IVIVC) to predict in vivo perfor-
mance. First, general guidelines and Pharmacopeia release tests for topical ophthalmic formulations as well as in
vitro release tests implemented for drug-CLs in the last two decades are analyzed. Then, development of an
appropriate method to investigate IVIVC is attempted from the few papers simultaneously reporting in vitro
release profiles and either in vivo release or therapeutic response. Finally, key points to be considered for in vitro

testing drug release from a medicated CL are suggested to pave the way to the clinical arena.

1. Introduction

The world’s first drug-releasing contact lens (CL) was recently
approved by the appropriate regulatory bodies in both Japan and Can-
ada [1,2]. Although this approval was only specific to a drug (ketotifen)-
CL combination, it nonetheless represents a significant milestone in the
already long journey to obtain drug-CL combination products. Indeed,
2021 marked the 60™ anniversary of the patent by Otto Wichterle and
colleagues on the preparation of poly(2-hydroxyethylmethacrylate),
PHEMA, soft CLs by the spin casting process [3]. pHEMA hydrogels
revealed excellent optical properties and biocompatibility [4,5], and
their moderate water content immediately caught the attention of
Wichterle and Lim as a suitable compartment to host drugs, as stated in
their US Patent 3,220,960 “medicinally active substances (...) may be
dissolved in the aqueous constituent of the hydrogels to provide medication
over an extended period” [6].

* Corresponding author.
E-mail address: carmen.alvarez.lorenzo@usc.es (C. Alvarez-Lorenzo).

https://doi.org/10.1016/j.jconrel.2022.02.014

In these pioneering patents, the potential for using soft CL materials
as drug delivery devices that can both act as an optical correction device
and also provide therapeutic treatment for ocular diseases was implicit.
However, the commercialization of both applications was not so
straightforward. After the patent publication in 1961 it took Bausch +
Lomb a further 10 years to bring soft CLs to the market (SofLens in 1971,
50 years ago), and another 50 years for a company to obtain approval for
a true drug delivering CL (Johnson & Johnson’s ACUVUE Theravision)
[1,2]. The enormous amount of time and research efforts invested up to
this point are proof of how difficult it is to develop drug-releasing CLs
(which are “combo devices” as they are considered both a device and a
drug product), as opposed to just a CL device that solely corrects a visual
deficit [7].

There are several advantages to using CLs that elute drugs onto the
ocular surface over conventional eye drops. It is known that a large
number of patients prescribed drops are non-compliant with instilling
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them at the dosing frequency they are advised to, with non-adherence
ranging from 5% to 80% for patients prescribed glaucoma medications
[8]. A medicated CL that was inserted and worn for an extended period
of time would overcome such an issue. Only a small and varying volume
of an eye drop effectively contacts the ocular surface, which is then
rapidly cleared from the eye due to rapid tear fluid turnover or absorbed
through the conjunctiva. Combined with the low permeability of the
cornea, it is estimated that less than 5% of the instilled drug is
bioavailable [9]. In contrast, a CL. may provide more accurate dosing as a
known amount of loaded drug (or drugs) is placed on the surface of the
eye. The presence of a CL delays tear turnover in the post-lens tear film,
thereby creating a higher drug concentration gradient towards the
cornea and favoring flux into the tissue. As a result, the CL approach
minimizes unproductive drug loss while increasing ocular bioavail-
ability to more than 50% [10]. Personalization of treatments, improved
patient compliance, and even stimuli-responsive control of drug release
are other potential advantages [11]. Integration of diagnosis compo-
nents into the CLs may open the door to advanced ocular biosensors that
can perceive changes of biorelevant biomarkers in real-time. These
theranostic devices would not only alert the patients to potential
worsening of their disease, but also be able to adjust the drug release
rates to match the therapeutic amounts needed to treat the relevant
disease [12-14].

Despite the apparent advantages of a CL-based drug delivering de-
vice over topical drops, transforming a CL into a drug-releasing platform
faces numerous, formidable scientific, technological and regulatory
challenges. To a large extent, these challenges are related to two major
issues: a) the aqueous phase of the CL is insufficient by itself to host and
control the release of the required dose; and b) the drug release rate to
maintain therapeutic levels for an extended period of time is unknown
and cannot be directly extrapolated from previous data on eye drops.

Most commercially available CL materials lack affinity for
ophthalmic drugs. When these materials are soaked in a drug solution,
the drug molecules diffuse towards the aqueous phase of the CL until the
concentration in both the loading solution and the aqueous phase of the
hydrogel is at equilibrium. If there are no interactions or binding of the
drug to the CL polymer network, then the drugs will be released very
rapidly when the drug-loaded CL is applied onto the ocular surface. In
this situation, there are no real advantages of the drug-CL combination
in comparison to an eye drop. Strategies to address poor loading and
limited control of drug release have been widely explored and include
copolymerization with functional monomers, incorporation of the drug
into nanocarriers, and specific diffusional barriers [11,14,15].

The second issue of how to relate the in vitro release profiles with in
vivo performance is even more complex and has been largely unexplored
[16]. Even if the in vivo requirements for the drug release could be
theoretically predicted from pharmacological demands and pharmaco-
kinetic clearance, there are still a lack of standardized in vitro release
models that can be used to predict the performance of drug-loaded CLs
once placed onto the eye.

The purpose of this review is to shed light on biorelevant ways of
evaluating in vitro drug release from CLs and the feasibility of estab-
lishing in vitro-in vivo correlations (IVIVC) to predict in vivo performance.
First, the review will briefly address the regulatory status and specific
opportunities and challenges of drug-releasing CLs. Regulatory agency
guidelines and drug release tests collected in the Pharmacopoeias and
specialized reports are examined and their possible adaptation to
medicated CL discussed. The review covers the variety of in vitro release
tests used to examine drug-CL interactions in the last two decades.
Although the information available on in vivo drug release profiles from
CL materials to tear fluid is still limited, IVIVC are attempted. Papers
reporting both in vitro release profiles and either in vivo release or
therapeutic response are analyzed in detail. Finally, key points to be
considered for in vitro testing drug release from a medicated CL are
highlighted. The information reviewed in this paper may serve as a
guide to harmonize drug-CLs in vitro testing and facilitate the translation
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of medicated CLs to the clinical arena.

2. Medicated contact lenses as drug-device combination
products

2.1. Regulatory status

CLs are ocular prosthetic devices (i.e., ocular medical devices) used
by approximately 150 million people worldwide, and they can be worn
to correct vision impairment or for cosmetic or therapeutic reasons [17].
Regarding vision correction, CLs have some advantages over spectacles.
Some patients report that their visual acuity is better with CLs than with
glasses. CLs do not become foggy due to changes in temperature, hu-
midity or when breathing through a protective mask. Additionally, they
do not move or fall off during high-intensity activities. In contrast, the
use of CLs poses increased risk of ocular infections, inflammation, and
dry eyes. Also, as the age of the users increases, the chance of dis-
continuing lens wear increases due to CL associated dryness complaints
[18].

Regulatory agencies, such as the Food and Drug Administration
(FDA) and the European Medicines Agency (EMA), classify CLs ac-
cording to their intended use:

(1) non-therapeutic CLs - intended for correction of refractive ame-
tropia, aphakia, and presbyopia;
(2) specialized use CLs - these include orthokeratology (ortho-K)
lenses that cause a temporary change in corneal curvature to
eliminate any refractive error and decorative (plano) lenses for
fashion/cosmetic purposes;
therapeutic CLs — these serve as a tool in the management of a
wide variety of ophthalmic disorders refractory to other treat-
ment modalities, including pain relief, promotion of epithelial
healing, corneal protection from mechanical damage, correction
of an irregular corneal surface, and deliver medication [19,20].
Drug release could be pursued for treatment of both general
ocular diseases (e.g., seasonal allergies, as is the case for the
approved ketotifen-releasing CL) and CL-related disorders (e.g.,
infection or dry-eye syndrome).

3

According to the FDA definition, a medical device is “an instrument,
apparatus, implement, machine (...) intended for use in the diagnosis of
disease or other conditions, or in the cure, mitigation, treatment, or preven-
tion of disease, in man or other animals, or intended to affect the structure or
any function of the body of man or other animals, and which does not achieve
its primary intended purposes through chemical action within or on the body
of man or other animals and which is not dependent upon being metabolized
for the achievement of any of its primary intended purposes” [21]. There-
fore, a medical device is expected to achieve its purpose by means of
physical or electronic actions. In contrast, drugs achieve their action by
chemical actions. CLs as medical devices (as well as the lens care solu-
tions) are under strict regulatory oversight from their design to post-
marketing surveillance, with the aim to ensure patient safety and de-
vice efficacy. According to the risk profile that the patient may be
exposed to, daily-wear CLs are labelled as Class II medical devices
(moderate risk), while extended-wear CLs and ortho-K CLs are labelled
as Class III medical devices (higher risk). Readers interested in a
comparative analysis of FDA and European regulation on CLs should
refer to a recent review [22].

Overall, the many hurdles that should be solved to achieve the reg-
ulatory approval involve largely time (up to 31 months in USA) and
investment (up to 77% of the total expenses required to bring the
product to the market) [23]. These expenditures cause substantial delays
in the time a new product takes to become commercially available and
may impede industrial innovations in CL materials and new designs.
Transforming a CL into a drug-releasing CL requires changes in the
composition and design that necessitate additional regulatory steps.
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Furthermore, if a drug-CL only addresses a small market segment, then
commercialization may not be financially viable.

Even when CLs are only used as ophthalmic medical devices, the
potential interactions of the polymer network to attract oppositely
charged or hydrophobic drugs should be taken into consideration when
the wearer has to apply eye drops with the lens in situ. Some reports have
warned about the need to space the time between applying an eye drop
and putting the CL onto the surface of the eye to avoid loss of drug by
irreversible uptake by the CL [24].

CLs designed for the purpose of drug-releasing platforms are
considered as drug-device ‘combination products’. As defined in 21 CFR
3.2(e), a combination product is comprised of two or more regulated
components (i.e., in this case a drug and a device). Each component
retains its regulatory identity, and additionally the combination product
as a whole is subject to specialized regulatory requirements [25]. A
drug-releasing CL is classified as the type of device coated/ impreg-
nated/otherwise combined with a drug in which the device has an
additional function in addition to delivering the drug [26]. In the USA,
evaluation of a drug-releasing CL is assigned to a certain agency center
depending on which component provides the primary mode of action
(PMOA). The agency center with the primary jurisdiction then works
together with the other agency centers to carry out the adequate
premarket review.

In the case of a drug-releasing CL used for vision correction that
simultaneously delivers a drug for an ocular disease (device-led com-
bination product), substantial equivalence to a predicate product (e.g.,
the CL device solely) does not apply, since the addition of the drug re-
sults in a new intended use and/or implies a change in the technological
characteristics, which in turn raises additional questions regarding
safety and effectiveness [27]. If the drug makes the greatest contribu-
tion, for example, a plano power bandage CL that does not correct any
residual refractive error but releases a drug onto the ocular surface, then
the drug-led combination product would follow the “new drug appli-
cation” pathway and demonstrate the safety and the effectiveness of the
product in the new conditions of use. Although examples of drug-
releasing CLs are not included in the FDA guidelines, illustrative ex-
amples that refer to related device-led and drug-led combination prod-
ucts may be useful to understand the long regulatory pathway for a drug-
CL combination product [27].

2.2. Drug-eluting CLs in clinical trials

The lack of predicate products implies that the safety and efficacy of
a drug-releasing CL should be demonstrated in clinical trials. The search
in ClinicalTrials.gov of “contact lens AND drug” (April 2021) led to 344
outcomes. Most clinical trials referred to safety studies of new CL or
drugs after ocular or oral administration when they were administered
sequentially, not as a combination product. Only 16 clinical trials
referred to true drug-CL combination products (Table 1). In addition to
the antihistamine/mast cell stabilizer ketotifen, other drugs of interest
include those intended for the treatment of macular edema (dexa-
methasone), glaucoma and ocular hypertension (e.g., latanoprost,
timolol and dorzolamide), pain management after photorefractive ker-
atectomy, dry eye symptoms, and persistent epithelial defects.

Although in most clinical studies, the changes in CL composition or
technologies to prepare the drug-releasing CL are not disclosed, the
application of novel technologies is evident in some cases. As an
example, NCT04747808 refers to a Phase 2a study of safety, tolerability,
and efficacy of CLs that have been loaded with bimatoprost by means of
a proprietary printing technology (MediPrint™). The company dis-
closed that using an FDA approved drug and an FDA approved CL led to
a shorter regulatory course via a 505 (b) (2) pathway [28]. Of note, the
average age of the five patients in the trial was 77.4 years old and none
had previously worn CLs. The bimatoprost-loaded CLs were well toler-
ated during the seven days of continuous wearing, which supports the
short-term safety of these lenses [29].
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Patient and practitioner acceptability is a critical issue for the success
of drug-releasing CLs in the marketplace. Physiological conditions
associated with old age and vision disorders may hinder the insertion
and removal of the CLs [30]. In a recent survey, most patients suffering
from an ophthalmic disease indicated that they would prefer to use drug-
releasing CLs instead of eye drops, if the combination product was less
time consuming and reduced the required frequency of application [31].
Another important consideration is that CL-fitters in some countries are
licensed to prescribe CLs but not drugs. Therefore, it is not entirely clear
who would be permitted to prescribe drug-releasing CLs, and the regu-
lations will differ between various countries. In addition to legal issues,
there are still many other issues to be solved, including the stability of
the drug once loaded in the CL, the expiration date, the sterilization
protocol for labile drugs, assurance of sterility, disposable procedures,
and how to reload the drugs [10,32,33].

3. Guidelines and pharmacopoeia methods for testing ocular
drug release

The safety and efficacy of a drug product or a drug-device combo
product are ultimately demonstrated in a clinical trial. However, studies
with human participants are the final step after numerous preclinical
studies involving laboratory testing and a variety of in vivo tests. In vivo
testing in animal models should follow very strict ethical rules and
adhere to the 3RS principles; namely, ‘replace’ (search for alternatives),
‘reduce’ (minimize the experiments), and ‘refine’ (avoid distress) [34].
Moreover, animal testing can be expensive and not suitable for early-
stage testing. In vitro drug release tests are very valuable for quality
assurance since they reveal the robustness and reproducibility of a drug
product. Additionally, these tests help identify the critical elements of a
drug-device that are important for in vivo performance [35]. Therefore,
in vitro models that better predict the performance of these devices may
significantly facilitate the research and development process, thereby
reducing both time and cost to bring these products to market.

3.1. Determining drug bioavailability from drug-CLs using mathematical
models

The advantages of drug-releasing CLs as ocular drug delivery systems
are commonly compared with conventional eye drop administration. A
simple mathematical model to explain the concentration of drugs on the
ocular surface following an eye drop instillation was developed by Lang
and Stiemke [36]. This model assumes that the tear fluid layer on the
ocular surface behaves as a continuously stirred reactor (Fig. 1A). Once
an eye drop is deposited on the eye, the volume that cannot be contained
in the tear layer spills over, and the rest of the volume is rapidly mixed
with the tear fluid (Fig. 1B).

If no overflow occurs (i.e., drop volume is very small), the initial drug
concentration on the ocular surface (Cr(0)) can be estimated as the ratio
of the dose applied (Q;) to the volume of the tear fluid layer (V). Since
there is a hydrodynamic flow of tear fluid from temporal to the nasal
segments of the eye (V, the flow entrance of new tear fluid is the same as
the flow of drainage) [37], the total amount of drug in the tear layer
decreases exponentially according to

1%
Or(1) = Qirexp ( - V—R't>

In this equation Qg(t) represents the amount of drug at time t in the
tear fluid, Q; the initial amount (dose) instilled, V the tear flow, and Vg
the volume of tear fluid.

Similarly, drug concentration in the tear fluid layer decreases along
time as follows

z >
— et
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Clinical trials of CLs loaded with a drug or an active substance according to a ClinicalTrials.gov search for “contact lens AND drug” after refinement for “not yet
recruiting, recruiting, enrolling by invitation, active not recruiting, terminated, or completed” (April 2021).

Clinical study Status Study Title Contact lens Drug Drug loading Condition/outcome Phase
measures
NCT04225611  Not yet Therapeutic Contact Methafilcon (Kontur Dexamethasone TCL-DDS consisted of a Cystoid macular edema. 172
recruiting Lens Drug Delivery Kontact Lens Company, dexamethasone- Occurrence of CL related
System (TCL-DDS) in Hercules, CA) polymer film ocular infection, corneal
Patients With Recurrent encapsulated inside a epithelial defect, and ocular
Cystoid Macular Edema. CL. hypertension greater than
28.
Changes in OCT macular
thickness, and visual acuity.
NCT00432757  Completed Evaluation of Efficacy Etafilcon A Ketotifen CLs loaded 0.019 mg of Allergic conjunctivitis. 3
and Safety of an Anti- (1-Day ACUVUE, ketotifen. Ocular itching; conjunctival,
Allergy Drug With a Vistakon, Florida, USA) ciliary, and episcleral
Contact Lens in Allergic redness; chemosis and
Conjunctivitis. mucous discharge; tearing
and lid swelling
NCT00445874  Completed Evaluation of Efficacy Etafilcon A Ketotifen CLs loaded 0.019 mg of Allergic conjunctivitis. 3
and Safety of an Anti- (1-Day ACUVUE, ketotifen. Ocular itching; conjunctival,
Allergy Drug With a Vistakon, Florida, USA) ciliary, and episcleral
Contact Lens in the redness; chemosis and
Treatment of Allergic mucous discharge; tearing
Conjunctivitis. and lid swelling.
NCT04500574  Not yet Latanoprost Eluting Methafilcon (Kontur Latanoprost Latanoprost eluting CLs Glaucoma. Ocular 1
recruiting Contact Lens for Kontact Lens Company, consisted in a thin film hypertension.
Treating Glaucoma and Hercules, California) of latanoprost-polymer Adverse events as assessed
Ocular Hypertension. film encapsulated by ocular infection, corneal
within the periphery of epithelial defects, or cystoid
the lens. macular edema; changes in
intraocular pressure;
tolerability and comfort.
NCT04747808  Completed Study of LL-BMT1 in 7-days continuous Bimatoprost Drug-printed CLs. Primary open angle 2
Patients With Elevated wearing CLs glaucoma and ocular
Intraocular Pressure. hypertension.
Adverse event rate; IOP
elevation and changes.
NCT00889252  Completed Safety Study of a - Ketotifen - Allergic conjunctivitis. 3
Contact Lens With Ocular itching; conjunctival,
Ketotifen in Healthy, ciliary, and episcleral
Normal Volunteers. redness; chemosis and
mucous discharge; tearing
and lid swelling
NCT00569777  Completed Safety Study of a - Ketotifen - Allergic conjunctivitis. 3
Contact Lens With Ocular itching; conjunctival,
Ketotifen in Healthy, ciliary, and episcleral
Normal Volunteers. redness; chemosis and
mucous discharge; tearing
and lid swelling.
NCT02852057  Recruiting Effectiveness and Safety ~ Senofilcon A (ACUVUE  Timolol maleate CLs contained vitamin E  Glaucoma 1
of Timolol and Oasys, Vistakon, Fl, and dorzolamide as an additive for IOP changes
Dorzolamide Loaded USA) hydrochloride achieving extended
Contact Lenses. release of the drugs.
NCT03848221  Completed Direct Application of Daily disposable Systane Complete; Direct application of Dry eye 4
Systane Complete to contact lens Sensitive Eyes Systane Complete to CL. ~ Contact lens complication
Contact Lenses. Rewetting Drops. Ocular surface damage;
identifying dry eye disease
NCT03026257  Completed Clinical Assessment of a  Lotrafilcon B Polyoxyethylene- CLs were packaged in a Myopia -
HYDRAGLYDE® (AIR OPTIX® plus polyoxybutylene; blister solution Hypermetropia
Regimen. HYDRAGLYDE®, EOBO. containing the wetting Refractive errors
Alcon, A Novartis agent polyoxyethylene- Ex vivo total cholesterol
Division) polyoxybutylene. uptake
NCT03392532  Completed Comparison of Two Lotrafilcon B Polyoxyethylene- - Astigmatism. -
Silicone Hydrogel Toric (AIR OPTIX® plus polyoxybutylene; Percentage of lenses with
Contact Lenses. HYDRAGLYDE®, and EOBO. axis orientation within +30
AIR OPTIX® for degrees from the 90 degree
Astigmatism, Alcon, A axis.
Novartis Division)
NCT01918410  Completed Effect of Contact Lens SEED 1dayPure Alginic acid CLs were stored in a Dry eyes -

With Alginic Acid in Dry
Eye Patients.

moisture and SEED
2weekPure (SEED Co.,
Ltd., Tokyo, Japan)
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solution of alginic acid.

Difference of visual
analogue scale for the ocular
discomfort; tear lipid layer
thickness; schirmer and tear
breakup time tests; corneal
fluorescein staining, and
tear proteomic analysis.

(continued on next page)
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Table 1 (continued)
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Clinical study Status Study Title Contact lens Drug Drug loading Condition/outcome Phase
measures
NCT04283331  Recruiting Anesthetic Impregnated Bandage contact lens Proparacaine The BSCL were soaked Myopia 4
Bandage Soft Contact (BCL) in proparacaine Hypermetropia
Lens (BSCL) in Pain hydrochloride 0.5%. Refractive errors
Management After Astigmatism
Photorefractive Daily pain score; complete
Keratectomy (PRK). re-epithelialization and final
refraction at post-operative
NCT03388138  Completed Clinical Evaluation of Etafilcon A (1-Day Ketotifen CLs loaded 0.019 mg of Visual acuity 2
Etafilcon A With ACUVUE, Vistakon, ketotifen. Monocular contact lens-
Ketotifen. Florida, USA) corrected distance visual
acuity; eyes with clinically
significant slit lamp findings
and with unacceptable lens
fitting.
NCT03653650  Recruting Autologous Platelet-rich ~ Bandage contact lens Autologous platelet-  Bandage CLs plus Persistent epithelial defect -
Plasma in the Treatment  (BCL) rich plasma autologous platelet-rich Persistent epithelial defect
of Persistent Epithelial plasma eye drops. healing time; change in
Defects corneal sensitivity;
uncorrected visual acuity,
best corrected visual acuity;
ocular pain; ocular surface
symptoms, and frequency of
adverse effects.
NCT04553432  Recruting Dry Eye OmniLenz OmniLenz® Omnigen (Amnionic ~ OminLenz allows easy Dry eye 4
Application of Omnigen (NuVision®, membrane) delivery and Change in dry eye

Research Study
(DOORS).

Nottingham, UK)

comfortable retention of
Omnigen at the ocular
surface.

symptoms, visual acuity,
meniscus height, non-
invasive tear breakup time,

ocular surface staining and
ocular redness.

In addition to drainage through the lacrimal puncta, tear film losses
occur due to evaporation and absorption through the cornea, but the
contributions of these two factors under healthy conditions are limited
to 15-20% of total tear fluid losses [38]. In other words, the amount of
drug that is transported from the eye mostly enters into the nasolacrimal
duct at a rate of

Quul(t) = Q," <1 —exp < — VLR.t) )

These equations do not consider drug penetration into eye tissue, but
for most drugs that show poor ocular bioavailability, the model is still
valid. Assuming that the drug penetrates through all ocular tissues by
diffusion, the flux of drug from the tear fluid layer (J) depends on drug
diffusion through the eye tissue (D), the oil-water partition coefficient
(K), the drug concentration (Cg(t)), and the thickness of the diffusional
barrier (h) as follows

(3)

DK
Thus, the rate of absorption can be calculated as
. DKA
O,(1) =JsA= o +Cg(t) 5)

The amount absorbed at a given time is estimated by integration to
be

QA (t) = %'Qout(t) =P.A
V'Qout(t)

The typical values of the permeability coefficient, P, of ophthalmic
drugs are quite low [39], and therefore the fraction absorbed is pre-
dicted to also be minimal.

An example simulating the fate of the drug after instillation of 50 pL
of a 0.1% drug solution is shown in Fig. 1A. Assumptions included that
only 10 pL are effectively mixed with the tear fluid (Q; = 0.01 mg), the
drug has a quite high permeability coefficient (0.5-10 cm/s), the
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corneal surface available for absorption is 0.5 cm? [40], and that the tear
flow is 1.2 pL/min [36]. Fig. 1A evidences the rapid clearance of the
drug from the tear fluid layer and the small amount that can penetrate
the ocular tissues. This model also explains that a drug-induced tearing
(e.g., tear flow 2.4 pL/min) causes a faster decrease in the drug levels in
the tear fluid, consequently resulting in less drug being absorbed. In
contrast, an excipient that increases the viscosity of the eyedrop may
decrease the flow (e.g., tear flow 0.6 pL/min) and thus favors drug
permanence on the ocular surface and subsequent drug absorption
(Fig. 1 B1).

Using microparticles that perform as drug-binding resins can notably
prolong the time of permanence of the drug on the surface of the eye
(Fig. 1 B2). An equilibrium between the drug that is inside the resin and
the drug that is free in the tear fluid is established. The fraction of free
drug (F, not bound to the microparticles) can vary depending on the
affinity of the resin for the drug. In Fig. 1 B2, the F value was assumed to
be 0.2; i.e., at each time point 20% of the drug is free and 80% of the
drug remains in the formulation. The total amount of drug in the tear
fluid layer is the sum of both free and bound drug, but the drug that can
be absorbed or drained is only the free drug. Therefore, the equations
should be modified accordingly, as follows

FeV
Qout () resin = Oy (1 —exp<— v -t) ) )
R
Q/\ (t)"e"i" = %'Qoul(t)rcsin =P.A (8)

V * Qout (t)rcsin

Sustained drug release attenuates the decrease in Qg(t), but also
slows down the amount absorbed and the amount drained. Therefore,
the therapeutic advantage of formulating a drug into microparticles is
not related to an increase in the concentration of drug available for
absorption (which decreases if the dose remains constant), but due to the
prolonged residence of the drug in the tear fluid. Assuming that the
formulation does not alter drug permeability, it is clear that a decrease in
free drug concentration diminishes the flux of drug into eye tissues
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Fig. 1. (A) Modeling of the precorneal tear reservoir as a continuously stirred reactor consisting in a chamber with capability to contain a certain volume of tear
fluid, Vg, which is under continuous flow, V; and equations that predict, after one drop instillation, the amount of drug that remains in the precorneal tear reservoir,
Qr(t) (black symbols), and the amount that is cleared in total, Q,.(t) (white symbols), and through tissue permeation, Q4(t) (green symbols), at a certain time point.
Equations adapted from Lang and Stiemke [36]. Plot Al simulates the evolution of the drug levels after instillation of one drop (50 pL) of a 0.1% drug solution;
assuming that only 10 pL are effectively mixed with the tear fluid (Qi = 0.01 mg), the drug has a quite high permeability coefficient (0.5-10° cm/s), the corneal
surface available for absorption is 0.5 cm?, and tear flow is 1.2 pL/min. (B) Plot B1 depicts the effect of a change in the tear flow from 0.6 yL/min (e.g., a decrease
induced by a thickening excipient; down triangles) to 2.4 pL/min (e.g., tearing induced by the drug itself; up triangles). Plot B2 depicts the effect of formulating the
drug in microparticles that perform as drug-binding resins and that during the release the fraction of drug released at each point (free drug) is 20% of the drug
remaining in the microparticles. Only the free drug released to the tear fluid is absorbed or drained, which decreases both the rate of absorption and the clearance,
but notably increased the time of permanence of the drug in the tear fluid for the same dose instilled as compared to Al. (C) The use of drug-loaded CL alters the tear
volume and slows down the flow beneath the lens. Also, the sustained release of the drug (in the plot Qr(t)c; represents real data of free drug levels recorded in vivo
by some of the authors) notably slows down drug clearance (attenuating the risk of collateral systemic effects) and may facilitate sustained absorption through ocular
tissues. If the absorption rate is sufficient to induce pharmacological effects, the therapeutic efficiency of the treatment may be notably enhanced and prolonged.
Among the listed parameters that may affect ocular drug bioavailability, CLs may preferentially act on those marked with *.

(Equation 5) and thus the absorption rate. Therefore, the improvements
in ocular bioavailability recorded for microparticle-based formulations
are not due to an increase in permeability, but to a change in the
pharmacokinetic profile. Slow drug release from microparticles means
more contact time of the drug with the eye tissue. If the absorption rate
is sufficient to reach the pharmacological threshold, i.e., the minimum
therapeutic concentration in the target tissue, then the pharmacological
effects could be notably prolonged compared to eye drop instillation.
It seems clear that ocular drug absorption benefits from a decrease in
tear flow and a sustained drug release. Interestingly, CLs may simulta-
neously achieve both of these conditions. In the case of CLs, an equi-
librium between free and bound drugs may not occur since the strength
of the binding is less than for the ionic resins. F is expected to increase
with time. Therefore, in the following equations F is not a constant and
may be a function of the release kinetics. Qg(t) depends also on the
release kinetics. Additionally, placing a CL on the eye causes the tear
film to divide into two layers, an outer ‘pre-lens tear film’ closest to the
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air and a layer beneath the CL and in front of the cornea designated as
the ‘post-lens tear film’. Drug release mainly occurs toward the post-lens
tear film because, in the time interval between successive blinks, the
external surface of the CL dries and thus drug diffusion stops. Therefore,
an initial consequence of placing a CL on the surface of the eye is that the
volume available for drug release is less than in the case of eye drops.
Tear film thickness in the absence of a CL is estimated to be 6 pm, and
the thickness below a CL is 1-2 pm [41].

A second consequence is that the exchange of tear fluid beneath the
CL, i.e., the hydrodynamic flow of the post-lens lachrymal fluid (V¢;), is
smaller than in the absence of the CL, particularly for soft CLs [42].
Moreover, the dynamics of tear flow under the CL may follow a non-
constant rate, since blinking causes deformation of the CL, which in
turn ejects the fluid when the CL is under pressure and suctions more
fluid when the pressure vanishes [43]. Thus, Vi, should be considered as
a mean value, and the blinking pressure may also alter drug release
kinetics from the CL.
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The complex dependence of the release rate, Qg(t) and F’ on Vg
explains the difficulties in designing in vitro release tests for drug-eluting
CLs that can mimic the physiological conditions on the eye surface, or at
least that can provide values useful to predict in vivo behavior. It should
be noted that CLs are not expected to increase drug permeability,
because this parameter mainly depends on the drug-tissue pair, but CLs
may notably enhance ocular bioavailability (at least Q4(t)c1) by regu-
lating the concentration of drug in the tear fluid and the time of
permanence. These two latter parameters can be tuned through an
adequate design of the CL that considers not only drug-network in-
teractions, but also the potential competitive binding of the drug to tear
components (lipid, proteins) and also the binding of various tear com-
ponents to the CL [44].

3.2. Current official methods for testing drug release from topical
ophthalmic medicines

In the development of a drug product (medicine), drug release tests
provide valuable information for quality control during manufacturing
and regulatory review process and as predictive tools of in vivo perfor-
mance. Particularly, for ophthalmic non-solution products, traditional
systemic pharmacokinetics studies (using blood sampling) do not inform
on bioavailability at the site of action (inner eye structures) [45]. Reg-
ulatory bodies have published recommendations on bioequivalence
studies that involve clinical endpoint studies (mostly for glaucoma,
ocular hypertension, and pain), pharmacokinetic studies in aqueous
humor (e.g., topical corticosteroids prior to cataract extraction), mi-
crobial kill rate assay (e.g., antimicrobial drugs) and in vitro release
studies [46]. Clinical endpoints provide semiqualitative information and
may be affected by the patient health conditions. Since their capability
to discriminate similar products is low, clinical endpoint assessment
requires a fairly large sample size. Pharmacokinetic studies in the
aqueous humor offer quantitative data of transcorneal ocular bioavail-
ability, but usually only one sampling per patient is feasible. Moreover,
drug levels in the aqueous humor may be affected by several interindi-
vidual differences (e.g., age, ethnicity, ocular illness) and thus a very
large sample size is required for statistical significance [45]. Therefore,
so far, in vitro studies are considered more reliable to assess differences
among ophthalmic formulations.

Researchers and regulatory bodies have been attempting to establish
methods for in vitro-in vivo correlations (IVIVC). Strong efforts are being
made to develop ocular physiologically relevant pharmacokinetic
(PBPK) in silico models (i.e., via computer simulation) that can predict
drug ocular bioavailability and tear film breakup time based on the
physicochemical properties of the drug and the formulation. For
instance, GastroPlus™ has recently been implemented with an Ocular
Compartmental Absorption and Transit (OCAT™) model [47]. Various
other modeling approaches to simulate drug transport through the
cornea are also currently under investigation [48].

Some product-specific guidances are available for ophthalmic non-
solution products, such as suspensions and ointments. A great deal of
attention has been focused on identifying drug release tests that can
detect changes in formulation or manufacturing process having the same
drug and the same inactive ingredients. The most common apparatus to
monitor drug release from non-solution ophthalmic products are those
included in official pharmacopeias for oral dosage forms, with some
modifications to be adapted to semisolid products. Some key examples
of the apparatus include the Franz diffusion cell, USP apparatus 2 with
enhancer cells, and USP apparatus 4 with semisolid adapters (described
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in Fig. 2) [49]. Nevertheless, non-compendial dissolution methods that
can be more biorelevant are under investigation, such as devices simu-
lating low-volume flow-through [45].

There is an increasing number of reports devoted to identifying the
apparatus and the release conditions that allow for improved discrimi-
nation among similar ophthalmic formulations of a given drug [50]. In
vitro release tests in simulated lachrymal fluid and ex vivo transcorneal
flux correlations have also been attempted. As an example, four lote-
prednol etabonate ophthalmic ointments considered as qualitatively and
quantitatively equivalent formulations (the same components in the
same concentration; Q1/Q2) were evaluated in terms of rheological
behavior, in vitro drug release in artificial lachrymal fluid and ex vivo
(rabbit) transcorneal flux [51]. The USP apparatus 4 (1.54 cm? exposed
area, 50 mL medium capacity, flow rate 8 mL/min) clearly showed
differences in release rate among the formulations, which were not
detected or were less evident using the Franz diffusion cells (1.77 cm?
exposed area, 12 mL receptor medium, 600 rpm) or the USP apparatus 2
with enhancer cells (4 cm? exposed area, 40 mL release medium, 150
rpm). The highest release rates, but the less reproducible ones, were
recorded in the Franz diffusion cells. Inverse correlations were found
between the rheological properties (crossover modulus and power law
consistency index) and the release rate (Higuchi model) of the four
ointments. Moreover, ex vivo transcorneal permeation coefficients
recorded in Franz diffusion cells also revealed differences among the
formulations, which correlated with their rheological features (Fig. 2A).
Compared to the drug release rates calculated in vitro, the drug perme-
ation rates were lower, but the rank order of the formulations was the
same; namely, a direct correlation was found between in vitro release
rate and ex vivo release flux (Fig. 2B). This study demonstrated the
usefulness of the in vitro release tests as predictive tools of ex vivo drug
transcorneal flux, which may correlate with the flux in vivo, although
this has not been demonstrated yet. Additionally, particular attention
should be paid to the preservation of corneal structure and epithelium
integrity during the test [51]. In any case, such in vitro- ex vivo corre-
lations are particularly useful when a predicate product has already
demonstrated safety and effectiveness, and a generic product is intended
to be developed. Nevertheless, prediction of in vivo performance does
not depend only on the release rate, but also on other formulation
properties, such as retention time on the ocular surface.

Release tests carried out with solid ophthalmic formulations, namely
inserts to be placed in the conjunctival fornix, are also quite heteroge-
neous [52-55]. Ocusert-like inserts prepared with poly(lactic co-
glycolic) acid and polyethylene glycol (PEG) and loaded with brimoni-
dine tartrate showed almost constant release rate for one month when
placed in phosphate buffered saline (PBS) solution at 37 °C [56]. The
release medium was completely replaced at each sampling point, but
total release medium volume and stirring conditions were not disclosed.
There are few other inserts for drug delivery that are under preclinical or
clinical phase. A bimatroprost ocular ring (formerly Helios™), which
contains the drug onto a non-biodegradable support and coated with
silicone, was reportedly ‘safe’ in preclinical tests, but the in vitro release
profiles were not disclosed [54]. Ciprofloxacin release from OphthaCoil
inserts (stainless steel coated with SlipSkin®) was evaluated by placing
the insert in a silicon tube (inner diameter of 1 mm), through which
simulated lachrymal fluid was pumped at a rate of 100 pL/min. Frac-
tions of 150 pL were collected for release kinetics evaluation. In general,
the profiles showed fast release in the first minutes and decreased
amount released in the next few hours [57]. Pradofloxacin-loaded
OphthaCoil inserts were similarly tested in vitro and compared with
the release in vivo in a dog model after insertion in the lower conjunc-
tival fornix of the eye [58]. The in vivo release was notably slower and
thus more prolonged, which was attributed to the in vitro high flow of
release medium (100 pL/min) compared to physiological tear turnover
(1-5 pL/min). Overall, the information reported for topical ocular solid
formulations also reveals a disparity of release media and testing con-
ditions, without conclusive proposals on the in vitro test setup that may
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Fig. 2. (A) Scheme of some of the apparatus considered in the USP chapter <1724> for in vitro drug release from semisolid drug products. Franz (vertical) diffusion
cells consists of two compartments (donor and receptor) separated from each other by a membrane onto which, typically, 200 mg of the product under test is placed.
A heating jacket is used to regulate the temperature and the experiment is carried out for 4-6 h. The modified USP apparatus 2 consists of a cell filled with the product
(300 mg - 2 g covered with a permeable membrane) which is placed at the bottom of the glass flat vessel. The release medium is added and maintained under stirring
with the help of a small paddle positioned at a certain distance from the product. The flow-through cell USP apparatus 4 consists of a reservoir (semisolid adapter)
filled with the product (also covered with a permeable membrane) through which a sinusoidal flow of release medium is impelled. Reprinted from Bao and Burgess
[49] by permission from Springer Nature; (B) Linear correlation (semi-logarithmic mode) between critical parameters of loteprednol etabonate ophthalmic ointments
(crossover modulus CM and power law consistency index K) and drug transcorneal flux; and (C) linear correlation between in vitro release rate recorded using the
three apparatus described in (A) and ex vivo transcorneal flux (receptor filled with 5 mL of artificial lachrymal fluid with 9% hydroxypropyl-p-cyclodextrin, 600 rpm).

Reprinted from Bao et al. [49] with permission from Elsevier.

mimic in vivo release.

The lack of standardized in vitro test models has also been pointed out
as a relevant concern for the development of ocular implants for pos-
terior eye segment [59]. A variety of setups, including configurations
similar to those depicted in Fig. 2, have been tested, but finding IVIVC
remains elusive. The high complexity of the ocular tissues, comprising a
diversity of metabolic and physiological barriers, makes the in vitro
mimicking of the in vivo processes of drug release, absorption and dis-
tribution much more challenging than for any other route.

4. In vitro testing of drug release from medicated CLs

Since there is not an officially approved method for testing drug
release from CLs, authors have used a myriad of different approaches. A
search was performed in Web of Science database with the keywords
“drug AND contact lens” within the 2000 to 2021 time frame. The search
was further refined using the word “release” and to papers published in
English. In total, 455 results were generated. This search included ocular
drugs and macromolecular demulcents. Further refinement manually
removed contributions that did not match the appropriate outcomes
searched for, resulting in 251 original papers being analyzed.

The in vitro setups can be categorized into three main groups: (i)
release in a beaker with or without replacement of the release medium at
a pre-stablished time; (ii) release under fluid flow in specially designed
microfluidic chambers; and (iii) release under blinking-mimic condi-
tions (Fig. 3). Most reports refer to in vitro release profiles recorded in
small beakers, but using widely variable volume, medium composition,
stirring and replacement. For exhaustive information the reader is
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referred to Table S1 (Supporting Information file) [60-199]. Although
analysis of this non-harmonized data is not easy, beakers in which the
release medium is not replaced are usually filled with more volume than
those that undergo partial or complete replacement of the release me-
dium at each sampling time (Fig. 3 Al). The selection of the release
medium volume is a highly relevant issue, as evidenced in a previous
comprehensive report [106]. If too small a volume is chosen, then the
release process may become controlled by drug solubility, and therefore
the capability of the CL to regulate drug release is overestimated. In
comparison, if too large a volume is chosen or a small volume is
frequently replaced, then a sink effect accompanied by a large concen-
tration gradient may forcedly accelerate the release process, and the CL
may become exhausted much more rapidly than under in vivo condi-
tions. Clearly, CLs that are able to sustain the release under the in vitro
more challenging conditions are also expected to control the release
under in vivo conditions. However, as evidenced in section 5, these in
vitro conditions do not ensure IVIVC because the release in vivo may be
slower. Interestingly, an overall analysis of the time that CLs sustain
drug release in vitro suggests that, disregarding whether the release
medium is replaced or not, conventional commercially available CLs
release the drug much faster than CLs designed ad hoc or coated with
components that exhibit affinity for the drug. According to the data
compiled in Table S1 (Supporting Information file), for these latter CLs,
the duration of the release could be prolonged for 149 (s.d. 99), 319 (s.d.
338), 226 (s.d. 278) and 290 (s.d. 328) hours in PBS without replace-
ment, in PBS with replacement, in artificial tears without replacement,
and in artificial tears with replacement, respectively. The box plot
showing the median values and the upper and lower quartiles are
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Fig. 3. Main setups used to evaluate in vitro drug release from CLs. (A) Beaker of variable volume (from small well to large tube) with (R) or without (w/oR)
replacement of the release medium at a pre-established time. The box plots constructed from the data compiled in Table S1 demonstrate that (A1) tests made without
replacement of the release medium (w/oR) usually involve large volumes, and (A2 and A3) CLs designed to control drug release (code C+) are more efficient in
providing sustained release than conventional CLs (code C-) disregarding whether the release medium (PBS or artificial tears) is replaced or not during the in vitro
test. (B) Devices proposed to evaluate drug release under fluid flow showing different configurations for inlet and outlet ports; (B1), (B2) and (B3) reprinted,
respectively, from Tieppo et al. [201] with permission from Elsevier, Bajgrowicz et al. [204] with permission from ARVO, and Pimenta et al. [206] with permission
from Springer Nature. (C) Advanced prototypes in which CLs can be subjected to normal forces that may mimic the blinking conditions; (C1) reproduced from
Galante et al. [208] by permission of Taylor & Francis Ltd., and (C2) reproduced from Phan et al. [210] (Creative Common CC BY license).

depicted in Fig. 3 A2 and A3. No in vivo release profiles are available for
reports collected in Table S1.

Attempts to better mimic the complex scenario of in vivo release have
mainly focused on the design of microfluidic chambers that allow for
regulation of both the flow and the total volume of medium that bathes
the CL (Fig. 3B). The microfluidic device depicted in Fig. 3 B1, which
may hold 175 pL in the inner chamber and pumps the release medium at
a flow rate of 3 pL/min, has been shown to be useful for discrimination
of the capability of silicone hydrogel CLs to sustain dexamethasone
release [200]. Compared to the release in a large-volume beaker, CLs
loaded with a variety of drugs and demulcents showed slower release
profiles when tested in the microfluidic device, which were prolonged
for weeks [201-203]. The microfluidic device depicted in Fig. 3 B2
consisted of two 3D printed molds resembling the corneal/scleral cur-
vature and the eyelid. The CL is placed between these structures, and the
space available for the release medium is 100 pL. For a flow rate of 3.3
pL/min, commercially available CLs sustained the release of ciproflox-
acin, moxifloxacin and fluconazole for several hours compared to the
few minutes recorded when the test was carried out in a vial with 4.8 mL
PBS, partially replaced at each sampling time [204,205].

The microfluidic device depicted in Fig. 3 B3 is the one with the
lowest volume in the inner chamber (45 pL, which is quite close to the
maximum tear film volume in the eye) and has 8 outlets that converge in
a common collector [206]. Once again, release profiles recorded using
this microfluidic device showed remarkably slower rates than the
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release in a beaker [156,207]. At this time, the microfluidic devices are
still to be validated with appropriate in vivo data.

The reports on devices that can mimic the pressure exerted by the
eyelid on the CL are still incipient (Fig. 3 C). Repetitive load and friction
cycles (16 kPa) onto CLs placed in a Simublink device (Fig. 3 C1) have
been shown to accelerate the release of levofloxacin when directly
loaded in the bulk of the CL [208], but the effect was negligible when the
drug was encapsulated in liposomes coating the CL [209]. A whole in
vitro eye model device constructed using 3D printing has recently been
proposed to evaluate the effects of air exposure, flow rate, and blinking
frequency on drug release rate (Fig. 3 C2) [210-212]. The model con-
siders the coating of the front surface of the eyeball with a silicone
material to prevent unspecific binding of the tested drug and allows for
quantifying the amount of drug that penetrates into the polyvinyl
alcohol (PVA)-mimicking eyelid [212].

5. In vivo-in vitro relationships

There is an increasing interest in using in vitro profiles to predict in
vivo performance. Nearly 50 papers have been published since 2000
reporting in vitro release profiles from CLs together with either in vivo
levels in tear fluid or therapeutic response (Table 2). Most studies have
relied on the rabbit eye model, which has structural similarities with the
human eyes. However, it is important to note that there are also marked
differences in lacrimal fluid turnover (~7.1%/min in rabbits vs. ~16%/
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Table 2

Drug-loaded CLs evaluated in vivo (animal model) in terms of drug release to tear fluid. Some studies also include the measurement of drug accumulation in eye tissues
or therapeutic outcomes.

Lens material

Loading protocol

In vitro test

In vivo test

Outcome

N,N-Diethylacrylamide
(DEAA), Methacrylic acid
(MAA) and Ethylene glycol
dimethacrylate (EGDMA)

Poly(HEMA-co-AA-co-AM-
co-NVP-co-PEG200DMA)

MA-PDMS-MA
macromonomer, DMA,
TRIS, EGDMA

Dimethylacrylamide (DMA,

200 pL), Siloxane (50 pL);
MAA (50 pL); EGDMA (10

uL), and HEMA (up to 1 mL)

Poly(2-hydroxy-ethyl
methacrylate-co-N-
vinylpyrrolidone—co-
methyl acrylate)
(PHEMA-NVP-MA)
(0.05 mm)

Copolymers of HEMA with
mono-MA-B-CD and
trimethylolpropane
trimethacrylate

Soaking of imprinted and
non-imprinted CLs in 10
ml of 1 mM timolol
solution for 3 days. Then,
autoclaved.

Soaking of imprinted and
non-imprinted CLs in 3
ml of 0.3 mg/mL drug
solution. Then,
autoclaved.

Soaking in 5 mL of 1.945
mg/mL drug solution for
5 days.

Immersion of imprinted
and non-imprinted CLs in
2 ml of 10, 20 or 30 pg/
mL drug solution in
simulated tear fluid pH
7.4. The systems were
autoclaved and soaking
was prolonged for 10
days.

Soaking in 5 mL of 0.802
mg/mL drug solution in
PBS at 37 °C until
equilibrium.

Soaking in 50 mL of
0.334 or 0.802 mg/mlof
puerarin solution for 24
h.

10 ml of 0.9% NacCl at
37 °C

300 mL of artificial
lacrimal solution, at 30
rpm and 34 °C.

5 mL of PBS, at 100
rpm and 37 °C

2 mL simulated tear
fluid at 34°C and 50
rpm; complete
replacement of the
release medium at
each sampling point.

5 mL PBS at 100 rpm
and 37°C. At each
sampling time, 100 pL
of the volume was
replaced by fresh
medium.

10 mL distilled water
at 37 °C and 100 rpm.
At each sampling time,
5 mL of the volume
was replaced by fresh
medium.
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Male Nippon albino
rabbits. Imprinted (21 pg
dose) and non-imprinted
(34 pg) were applied on
cornea. Timolol
solutions (34 and 125
Hg) were used as control.
Drug levels in tear fluid
were monitored.

Male New Zealand white
rabbits. Imprinted (110
pg dose) and non-
imprinted (39 pg) were
applied on right cornea.
As control, one drop (50
pL) of commercially
available 0.025%
ketotifen eye drops was
instilled in left cornea.
Drug levels in tear fluid
were monitored.
Rabbits. One CL per
animal (amount loaded
ranged from 25 to 31
mg/g). As control, one
drop (50 pL) of
commercially available
0.050% ketotifen eye
drops was instilled in the
other cornea.

New Zealand white
rabbits of either sex.
Imprinted (14.8) pg
dose) and non-imprinted
(16.2 pg) were applied
on right cornea. As
control, one drop (15 pg)
of commercially
available 0.025%
ketotifen eye drops was
instilled in left cornea.
Drug levels in tear fluid
were monitored.
Rabbits. One CL per
rabbit. In contralateral
eye, one drop (50 pL) of
1% puerarin was
instilled.

Rabbits. One CL per
rabbit. In contralateral
eye, one drop (50 pL) of
1% puerarin was
instilled.

In vitro release sustained
for 24 h. In vivo release
prolonged for 90 min.

In vitro release from
imprinted CLs was
sustained for 72 h (85%
released in 24h). In vivo
release prolonged for 26
h.

Invitro release from more
hydrophilic CLs was
prolonged for 5 h, while
less hydrophilic ones
sustained the release for
12 h. These later CLs
sustained in vivo release
for 24 h.

In vitro release from
imprinted CLs was
sustained for 36 h. In vivo
release prolonged for 12
h.

In vitro, drug release was
complete in 4 h.

In vivo, CLs with higher
content in NVP (28 mg
puerarin/g) showed MRT
of 77.45 min, with
quantifiable drug levels
for 6 h. Eye drops had
MRT of 12.88 min, with
quantifiable drug levels
for 90 min.

CLs with MA-$-CD
loaded more drug (32.6
mg/g) than without
comonomer (13.3 mg/g).
In vitro release profiles
from both CLs showed a
burst of ca. 60% in the
first hour. CLs with MA-
$-CD sustained the
release for few hours
more.

In vivo, CLs with MA-
B-CD sustained the
release in tear fluid for 6
hours. They also
provided relevant drug
levels in aqueous humor
for more than 12 h, with
a maximum at 4-6 h. Eye
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Entry  Drug Lens material Loading protocol In vitro test In vivo test Outcome Ref
drops were cleared in 50
min. from tear fluid.
7 Diquafosol Commercially available Soaking in 1 mLof 1 mM 1 mL NaCl 0.9%; Male New Zealand white  Invitro release completed =~ 222
silicone hydrogel CLs drug solution for 12 h. complete replacement rabbits. One loaded CL in 24 h.
(comfilcon A and balafilcon of the release medium (approx. 0.02 mg) inone  In vivo, eyedrops were
A) every 24 h. eye, and non-loaded CL completely drained in 5
in contralateral eye. As min. CLs had maximum
control, one drop (10 pL)  level at 30 min in tear
of 0.1 mM drug was fluid, but drug levels
instilled. were detected for 240
min. Invivo CLs increased
tear secretion for 300
min, while the effects of
topical instillation were
maximum at 15 min and
lasted for 90 min.
8 Ketotifen HEMA (up to 1 mL) with The drug directly or 2 mL of simulated tear ~ New Zealand rabbits of Directly loaded CLs 223
dimethacrylate acid (250 previously encapsulated fluid at 34 °C and 100 either sex. One CL, either ~ provided lower Cmax
uL), siloxane (5 pL) and in pegylated solid lipid rpm; complete directly loaded with p- (445.7 + 85.3 pg/mL but
NVP (100 pL) nanoparticles (pSLNs) replacement of the SLN (70.2 pg drug) or higher drug levels in tear
was added to monomer release medium at soaked in p-SLN (48.5 g fluid along time than CLs
mixture before each sampling time. drug), placed on one eye.  that were loaded by
polymerization. Some As control, two drops (25  soaking in ketotifen-
hydrogels were loaded by pg) were instilled on one  encapsulated p-SLNs
soaking in drug solution eye. Contralateral eyes (581.6 &+ 152.7 pg/mL).
or drug-encapsulated were referred as control.
PSLNs for 10 days. After
autoclaving, drug
remaining in the CLs was
quantified.
9 Ketotifen HEMA (48 %w/w), MAA (1 The drug directly or 2 mL of simulated tear =~ New Zealand white In vitro, CLs loaded with 224
%w/w), EGDMA (0.5 %w/ previously encapsulated fluid at 35 °C and 100 rabbits. One CL on one the drug encapsulated in
w) and water (50.5 %w/w) in silica shell rpm; complete eye. Contralateral eyes nanoparticles showed
mixed with 10 %w/w silica  nanoparticles was added replacement of the were referred as control.  minor burst and
shell nanoparticles to monomer mixture release medium at sustained release for 9
before polymerization. each sampling time. days. Sustained drug
levels in tear fluid were
also recorded for a
similar period of time.
10 Cyclosporine A HEMA with MAA (25:1 The drug directly or 2 mL of simulated tear ~ New Zealand rabbits of In vitro and in vivo, CLs 226
mol/mol) previously encapsulated fluid at 34 °C and 100 either sex. One CL (100 loaded with the drug
in a microemulsion was rpm; complete pg drug) in one eye. itself or encapsulated in
added to monomer replacement of the unstable microemulsions
mixture before release medium at showed more sustained
polymerization. After each sampling time. release, but the release
boiling and autoclaving, rate was too slow to
drug remaining in the CLs provide therapeutic
was quantified. levels after few days.
Differently, CLs with the
drug encapsulated in
stable microemulsions
released the drug faster
in vivo and provided
therapeutic drug levels in
tear fluid for some
weeks. IVIV correlations
were observed.
11 Cyclosporine A HEMA (60 %), MAA (2 %), The drug directly or 2 mL of simulated tear ~ New Zealand rabbits of In vitro and in vivo, CLs 227
EGDMA (0.5 %), NVP (1%),  previously encapsulated fluid at 34 °C and 100 either sex. One CL (50 pg  with the drug directly
water (36.5 %) in Eudragit S100 rpm; complete drug) in one eye. added showed a burst
nanoparticles was added replacement of the and completed the
to monomer mixture release medium at release in few days. CLs
before polymerization. each sampling time. with the drug
After boiling and encapsulated in
autoclaving, drug nanoparticles had lower
remaining in the CLs was burst and sustained for
quantified. more time the release
both in vitro and in vivo.
12 Bimatoprost Siloxane (100 pL), EGDMA Soaking in bimatoprost 2 mL of simulated tear ~ New Zealand rabbits In vitro, SM and ME CLs 228

(15 pL), DMA (300 pL), and
HEMA (up to 1 ml)

microemulsion (ME) or
solution (SM) containing
25, 50 or 75 pg drug per
mL of simulated tear fluid
for 7 days.

fluid at 34 °C and 50
rpm; complete
replacement of the
release medium at
each sampling point.

682

(male and female). SM
(32.6 pg) and ME (46.4
pg) CL on one eye. As
control, one drop (50 pL)
of 0.03% w/v
bimatoprost eye drop
solution was instilled on

showed a relevant burst
and sustained drug
release for 24 h and 48 h,
respectively.

In vivo, the release in tear
fluid was prolonged for
12 and 24 h,
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Entry  Drug Lens material Loading protocol In vitro test In vivo test Outcome Ref
one eye. Contralateral respectively. The eye
eyes were referred as drop was cleared in less
control. than 1 hour.
13 Travoprost Silicone hydrogel CLs made  Soaking in drug 2 mL of simulated tear ~ New Zealand rabbits In vitro and in vivo, T-SM 229
of DMS (250 pL), siloxane microemulsion (T-ME) or fluid at 34 °C and 100 (male and female). T-SM CL and T-ME CL
(150 pL), EGDMA (10 pL), solution (T-SM) rpm; complete (13.9 pg) and T-ME (26.9 sustained drug release
and HEMA (up to 1000 pL).  containing 25, 50 and 75  replacement of the pg) CL on one eye. As for 24 and 48 h,
pg drug per mL of release medium at control, one drop (50 pL)  respectively. Eye drops
simulated tear fluid for each sampling point. of 0.003% w/v showed a rapid decay in
10 days. travoprost eye drop drug levels in the first
solution was instilled on  two hours.
one eye. Contralateral
eyes were referred as
control.
14 Olopatadine EGDMA (10 pL), siloxane Soaking (SM-OL), drug 2 mL of simulated tear ~ New Zealand rabbits of In vitro, DNT-OL CL 230
(100 pL), and HEMA (up to  directly added during fluid at 34 °C and 100 either sex. One DNT-OL attenuated the burst but
1 mL). polymerization (DL-OL), rpm; complete CL (260 pg dose). As most drug was still
or drug encapsulated in replacement of the control, one drop (50 pg  released in the first 12 h.
ethylcellulose release medium at olopatadine HCl) was In vivo, olopatadine
microprarticles in each sampling time. instilled on one eye. levels in tear fluid lasted
doughnut CLs (DNT-OL). Contralateral eyes were few hours after eye drop
referred as control. instillation and were
prolonged for 24 h with
the CLs.
15 Betaxolol HCI Silicone hydrogel CLs made  Drug loaded pH- 10 mL of simulated Male Nippon albino In vitro, drug release was 231
of HEMA:NVP:TRIS responsive film (cellulose tear fluid or PBS at 35 rabbit. Soaked CL (121 minimum in PBS pH6.8
20:40:40 w/w/w. acetate-Eudragit S100) °C and 100 rpm; 2 mL pg dose), film-embedded  and prolonged for 10 h in
embedded in the CL. replacement of the CL (700 pg dose), or one  simulated tear fluid. In
release medium at eye drop (100 pg dose) vivo, drug levels in tear
each sampling point. on one eye. Contralateral  fluid were measurable
eyes were referred as for several days. IVIVC
control. found.
16 Diclofenac HEMA and EGDMA (0.5 %)  Drug loaded pH- 10 mL of simulated Male Nippon albino In vitro, drug release was 232
sodium responsive film tear fluid or PBS at 35 rabbit. Soaked CL (100 minimum in PBS pH6.8.
(ethylcellulose-Eudragit °C and 100 rpm; 2 mL pg dose), film-embedded  The release rate in
S$100) embedded in the replacement of the CL (121 pg dose), or one simulated tear fluid
CL. release medium at eye drop (150 pg dose) depended on thickness
each sampling point. on one eye. Contralateral ~ and molecular weight of
eyes were referred as polymer film. In vivo,
control. drug levels in tear fluid
were measurable for 12
h. IVIVC found.
17 Betaxolol HCI Silicone hydrogel CLs made  Drug loaded ion- 10 mL of simulated Male Nippon albino Invitro, drug release was 233
of HEMA:NVP:TRIS responsive film (poly tear fluid at 35 °C and rabbit. Film-embedded sustained for one week.
20:40:40 w/w/w. (styrene-divinyl benzene) ~ 100 rpm; 2 mL CL (700 pg dose), or one  Invivo, drug levels in tear
in cellulose acetate) replacement of the eye drop of drug-resin fluid were measurable
embedded in the CL. release medium at complex (100 pg dose) for several days. The
each sampling point. on one eye. Contralateral  resin eye drops remained
eyes were referred as for 8h in tear fluid. IVIVC
control. found.
18 Timolol ACUVUE® TruEye™ Soaking in 3 mL of 20 or 2 mL of PBS (room Beagle dog model of In vitro, vit E-pretreated 236
(narafilcon A) silicone 50 mg/mL vitamin E in temperature). glaucoma. One eye drop CLs sustained drug
hydrogel contact lenses. ethanol for 24 h, washed (150 pg) was applied to release up to 84 h
with water, and then one eye twice a day for4  compared to the 4 h of
placed in 3.5 ml of 8.0 days (total amount of control CLs. In vivo, vit E-
mg/ml timolol maleate- timolol delivered 1200 pretreated CLs were
PBS solution for 21 days. pg). The other eye was more efficient in
CLs without vitamin E referred as control. regulating IOP than
were soaked in 2.5 mg/ One control CL (60 pg control CLs wore for 4
mL drug solution for 7 dose) to be worn for 24 days.
days. h, and replaced daily
with a freshly drug-
loaded CL for 4 days.
One control CL (200 pg
dose) to be worn for 4
days. One drug-loaded
vit E-pretreated CL (200
pg dose) to be worn for 4
days.
19 Timolol and Senofilcon A Soaking in 3 mL of 40 2 mL of PBS (room Beagle dog model of Dually-loaded 237

dorzolamide

mg/mL vitamin E in
ethanol for 24 h, washed
with water, and then
placed in 3.5 ml of 0.8
mg/ml timolol maleate-
PBS solution or 3.5 ml of

temperature).

683

glaucoma.

One eye drop (205 pg of
timolol and 670 pg of
dorzolamide) was
applied to one eye twice
a day for 4 days. The

commercial CLs released
90% timolol in 1.2 h, and
90% dorzolamide in 3 h.
Vit E-pretreated CLs
sustained drugs release
for 42 h.
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Entry  Drug Lens material Loading protocol In vitro test In vivo test Outcome Ref
0.75 mg/ml dorzolamide other eye was referred as ~ Dually loaded CLs
hydrochloride solution (4 control. exhibited superior IOP
days). For dual loading, One drug-loaded reduction compared to
vit E pretreated CLs were commercial CL (non- eye drops with 4- to 6-
soaked in 3.5 ml of PBS pretreated with vitamin fold lower drug loading.
containing timolol (12.75 E) (60 pg of timolol and Continuous wear of
mg/ml) and dorzolamide 220 pg of dorzolamide) dually-loaded vitamin E-
(20 mg/ml). was worn for 24 h and pretreated CLs reduced
replaced daily for 5 days.  IOP during the 4 days of
One drug-loaded vit E- wear time and for
pretreated CL (200 pg of  another 8 days after
timolol and 680 pg of removal of the CLs.
dorzolamide) was worn
for 48 h and replaced
once with a similar CL.
The treatment was
stopped at 96 h.
20 Timolol and EGDMA (10 pL), DMA (310 Three small implants 2 mL of simulated tear ~ New Zealand rabbits of In vitro and in vivo, 238
bimatoprost uL), NVP (10 pL), siloxane loaded with timolol (100  fluid at 34 °C and 100 either sex. OneCLonone  implant-loaded CLs
(100 pL), and HEMA (up to ~ mg), bimatoprost (75mg)  rpm; complete eye (50 pg bimatoprost sustained drug release
1 mL). and HA (60 mg), replacement of the and 85 pg timolol). As for 24 h and lowered IOP

respectively, were release medium at control, one drop (15 pg  for 72 h. CLs loaded by

included in the CLs. each sampling time. bimatoprost and 250 pg soaking showed higher
timolol) was instilled on  burst release both in vitro
one eye. Contralateral and in vivo, although
eyes were referred as therapeutic levels were
control. recorded in tear fluid for

12 h and low IOP was
maintained 48 h.

21 Timolol Acuvue Oasys Soaking for 24 h in 3% Storage in 1 ml of Beagle dog model of In vitro, freshly loaded 239
(w/w) dispersion of packaging solution glaucoma. One CLinone  CLs sustained drug
timolol-loaded (PBS) for 2 weeks at 4 eye. The other eye was release for two weeks.
propoxylated glyceryl °C. Release was then referred as control. CLs stored in packaging
triacrylate nanoparticles tested in 1.75-3.5 mL solution evidenced
in ethanol. PBS at room leakage of drug-loaded

temperature and 40°C. nanoparticles, which led
to lower amount
released. In vivo,
decrease in IOP was
observed on days 2, 3
and 4 of wearing.

22 Timolol HEMA-based ring During synthesis. 2 mL of simulated tear ~ New Zealand rabbits of Invitro, the CLs sustained 240
containing timolol-ethyl fluid at 34 °C under either sex. One CL with drug release for two
cellulose nanoparticles and shaking; complete ring (150 pg dose) days. In vivo, CL showed
sandwiched in HEMA-CL replacement of the placed on one eye. As Cmax of 6.79 pg/mL in 5

release medium at control, one drop (250 min, followed by steady
each sampling time. pg) was instilled on one release for several days.
eye. Contralateral eyes The drop led to Cmax of
were referred as control.  132.6 pg/mL in 5 min
and rapid decrease of
drug in tear fluid.
23 Timolol and HEMA (669 pL), EGDMA (5 Semi-circular implants 2 mL of simulated tear ~ New Zealand white CLs sustained the release 241
hyaluronic acid uL), DMA (310 pL), TRIS (1 containing timolol or HA. fluid at 34 °C and 100 rabbits of either sex. One of timolol and HA for 96
uL), NVP (10 pL). rpm; complete CL (148 pg timolol) for 7 h in vitro and 72 h in vivo
replacement of the days wearing. One drop and decreased IOP
release medium at of 0.5% timolol maleate during 144 h.
each sampling point. (250 pg timolol).
Contralateral eyes were
referred as control.
24 Timolol baseand ~ HEMA (580 pL) and Micelles containing both Franz diffusion cell. Male Nippon albino In vitro, CLs sustained 242
latanoprost EGDMA (15 pL) drugs (0.4 mL) were Donor compartment rabbits, healthy and timolol and latanoprost
added to the monomers. with one CL and 1 mL glaucoma model. One CL.  release for up to 120 h
STF, and receptor with (100 pg timolol and 1 pg  and 96 h, respectively. In
7 mL STF at 35°Cand  latanoprost) on one eye. vivo, CLs increased MRT
50 rpm; 1 mL As reference, 50 pL of (79.6-fold and 122.2-
replacement of the Xalacom® eye drops fold) and bioavailability
release medium at (250 pg timolol and 2.5 (2.2-fold and 7.3-fold)
each sampling point. pg latanoprost) were for both timolol and
instilled. Contralateral latanoprost compared
eyes were referred as with eye drops.
control. IOP reduction over 168
h.
25 Timolol base Silicone hydrogel CLs made  Soaking in timolol 2 mL of simulated tear ~ New Zealand rabbits In vitro, TB-SM CL and 243

of DMA (350 pL), siloxane
(100 pL), and HEMA (up to
1000 pL).

microemulsion (TB-ME-
SM) or timolol solution
(TB-SM) containing 1, 2

fluid at 34 °C and 50
rpm; complete
replacement of the

684

(male and female). TB-
SM (234.3 + 18.5 g)
and TB-ME-SM (215.3 +

TB-ME-SM CL released
more than 90% drug in
12 h and in 48 h,
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Entry  Drug Lens material Loading protocol In vitro test In vivo test Outcome Ref
or 3 mg drug per mL of release medium at 9.1 ug) CLon one eye. As  respectively.
simulated tear fluid for each sampling point. control, one drop (50 pL)  Invivo, TB-SM CL and TB-
10 days. of 0.5% w/v timolol eye ME-SM CL had Cmax at 5
drop solution was min and provided
instilled on one eye. measurable drug levels in
Contralateral eyes were tear fluid for 24 and 72 h,
referred as control. respectively. Eye drops
showed a rapid decay in
timolol levels in the first
two hours.
In vivo efficacy was
evaluated regarding
intraocular pressure
(IOP). TB-ME-SM CL
showed prolonged
reduction in IOP values.

26 Sparfloxacin EGDMA (10 pL), siloxane Immersion in 2 mL of 2 mL of simulated tear ~ New Zealand rabbits of In vitro, the ring-loaded 244
(100 pL), and HEMA (up to  drug solution (2-6 mg/ fluid at 34 °C under either sex. One CL with CLs were the only able to
1 mL) mL) in 0.5% PVP- shaking; complete ring (129 pg drug) sustain drug release for

simulated tear fluid replacement of the placed on one eye. As two days. In vivo, the

medium, autoclaving and  release medium at control, one drop (150 ring-loaded CLs provided

soaking for 7 days. each sampling time. pg) was instilled on one therapeutically useful

Alternatively, a drug- eye. Contralateral eyes drug levels in tear fluid

loaded ring was adapted were referred as control. for 12 h and favored

to the CL. Efficacy in conjunctivitis  conjunctivitis treatment.
model.

27 Ofloxacin Silicone hydrogel CLs made  Soaking in ofloxacin 2 mL of simulated tear ~ New Zealand rabbits Invitro, Of-SM and Of-ME 245
of DMA (250 pL), siloxane microemulsion (Of-ME) fluid at 34 °Cand 100  (male and female). Of- CLs showed a relevant
(100 pL), and HEMA (up to or ofloxacin solution (Of- rpm; complete SM (191 pg) and Of-ME burst and sustained drug
1000 pL). SM) containing 1, 2 or 3 replacement of the (358 pg) CL on one eye. release for 24 h and 72 h,

mg drug per mL of release medium at As control, one drop (50  respectively.
simulated tear fluid for 7  each sampling point. pL) of 0.3% w/v Invivo, the release in tear
days. ofloxacin eye drop fluid was prolonged for
solution was instilled on 24 and 48 h,
one eye. Contralateral respectively. The eye
eyes were referred as drop was cleared in less
control. than 1 hour.
Invivo efficacy was tested
against Staphylococcus
aureus-induced
conjunctivitis. Of-ME CL
improved the symptoms
in 24 h. Complete
healing was observed
after 4 days of treatment
with either one CL or
0.3% w/v ofloxacin eye
drop solution instilled
every 4 h.
28 Gatifloxacin HEMA with methacrylic Soaking in 0.5 mg/L drug  Non-disclosed volume Sprague Dawley rats. In vitro P(HEMA-co- 246
acid (MAA) (25:1 mol/mol)  solution in 0.9% NaCl of 0.9% NaCl medium.  Keratitis was induced on =~ MAA) (11.8 pg/mg)
medium at 37 °C until the right eye. Drug- released 70% drug in 24
equilibrium. loaded CLs (50 mg) were h.
placed on the cornea and
the eyelids were sutured.  In vivo efficacy in a rat
Saline and drug drops (5  model of bacterial
pL; unknown keratitis. Wearing for 48
concentration) were h of P(HEMA-co-MAA)
instilled every 4 h and favored the healing of
used as controls. cornea lesions caused by
epithelial erosion and
stromal ulceration, more
efficiently than drug
drops.

29 Gatifloxacin Dimethyl acrylamide Drug directly added to 2 mL of simulated tear ~ New Zealand rabbits In vitro, all CLs showed 247
(31%), siloxane (2.5%), the monomers solution, fluid at 34 °C and 100 (male and female). GT- more than 60% burst
NVP (1%), EGDMA (1%) following by autoclaving rpm; complete PL-CL (92 pg dose), SM- release in the first 1 h.
and hydroxyl and storage in 0.3% drug  replacement of the CL (53 pg dose) or one SM-CL completed 90%
ethylmethacrylate (HEMA, solution in Pluronic release medium at eye drop (150 pg dose) release in 6 h, while GT-
up to 1000 pL). micelles packaging each sampling point. on eye. Contralateral PL-CL extended the

solution (GT-PL-CL). For eyes were referred as release for 48 h. In vivo,
comparison, CLs were control. SM-CL and GT-PL-CL
soaked in the drug- prolonged the release 12
containing packaging h and 24 h, respectively.
solution.

30 Hyaluronic acid 248

685
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HEMA (46.7%), MAA Direct addition of HA to 2 mL simulated tear New Zealand white In vitro release from CLs
(0.08%), EGDMA (0.5%) in the monomer solution. fluid at 100 rpm at 35 rabbits. CL was placed (200 pg HA) was
water(52%) (0.1 mm) °C; complete on right eye. As control, prolonged for 10 days,

replacement of the one drop (50 pL) of 0.1%  without burst.

release medium at HA was instilled on the In vivo showed a burst in

each sampling point. right eye. Left eye was the first day followed by

referred as control. therapeutically useful

values for 10 days (MRT
128 h). Eye drops
disappeared in the first 3
h of treatment (MRT 0.74
h).

31 Hyaluronic acid DMA (200 pL), EGDMA (10 HA and reduced 2 mL simulated tear White New Zealand In vitro HA-GO-DL (10 pg 249
L), siloxane (100 pL), graphene oxide (rGO) fluid at 100 rpm; rabbits of either sex. CL HA loaded) sustained HA
HEMA (up to 1 mL). were added before complete replacement was placed on right eye. release for 96 h.

polymerization in of the release medium As control, one drop (50  In vivo, HA-GO-DL
silicone CLs (HA-GO-DL) at each sampling pL) of 0.1% HA was provided therapeutic

or loaded by soakingin 2  point. instilled on the right eye.  levels for 48 h and
mg/mL HA in simulated Left eye was referred as promoted the production
tear fluid (HA-GO-SM). control. of tear fluid.

32 Hyaluronic acid DMA (200 pL), EGDMA (10 HA and Pluronic F127 2 mL simulated tear White New Zealand In vitro, HA-SM CL 250

uL), siloxane (100 pL), were added before fluid at 50 rpm; rabbits of either sex. DL- showed high burst and
HEMA (up to 1 mL). polymerization to obtain complete replacement HA-PI CL (22.5 pg HA) completed the release in
DL-HA-PI CLs containing of the release medium and HA-SM CL (17.6 pg 12-36 h. DL-HA-P1 CL
20,40 or 60 pgof HAand  at each sampling HA) was placed on right  sustained HA release for
20 pg of Pluronic F127. point. eye. 48-96 h.
Alternatively, CLs were As control, one drop (50 In vivo, HA-SM CL and
soaked in 1-3 mg/mL HA pL) of 0.1% HA was DL-HA-PI CL provided
in simulated tear fluid for instilled on the right eye.  therapeutically useful
7 days (HA-SM CLs). Left eye was referred as values for 4 and 48 h,
control. respectively.

33 Prednisolone Lidofilcon (HEMA-based) Soaking in 1 mL of 1 mL of saline medium  New Zealand white In vitro, CLs sustained 251
and prednisolone (5 mg/mL) for injection (unknown  rabbits. Drug-loaded CL drug release for 6 h.
beclomethasone or beclomethasone (1 temperature or on both eyes and the Both drugs were

mg/mL) for 18 h at 4 °C. stirring); complete eyes were closed with preferentially found in

replacement of the surgical tape for four posterior segment
release medium every hours. The treatment tissues, with lower levels
3h. was applied on days 1, 2, in vitreous humour.

5, 8 and 10. The amount

of drug in plasma and

anterior and posterior

segment tissues was

analyzed on day 11.

34 Pirfenidone 11 commercially available Soaking in 2 mL of 2 mL of PBS under New Zealand rabbits. In vitro, polymacon CL 252
CLs 0.05%-0.5% drug shaking; complete One polymacon CL on showed sustained release

solution. replacement of the the right eye (1147 pg for 30 min. In vivo,
release medium at dose), one eye drop (30 significant levels in tear
each sampling time. pL of 0.5%; 150 pg dose)  fluid were recorded for
in the left eye. 60 min. CL wearing

provided measurable
drug levels in cornea,
aqueous humor and
sclera.

35 Pirfenidone Silicone hydrogel CLs Soaking in 0.1% drug 3 mL of PBS without New Zealand White In vitro, CLs sustained 253
(Acuvue Oasys®) pre- solution in PBS for 72 h. replacement of the rabbits of either sex. An drug release up to 260
treated with vitamin E release medium. alkali burn was induced min. Gene expression of

in one eye. One group inflammatory cytokines
received CLs. IL-1p, TNF-a, and TGF-p1
was reduced.

36 Pirfenidone Silicone CLs made of Loading during CLs 2 mL of PBS under Female New Zealand In vitro, CLs released 52 254

silicone elastomer MED- preparation. shaking at 37 °C; white rabbits. One CLon % dose in the first hour,
6015 embedding a drug- complete replacement right eye (15.4 pg dose),  followed by ten-times
containing polyvinyl of the release medium one eye drop (30 pL of lower release rate in the
alcohol insert at each sampling time. 0.5%; pg dose) in the left ~ next 15 hours. In vivo,
eye. CLs provided lower but
more sustained drug
levels in tear fluid and
aqueous humor than eye
drops.
37 Epalrestat HEMA (up to 1 mL) with The drug directly or 2 mL of simulated tear ~ New Zealand rabbits of In vitro, CLs loaded 255

dimethacrylate acid (250
uL), siloxane (5 pL) and
NVP (100 pL)

previously encapsulated
in pegylated solid lipid
nanoparticles (pSLNs)
was added to monomer
mixture before
polymerization. Some

fluid at 34 °C under
shaking; complete
replacement of the
release medium at
each sampling time.

686

either sex. One CL, either
directly loaded with p-
SLN (98.1 pg drug) or
soaked in p-SLN (110.8
pg drug), placed on one
eye. As control, two

during synthesis with the
drug encapsulated in
pSLNs showed more
sustained release, which
led to measurable drug
levels in tear fluid for
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hydrogels were loaded by drops (100 pg) were prolonged time.
soaking in drug solution instilled on one eye. CL wearing provided
or drug-encapsulated Contralateral eyes were measurable drug levels in
PSLNs for 7 days. After referred as control. lens, cornea, aqueous
autoclaving, drug humor and retina.
remaining in the CLs was
quantified.

38 Ofloxacin HEMA (99.5 wt%) and Soaking in ofloxacin *In vivo release. Japanese albino rabbits CLs released the drug 256
EGDMA (0.5 wt%) in the ophthalmic solution of Japanese albino without nictitating faster and favored drug
form of corneal CL, scleral/ 0.3% drug in 0.85% NaCl rabbits without membrane. Each device accumulation in cornea.
corneal CL (S/CL) and rings. = medium at 100 rpm for nictitating membrane. was worn for 1 hand the  S/CL led to high drug

24 h. Each device was worn amount of drug levels both in anterior
for 0.25, 0.5, 1, 2, 4 accumulated in ocular and posterior segment
and 8 h and the tissues was quantified. tissues. Rings facilitated
amount of drug As control, 50 pL of drug accumulation in the
remaining was ophthalmic solution was  posterior segment.
quantified. instilled. Ofloxacin

concentration data
collected from each
rabbit were converted
from actual tissue
concentrations to ratios
with respect to the
administered drug dose.
Contralateral eyes were
also investigated.

39 Timolol HEMA (62.5 %), DMA (31 Soaking in timolol base 2 mL of simulated tear ~ New Zealand white In vitro all hydrogels 257
%), TRIS (2.5%) and NVP (1 (2 mg/mL and 4 mg/mL; fluid at 34 °C and 100 rabbits. One CL with or released most dose in less
%) with and without gold 2 mL) solution in rpm; complete without gold than one hour. In vivo,
nanoparticles (up to 0.1 simulated tear fluid replacement of the nanoparticles (277 and timolol was detected in
mM). containing or not gold release medium at 253 pg of timolol, tear fluid for 60 h when

nanoparticles (up to 0.1 each sampling time. respectively) on one eye.  administered in CLs and

mM), for 72 h. As control, one drop (50 only for 2 h when

pL) of 0.5% w/v timolol instilled as eye drops.
maleate eye drop Timolol was quantifiable
solution was instilled on  in eye tissues for 24 h.
one eye (250 pg of

timolol). Contralateral

eyes were referred as

control. IOP was also

recorded.

40 Latanoprost Latanoprost and PLGA Three sets of CLs were 5 mL of PBS under New Zealand rabbits of In vitro, CLes:3s, 20, 259
65:35 or 85:15 (high prepared containing films shaking at 37 °C; either sex. One CL under  CLgs:35, 40 and CLgs.1s, 45
molecular weight) film was of thickness 20, 40 and complete replacement the nictitating released 90%, 48% and
covered with methafilcon 45 pm. of the release medium membrane for one 45% drug dose in the first
monomers. After every 24 h. month wearing. One three days. In vivo, drug
polymerization, CLs were drop (30 pL) of 0.005% levels in aqueous humor
lathed. latanoprost solution. were sustained for 4

weeks.

41 Dexamethasone PLGA 85:15 (high One drug-loaded PLGA 10 mL PBS and Female New Zealand In vitro, soaked CLs 261
molecular weight) film film ring was incubating at 37 °C; White rabbits. One CL completed the release in
loaded with dexamethasone  encapsulated in the CL complete replacement (1.5 mg dose) for 7 days less than 4 h. Dex-DS CL
was covered with (Dex-DS CL). of the release medium wearing. One drop of sustained drug release
methafilcon monomers. Alternatively, CLs were at each sampling time. 0.1% dexamethasone for 7 days. In vivo,

After polymerization, CLs soaked in dexamethasone solution every hour for 8  continuous wearing of
were lathed. base or phosphate h. Dex-DS CL provided
solutions for 24 h. higher drug levels in all
ocular tissues than the
eye drops.
42 Cyclosporine A HEMA with MAA The drug was 2 mL of PBS at 37.8 °C; Female New Zealand In vitro, CLs sustained 263

impregnated into
nanoporous silica using
supercritical CO, and
then added to the
monomers solution.

complete replacement
of the release medium
at each sampling time.

rabbits health and dry
eye model. CL wearing in
both eyes applied daily,
or 0.05% drug eyes
drops.

drug release for 8 h. In
vivo, high levels of drug
were detected for 48 h in
cornea and conjunctiva.
CLs increased tear
volume and stabilized
tear film.

min in humans) and blinking frequency (every 15 min in rabbits vs.
every 5 s in humans) [213,214]. Thus, drug release may be faster and

5.1. Comparison of in vivo and in vitro release profiles

drug residence time may be shorter in human eyes. Potential in vivo-in
vitro (co-)relations are discussed in detail in this section as they can
provide key information on the true potential of CLs as drug carriers, as
well as feedback for improvements.

Drug-containing molecularly imprinted CLs were among the first
investigated CL in vivo. In 2005, Hiratani et al. [215] pioneered the
optimization of soft CLs with an ability to load timolol (Table 2, entry 1).
Imprinted CLs loaded 34.7 (s.d. 0.3) ug while non-imprinted ones only
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hosted 21.2 (s.d. 0.2) pg. In 0.9% NaCl medium (in vitro tests) both CLs
sustained the release for more than 24 h in spite of being extremely thin
(Fig. 4 A1). In vivo release (rabbit model) was monitored by measuring
timolol levels in the tear fluid (Fig. 4 A2). Topically instilled eyedrops
were rapidly cleared (either 34 pg or 125 pg dose), and timolol levels in
the tear fluid decreased exponentially in the first 30 min and
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Fig. 4. (A1) Invitro timolol release profiles (0.9% NaCl; 10 mL) and (A2) in vivo
timolol levels in tear fluid after application of drug-loaded imprinted and non-
imprinted CLs (0.08 mm center thickness). Timolol doses applied in each eye
were 21 pg for non-imprinted CLs, 34 pg for imprinted CLs and 0.068% timolol
eye drop, and 125 pg for 0.25% timolol eyedrop (n= 3-5). Reprinted from
Hiratani et al. [215] with permission from Elsevier. (B) Ketotifen fumarate
levels in tear fluid during wearing of poly(HEMA-co-AA-co-AM-co-NVP-co-
PEG200DMA) imprinted (I, []) and non-imprinted (@) CLs and after instilla-
tion of eye drops (0.035% solution;a) (n=3-5; hollow data points represent
single run). Reprinted from Tieppo et al. [216] with permission from Elsevier.
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disappeared within 60 min. In contrast, CLs enhanced the mean resi-
dence time (MRT) by two-fold. Imprinted CLs provided measurable
timolol levels in tear fluid for 180 min, which was 2-fold longer than the
time recorded for non-imprinted CLs. Remarkably, the area under the
curve (AUC) obtained with the imprinted CLs was 8 and 3 times higher
than those recorded for the eye drop containing the same dose and for
the non-imprinted CLs, respectively. The sustained timolol levels in the
tear fluid provided by the imprinted CLs are the result of an enhanced
affinity for the polymer network by the drug, which in turn facilitates
higher loading and more controlled release [215]. However, the capa-
bility of these CLs to sustain timolol release in vivo was remarkably lower
than in vitro, probably as a consequence of both the continuous
replacement of the tear fluid and blinking. It should be noted that the
composition of the CLs tested in this work was chosen in such a way that
the main structural component had very low affinity for the drug, and
thus the main drug binding site was formed by only the functional
methacrylic acid (MAA) moieties [190], which may be too weak for
efficient drug retention under the competitive in vivo environment.
More prolonged in vivo release profiles were reported by Tieppo et al.
[216] for ketotifen-imprinted CLs (Table 2, entry 2). The multi-
monomer composition of the CLs was chosen to attempt to mimic the
human receptor of the drug. Ketotifen-imprinted poly(HEMA-co-AA-co-
AM-co-NVP-co-PEG200DMA) showed 4 times higher loading than non-
imprinted hydrogels and 19 times slower transport. Under dynamic
infinite-sink in vitro release conditions, imprinted CLs released 85% of
the drug in 24 h, while non-imprinted CLs completed the release in less
than 6 h. Remarkably, imprinted CLs provided sustained release in vivo
for an entire day (MRT 12.6 h) (Fig. 4 B). Non-imprinted CLs provided
therapeutic drug levels (~ 30 pg/mL) for 7 h (MRT 3.4 h), and the eye
drops only remained for a few minutes (MRT 0.25 h). The high capa-
bility of these drug-imprinted CLs to sustain ketotifen release may pave
the way to clinical studies in humans [217]. Compared to conventional
(non-imprinted) silicone hydrogel CLs (Table 2, entry 3) [218], the
ketotifen-imprinted CLs provided higher drug levels for a more pro-
longed time. In the case of silicone hydrogel CLs, an increase in DMA
enhanced ketotifen loading, but led to faster drug release both in vitro
(complete release in 5 h) and in vivo (also 5 h with levels above the
therapeutic concentration; MRT 1.9 h). Interestingly a clear correlation
between capability to prolong drug release in vitro and in vivo was
observed, although only two different compositions were evaluated
[218]. Also for ketotifen, it was confirmed that an increase in the con-
centration of the drug in the eye drops does not prolong the MRT.
Bimatoprost-imprinted silicone hydrogel CLs (Table 2, entry 4)
showed minor improvements in drug loading compared to non-
imprinted CLs, but more prolonged release in vitro (up to 36 h vs. 24
h) and slightly higher drug levels in tear fluid in vivo (rabbits) for 12 h
[219]. Once again, although the capability of the CLs to sustain drug
release in vivo was shown to be shorter than in vitro, the increase in
residence time in tear fluid compared to eye drops was remarkable.
Comonomers with affinity for the drug, such as N-vinylpyrrolidone
(NVP), have been used to improve the capability of HEMA-based CLs to
uptake puerarin and to prolong its release in vitro and in tear fluid for 4 h
(Table 2, entry 5) [220]. Extended in vitro release up to 10 h was
observed when p-cyclodextrin was copolymerized with HEMA, which in
turn allowed for prolonged permanence in tear fluid, up to 6 h (Table 2,
entry 6) [221]. Favorable drug-CL interactions may also occur when
using commercially available CLs, particularly silicone hydrogels, which
are more prone to stablish hydrophobic interactions. As an example,
diquafosol, a secretagogue for dry eye treatment, can be taken up by
comfilcon A and balafilcon A (up to 0.02 mg) (Table 2, entry 7). In in vivo
studies, CLs sustained drug release in tear fluid for 240 min and
increased tear secretion for 300 min, while the effects of topical instil-
lation only lasted for 90 min [222].
Loading of hydrophobic drugs can be enhanced if the drug is
encapsulated in lipid nanoparticles or microemulsions. Ketotifen was
encapsulated in solid lipid nanoparticles, which were pegylated (p-
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SLNs) or not (SLNs) and then used for the drug loading of HEMA-based
hydrogels (Table 2, entry 8) [223]. Some hydrogels were loaded with
ketotifen by addition of SLNs (DL-K-SLN-100) or p-SLNs (DL-K-p-SLN-
100) to the monomer solution before polymerization. Another batch of
hydrogels was loaded by soaking into either ketotifen solution (SM-K-50
and SM-K-100) or ketotifen-encapsulated SLNs (SM-K-SLN-100) or p-
SLNs (SM-K-p-SLN-100). All hydrogels were autoclaved before testing
drug release. Hydrogels loaded by soaking showed a very intense burst
in the in vitro release tests (Fig. 5 Al). Directly loaded CLs contained
more drug and released it at slower rate. Interestingly, in vivo, these
latter CLs (DL-K-p-SLN-100) provided lower Cpax (445.7 £+ 85.3 pg/mL
vs. 581.6 + 152.7 pg/mL) but more prolonged drug levels in tear fluid
along time than CLs that were loaded by soaking in ketotifen-
encapsulated p-SLNs (SM-K-p-SLN-100) (Fig. 5 A2). This finding was
related to stronger retention of the p-SLNs when they were incorporated
into the bulk of the hydrogel. Similarly, prolonged ketotifen release in
both in vitro and in vivo was recorded from CLs loaded with silica shell
nanoparticles encapsulating the drug (Table 2, entry 9) [224]. From a
safety perspective, it should be noted that direct loading, in which the
drugs are incorporated into a CL material before polymerization, has the
inherent risk of leakage of unreacted monomers when the CL is inserted
in the eye.

In vitro-in vivo correlations (IVIVC) have been attempted through
Levy plot analysis. Mainly, the percentage of drug released in vitro at a
certain time is reported on the X-axis, and the percentage of drug
released in the tear fluid at the same time on the Y-axis. The method-
ology for the estimation of this latter parameter was not disclosed in
most papers, but it can be assumed that the percentage of drug released
in vivo was estimated as [225]

Cumulative release amount_,

Drug released in vivo (%) = x 100% (11)

Cumulative release amounty_ ;.

which can be calculated as
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In the case of ketotifen, the Levy plot suggests moderate IVIVC (Fig. 5
A3) [223], although this plot should be read with caution, since only
four data points of drug levels in tear fluid were used for the analysis.

CLs loaded with drugs encapsulated in microemulsions have also
been investigated in detail. As an example, the effect of surfactant chain
length (C8-sodium caprylate, C12-Tween 20, C18-Tween 80) and the
molecular weight of Pluronic block copolymers (8400-PF68 and 12600-
PF127) was investigated to elucidate how the stability of the micro-
emulsion may determine cyclosporine A release kinetics from hydrogel
CLs (Table 2, entry 10) [226]. CLs loaded with cyclosporine A during
polymerization (DL-100) were opaque due to drug precipitation. CLs
loaded with cyclosporine A encapsulated in stable PF127-T80 micro-
emulsions were transparent and released the drug in vitro faster than DL-
100 and non-stable PF68-SC CLs (Fig. 5 B1). In this case, a prolonged
release profile was not synonymous of prolonged efficacy since the
release rate from drug-precipitated CLs was too slow to achieve thera-
peutic levels (Fig. 5 B2). Indeed, in vivo release tests showed that PF127-
T80-containing CLs may supply higher drug levels and for more pro-
longed time than the other tested CLs. Although a dependence of the
percentage of drug released to tear fluid on the percentage of drug
released in vitro was observed (Fig. 5 B3), the correlation coefficients of
Levy plots were far from 1, mostly because the cumulative amount
released in vivo in the first time period was larger than that predicted
from the in vitro release values. The authors pointed to the presence of
lipophilic proteins in tears as a cause of the Levy plot deviations, since
they bind and solubilize hydrophobic drugs, promoting the release from
the CL [226]. Prolonged levels of cyclosporine A in tear fluid were also
found when the drug was encapsulated in Eudragit S100 nanoparticles
(Table 2, entry 11), but IVIVC were not investigated [227].

Soaking in microemulsions has also been demonstrated as a useful
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Fig. 5. (Al) In vitro ketotifen release profiles from CLs loaded by soaking in drug solutions (SM-K-50 and SM-K-100) or drug-encapsulating non-pegylated solid lipid
nanoparticles (SM-K-SLN-100) or pegylated solid lipid nanoparticles (SM-K-p-SLN-100), and CLs loaded by adding the drug-encapsulating nanoparticles directly to
the monomer solution (DL-K-SLN-100 and DL-K-p-SLN-100), (A2) in vivo ketotifen profiles in tear fluid during CLs wearing and after eye drop instillation (n = 6), and
(A3) Levy plot depicting the percentage of ketotifen released in vivo vs. in vitro. Reprinted from Zhang et al. [223] with permission from Elsevier. (B1) In vitro
cyclosporine A release profiles from CLs prepared with the drug directly added (DL-100) or previously encapsulated in a microemulsion, (B2) in vivo release profiles
(n = 6) and, in the insert, the appearance of the CLs that were transparent when loaded with the drug encapsulated in stable microemulsions, and opaque when the
drug was encapsulated in unstable microemulsions and precipitated in the CL network, and (B3) Levy plots for percentage of drug released in vivo vs. in vitro.

Reprinted from Maulvi et al. [226] with permission from Elsevier.
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method to load bimatoprost and to prolong both in vitro and in vivo drug
release from CLs (Table 2, entry 12). Compared to the loading by soaking
in a bimatoprost solution, the microemulsions doubled the amount
loaded and the time required for complete release both in vitro (48 h vs.
24 h) and in vivo (24 h vs. 12 h) [228]. Similar results were reported for
travoprost (Table 2, entry 13) [229].

Hydrophobic polymeric microparticles have been tested to encap-
sulate olopatadine and then applied as a doughnut ring on CLs (Table 2,
entry 14). Compared to CLs loaded by soaking (SM-OL) or to which the
drug was directly added during polymerization (DL-OL), the doughnut
CLs (DNT-OL) avoided burst release in vitro, but still released most of the
drug in the first 12 h. In vivo, DNT-OL CLs provided therapeutic levels in
tear fluid for 24 h, but once again the Levy plot showed poor IVIVC as in
vivo release was faster than predicted [230]. Also, bioinspired strategies
for choosing the CL monomers have been shown able to enhance the
affinity of CLs for olopatadine increasing the loading and providing 24-h
almost constant rate release in vitro [166]. Although these CLs were not
tested in vivo, in cell culture they were able to efficiently inhibit the
release of histamine and TNF-a from sensitized mast cells.

A variety of film-embedded CLs have also been designed. For
example, pH-responsive films made of cellulose acetate and Eudragit
$100 containing betaxolol hydrochloride were integrated into silicone
hydrogels (Table 2, entry 15). The film prevented premature discharge
during storage in PBS at pH 6.8 and provided sustained drug release for
10 days in simulated lachrymal fluid. Since the films enhanced drug
loading (700 pg dose) compared to commonly soaked CLs (100 pg)
remarkably higher AUCy.240n (599 vs. 26 pg-h/mL) and MRT (88 vs. 1.7
h) were recorded in tear fluid (Fig. 6 Al). Improvements compared to
eye drops were also evident (AUCq.240n 10.5 pg-h/mL and MRT 0.4 h).
The Levy plot revealed that after a lag time, good IVIVC was obtained
(R2 0.9708) (Fig. 6 A2) [231]. In a related study, the same group evi-
denced the effects of the film components and thickness in controlling
the release of diclofenac (Table 2, entry 16) and showed that for a

(A1) (B1)
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similar amount of drug loaded, the film-embedded HEMA-based CL (121
pg dose) sustained the release both in vitro and in vivo for 12 h (Fig. 6 B1).
In comparison, soaked CL (100 pg dose) rapidly discharged in 4 h. The
improvement in the IVIVC according to the Levy plot was notably better
in the case of the film-embedded CLs (Fig. 6 B2) [232]. The films were
further modified to respond to ionic strength, preventing premature
discharge when stored in water (Table 2, entry 17) [233] or to respond
to both ionic strength and pH [234]. Once again, the film-embedded CLs
showed sustained release in vivo (Fig. 6 C1), which correlated quite well
with the release pattern in vitro (Fig. 6 C2) [233].

5.2. Comparison of in vitro release profiles and therapeutic outcome

Regulation of intraocular pressure (IOP) using timolol-loaded CLs
has been the aim of various studies. Since most commercially available
CLs lack sufficient affinity for ocular drugs, Chauhan and coworkers
developed the strategy of creating biocompatible and optically trans-
parent diffusion barriers that rely on the hydrophobic features of
vitamin E [235,236]. Both vitamin E-pretreated and non-pretreated
silicone hydrogel CLs were loaded with 200 pg timolol with the aim of
continuous wearing for 4 days (Table 2, entry 18). In vitro, non-
pretreated CLs released 80% of the drug in the first 4 h, while vitamin
E-pretreated CLs extended drug release for up to 84 h [236]. The CLs
were tested in a Beagle dog model of glaucoma. Daily-replaced non-
pretreated CLs (60 pg timolol) led to a significant decrease in IOP from
the first day of treatment until one day after. A similar pattern was
observed for the eye drops, but the IOP decrease was more pronounced
with the daily CLs in spite of containing only 20% of the drug dose
instilled with the eye drops. Non-pretreated CLs worn for 4 days (200 pg
timolol) caused a decrease in IOP during the first two days only, as ex-
pected from the limited capability of the CLs to sustain drug release in
vitro. In comparison, vitamin E-pretreated CLs wore for 4 days (200 pg
timolol) caused a progressive decrease in IOP from day 1 to day 4, and
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Fig. 6. (Al) Betaxolol hydrochloride (BH) levels in tear fluid after instillation of eye drops (100 pg dose) or wearing of soaked CL (121 pg dose) and film-embedded
CL (700 pg dose), and (A2) Levy plot for IVIVC (R?= 0.9708). Reprinted from Zhu et al. [231] with permission from Elsevier. (B1) Diclofenac sodium levels in tear
fluid after instillation of eye drops (150 pg dose) or wearing of soaked CL (100 pg dose) and film-embedded CL (121 pg dose), and (B2) Levy plot for IVIVC of soaked
CL (R?= 0.9019) and film-embedded CL (R?>= 0.9230). Reprinted from Zhu et al. [232] with permission from Elsevier. (C1) Betaxolol hydrochloride (BH) levels in
tear fluid after instillation of suspension eye drops (100 pg dose) or wearing of dug-resin complex film-embedded CL (700 pg dose), and (C2) Levy plot for IVIVC
obtained for the CL (R®= 0.9406). Reprinted from Zhu et al. [233] with permission from Elsevier.
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the decrease was maintained 24 h after CL removal. These findings
clearly demonstrated the advantages of sustained drug release from CLs
and their capability to enhance ocular bioavailability compared to eye
drops.

Interestingly, commercially available senofilcon A CLs showed
distinct release profiles depending on whether they were loaded with
one antiglaucoma drug or simultaneously with two drugs (Table 2, entry
19) [237]. In separate, senofilcon A CLs loaded 20 pg timolol and sus-
tained the release over 0.7 h, or loaded 122 pg of dorzolamide and
sustained the release for 2.5 h. When both drugs were simultaneously
loaded, the loading increased up to 60 pg timolol and 218 pg dorzola-
mide, and the release was extended to 1.2 h for timolol and 3.0 h for
dorzolamide. The increase in drug affinity could be due to favorable
drug-drug interactions through hydrogen bonding. Pretreatment of CLs
with vitamin E increased drug uptake and led to more controlled release
(Fig. 7 A). Timolol release was sustained for 24.6 h in single loaded CLs
(18 pg dose) and for 42.2 h in dually loaded CLs (193 pg). Similarly,
dorzolamide release was prolonged for 36.0 h in single loaded CLs (122
pg dose) and for 42.3 h in dually loaded CLs (680 pug) [237]. In vivo
efficacy was evaluated in terms of decrease in IOP in a Beagle dog model
of glaucoma. Compared to eye drops that required frequent adminis-
tration to maintain low IOP values in the treated eye and that altered the
IOP values in the contralateral eye (Fig. 7 B), dually-loaded CLs showed
more pronounced and sustained decrease in IOP using a lower dose (4-
to 6-fold lower) and avoiding effects on the control eye (Fig. 7 C and D).
Dually-loaded vitamin E-pretreated CLs maintained the therapeutic ef-
fect for two days and, after treatment, the decrease in IOP was main-
tained for approx. one week after the CLs were removed (Fig. 7 D). These
findings confirm once again that CLs can increase ocular drug
bioavailability and decrease systemic absorption of drugs through the
conjunctiva and nasolacrimal duct, potentially avoiding side effects.
These results also suggest a correlation between the time the drug can be
released in vitro for a sustained period and the time that therapeutic
effects can be maintained in vivo. It has been hypothesized that the
prolonged IOP reduction may be a consequence of the creation of drug
depots in the ocular tissues and, in particular, drug partition into corneal
epithelial cells [237]. When hydrophilic drugs are administered as eye
drops, the precorneal residence time is very short and the drug
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molecules may penetrate the epithelium by diffusion in between the
cells (through the tight junctions), reach the stroma and then diffuse
across the endothelium to the aqueous humor. In contrast, the trans-
cellular pathway is slow and requires prolonged contact time for the
drug to partition into the epithelium cells. Therefore, sustained release
from CLs for several days may facilitate drug accumulation into
epithelium cells, which may subsequently act as drug depots. Once the
CL is removed, the accumulated drug molecules may slowly release from
the cells, maintaining the therapeutic effect.

Dual delivery of timolol and bimatoprost has been investigated in the
form of small implants (partial rings) attached to the outer periphery of
silicone hydrogel CLs [238]. This approach had the drawback of rapid
discharge during wet sterilization. Therefore, omplant-containing CLs
could only be sterilized using radiation sterilization and then hydrated
for 24 h before wearing. The advantages of implant-containing CLs
referred to attenuation of burst release and slow-release rate both in vitro
and in vivo compared to CLs loaded by soaking in the solutions of both
drugs (Table 2, entry 20) [238]. Implant-containing CLs provided
therapeutic levels in tear fluid for 24 h and maintained IOP decrease for
72 h, while in the case of soaked CLs these times were limited to 12 h and
48 h, respectively.

Timolol encapsulation in nano or microstructures may also provide
sustained release from extended wear (overnight) CLs. Nanoparticles of
propoxylated glyceryl triacylate containing timolol linked through ester
bonds could regulate drug release through the hydrolysis of the bond.
CLs containing 5% nanoparticles sustained drug release in vitro for
several weeks (Table 2, entry 21). In vivo testing in Beagle dogs revealed
an efficient decrease in IOP on days 2, 3 and 4 of wearing, which means
that the CLs required at least 24 h to supply therapeutic amounts of drug,
and after 5 days of wearing they were exhausted [239]. An acrylate ring
loaded with timolol-ethyl cellulose nanoparticles (150 pg dose) coupled
to HEMA-based CLs has also been shown to enhance drug residence on
the ocular surface and to decrease IOP levels for several days (Table 2,
entry 22) [240]. In this context, semi-circular rings of hyaluronic acid
(HA) and timolol coupled to CLs sustained the release of both compo-
nents for 96 h in vitro and 72 h in vivo and decreased IOP for 144 h
(Table 2, entry 23) [241].

Co-delivery of timolol and latanoprost has been attempted by

(B) 2
2 —o—Treated eyes
5 » —=—Eyesas control
=
E 20
E 18
&
g 16 EaN ‘I
14 T
12 T T T T T 1
0 20 40 60 80 100 120
Time (hr)
26
N o T . T —o—Treated eyes

—#—Eyes as control

100 150 200 250 300

50

Time (hour)

Fig. 7. (A) Timolol and dorzolamide release profiles from dually loaded senofilcon A CLs that were pretreated (20% VE) or not (0% VE) with vitamin E. In the insert
the solid lines represent the fitting to the square root kinetics (n = 3). (B, C and D) Measurement of IOPs of 10 beagle dogs treated with (B) Cosopt® eye drops (one
eye twice a day for 4 days) for 79 h (indicated by the dash line); (C) dually-loaded CLs worn for 24 h and replaced daily for 5 days; and (D) dually-loaded vitamin E-
pretreated CLs worn for 48 h and replaced once with a similar CL (n=10). Reprinted from Hsu et al. [237] with permission from Elsevier.
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coencapsulation of the drugs in mPEG-PLA micelles, which were directly
added to HEMA before CL synthesis (Table 2, entry 24) [242]. In vitro,
using a Franz diffusion cell, CLs showed a rapid release in the first 6 h
followed by slower rate for up to several days. Compared to eye drops,
CLs led to lower Cpx and more sustained levels of drug in tear fluid
(Fig. 8 Al and A2). In this case, the IVIVC was poor because the in vivo
release rate was lower than predicted from the in vitro values (Fig. 8 A3).
An impressive decrease in IOP was recorded for CLs compared to eye
drops in a glaucoma model (Fig. 8 A4) [242].

Recently, silicone hydrogel CLs soaked in timolol microemulsion
(TB-ME-SM) showed two-fold improvement in the loading compared to
merely soaking in timolol solution (TB-SM) (Table 2, entry 25) [243]. In
vitro, TB-ME-SM CLs released timolol more slowly (90% in 48 h) than
TB-SM CLs (90% in 12 h) prepared containing similar drug doses (Fig. 8
B1). Invivo, TB-SM CL and TB-ME-SM CL had Cp,5x at 5 min and provided
measurable drug levels in tear fluid for 24 and 72 h, respectively (Fig. 8
B2). If instilled as eye drops, timolol levels in the tear fluid rapidly
decayed in the first two hours, although the reduction in IOP was
maintained for 6 h. Both TB-SM CL and TB-ME-SM CL caused more
intense and prolonged reduction in IOP values (up to 72 h and 96 h,
respectively) with a dose equivalent to a single eye drop (Fig. 8 B3).

Delivery of antimicrobial agents using CLs has also been tested. For
example, sparfloxacin cannot be directly added to silicone hydrogels
(Sp-L method) because it causes phase separation and, thus, a loss in
light transmission. This problem was overcome by co-loading of pre-
formed CLs with sparfloxacin and polyvinylpyrrolidone (PVP) (Sp-S
method) or applying the drug-PVP combination as a ring to be fixed in
the periphery of the CL (Sp-R method) (Table 2, entry 26) [244]. In
comparison to Sp-L and Sp-S CLs (which showed a high burst in the in
vitro release test), Sp-R CLs sustained the release of both sparfloxacin
and PVP for 48 h. In tear fluid (rabbit model), the Sp-R CLs released
enough drug to achieve the minimum inhibitory concentration (MIC) for
Staphylococcus aureus for 12 h. Furthermore, these CLs also notably
shortened the time to treat the conjunctivitis. The Levy plot failed to
correlate the percentage of drug released in vivo with that released in
vitro; once again, the in vivo release was faster than predicted. In this
case, the authors also suggested that sparfloxacin may be delivered
quickly in vivo due to binding to lipids present in the tear film [244].

Microemulsions have also been advantageous to increase the loading
of ofloxacin in HEMA-based CLs compared to conventional soaking
(Table 2, entry 27) [245]. Soaked (Of-SM, 191 pg dose) and emulsion-
loaded (Of-ME, 358 pg dose) CLs were compared in vivo against eye
drops (250 pg dose) in a rabbit model. The Cyax were 334 + 104 pg, 660
+ 255 pg and 446 + 105 pg respectively, and drug levels above the MIC
of S. aureus were recorded for 24, 48 and 1 h respectively. The authors
claimed good IVIVC, with Levy plot correlation coefficients of 0.966 for
Of-SM CLs and 0.931 for Of-ME CLs. Importantly, two days wearing of
one ofloxacin-loaded lens was shown to be as efficient as repeated eye
drop instillation every 4 h for the treatment of conjunctivitis [245].

Gatifloxacin was loaded in CLs using two different strategies: (i) to
add functional monomers in the CLs that can attract the drug [246], and
(ii) to soak the CLs into drug-micelle solutions [247]. The first strategy
(Table 2, entry 28) revealed MAA as the most suitable monomer to
enhance the affinity for gatifloxacin (loading from 2 to 12 pg/mgCL).
Although in vivo release was not investigated, two days of wear showed
complete recovery from bacterial keratitis in a rat model [246]. The
second strategy (Table 2, entry 29) consisted of a dual approach of
adding gatifloxacin in the monomer solution before polymerization (at
0.3 %w/v) and using drug dissolved (at 0.3 %w/v also) in Pluronic
micelles as a packaging solution [247]. The drug that had been added
directly to the monomers precipitated in the CL, compromising the op-
tical properties. Immersion in the packaging solution allowed drug
resolubilization into the micelles and further enhanced drug loading.
The resultant CLs (GT-PL-CL; 92 pg dose) showed slower release rates
than soaked CLs (SM-CL; 53 pg dose), but both exhibited more than 60%
burst release in the first 1 h. Compared to eye drops (150 pg dose) that
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rapidly disappeared from the ocular surface, SM-CL and GT-PL-CL pro-
vided measurable drug levels in tear fluid for 12 and 24 h, respectively
[247].

The suitability of CLs as platforms for the sustained release of mac-
romolecules such as HA for amelioration of dry eye syndrome has also
been demonstrated. Soaking of CLs in HA solution only allows for sur-
face adsorption and thus leads to complete release in a few hours. In
contrast, direct addition of HA to the monomer solution has been shown
to render hydrogel CLs that provided therapeutically useful levels of HA
both in vitro and in tear fluid for 10 days (Table 2, entry 30) [248].
Similarly, HA was added to silicone hydrogel monomers either solely or
combined with reduced graphene oxide (rGO) (Table 2, entry 31) or
Pluronic F127 (Table 2, entry 32). HA-rGO directly loaded CLs sustained
the release for 96 h in vitro and for 48 h in vivo, and increased rabbit tear
fluid volume for 96 h, being more efficient than eye drops or soaked CLs
[249]. The combination of HA and Pluronic F127 improved CL wetta-
bility and tear production. Direct loading in the silicone monomers
rendered CLs that sustained HA release for 48-96 h in vitro and 48 h in
vivo, avoiding the huge burst recorded for CLs soaked in HA [250].
Overall, as for small drug molecules, the achievement and the duration
of therapeutic effects observed for HA-eluting CLs were the result of a
fine equilibrium between enhanced loading and more controlled release.
Thus, prolonged in vitro release had a direct correlation on the time the
therapeutic outcome could be maintained.

5.3. Comparison of in vitro release profiles and drug accumulation into
anterior and posterior segments

Lidofilcon hydrogel CLs were shown to load steroids and provide
sustained release for efficient drug penetration into the posterior
segment [251]. The CLs were soaked in either prednisolone suspension
in saline for injection or beclomethasone dipropionate solution in
dimethyl sulfoxide (DMSO):water 16:4 vol/vol mixture (Table 2, entry
33). After washing in saline solution for injection, the release in vitro was
sustained for 6 h. In vivo evaluation consisted of placing drug-loaded CLs
on both eyes, which were kept closed with surgical tape for 4 h. Pred-
nisolone was detected in the posterior segment ocular tissue of all rab-
bits, with concentrations ranging 26-166 ng/g. Prednisolone was found
in the vitreous humor of three out of eight eyes and only detected in the
plasma of one animal (out of six). Its metabolite prednisone (inactive)
was below the quantification limit in all cases. Beclomethasone dipro-
pionate was also detected in the posterior segment tissue, but not in
vitreous humour and plasma. Its active metabolite, 17-beclomethasone,
was detected in the posterior segment tissue and in most vitreous humor
samples. Both prednisolone and beclomethasone dipropionate are small
(< 600 g/mol) hydrophobic molecules. If they had penetrated the eye
through the cornea and then migrated towards the macula and retina,
the parent drugs should also be detected in the vitreous humor at similar
levels. Since this was not the case, the drug molecules released from the
CLs to the cornea and limbal areas may have entered through a non-
corneal route. They could have reached the local vasculature and then
been transported toward the posterior segment. The absence of drug in
plasma discarded the notion that access to the posterior segment was via
systemic circulation [251].

Screening of eleven commercially available CL materials pointed to
polymacon (polyHEMA) CLs as the most appropriate ones for loading of
pirfenidone, an anti-inflammatory drug that favors the healing of the
ocular surface (Table 2, entry 34) [252]. All tested CLs released the drug
rapidly in vitro (Fig. 9 A), with polymacon having the best release profile
(~30 min release duration). In rabbit eyes, the CLs (1147 pg dose)
provided relevant pirfenidone levels in tear fluid for 60 min, while eye
drops (150 pg dose) disappeared in the first 15 min (Fig. 9 B). Drug-
loaded polymacon CLs led to significantly higher drug levels in the
cornea, aqueous humor and sclera at all data points assessed (Fig. 9 C, D
and F). Importantly, the drug levels in the conjunctiva only showed a
minor increase in the first 60 min (Fig. 9 E), which can be correlated
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Fig. 8. (Al and A2) Timolol and latanoprost levels in tear fluid from rabbit eyes after instillation of Xalacom® eye drops (250 pg timolol and 2.5 pg latanoprost) and
during wearing of CLs containing both drugs encapsulated in micelles (100 pg timolol and 1 pg latanoprost), (A3) Levy plot for timolol (R?>= 0.7613) and latanoprost
(R%= 0.7119); and (A4) increase in IOP after single injection of polystyrene microspheres three days before treatment and subsequent effect on IOP of the instillation
of eye drops or wearing of CLs (drug dose as in former plots; n= 4). Reprinted from Xu et al. [242] with permission from Elsevier. (B1) Timolol release rate in
simulated lachrymal fluid from silicone hydrogel CLs loaded by soaking in timolol base solution (TB-SM) or in timolol base microemulsion (TB-ME-SM) (n=3), (B2)
timolol levels in tear fluid (rabbit model) (n=6), and (B3) effect of eye drop instillation or CL wearing on IOP values (n=6). Timolol loaded in TB-SM-1, TB-SM-2 and
TB-SM-3 was 48.5, 141.3 and 234.3 pg, respectively, and in TB-ME-SM-1, TB-ME-SM-2 and TB-ME-SM-3 was 108.5, 215.3 and 365.8 pg, respectively. Reprinted from

Wei et al. [243] with permission by Taylor & Francis Ltd.
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Fig. 9. (A) Percentage of pirfenidone (PFD) released in PBS from commercially available CLs that were loaded by soaking in 2 mL of 0.5 mg/mL drug, (B) levels of
PFD in tear fluid (rabbit model) after instillation of one drop of 0.5% PFD eye drop and during wearing of PFD-loaded polymacon CLs; (C-F) PFD levels in different
ocular tissues at different times after eye drop instillation and CL wearing. Reprinted from Yang et al. [252] with permission by Taylor & Francis Ltd.

with the preferential release of the drug towards the post-lens lachrymal
fluid. Therefore, low levels in the conjunctiva may be the result of rapid
clearance, as well as systemic absorption. Simultaneous improvements
in pirfenidone loading and controlled release (80-260 min) were
observed for silicone hydrogel CLs (Acuvue Oasys®) pre-treated with
vitamin E (Table 2, entry 35). In an animal model of alkali burn,
pirfenidone-loaded CLs efficiently down-regulated the gene expression
of several inflammatory cytokines IL-18, TNF-a, and TGF-f1 in the
cornea [253].

In a subsequent study, CLs showing prolonged release of pirfenidone
were designed by embedding a drug insert into two layers of a silicone
elastomer (Table 2, entry 36) [254]. The CLs exhibited a very low water
content (11%) and 10-times lower dose (15 pg) than the amount instilled
using eye drops. In vitro, CLs released 52% of the loaded dose in the first
hour, followed by ten-times lower release rate in the next 15 hours. In
vivo, CLs sustained drug levels for 8 h in tear fluid, which led to a higher
drug concentration in the aqueous humor after 2 h of wear compared to
the eye drop instillation, despite releasing less drug [254].

Pegylated (p-SLNs) and non-pegylated (SLNs) solid lipid nano-
particles have also been tested to enhance the loading of epalrestat (an
aldose reductase inhibitor used for the treatment of diabetic neuropa-
thy) for delivery to the retina (Table 2, entry 37). In vitro release profiles
in simulated tear fluid revealed that CLs directly loaded with epalrestat-
encapsulated p-SLNs (DL-EP-p-SLN) had a smaller burst and sustained
the release up to 196 h, compared to CLs loaded by soaking (SM-EP-p-
SLN), which prolonged the release up to 144 h. DL-EP-p-SLN CLs and
SM-EP-p-SLN CLs provided measurable drug levels in tear fluid (rabbit
model) for 96 h and 48 h, respectively [255]. Epalrestat accumulation in
various ocular tissues after wearing of DL-EP-p-SLN CLs for 24 h were in
rank order of lens (7.28 pg/g) > cornea (6.34 pg/g) > aqueous humor
(4.84 pug/g) > retina (0.21 pg/g). In contrast, after 24 h of an eye drop
instillation, the only measurable levels of epalrestat were detected in the
lens (0.87 pg/g) and aqueous humor (0.82 pg/g). These findings support
that CLs may facilitate drug penetration to the back of the eye.

Efficient drug delivery to the posterior segment was investigated for
the antibiotic ofloxacin loaded in HEMA-based corneal CL, scleral/
corneal CL (S/CL) and rings (Table 2, entry 38) [256]. The composition
was the same in all cases; the only change referred to the size and shape
of the device, which led to different weights: 44 mg CL, 261 mg S/CL,
and 183 and 72 mg for ring 1 and 2, respectively. After soaking in the
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antibiotic solution, the amounts loaded were 282, 1715, 1200 and 565
ug per device, respectively. Drug release was evaluated in vivo (rabbit) in
terms of the difference between dose and amount of drug remaining in
the device after certain wearing periods (Fig. 10 Al). As expected from
their higher loading, S/CL and ring 1 released more drug, although the
percentage released after 1 h of wear was slightly lower (47.5% and
40.9%, respectively) than that recorded for the CL (59.6%). Preferential
biodistribution of ofloxacin to anterior segment tissues was observed for
CLs, which provided the highest drug accumulation in the cornea
(Fig. 10 A2). S/CL led to high drug levels both in anterior and posterior
segment tissues, while the rings facilitated drug accumulation in the
posterior segment (Fig. 10 A3). All devices were much more efficient
than eye drops in drug biodistribution and provided therapeutically
useful drug levels in all tissues, including the retina-choroid after 1 h of
wear (0.4 pg/g with CL, and ~4 pg/g with S/CL and rings) [256].

There are only a few studies that report on in vitro and in vivo release
kinetics together with therapeutic outcomes and drug accumulation in
ocular tissues [257]. HEMA-based CLs were used to test the potential
value of using gold nanoparticles (65 nm) to increase the loading and
slow the release of timolol (Table 2, entry 39). Two different approaches
were investigated: (i) addition of gold nanoparticles to the monomers
before polymerization; and (ii) addition of gold nanoparticles to the
timolol solution in which the hydrogels were soaked. These approaches
slightly increased the capability of the hydrogels to uptake timolol (284
and 277 pg, respectively) compared to the same hydrogels processed in
the absence of gold nanoparticles (253 pg). Regardless of the procedure,
all hydrogels released most of the drugs within one hour when tested in
vitro. Unexpectedly, in vivo (rabbit) results showed that timolol levels in
tear fluid were quantifiable for 60 h. A significant decrease in IOP values
were recorded in the first 24 h of wear. Thus, once again the therapeutic
effect appears to be more prolonged than the release profiles recorded in
vitro under sink conditions. This finding can be related to drug accu-
mulation in various ocular tissues, as observed in Fig. 10 B1 and B2
[257]. Specifically, accumulation of timolol in the ciliary muscle, where
most p-receptors are located [258], may explain prolonged IOP
decrease. Unfortunately, a similar analysis for the drug instilled using
eye drops was not available.

Latanoprost-eluting CLs have been designed by encapsulating a drug-
loaded poly(lactic-co-glycolic)acid (PLGA) film in methafilcon (Table 2,
entry 40) [259]. Two high molecular weight (118 kDa) PLGA of 65
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Fig. 10. (Al) Ofloxacin released from HEMA-based corneal CL, scleral/corneal CL (S/CL) and rings once placed in Japanese albino rabbits (nictitating membranes
were removed); the S/CL fell out of the eyes after 2 h; and (A2 and A3) ofloxacin levels in ocular tissues after 1 h wearing compared to the levels achieved after one

drop instillation of ofloxacin ophthalmic solution (O0S) (n=3; *p<0.05, **p<0.01, *

*p<0.005). Reprinted from Shikamura et al. [256] with permission from Taylor

& Francis Ltd. (B1 and B2) Evolution of timolol levels in various ocular tissues after wearing of CL with (0.025 mM-GNP-CL-4 mg; 277 ug of timolol) or without
(Blank-4 mg; 253 pg of timolol) gold nanoparticles (mean + SD; n = 3; # p < 0.05). Reprinted from Maulvi et al. [257] with permission from Elsevier.

glycolide:35 L-lactide ratio and 85 glycolide:15 L-lactide ratio were
used, and three sets of CLs were prepared containing films of thickness
20, 40 and 45 pm. CL65;35’ 205 CL65;35’ 40and CLg5115’ 45 contained 89, 178
and 178 pg latanoprost, respectively, and released in vitro 90%, 48% and
45% of the drug dose in the first three days. CLes.35, 400 and CLgs:15, 45
sustained drug release for 20 days more (Fig. 11 Al). In vivo (rabbits)
concentration of latanoprost was continuously monitored in the aqueous
humor for 4 weeks (Fig. 11 A2). Compared to the low Cpax (54 ng/mL)
and the rapid concentration decrease recorded after one drop instilla-
tion, CLgs:35, 20, CLes:35, 40 and Clgs:15, 45 led to Ciax of 970, 854 and
1473 ng/mlL, respectively, and average steady concentration (Css) of
5.6, 39.6 and 21.0 ng/mL. Interestingly, good IVIVC was observed for
the percentage of total drug absorbed in vivo (percentage of AUCy.28 days
in aqueous humor) with respect to the percentage of drug released in
vitro. Moreover, the correlation coefficient became closer to 1 (R2
=0.98) when CLgs;15, 45 was presoaked for 1 or 3 days in PBS to remove
the drug released as a burst before wearing (Fig. 11 A3) [259]. This
finding opens the possibility of predicting drug levels in the aqueous
humor from the in vitro release values. Since latanoprost does not
decrease IOP in rabbits, the therapeutic efficacy of similarly designed
CLs (PLGA 50:50 and 147 pg drug) was demonstrated in vivo in glau-
comatous eyes of cynomolgus monkeys [260] (Fig. 11 A4).

Recently, methafilcon CLs encapsulating PLGA 85:15 films loaded
with dexamethasone were shown to sustain drug release in vitro over 7
days and to provide therapeutic levels in various ocular tissues,
including the retina (Table 2, entry 41) (Fig. 11 B1 and B2) [261]. In the
aqueous humor (rabbit model) the drug levels were sustained for 7 days,
and the CLs effectively prevented suture-induced corneal neo-
vascularization and inflammation (Fig. 11 B3) and also
lipopolysaccharide-induced anterior uveitis [262].
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Some other in vivo studies have been carried out with one optimized
formulation and the drug concentration in tissues and the therapeutic
response evaluated. Since only one CL type was reported, the effect of a
change in the release rate on the in vivo levels and therapeutic outcomes
cannot be evaluated. Nevertheless, all the studies evidenced that
compared to eye drops, CLs favor drug accumulation and prolong the
therapeutic levels, which in turn leads to improved therapeutic response
with either less dose or less frequent administration. These findings have
also been reported for CLs loaded with cyclosporine A impregnated in
nanoporous silica by means of supercritical COy (Table 2, entry 42)
[263]. In vitro, CLs sustained drug release for 8 h, while in vivo, high
levels of drug were detected for 48 h in cornea and conjunctiva. CLs
increased tear volume and stabilized tear film after 1 and 2 weeks of
treatment.

6. Conclusions and future perspectives

Rapid release in vitro (even in the frame of hours) has resulted in
researchers questioning the capability of CLs to really act as drug depots
in vivo. However, the many examples gathered in previous sections
reveal that most in vitro tests are not good predictors of in vivo perfor-
mance and indeed CLs that show fast release in vitro may lead to sus-
tained levels in tear fluid and remarkably high drug accumulation in key
ocular tissues. CLs favor drug accumulation on eye surface tissues, which
in turn leads to improved therapeutic response, with either fewer doses
or less frequent administration than eye drops. Prolonged supply of drug
to the post-lens tear fluid has been demonstrated as a key factor to in-
crease drug ocular bioavailability, consequently leading to favorable
drug binding to ocular tissues, drug penetration to the posterior
segment, the formation of drug depots (“tissue reservoir effect”), and
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decreased side effects by minimizing drug spillover to the conjunctiva
and nasolacrimal duct and systemic circulation.

In most reports on in vitro drug release, regardless of whether the test
fulfils sink conditions, the volume of medium to which the drug-loaded
CL is exposed is much larger than the 10 pL of tear fluid available on the
ocular surface. A large volume in the in vitro release medium may
generate a concentration gradient that is much more intense than the
one that can be established in vivo, which in turn may trigger a faster
drug discharge. Small release volume in in vitro studies may be not a
shortcoming, but composition and dynamics may be more critical.
Indeed, some of the best IVIVC have been obtained when the in vitro
release medium consisted of 2 mL of simulated tear fluid at 34 °C and
100 rpm, and the medium was completely replaced at each sampling
time. This was the case for CLs loaded with ketotifen [223], cyclosporine
[226], ofloxacin [245] and timolol [257]. Nevertheless, this finding
should be interpreted with caution, since the drug was encapsulated in
or associated with nanostructures. The situation may be different for
drugs directly interacting with the CL. The reasoning behind the use of a
2 mL release medium is that this value approximately matches the daily
tear turnover.

Interestingly, CLs that release the drug at slower rate in vivo than in
vitro have also been reported. This is the case for drugs encapsulated in
pH- or ionic strength-sensitive coatings, which were tested in vitro in 10
mL of simulated tear fluid or PBS at 35 °C and 100 rpm, with replace-
ment of 2 mL at each sampling point [231,232]. Slower release in vivo
was also recorded for timolol and latanoprost encapsulated in micelles
and directly added to the monomers before CL polymerization. The
release in vitro was evaluated in Franz diffusion cells with 1 mL medium
in the donor compartment and 7 mL in the receptor kept at 35 °C and 50
rpm, with 1 mL replacement of the release medium at each sampling
point [242].

In addition to volume and dynamics of the release medium,
composition is also a key aspect. Biorelevant release medium may
require a decrease in polarity of simulated lachrymal fluid (with the
addition of organic miscible solvents that resemble lipid components in
tear fluid) or an increase in binding substances that could mimic pro-
teins that bind the specific drug. Addition of enzymes typically present
in tears may be needed when the drug is linked to the CL or nano-
particles using labile bonds. Such a need was evidenced, for example, in
the case of timolol loaded into CLs after being linked to nanoparticles
through ester bonds; the in vitro release in PBS was sustained for weeks,
while the IOP decrease in vivo was only maintained for 4 days [239].

Application of 3D printing and microfluidics may enable the design
of devices that can tune the composition and flow of the release medium
through the drug-loaded CLs in a more biomimetic way. The develop-
ment of versatile microfluidic devices may help in the progress towards
more accurate ways of evaluating in vitro drug release from CLs,
although strong efforts for validation in vivo are still needed. Increasing
feasibility of producing a variety of testing devices may lead to more
biorelevant testing conditions, but it also has the risk of proliferation of
too many models which would not help results comparison.

Currently, improved in vitro release tests are demanded as predictive
tools of the capability of the CLs to sustain drug release in vivo. With the
approval of the first drug-loaded CLs, one can envision that in the next
years generic drug-releasing CLs may appear and therefore in vitro
studies that can be used as predictive of bioequivalence will be highly
demanded. Therefore, advances in the identification of specific setups
for in vitro release testing of CLs are becoming an urgent demand.
Ideally, experts in the field and regulatory agencies should reach
consensus on in vitro test conditions and devices. Standardization is very
much needed.

Acknowledgements

This project is funded by the European Union’s Horizon 2020
research and innovation programme under the Marie Sktodowska-Curie

697

Journal of Controlled Release 343 (2022) 672-702

Actions grant agreement N° 813440 (ORBITAL-Ocular Research by In-
tegrated Training And Learning). The work was also partially supported
by MCIN [PID2020-113881RB-I00/AEI/10.13039/501100011033]
Spain, Xunta de Galicia [ED431C 2020/17], and FEDER.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jconrel.2022.02.014.

References
[1] https://www.fdanews.com/articles/202045-johnson-johnson-visions-drug-rel
easing-contact-lens-approved-in-japan (accessed 29 October 2021).
https://www.jnjvisionpro.ca/products/acuvue-theravision (accessed 29 October
2021).
0. Wichterle, U.S. Patents. 3,660,545; 3,408,429; 3,496,254; 3,499,862.
O. Wichterle, D. Lim, Hydrophilic gels for biological use, Nature 185 (1960)
117-118.
J. Kopecek, Hydrogels from soft contact lenses and implants to self-assembled
nanomaterials, J. Polym. Sci. A Polym. Chem. 47 (2009) 5929-5946.
O. Wichterle, D. Lim, Cross-linked hydrophilic polymers and articles made
therefrom, Patent US3220960 (1965).
C. Gonzalez-Chomon, A. Concheiro, C. Alvarez-Lorenzo, Soft contact lenses for
controlled ocular delivery: 50 years in the making, Ther. Deliv. 4 (2013)
1141-1161.
C.M. Olthoff, J.S. Schouten, B.W. van de Borne, C.A. Webers, Noncompliance
with ocular hypotensive treatment in patients with glaucoma or ocular
hypertension an evidence-based review, Ophthalmology 112 (2005) 953-961.
P.M. Hughes, O. Olejnik, J.E. Chang-Lin, C.G. Wilson, Topical and systemic drug
delivery to the posterior segments, Adv. Drug Deliv. Rev. 57 (2005) 2010-2032.
O.L. Lanier, K.G. Christopher, R.M. Macoon, Y. Yu, P. Sekar, A. Chauhan,
Commercialization challenges for drug eluting contact lenses, Expert Opin. Drug
Deliv. 17 (2020) 1133-1149.
C. Alvarez-Lorenzo, S. Anguiano-Igea, A. Varela-Garcia, M. Vivero-Lopez,
A. Concheiro, Bioinspired hydrogels for drug-eluting contact lenses, Acta
Biomater. 84 (2019) 49-62.
L. Jones, A. Hui, C.M. Phan, M.L. Read, D. Azar, J. Buch, J.B. Ciolino, S.A. Naroo,
B. Pall, K. Romond, P. Sankaridurg, C.M. Schnider, L. Terry, M. Willcox, CLEAR-
Contact lens technologies of the future, Contact Lens Ant. Eye 44 (2021)
398-430.
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 Chip 21 (2021)
1269-1286.
A.D. 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.
N. Toffoletto, B. Saramago, A.P. Serro, Therapeutic ophthalmic lenses: a review,
Pharmaceutics 13 (2021) 36.
L.D. Wuchte, S.A. DiPasquale, M.E. Byrne, In vivo drug delivery via contact
lenses: The current state of the field from origins to present, J. Drug Deliv. Sci.
Tech. 63 (2021), 102413.
C. Nalley, Material Gains: 50 Years of the Soft Contact Lens. https://www.revie
wofcontactlenses.com/article/material-gains-50-years-of-the-soft-contact-lens
(accessed 2 November 2021).
A.D. Pucker, A.A. Tichenor, A review of contact lens dropout, Clin. Optom. 12
(2020) 85-94.
https://www.fda.gov/medical-devices/contact-lenses/types-contact-lenses
(accessed 29 October 2021).
L. Lim, E.W.L. Lim, Therapeutic contact lenses in the treatment of corneal and
ocular surface diseases—A Review, Asia-Pac. J. Ophthalmol. 9 (2020) 524-553.
https://www.fda.gov/industry/regulated-products/medical-device-overview
(accessed 29 October 2021).
M. Zaki, J. Pardo, G. Carracedo, A review of international medical device
regulations: Contact lenses and lens care solutions, Contact Lens Ant. Eye 42
(2019) 136-146.
A. Hobson, Regulatory barriers are stifling the contact lens industry, 04/27/17,
https://thehill.com/blogs/pundits-blog/technology/330856-regulatory-barriers
-and-stifling-the-contact-lens-industry (accessed 29 October 2021).
R.A. Kenley, H. Filippone, M. Giske, D. Beidler, J. Vehige, J. Fleitman,
Equilibrium binding interactions between Lotrafilcon a soft contact lenses and the
two prostaglandin antiglaucoma drugs bimatoprost and tafluprost, Eye Contact
Lens 39 (2013) 295-302.
FDA, Current Good Manufacturing Practice Requirements for Combination
Products, published January 22, 2013 (21 CFR Part 4, Subpart A; 78 FR 4307-22)
and Postmarketing Safety Reporting for Combination Products, 2021 published
December 20, 2016 (21 CFR Part 4, Subpart B; 81 FR 92603-26.
FDA, Combination Product Definition Combination Product Types. https://www.
fda.gov/combination-products/about-combination-products/combination
-product-definition-combination-product-types, 2018 (accessed 2 November
2021).

[2]

[3]
[4]

[5

—

[6

=

[7

—

[8

=

[91]

[10]

[11]

[12]

[13]

[14]
[15]

[16]

[17]

[18]
[19]
[20]
[21]

[22]

[23]

[24]

[25]

[26]


https://doi.org/10.1016/j.jconrel.2022.02.014
https://doi.org/10.1016/j.jconrel.2022.02.014
https://www.fdanews.com/articles/202045-johnson-johnson-visions-drug-releasing-contact-lens-approved-in-japan
https://www.fdanews.com/articles/202045-johnson-johnson-visions-drug-releasing-contact-lens-approved-in-japan
https://www.jnjvisionpro.ca/products/acuvue-theravision
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0015
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0015
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0020
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0020
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0025
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0025
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0025
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0030
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0030
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0030
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0035
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0035
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0040
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0040
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0040
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0045
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0045
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0045
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0050
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0050
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0050
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0050
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0055
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0055
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0055
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0060
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0060
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0065
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0065
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0070
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0070
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0070
https://www.reviewofcontactlenses.com/article/material-gains-50-years-of-the-soft-contact-lens
https://www.reviewofcontactlenses.com/article/material-gains-50-years-of-the-soft-contact-lens
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0080
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0080
https://www.fda.gov/medical-devices/contact-lenses/types-contact-lenses
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0090
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0090
https://www.fda.gov/industry/regulated-products/medical-device-overview
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0100
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0100
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0100
https://thehill.com/blogs/pundits-blog/technology/330856-regulatory-barriers-and-stifling-the-contact-lens-industry
https://thehill.com/blogs/pundits-blog/technology/330856-regulatory-barriers-and-stifling-the-contact-lens-industry
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0110
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0110
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0110
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0110
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0115
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0115
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0115
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0115
https://www.fda.gov/combination-products/about-combination-products/combination-product-definition-combination-product-types
https://www.fda.gov/combination-products/about-combination-products/combination-product-definition-combination-product-types
https://www.fda.gov/combination-products/about-combination-products/combination-product-definition-combination-product-types

A.F. Pereira-da-Mota et al.

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]
[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]
[53]
[54]
[55]

[56]

[57]

FDA, Principles of Premarket Pathways for Combination Products Guidance for
Industry and FDA Staff. https://www.fda.gov/media/119958/download, 2019
(accessed 2 November 2021).

MediPrintTM Ophtalmics, Inc. https://mediprintlens.com/glaucoma/ (accessed 2
November 2021).

BusinessWire, MediPrint™ Ophthalmics Announces Successful Completion of Its
SIGHT-1 Phase 2a Clinical Study. https://www.businesswire.com/news/home/
20210316005609/en/, March 16, 2021 (accessed 2 November 2021).

G.D. Novack, M. Barnett, Ocular drug delivery systems using contact lenses,

J. Ocul. Pharmacol. Ther. 36 (2020) 595-601.

H. Ghazal, J. Ahmadouk, S. Dhanji, A. El-Bushra, R. Kayyali, A. ElShaer, Patients’
and prescribers’ perception of contact lenses as a potential ocular drug delivery
system, Contact Lens Ant. Eye 42 (2018) 190-195.

N.P. Tipnis, D.J. Burgess, Sterilization of implantable polymer-based medical
devices: A review, Int. J. Pharm. 544 (2018) 455-460.

AF. Pereira-da-Mota, M. Vivero-Lopez, A. Topete, A.P. Serro, A. Concheiro,

C. Alvarez-Lorenzo, Atorvastatin-eluting contact lenses: effects of molecular
imprinting and sterilization on drug loading and release, Pharmaceutics 13
(2021) 606.

Replacement, Reduction and Refinement — the "Three Rs". https://ec.europa.eu/
environment/chemicals/lab_animals/3r/alternative_en.htm (2021) (accessed 2
November 2021).

E.S. Kostewicz, B. Abrahamsson, M. Brewster, J. Brouwers, J. Butler, S. Carlert, P.
A. Dickinson, J. Dressman, R. Holm, S. Klein, J. Mann, M. McAllister, M. Minekus,
U. Muenster, A. Miillertz, M. Verwei, M. Vertzoni, W. Weitschies, P. Augustijns, In
vitro models for the prediction of in vivo performance of oral dosage forms, Eur.
J. Pharm. Sci. 57 (2014) 342-366.

J.C. Lang, M.M. Stiemke, Biological barriers to ocular delivery, in: .K. Reddy
(Ed.), Ocular Therapeutics and Drug Delivery, Technomic Publishing Co. Inc,
Lancaster, PA, USA, 1996, pp. 63-93.

M.G. Doane, An instrument for in vivo tear film interferometry, Optom. Vis. Sci.
66 (1989) 383-388.

A. Joshi, D.M. Maurice, J.R. Paugh, A new method for determining corneal
epithelial barrier to fluorescein in humans, Invest. Ophthalmol. Vis. Sci. 37
(1996) 1008-1016.

C. Loch, S. Zakelj, A. Kristl, S. Nagel, R. Guthoff, W. Weitschies, S. Seidlitz,
Determination of permeability coefficients of ophthalmic drugs through different
layers of porcine, rabbit and bovine eyes, Eur. J. Pharm. Sci. 47 (2012) 131-138.
F. Cavas-Martinez, D.G. Fernandez-Pacheco, E. De la Cruz-Sanchez, J. Nieto
Martinez, F.J. Fernandez Canavate, A. Vega-Estrada, A.B. Plaza-Puche, J.L. Alio,
Geometrical custom modeling of human cornea in vivo and its use for the
diagnosis of corneal ectasia, PLoS One 9 (2014), e110249.

J.J. Nichols, P.E. King-Smith, Thickness of the pre- and post-contact lens tear film
measured in vivo by interferometry, Invest. Ophthalmol. Vis. Sci. 44 (2003)
68-77.

A. Muntz, L.N. Subbaraman, L. Sorbara, L. Jones, Tear exchange and contact
lenses: A review, Aust. J. Optom. 8 (2015) 2-11.

K.L. Maki, D.S. Ross, Exchange of tears under a contact lens is driven by
distortions of the contact lens, Integr. Comp. Biol. 54 (2014) 1043-1050.

A. Mahomed, J.S. Wolffsohn, B.J. Tighe, Structural design of contact lens-based
drug delivery systems; in vitro and in vivo studies of ocular triggering
mechanisms, Contact Lens Ant. Eye 39 (2016) 97-105.

M.C. Luke, D. Kozak, Regulating generic ophthalmologic drug
bioequivalence—envisioning accessibility for patients, J. Ocul. Pharmacol. Ther.
37 (2021) 157-161.

S.H. Choi, R.A. Lionberger, Clinical, pharmacokinetic, and in vitro studies to
support bioequivalence of ophthalmic drug products, AAPS J. 18 (2016)
1032-1038.

FY2019 GDUFA Research Report: Ophthalmic. https://www.fda.
gov/media/135187/download#page=50 (accessed 2 November 2021).

J. Pak, Z.J. Chen, K. Sun, A. Przekwas, R. Walenga, J. Fan, Computational
modeling of drug transport across the in vitro cornea, Comput. Biol. Med. 92
(2018) 139-146.

Q. Bao, D.J. Burgess, Perspectives on physicochemical and in vitro profiling of
ophthalmic ointments, Pharm. Res. 35 (2018) 234.

Q. Bao, R. Jog, J. Shen, B. Newman, Y. Wang, S. Choi, D.J. Burgess,
Physicochemical attributes and dissolution testing of ophthalmic ointments, Int.
J. Pharm. 523 (2017) 310-319.

Q. Bao, B. Newman, Y. Wang, S. Choi, D.J. Burgess, In vitro and ex vivo
correlation of drug release from ophthalmic ointments, J. Control. Release 276
(2018) 93-101.

E.M. Del Amo, A. Urtti, Current and future ophthalmic drug delivery systems. A
shift to the posterior segment, Drug Discov. Today 13 (2008) 135-143.

C.J.F. Bertens, M. Gijs, F.J.H.M. van den Biggelaar, R.M.M.A. Nuijts, Topical drug
delivery devices: A review, Exp. Eye Res. 168 (2018) 149-160.

P.E. Miller, J.S. Eaton, Medical anti-glaucoma therapy: Beyond the drop, Vet.
Ophthalmol. 24 (Suppl. 1) (2021) 2-15.

M.F. Saettone, L. Salminen, Ocular inserts for topical delivery, Adv. Drug Deliv.
Rev. 16 (1995) 95-106.

J.E. Mealy, M.V. Fedorchak, S.R. Little, In vitro characterization of a controlled-
release ocular insert for delivery of brimonidine tartrate, Acta Biomater. 10
(2014) 87-93.

R.T. Pijls, L.P.J. Cruysberg, R.M.M.A. Nuijts, A.A. Dias, L.H. Koole, Capacity and
tolerance of a new device for ocular drug delivery, Int. J. Pharm. 341 (2007)
152-161.

698

[58]

[591

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

Journal of Controlled Release 343 (2022) 672-702

R.T. Pijls, S. Lindemann, R.M.M.A. Nuijts, G.W. Daube, L.H. Koole, Pradofloxacin
release from the OphthaCoil: a new device for sustained delivery of drugs to the
eye, J. Drug Del. Sci. Tech. 17 (2007) 87-91.

M.F. Adrianto, F. Annuryanti, C.G. Wilson, R. Sheshala, R.R.S. Thakur, In vitro
dissolution testing models of ocular implants for posterior segment drug delivery,
Drug Deliv. and Transl. Res. (2022) in press.

M.E.M. Braga, V.P. Costa, M.J.T. Pereira, P.T. Fiadeiro, A.P.A.R. Gomes, C.M.
M. Duarte, H.C. de Sousa, Effects of operational conditions on the supercritical
solvent impregnation of acetazolamide in Balafilcon A commercial contact lenses,
Int. J. Pharm. 420 (2010) 231-243.

A. Oucif, N. Haddadine, D. Zakia, N. Bouslah, A. Benaboura, K. Beyaz,

B. Guedouar, M.S. El Shall, Poly (hydroxyethyl methacrylate co hydroxyethyl
acrylate) soft contact lenses for acetazolamide release, Polym. Bull. (2021) in
press.

A. Ribeiro, F. Veiga, D. Santos, J.J. Torres-Labandeira, A. Concheiro, C. Alvarez-
Lorenzo, Bioinspired imprinted pHEMA-hydrogels for ocular delivery of carbonic
anhydrase inhibitor drugs, Biomacromolecules 12 (2011) 701-709.

V.P. Costa, M.E.M. Braga, C.M.M. Duarte, C. Alvarez-Lorenzo, A. Concheiro, M.
H. Gil, H.C. de Sousa, Anti-glaucoma drug-loaded contact lenses prepared using
supercritical solvent Impregnation, J. Supercrit. Fluids 53 (2010) 165-173.

A. Ribeiro, F. Veiga, D. Santos, J.J. Torres-Labandeira, A. Concheiro, C. Alvarez-
Lorenzo, Hydrophilic acrylic hydrogels with built-in or pendant cyclodextrins for
delivery of anti-glaucoma drugs, Carbohydr. Polym. 88 (2012) 977-985.

A. Ribeiro, F. Veiga, D. Santos, J.J. Torres-Labandeira, A. Concheiro, C. Alvarez-
Lorenzo, Receptor-based biomimetic NVP/DMA contact lenses for loading/
eluting carbonic anhydrase inhibitors, J. Membr. Sci. 383 (2011) 60-69.

D.E. Liu, T.J. Dursch, N.O. Taylor, S.Y. Chan, D.T. Bregante, C.J. Radke, Diffusion
of water-soluble sorptive drugs in HEMA/MAA hydrogels, J. Control. Release 239
(2016) 242-248.

A. Varela-Garcia, J.L. Gomez-Amoza, A. Concheiro, C. Alvarez-Lorenzo,
Imprinted contact lenses for ocular administration of antiviral drugs, Polymers 12
(2020) 2026.

D. Lee, S. Cho, H.S. Park, I. Kwon, Ocular drug delivery through pHEMA-hydrogel
contact lenses co-loaded with lipophilic vitamins, Sci. Rep. 6 (2016) 34194.

A. Pulliero, A. Profumo, A. Izzotti, S.C. Sacca, Release of Aloe vera extracts from
therapeutic lenses, Appl. Sci. 10 (2020) 9055.

A.G. Gallagher, K. McLean, R.M.K. Stewart, D.A. Wellings, H.E. Allison, R.

L. Williams, Development of a poly-e-lysine contact lens as a drug delivery device
for the treatment of fungal keratitis, Investig. Ophthalmol. Vis. Sci. 58 (2017)
4499-4505.

M.K. Ashtiani, M. Zandi, P. Shokrollahi, M. Ehsani, H. Baharvand, Chitosan
surface modified hydrogel as a therapeutic contact lens, Polym. Adv. Technol. 31
(2020) 741-748.

F. Lasowski, H. Sheardown, Atropine and roscovitine release from model silicone
hydrogels, Optom. Vis. Sci. 93 (2016) 404-411.

A. Hui, M. Bajgrowicz-Cieslak, C. Phan, L. Jones, In vitro release of two anti-
muscarinic drugs from soft contact lenses, Clin. Ophthalmol. 11 (2017)
1657-1665.

R. Uchida, T. Sato, H. Tanigawa, K. Uno, Azulene incorporation and release by
hydrogel containing methacrylamide propyltrimenthylammonium chloride, and
its application to soft contact lens, J. Control. Release 92 (2003) 259-264.

K. Hsu, P.L. de la Jara, A. Ariyavidana, J. Watling, B. Holden, Q. Garrett,

A. Chauhan, Release of betaine and dexpanthenol from vitamin e modified
silicone-hydrogel contact lenses, Curr. Eye Res. 40 (2015) 267-273.

M.S. Rad, S.A.S. Tabassi, M.H. Moghadam, S.A. Mohajeri, Controlled release of
betamethasone from vitamin E-loaded silicone-based soft contact lenses, Pharm.
Dev. Technol. 21 (2016) 894-899.

P. Sekar, A. Chauhan, Effect of vitamin-E integration on delivery of prostaglandin
analogs from therapeutic lenses, J. Colloid Interface Sci. 539 (2019) 457-467.
H.M. Omranipour, S.A.S. Tabassi, R. Kowsari, M.S. Rad, S.A. Mohajeri,
Brimonidine imprinted hydrogels and evaluation of their binding and releasing
properties as new ocular drug delivery systems, Current, Drug Deliv. 12 (2015)
717-725.

C. Peng, M.T. Burke, A. Chauhan, Transport of topical anesthetics in vitamin e
loaded silicone hydrogel contact lenses, Langmuir 28 (2012) 1478-1487.

A.F.R. Pimenta, J. Ascenso, J.C.S. Fernandes, R. Colago, A.P. Serro, B. Saramago,
Controlled drug release from hydrogels for contact lenses: Drug partitioning and
diffusion, Int. J. Pharm. 515 (2016) 467-475.

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.

A. Hui, H. Sheardown, L. Jones, Acetic and acrylic acid molecular imprinted
model silicone hydrogel materials for ciprofloxacin-HCI delivery, Materials 5
(2012) 85-107.

G. Qin, Z. Zhu, S. Li, A.M. McDermott, C. Cai, Development of ciprofloxacin-
loaded contact lenses using fluorous chemistry, Biomaterials 124 (2017) 55-64.
M.S. Rad, S.A. Mohajeri, Extended ciprofloxacin release using vitamin E diffusion
barrier from commercial silicone-based soft contact lenses, Eye Contact Lens 43
(2017) 103-109.

R. Garhwal, S.F. Shady, E.J. Ellis, J.Y. Ellis, C.D. Leahy, S.P. McCarthy, K.

S. Crawford, P. Gaines, Sustained ocular delivery of ciprofloxacin using
nanospheres and conventional contact lens materials, Investig. Ophthalmol. Vis.
Sci. 53 (2012) 1341-1352.

A. Hui, A. Boone, L. Jones, Uptake and release of ciprofloxacin-HCI from
conventional and silicone hydrogel contact lens materials, Eye Contact Lens 34
(2008) 266-271.


https://www.fda.gov/media/119958/download
https://mediprintlens.com/glaucoma/
https://www.businesswire.com/news/home/20210316005609/en/
https://www.businesswire.com/news/home/20210316005609/en/
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0140
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0140
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0145
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0145
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0145
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0150
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0150
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0155
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0155
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0155
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0155
https://ec.europa.eu/environment/chemicals/lab_animals/3r/alternative_en.htm
https://ec.europa.eu/environment/chemicals/lab_animals/3r/alternative_en.htm
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0160
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0160
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0160
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0160
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0160
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0165
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0165
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0165
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0170
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0170
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0175
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0175
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0175
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0180
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0180
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0180
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0185
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0185
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0185
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0185
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0190
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0190
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0190
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0195
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0195
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0200
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0200
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0205
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0205
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0205
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0210
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0210
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0210
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0215
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0215
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0215
https://www.fda.gov/media/135187/download#page=50
https://www.fda.gov/media/135187/download#page=50
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0225
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0225
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0225
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0230
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0230
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0235
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0235
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0235
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0240
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0240
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0240
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0245
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0245
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0250
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0250
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0255
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0255
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0260
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0260
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0265
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0265
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0265
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0270
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0270
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0270
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0275
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0275
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0275
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0280
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0280
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0280
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0285
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0285
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0285
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0285
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0290
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0290
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0290
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0290
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0295
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0295
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0295
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0300
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0300
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0300
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0305
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0305
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0305
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0310
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0310
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0310
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0315
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0315
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0315
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0320
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0320
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0320
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0325
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0325
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0330
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0330
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0335
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0335
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0335
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0335
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0340
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0340
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0340
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0345
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0345
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0350
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0350
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0350
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0355
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0355
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0355
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0360
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0360
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0360
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0365
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0365
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0365
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0370
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0370
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0375
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0375
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0375
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0375
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0380
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0380
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0385
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0385
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0385
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0390
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0390
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0390
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0395
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0395
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0395
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0400
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0400
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0405
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0405
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0405
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0410
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0410
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0410
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0410
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0415
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0415
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0415

A.F. Pereira-da-Mota et al.

[871]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]
[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

M.S. Rad, S.A. Mohajerib, Simultaneously load and extended release of
betamethasone and ciprofloxacin from vitamin E-loaded silicone-based soft
contact lenses, Curr. Eye Res. 41 (2016) 1185-1191.

D. Nguyen, A. Hui, A. Weeks, M. Heynen, E. Joyce, H. Sheardown, L. Jones,
Release of ciprofloxacin-HCl and dexamethasone phosphate by hyaluronic acid
containing silicone polymers, Materials 5 (2012) 684-698.

B. Singh, N. Chauhan, V. Sharma, Design of molecular imprinted hydrogels for
controlled release of cisplatin: evaluation of network density of hydrogels, Ind.
Eng. Chem. Res. 50 (2011) 13742-13751.

C.C.S. Karlgard, N.S. Wong, L.W. Jones, C. Moresoli, In vitro uptake and release
studies of ocular pharmaceutical agents by silicon-containing and p-HEMA
hydrogel contact lens materials, Int. J. Pharm. 257 (2003) 141-151.

J. Mun, J. Won Mok, S. Jeong, S. Cho, C. Joo, S.K. Hahn, Drug-eluting contact lens
containing cyclosporine-loaded cholesterol-hyaluronate micelles for dry eye
syndrome, RSC Adv. 9 (2019) 16578-16585.

C. Peng, A. Chauhan, Extended cyclosporine delivery by silicone-hydrogel
contact lenses, J. Control. Release 154 (2011) 267-274.

Y. Kapoor, P. Dixon, P. Sekar, A. Chauhan, Incorporation of drug particles for
extended release of cyclosporine A from poly-hydroxyethyl methacrylate
hydrogels, Eur. J. Pharm. Biopharm. 120 (2017) 73-79.

Y. Kapoor, A. Chauhan, Ophthalmic delivery of Cyclosporine A from Brij-97
microemulsion and surfactant-laden p-HEMA hydrogels, Int. J. Pharm. 361
(2008) 222-229.

Y. Kapoor, A. Chauhan, Drug and surfactant transport in Cyclosporine A and Brij
98 laden p-HEMA hydrogels, J. Colloid Interface Sci. 322 (2008) 624-633.

Y. Kapoor, J.C. Thomas, G. Tan, V.T. John, A. Chauhan, Surfactant-laden soft
contact lenses for extended delivery of ophthalmic drugs, Biomaterials 30 (2009)
867-878.

K. Hsu, R.C. Fentzke, A. Chauhan, Feasibility of corneal drug delivery of
cysteamine using vitamin E modified silicone hydrogel contact lenses, Eur. J.
Pharm. Biopharm. 85 (2013) 531-540.

J. Kim, A. Chauhan, Dexamethasone transport and ocular delivery from poly
(hydroxyethyl methacrylate) gels, Int. J. Pharm. 353 (2008) 205-222.

M.D. Moya-Ortega, C. Alvarez-Lorenzo, H.H. Sigurdsson, A. Concheiro,

T. Loftsson, y-Cyclodextrin hydrogels and semi-interpenetrating networks for
sustained delivery of dexamethasone, Carbohydr. Polym. 80 (2010) 900-907.
G. Guidi, T.C. Hughes, M. Whinton, M.A. Brook, H. Sheardown, The effect of
silicone hydrogel contact lens composition on dexamethasone release,

J. Biomater. Appl. 29 (2014) 222-233.

J. Kim, C. Peng, A. Chauhan, Extended release of dexamethasone from silicone-
hydrogel contact lenses containing vitamin E, J.Control. Release 148 (2010)
110-116.

L.C. Bengani, A. Chauhan, Extended delivery of an anionic drug by contact lens
loaded with a cationic surfactant, Biomaterials 34 (2013) 2814-2821.

C. Lu, R.B. Yoganathan, M. Kociolek, C. Allen, Hydrogel containing silica shell
cross-linked micelles for ocular drug delivery, J. Pharm. Sci. 102 (2013) 627-637.
G. Behl, J. Igbal, N.J. O’Reilly, P. McLoughlin, L. Fitzhenry, Synthesis and
characterization of poly(2-hydroxyethylmethacrylate) contact lenses containing
chitosan nanoparticles as an ocular delivery system for dexamethasone sodium
phosphate, Pharm. Res. 33 (2016) 1638-1648.

P. Dixon, A. Chauhan, Effect of the surface layer on drug release from delefilcon-A
(Dailies Total 1®) contact lenses, Int. J. Pharm. 529 (2017) 89-101.

A. Tieppo, A.C. Boggs, P. Pourjavad, M.E. Byrne, Analysis of release kinetics of
ocular therapeutics from drug releasing contact lenses: Best methods and
practices to advance the field, Contact Lens Ant. Eye 37 (2014) 305-313.

D. Silva, H.C. de Sousa, M.H. Gil, L.F. Santos, G.M. Moutinho, M. Salema-Oom,
C. Alvarez-Lorenzo, A.P. Serro, B. Saramago, Diclofenac sustained release from
sterilised soft contact lens materials using an optimised layer-by-layer coating,
Int. J. Pharm. 585 (2020), 119506.

C. Torres-Luna, N. Hu, A. Koolivand, X. Fan, Y. Zhu, R. Domszy, J. Yang, A. Yang,
N.S. Wang, Effect of a cationic surfactant on microemulsion globules and drug
release from hydrogel contact lenses, Pharmaceutics 11 (2019) 262.

R. Li, X. Guan, X. Lin, P. Guan, X. Zhang, Z. Rao, L. Du, J. Zhao, J. Rong, J. Zhao,
Poly(2-hydroxyethyl methacrylate)/ p-cyclodextrin-hyaluronan contact lens with
tear protein adsorption resistance and sustained drug delivery for ophthalmic
diseases, Acta Biomater. 110 (2020) 105-118.

J.R. dos Santos, C. Alvarez-Lorenzo, M. Silva, L. Balsa, J. Couceiro, J. Torres-
Labandeira, A. Concheiro, Soft contact lenses functionalized with pendant
cyclodextrins for controlled drug delivery, Biomaterials 30 (2009) 1348-1355.
Q. Zhu, S. Mao, Enhanced drug loading efficiency of contact lenses via salt-
induced modulation, Asian, J. Pharm. Sci. 14 (2019) 204-215.

C. Torres-Luna, A. Koolivand, X. Fan, N.R. Agrawal, N. Hu, Y. Zhu, R. Domszy, R.
M. Briber, N.S. Wang, A. Yang, Formation of drug-participating catanionic
aggregates for extended delivery of non-steroidal anti-inflammatory drugs from
contact lenses, Biomolecules 9 (2019) 593.

O.N. Primachenko, E.A. Marinenko, S.S. Ivanchev, Polymer hydrogels with the
memory effect for immobilization of drugs, Polymer Sci. Ser. B 56 (2014)
863-870.

D. Silva, L.F.V. Pinto, D. Bozukova, L.F. Santos, A.P. Serro, B. Saramago,
Chitosan/alginate based multilayers to control drug release from ophthalmic lens,
Colloids Surf. B: Biointerfaces 147 (2016) 81-89.

B. Malaekeh-Nikouei, S. Atefeh Vahabzadeh, S. Ahmad Mohajeri, Preparation of a
molecularly imprinted soft contact lens as a new ocular drug delivery system for
dorzolamide, Current Drug Deliv. 10 (2013) 279-285.

699

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

Journal of Controlled Release 343 (2022) 672-702

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.

F. Alvarez-Rivera, A. Concheiro, C. Alvarez-Lorenzo, Epalrestat-loaded silicone
hydrogels as contact lenses to address diabetic eye complications, Eur. J. Pharm.
Biopharm. 122 (2018) 126-136.

C.L. Schultz, D.W. Morck, Contact lenses as a drug delivery device for epidermal
growth factor in the treatment of ocular wounds, Clin. Exp. Optom. 93 (2010)
61-65.

M.J. Garcia-Fernandez, N. Tabary, B. Martel, F. Cazaux, A. Oliva, P. Taboada,
A. Concheiro, C. Alvarez-Lorenzo, Poly-(cyclo)dextrins as ethoxzolamide carriers
in ophthalmicsolutions and in contact lenses, Carbohydr. Polym. 98 (2013)
1343-1352.

E. Kusrini, K. Sabira, F. Hashim, N.A. Abdullah, A. Usman, N. Putra, E.

A. Prasetyanto, Design, synthesis and antiamoebic activity of dysprosium-based
nanoparticles using contact lenses as carriers against Acanthamoeba sp, Acta
Ophthalmol. 99 (2021) e178-¢188.

M.E. Byrne, J.Z. Hilt, N.A. Peppas, Recognitive biomimetic networks with moiety
imprinting for intelligent drug delivery, J. Biomed. Mater. Res. A 84 (2008)
137-147.

F. Yanez, L. Martikainen, M.E.M. Braga, C. Alvarez-Lorenzo, A. Concheiro, C.M.
M. Duarte, M.H. Gil, H.C. de Sousa, Supercritical fluid-assisted preparation of
imprinted contact lenses for drug delivery, Acta Biomater. 7 (2011) 1019-1030.
V.P. Costa, M.E.M. Braga, J.P. Guerra, A.R.C. Duarte, C.M.M. Duarte, E.O.B. Leite,
M.H. Gil, H.C. de Sousa, Development of therapeutic contact lenses using a
supercritical solvent impregnation method, J. Supercrit. Fluids 52 (2010)
306-316.

D. Jaishankar, J.S. Buhrman, T. Valyi-Nagy, R.A. Gemeinhart, D. Shukla,
Extended release of an anti-heparan sulfate peptide from a contact lens
suppresses corneal herpes simplex virus-1 infection, Investig. Ophthalmol. Vis.
Sci. 57 (2016) 169-180.

K. Kakisu, T. Matsunaga, S. Kobayakawa, T. Sato, T. Tochikubo, Development and
efficacy of a drug-releasing soft contact lens, Investig. Ophthalmol. Vis. Sci. 54
(2013) 2551-2561.

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.

A. Weeks, L.N. Subbaraman, L. Jones, H. Sheardown, Physical entrapment of
hyaluronic acid during synthesis results in extended release from model hydrogel
and silicone hydrogel contact lens materials, Eye Contact Lens 39 (2013)
179-185.

J.R. dos Santos, R. Couceiro, A. Concheiro, J. Torres-Labandeira, C. Alvarez-
Lorenzo, Poly(hydroxyethyl methacrylate-co-methacrylated-b-cyclodextrin)
hydrogels: Synthesis, cytocompatibility, mechanical properties and drug loading/
release properties, Acta Biomater. 4 (2008) 745-755.

G. Kim, H.J. Kim, H. Noh, Influence of solution pH on drug release from ionic
hydrogel lens, Macromol. Res. 27 (2019) 191-197.

P. Andrade-Vivero, E. Fernandez-Gabriel, C. Alvarez-Lorenzo, A. Concheiro,
Improving the loading and release of NSAIDs from pHEMA hydrogels by
copolymerization with functionalized monomers, J. Pharm. Sci. 96 (2007)
802-813.

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, Contact Lens Ant. Eye 42
(2019) 546-552.

S. Venkatesh, S.P. Sizemore, M.E. Byrne, Biomimetic hydrogels for enhanced
loading and extended release of ocular therapeutics, Biomaterials 28 (2007)
717-724.

A. Soluri, A. Hui, L. Jones, Delivery of ketotifen fumarate by commercial contact
lens materials, Optom. Vis. Sci. 89 (2012) 1140-1149.

T. Zhang, T. Zhu, F. Wang, L. Peng, M. Lai, Ketotifen loaded solid lipid
nanoparticles laden contact lens to manage allergic conjunctivitis, J. Drug Deliv.
Sci. Technol. 60 (2020), 101949.

R.R. Horne, J.T. Rich, M.W. Bradley, W.G. Pitt, Latanoprost uptake and release
from commercial contact lenses, J. Biomater. Sci. Polym. Ed. 31 (2020) 1-19.
R.R. Horne, K.E. Judd, W.G. Pitt, Rapid loading and prolonged release of
latanoprost from a silicone hydrogel contact lens, J. Drug Deliv. Sci. Technol. 41
(2017) 410-418.

N. Kumar, R. Aggarwal, M.K. Chauhan, Extended levobunolol release from
Eudragit nanoparticle-laden contact lenses for glaucoma therapy, Future J.
Pharm. Sci. 6 (2020) 109.

A. Danion, I. Arsenault, P. Vermette, Antibacterial activity of contact lenses
bearing surface-immobilized layers of intact liposomes loaded with levofloxacin,
J. Pharm. Sci. 96 (2007) 2350-2363.

P. Paradiso, R. Galante, L. Santos, A.P. Alves de Matos, R. Colaco, A.P. Serro,

B. Saramago, Comparison of two hydrogel formulations for drug release in
ophthalmic lenses, J Biomed Mater Res B Appl Biomater 102B (2014) 1170-1180.
P. Paradiso, A.P. Serro, B. Saramago, R. Colaco, A. Chauhan, Controlled release of
antibiotics from vitamin E-loaded silicone-hydrogel contact lenses, J. Pharm. Sci.
105 (2016) 1164-1172.

A.F.R. Pimenta, A.P. Serro, P. Paradiso, B. Saramago, R. Colaco, Diffusion-based
design of multi-layered ophthalmic lenses for controlled drug release, PLoS One
11 (2016), e0167728.

P. Paradiso, V. Chu, L. Santos, A.P. Serro, R. Colaco, B. Saramago, Effect of plasma
treatment on the performance of two drug-loaded hydrogel formulations for


http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0420
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0420
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0420
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0425
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0425
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0425
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0430
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0430
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0430
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0435
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0435
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0435
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0440
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0440
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0440
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0445
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0445
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0450
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0450
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0450
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0455
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0455
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0455
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0460
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0460
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0465
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0465
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0465
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0470
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0470
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0470
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0475
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0475
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0480
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0480
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0480
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0485
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0485
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0485
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0490
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0490
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0490
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0495
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0495
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0500
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0500
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0505
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0505
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0505
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0505
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0510
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0510
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0515
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0515
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0515
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0520
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0520
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0520
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0520
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0525
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0525
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0525
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0530
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0530
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0530
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0530
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0535
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0535
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0535
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0540
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0540
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0545
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0545
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0545
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0545
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0550
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0550
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0550
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0555
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0555
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0555
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0560
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0560
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0560
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0565
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0565
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0565
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0570
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0570
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0570
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0575
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0575
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0575
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0580
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0580
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0580
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0580
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0585
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0585
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0585
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0585
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0590
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0590
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0590
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0595
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0595
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0595
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0600
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0600
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0600
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0600
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0605
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0605
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0605
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0605
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0610
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0610
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0610
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0615
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0615
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0615
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0620
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0620
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0620
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0620
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0625
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0625
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0625
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0625
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0630
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0630
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0635
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0635
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0635
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0635
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0640
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0640
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0640
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0640
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0645
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0645
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0645
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0650
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0650
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0655
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0655
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0655
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0660
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0660
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0665
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0665
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0665
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0670
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0670
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0670
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0675
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0675
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0675
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0680
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0680
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0680
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0685
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0685
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0685
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0690
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0690
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0690
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0695
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0695

A.F. Pereira-da-Mota et al.

[143]

[144]
[145]
[146]
[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

therapeutic contact lenses, J Biomed Mater Res B Appl Biomater 103B (2015)
1059-1068.

R. Galante, A.S. Oliveira, A. Topete, D. Ghisleni, M. Braga, T.J.A. Pinto, R. Colaco,
A.P. Serro, Drug-eluting silicone hydrogel for therapeutic contact lenses: Impact
of sterilization methods on the system performance, Colloids Surf. B: Biointerfaces
161 (2018) 537-546.

D. Gulsen, C. Li, A. Chauhan, Dispersion of DMPC liposomes in contact lenses for
ophthalmic drug delivery, Curr. Eye Res. 30 (2005) 1071-1080.

D. Gulsen, A. Chauhan, Dispersion of microemulsion drops in HEMA hydrogel: a
potential ophthalmic drug delivery vehicle, Int. J. Pharm. 292 (2005) 95-117.
D. Gulsen, A. Chauhan, Effect of water content on transparency, swelling,
lidocaine diffusion in p-HEMA gels, J. Membr. Sci. 269 (2006) 35-48.

D. Gulsen, A. Chauhan, Ophthalmic drug delivery through contact lenses, Invest.
Ophthalmol. Vis. Sci. 45 (2004) 2342-2347.

F.H. Nasr, S. Khoee, M.M. Dehghan, S.S. Chaleshtori, A. Shafiee, Preparation and
evaluation of contact lenses embedded with polycaprolactone-based
nanoparticles for ocular drug delivery, Biomacromolecules 17 (2016) 485-495.
W. Zhang, D. Zu, J. Chen, J. Peng, Y. Liu, H. Zhang, S. Li, W. Pan, Bovine serum
albumin-meloxicam nanoaggregates laden contact lenses for ophthalmic drug
delivery in treatment of postcataract endophthalmitis, Int. J. Pharm. 475 (2014)
25-34.

J.R. dos Santos, J. Torres-Labandeira, N. Matthijs, T. Coenye, A. Concheiro,

C. Alvarez-Lorenzo, Functionalization of acrylic hydrogels with a-, p- or
y-cyclodextrin modulates protein adsorption and antifungal delivery, Acta
Biomater. 6 (2010) 3919-3926.

A. Topete, A.S. Oliveira, A. Fernandes, T.G. Nunes, A.P. Serro, B. Saramago,
Improving sustained drug delivery from ophthalmic lens materials through the
control of temperature and time of loading, Eur. J. Pharm. Sci. 117 (2018)
107-117.

S. Zhou, K.M. Hunt, A.S. Grewal, K.M. Brothers, D.K. Dhaliwal, R.M.Q. Shanks,
Release of moxifloxacin from corneal collagen shields, Eye Contact Lens 44
(2018) S143-S147.

G. Guzman, S.S. Es-haghi, T. Nugay, M. Cakmak, Zero-order antibiotic release
from multilayer contact lenses: nonuniform drug and diffusivity distributions
produce constant-rate drug delivery, Adv. Healthcare Mater. 6 (2017) 1600775.
D. Silva, H.C. de Sousa, M.H. Gil, L.F. Santos, G.M. Moutinho, A.P. Serro,

B. Saramago, Antibacterial layer-by-layer coatings to control drug release from
soft contact lenses material, Int. J. Pharm. 553 (2018) 186-200.

E.A. Yigit, N. Ercal, Release of N-acetylcysteine and N-acetylcysteine amide from
contact lenses, Eye Contact Lens 39 (2013) 335-340.

F. Alvarez-Rivera, A.P. Serro, D. Silva, A. Concheiro, C. Alvarez-Lorenzo,
Hydrogels for diabetic eyes: Naltrexone loading, release profiles and cornea
penetration, Mater. Sci. Eng. C 105 (2019), 110092.

T. Sato, R. Uchida, H. Tanigawa, K. Uno, A. Murakami, Application of polymer
gels containing side-chain phosphate groups to drug-delivery contact lenses,

J. Appl. Polym. Sci. 98 (2005) 731-735.

C. Phan, L.N. Subbaraman, L. Jones, In vitro drug release of natamycin from
B-cyclodextrin and 2-hydroxypropyl-p-cyclodextrin-functionalized contact lens
materials, J. Biomater. Sci. Polym. Ed. 25 (2014) 1907-1919.

C. Phan, L. Subbaraman, S. Liu, F. Gu, L. Jones, In vitro uptake and release of
natamycin Dex-b-PLA nanoparticles from model contact lens materials,

J. Biomater. Sci. Polym. Ed. 25 (2014) 18-31.

C. Phan, L.N. Subbaraman, L. Jones, In vitro uptake and release of natamycin
from conventional and silicone hydrogel contact lens materials, Eye Contact Lens
39 (2013) 162-168.

J. Aveyard, R.C. Deller, R. Lace, R.L. Williams, S.B. Kaye, K.N. Kolegraff, J.

M. Curran, R.A. D’Sa, Antimicrobial nitric oxide releasing contact lens gels for the
treatment of microbial keratitis, ACS Appl. Mater. Interfaces 11 (2019)
37491-37501.

C. Alvarez-Lorenzo, F. Yanez, R. Barreiro-Iglesias, A. Concheiro, Imprinted soft
contact lenses as norfloxacin delivery systems, J. Control. Release 113 (2006)
236-244.

Y. Yamazaki, T. Matsunaga, K. Syohji, T. Arakawa, T. Sato, Effect of anionic/
siloxy groups on the release of ofloxacin from soft contact lenses, J. Appl. Polym.
Sci. 127 (2013) 5022-5027.

U. Ubani-Ukomaa, D. Gibsonb, G. Schultz, B.O. Silva, A. Chauhan, Evaluating the
potential of drug eluting contact lenses for treatment of bacterial keratitis using
an ex vivo corneal model, Int. J. Pharm. 565 (2019) 499-508.

D. Lee, N. Lee, I. Kwon, Efficient loading of ophthalmic drugs with poor
loadability into contact lenses using functional comonomers, Biomater. Sci. 6
(2018) 2639-2646.

C. Gonzalez-Chomon, M. Silva, A. Concheiro, C. Alvarez-Lorenzo, Biomimetic
contact lenses eluting olopatadine for allergic conjunctivitis, Acta Biomater. 41
(2016) 302-311.

X. Hu, H. Tan, P. Chen, X. Wang, J. Pang, Polymer micelles laden hydrogel
contact lenses for ophthalmic drug delivery, J. Nanosci. Nanotechnol. 16 (2016)
5480-5488.

M.Y.B. Sahadana, W.Y. Tonga, W.N. Tan, C.R. Leong, M.N.B. Misri, M. Chan, S.
Y. Cheng, S. Shaharuddin, Phomopsidione nanoparticles coated contact lenses
reduce microbial keratitis causing pathogens, Exp. Eye Res. 178 (2019) 10-14.
F. Yanez, A. Concheiro, C. Alvarez-Lorenzo, Macromolecule release and
smoothness of semi-interpenetrating PVP-pHEMA networks for comfortable soft
contact lenses, Eur. J. Pharm. Biopharm. 69 (2008) 1094-1103.

N. Malakooti, C. Alexander, C. Alvarez-Lorenzo, Imprinted contact lenses for
sustained release of polymyxin B and related antimicrobial peptides, J. Pharm.
Sci. 104 (2015) 3386-3394.

700

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

Journal of Controlled Release 343 (2022) 672-702

C. Phan, L.N. Subbaraman, L.W. Jones, Uptake and release of polyvinyl alcohol
from hydrogel daily disposable contact lenses, Optom. Vis. Sci. 96 (2019)
180-186.

T. Katzer, P.S. Chaves, A.R. Pohlmann, S.S. Guterres, R.C.R. Beck, Loading a drug
on contact lenses using polymeric nanocapsules: effects on drug release,
transparency, and ion permeability, J. Nanosci. Nanotechnol. 17 (2017)
9286-9294.

A. ElShaer, S. Mustafa, M. Kasar, S. Thapa, B. Ghatora, R.G. Alany, Nanoparticle-
laden contact lens for controlled ocular delivery of prednisolone: formulation
optimization using statistical experimental design, Pharmaceutics 8 (2016) 14.
B. Malaekeh-Nikouei, F.A. Ghaeni, V.S. Motamedshariaty, S.A. Mohajeri,
Controlled release of prednisolone acetate from molecularly imprinted hydrogel
contact lenses, J. Appl. Polym. Sci. 126 (2012) 387-394.

A. Mahomed, B.J. Tighe, The design of contact lens based ocular drug delivery
systems for single-day use: Part (I) Structural factors, surrogate ophthalmic dyes
and passive diffusion studies, J. Biomater. Appl. 29 (2014) 341-353.

Y. Yokozaki, J. Sakabe, Y. Shimoyama, Enhanced impregnation of hydrogel
contact lenses with salicylic acid by addition of water in supercritical carbon
dioxide, Chem. Eng. Res. Design 104 (2015) 203-207.

C. Torres-Luna, N. Hu, X. Fan, R. Domszy, J. Yang, R.M. Briber, A. Yang, Extended
delivery of cationic drugs from contact lenses loaded with unsaturated fatty acids,
Eur. J. Pharm. Biopharm. 155 (2020) 1-11.

R.J. Glisoni, M.J. Garcia-Fernandez, M. Pino, G. Gutkind, A.G. Moglioni,

C. Alvarez-Lorenzo, A. Concheiro, A. Sosnik, p-Cyclodextrin hydrogels for the
ocular release of antibacterial thiosemicarbazones, Carbohydr. Polym. 93 (2013)
449-457.

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.

H. Hiratani, Y. Mizutani, C. Alvarez-Lorenzo, Controlling drug release from
imprinted hydrogels by modifying the characteristics of the imprinted cavities,
Macromol. Biosci. 5 (2005) 728-733.

P. Mehta, A.A. Al-Kinani, M.S. Arshad, M.-W. Chang, R.G. Alany, Z. Ahmada,
Development and characterisation of electrospun timolol maleate-loaded
polymeric contact lens coatings containing various permeation enhancers, Int. J.
Pharm. 532 (2017) 408-420.

P. Mehta, Al-Kinani R. Haj-Ahmad, M.S. Arshad, M. Chang, R.G. Alany, Z. Ahmad,
Electrically atomised formulations of timolol maleate for direct and on-demand
ocular lens coatings, Eur. J. Pharm. Biopharm. 119 (2017) 170-184.

Y. Yokozaki, Y. Shimoyama, Loading of vitamin E into silicone hydrogel by
supercritical carbon dioxide impregnation toward controlled release of timolol
maleate, J. Supercrit. Fluids 131 (2018) 11-18.

G. Guidi, M. Korogiannaki, H. Sheardown, Modification of timolol release from
silicone hydrogel model contact lens materials using hyaluronic acid, Eye Contact
Lens 40 (2014) 269-276.

C. Li, M. Abrahamson, Y. Kapoor, A. Chauhan, Timolol transport from
microemulsions trapped in HEMA gels, J. Colloid Interface Sci. 315 (2007)
297-306.

H. Hiratani, C. Alvarez-Lorenzo, Timolol uptake and release by imprinted soft
contact lenses made of N,N-diethylacrylamide and methacrylic acid, J. Control.
Release 83 (2002) 223-230.

F. Yanez, A. Chauhan, A. Concheiro, C. Alvarez-Lorenzo, Timolol-imprinted soft
contact lenses: influence of the template: functional monomer ratio and the
hydrogel thickness, J. Appl. Polym. Sci. 122 (2011) 1333-1340.

T.S. Anirudhan, A.S. Nair, J. Parvathy, Extended wear therapeutic contact lens
fabricated from timolol imprinted carboxymethyl chitosan-g-hydroxy ethyl
methacrylate-g-polyacrylamide as a onetime medication for glaucoma, Eur. J.
Pharm. Biopharm. 109 (2016) 61-71.

C. Alvarez-Lorenzo, H. Hiratani, J.L. Gomez-Amoza, R. Martinez-Pacheco,

C. Souto, A. Concheiro, Soft contact lenses capable of sustained delivery of
timolol, J. Pharm. Sci. 91 (2002) 2182-2192.

H. Hiratani, C. Alvarez-Lorenzo, The nature of backbone monomers determines
the performance of imprinted soft contact lenses as timolol drug delivery systems,
Biomaterials 25 (2004) 1105-1113.

M. Korogiannaki, G. Guidi, L. Jones, H. Sheardown, Timolol maleate release from
hyaluronic acid-containing model silicone hydrogel contact lens materials,

J. Biomater. Appl. 30 (2015) 361-376.

C.L. Schultz, T.R. Poling, J.O. Mint, A medical device/drug delivery system for
treatment of glaucoma, Clin. Exp. Optom. 92 (2009) 343-348.

C. Peng, J. Kim, A. Chauhan, Extended delivery of hydrophilic drugs from
silicone-hydrogel contact lenses containing vitamin E diffusion barriers,
Biomaterials 31 (2010) 4032-4047.

J. Kim, A. Conway, A. Chauhan, Extended delivery of ophthalmic drugs by
silicone hydrogel contact lenses, Biomaterials 29 (2008) 2259-2269.

I. Postic, H. Sheardown, Altering the release of tobramycin by incorporating poly
(ethylene glycol) into model silicone hydrogel contact lens materials, Aust. J.
Biol. Sci. 30 (2019) 1115-1141.

A. Varela-Garcia, A. Concheiro, C. Alvarez-Lorenzo, Cytosine-functionalized
bioinspired hydrogels for ocular delivery of antioxidant transferulic acid,
Biomater. Sci. 8 (2020) 1171-1180.

E. Garcia-Millan, S. Koprivnik, F.J. Otero-Espinar, Drug loading optimization and
extended drug delivery of corticoids from pHEMA based soft contact lenses
hydrogels via chemical and microstructural modifications, Int. J. Pharm. 487
(2015) 260-269.


http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0695
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0695
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0700
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0700
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0700
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0700
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0705
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0705
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0710
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0710
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0715
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0715
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0720
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0720
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0725
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0725
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0725
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0730
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0730
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0730
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0730
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0735
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0735
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0735
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0735
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0740
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0740
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0740
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0740
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0745
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0745
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0745
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0750
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0750
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0750
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0755
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0755
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0755
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0760
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0760
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0765
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0765
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0765
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0770
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0770
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0770
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0775
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0775
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0775
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0780
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0780
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0780
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0785
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0785
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0785
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0790
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0790
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0790
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0790
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0795
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0795
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0795
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0800
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0800
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0800
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0805
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0805
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0805
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0810
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0810
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0810
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0815
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0815
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0815
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0820
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0820
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0820
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0825
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0825
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0825
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0830
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0830
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0830
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0835
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0835
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0835
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0840
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0840
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0840
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0845
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0845
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0845
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0845
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0850
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0850
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0850
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0855
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0855
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0855
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0860
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0860
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0860
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0865
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0865
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0865
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0870
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0870
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0870
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0875
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0875
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0875
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0875
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0880
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0880
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0880
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0885
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0885
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0885
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0890
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0890
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0890
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0890
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0895
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0895
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0895
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0900
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0900
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0900
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0905
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0905
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0905
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0910
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0910
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0910
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0915
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0915
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0915
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0920
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0920
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0920
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0925
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0925
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0925
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0925
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0930
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0930
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0930
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0935
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0935
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0935
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0940
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0940
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0940
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0945
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0945
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0950
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0950
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0950
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0955
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0955
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0960
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0960
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0960
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0965
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0965
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0965
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0970
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0970
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0970
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0970

A.F. Pereira-da-Mota et al.

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]
[213]
[214]

[215]

[216]

[217]

[218]

[219]
[220]
[221]

[222]

[223]

[224]

[225]

E. Garcia-Millan, M. Quintans-Carballo, F.J. Otero-Espinar, Improved release of
triamcinolone acetonide from medicated soft contact lenses loaded with drug
nanosuspensions, Int. J. Pharm. 525 (2017) 226-236.

A.J.T. Hyatt, M.S. Rajan, K. Burling, M.J. Ellington, A. Tassoni, K.R. Martin,
Release of vancomycin and gentamicin from a contact lens versus a fibrin coating
applied to a contact lens, Investig. Ophthalmol. Vis. Sci. 53 (2012) 1946-1952.
J.C. Kaczmarek, A. Tieppo, C.J. White, M.E. Byrne, Adjusting biomaterial
composition to achieve controlled multiple-day release of dexamethasone from an
extended-wear silicone hydrogel contact lens, J. Biomater. Sci. Polym. Ed. 25
(2014) 88-100.

A. Tieppo, K.M. Pate, M.E. Byrne, In vitro controlled release of an anti-
inflammatory from daily disposable therapeutic contact lenses under
physiological ocular tear flow, Eur. J. Pharm. Biopharm. 81 (2012) 170-177.
C.J. White, S.A. DiPasquale, M.E. Byrne, Controlled release of multiple
therapeutics from silicone hydrogel contact lenses, Optom. Vis. Sci. 93 (2016)
377-386.

C.J. White, M.K. McBride, K.M. Pate, A. Tieppo, M.E. Byrne, Extended release of
high molecular weight hydroxypropyl methylcellulose from molecularly
imprinted, extended wear silicone hydrogel contact lenses, Biomaterials 32
(2011) 5698-5705.

M. Bajgrowicz, C.M. Phan, L.N. Subbaraman, L. Jones, Release of ciprofloxacin
and moxifloxacin from daily disposable contact lenses from an in vitro eye model,
Invest. Ophthalmol. Vis. Sci. 56 (2015) 2234-2242.

C.M. Phan, M. Bajgrowicz, H. Gao, L.N. Subbaraman, L.W. Jones, Release of
fluconazole from contact lenses using a novel in vitro eye model, Optom. Vis. Sci.
93 (2016) 387-394.

A.F.R. Pimenta, A. Valente, J.M.C. Pereira, J.C.F. Pereira, H.P. Filipe, J.L.G. Mata,
R. Colaco, B. Saramago, A.P. Serro, Simulation of the hydrodynamic conditions of
the eye to better reproduce the drug release from hydrogel contact lenses:
experiments and modelling, Drug Deliv, Transl. Res. 6 (2016) 755-762.

D. Silva, H.C. de Sousa, M.H. Gil, L.F. Santos, R.A. Amaral, J.A. Saraiva,

M. Salema-Oom, C. Alvarez-Lorenzo, A.P. Serro, B. Saramago, Imprinted
hydrogels with LbL coating for dual drug release from soft contact lenses
materials, Mater. Sci. Eng. C 120 (2021), 111687.

R. Galante, P. Paradiso, M.G. Moutinho, A.I. Fernandes, J.L.G. Mata, A.P.

A. Matos, R. Colaco, B. Saramago, A.P. Serro, About the effect of eye blinking on
drug release from pHEMA-based hydrogels: an in vitro study, J. Biomater. Sci.
Polym. Ed. 26 (2015) 235-251.

P. Paradiso, R. Colaco, J.L.G. Mata, R. Krastev, B. Saramago, A.P. Serro, Drug
release from liposome coated hydrogels for soft contact lenses: the blinking and
temperature effect, J. Biomed. Mater. Res. B 105B (2017) 1799-1807.

C.M. Phan, M. Shukla, H. Walther, M. Heynen, D. Suh, L. Jones, Development of
an in vitro blink model for ophthalmic drug delivery, Pharmaceutics 13 (2021)
300.

C.M. Phan, H. Walther, H. Gao, J. Rossy, L.N. Subbaraman, L. Jones, Development
of an in vitro ocular platform to test contact lenses, J. Vis. Exp. 110 (2016),
e53907.

C.M. Phan, H. Walther, H. Qiao, R. Shinde, L. Jones, Development of an eye
model with a physiological blink mechanism, Trans Vis Sci Tech. 8 (2019) 1.
S.S. Chrai, T.F. Patton, A. Metha, J.R. Robinson, Lacrimal and instilled fluid
dynamics in rabbit eyes, J. Pharm. Sci. 62 (1973) 1112-1121.

S. Mishima, A. Gasset, S.D. Klyce, J.L. Baum, Determination of tear volume and
tear flow, Investig. Ophthalmol. 5 (1996) 264-276.

H. Hiratani, A. Fujiwara, Y. Tamiya, Y. Mizutani, C. Alvarez-Lorenzo, Ocular
release of timolol from molecularly imprinted soft contact lenses, Biomaterials 26
(2005) 1293-1298.

A. Tieppo, C.J. White, A.C. Paine, M.L. Voyles, M.K. McBride, M.E. Byrne,
Sustained in vivo release from imprinted therapeutic contact lenses, J. Control.
Release 157 (2012) 391-397.

L.D. Wuchte, S.A. DiPasquale, M.E. Byrne, In vivo drug delivery via contact
lenses: The current state of the field from origins to present, J. Drug Deliv. Sci.
Technol. 63 (2021), 102413.

J. Xu, X. Li, F. Sun, In vitro and in vivo evaluation of ketotifen fumarate-loaded
silicone hydrogel contact lenses for ocular drug delivery, Drug Deliv. 18 (2011)
150-158.

F. Yan, Y. Liu, S. Han, Q. Zhao, N. Liu, Bimatoprost imprinted silicone contact lens
to treat glaucoma, AAPS PharmSciTech 21 (2020) 63.

J. Xu, X. Li, F. Sun, Preparation and evaluation of a contact lens vehicle for
puerarin delivery, J. Biomater. Sci. Polym. Ed. 21 (2010) 271-288.

J. Xu, X. Li, F. Sun, Cyclodextrin-containing hydrogels for contact lenses as a
platform for drug incorporation and release, Acta Biomater. 6 (2010) 486-493.
C. Dominguez-Godinez, G. Carracedo, J. Pintor, Diquafosol delivery from silicone
hydrogel contact lenses: improved effect on tear secretion, J. Ocular Pharm. Ther.
34 (2018) 170-176.

T. Zhang, T. Zhu, F. Wang, L. Peng, M. Lai, Ketotifen loaded solid lipid
nanoparticles laden contact lens to manage allergic conjunctivitis, J. Drug Deliv.
Sci. Tech. 60 (2020), 101949.

F.A. Maulvi, M.A. Mangukiya, P.A. Patel, R.J. Vaidya, A.R. Koli, K.M. Ranch, D.
O. Shah, Extended release of ketotifen from silica shell nanoparticle-laden
hydrogel contact lenses: in vitro and in vivo evaluation, J. Mater. Sci. Mater. Med.
27 (2016) 113.

J. Xu, Y. Ge, R. By, A. Zhang, S. Feng, J. Wang, J. Gou, T. Yin, H. He, Y. Zhang,
X. Tang, Co-delivery of latanoprost and timolol from micelles-laden contact lenses
for the treatment of glaucoma, J. Control. Release 305 (2019) 18-28.

701

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

[250]

[251]

[252]

Journal of Controlled Release 343 (2022) 672-702

F.A. Maulvi, A.R. Desai, H.H. Choksi, R.J. Patil, K.M. Ranch, B.A. Vyas, D.O. Shah,
Effect of surfactant chain length on drug release kinetics from microemulsion-
laden contact lenses, Int. J. Pharm. 524 (2017) 193-204.

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.

W. Xu, W. Jiao, S. Li, X. Tao, G. Mu, Bimatoprost loaded microemulsion laden
contact lens to treat glaucoma, J. Drug Deliv. Sci. Technol. 54 (2019), 101330.
B. Xu, T. Liu, Travoprost loaded microemulsion soaked contact lenses: Improved
drug uptake, release kinetics and physical properties, J. Drug Deliv. Sci. Tech. 57
(2020), 101792.

Y. Xue, W. Zhang, Y. Lei, M. Dang, Novel polyvinyl pyrrolidone-loaded
olopatadine HCl-laden doughnut contact lens to treat allergic conjunctivitis,

J. Pharm. Sci. 109 (2020) 1714-1724.

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.

Q. Zhu, C. Liu, Z. Sun, N. Liang, S. Mao, Inner layer-embedded contact lenses for
pH-triggered controlled ocular drug delivery, Eur. J. Pharm. Biopharm. 128
(2018) 220-229.

Q. Zhu, Y. Wei, C. Li, S. Mao, Inner layer-embedded contact lenses for ion-
triggered controlled drug delivery, Mater. Sci. Eng. C 93 (2018) 36-48.

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.

C.C. Peng, A. Ben-Shlomo, E.O. Mackay, C.E. Plummer, A. Chauhan, Drug
delivery by contact lens in spontaneously glaucomatous dogs, Curr. Eye Res. 37
(2012) 204-211.

C.C. Peng, M.T. Burke, B.E. Carbia, C. Plummer, A. Chauhan, Extended drug
delivery by contact lenses for glaucoma therapy, J. Control. Release 162 (2012)
152-158.

K.H. Hsu, B.E. Carbia, C. Plummer, A. Chauhan, Dual drug delivery from vitamin
E loaded contact lenses for glaucoma therapy, Eur. J. Pharm. Biopharm. 94
(2015) 312-321.

AR. 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 112 (2020), 110885.

H.J. Jung, M. Abou-Jaoude, B.E. Carbia, C. Plummer, A. Chauhan, Glaucoma
therapy by extended release of timolol from nanoparticle loaded silicone-
hydrogel contact lenses, J. Control. Release 165 (2013) 82-89.

F.A. Maulvi, D.H. Lakdawala, A.A. Shaikh, A.R. Desai, H.H. Choksi, R.J. Vaidya,
K.M. Ranch, A.R. Koli, B.A. Vyas, D.O. Shah, In vitro and in vivo evaluation of
novel implantation technology in hydrogel contact lenses for controlled drug
delivery, J. Control. Release 226 (2016) 47-56.

A.R. Desai, F.A. Maulvi, M.M. Pandya, K.M. Ranch, B.A. Vyas, S.A. Shah, D.

0. Shah, Co-delivery of timolol and hyaluronic acid from semi-circular ring-
implanted contact lenses for the treatment of glaucoma: in vitro and in vivo
evaluation, Biomater. Sci. 6 (2018) 1580.

J. Xu, Y. Ge, R. Bu, A. Zhang, S. Feng, J. Wang, J. Gou, T. Yin, H. He, Y. Zhang,
X. Tang, Co-delivery of latanoprost and timolol from micelles-laden contact lenses
for the treatment of glaucoma, J. Control. Release 305 (2019) 18-28.

N. Wei, H. Dang, C. Huang, Y. Sheng, Timolol loaded microemulsion laden
silicone contact lens to manage glaucoma: in vitro and in vivo studies, J. Dispers.
Sci. Technol. 42 (2021) 742-750.

W. Ran, H. Ma, M. Li, In vitro and in vivo studies of polyvinyl pyrrolidone-coated
sparfloxacin-loaded ring contact lens to treat conjunctivitis, J. Pharm. Sci. 109
(2020) 1951-1957.

Y. Li, C. Huang, X. Yang, X. Zhang, Ofloxacin laden microemulsion contact lens to
treat conjunctivitis, J. Biomater. Sci. Polym. Ed. 31 (2020) 1566-1579.

Y. Shi, H. Lv, Y. Fu, Q. Lu, J. Zhong, D. Ma, Y. Huang, W. Xu, Preparation and
characterization of a hydrogel carrier to deliver gatifloxacin and its application as
a therapeutic contact lens for bacterial keratitis therapy, Biomed. Mater. 8 (2013),
055007.

F.A. Maulvi, R.J. Parmar, A.R. Desai, D.M. Desai, M.R. Shukla, K.M. Ranch, S.
A. Shah, D.O. Shah, Tailored gatifloxacin Pluronic® F-68-loaded contact lens:
Addressing the issue of transmittance and swelling, Int. J. Pharm. 581 (2020),
119279.

F.A. Maulvi, T.G. Soni, D.O. Shah, Extended release of hyaluronic acid from
hydrogel contact lenses for dry eye syndrome, J. Biomater. Sci. Polym. Ed. 26
(2015) 1035-1050.

C. Huang, X. Zhang, Y. Li, X. Yang, Hyaluronic acid and graphene oxide loaded
silicon contact lens for corneal epithelial healing, J. Biomater. Sci. Polym. Ed. 32
(2021) 372-384.

N. Wei, X. Xu, C. Huang, L. Cao, Hyaluronic acid-Pluronic®F127-laden soft
contact lenses for corneal epithelial healing: in vitro and in vivo studies, AAPS
PharmSciTech 21 (2020) 162.

C. Schultz, J. Breaux, J. Schentag, D. Morck, Drug delivery to the posterior
segment of the eye through hydrogel contact lenses, Clin. Exp. Optom. 94 (2011)
212-218.

M. Yang, Y. Yang, M. Lei, C. Ye, C. Zhao, J. Xu, K. Wu, M. Yu, Experimental
studies on soft contact lenses for controlled ocular delivery of pirfenidone: in vitro
and in vivo, Drug Deliv. 23 (2016) 3538-3543.


http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0975
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0975
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0975
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0980
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0980
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0980
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0985
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0985
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0985
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0985
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0990
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0990
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0990
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0995
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0995
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf0995
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1000
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1000
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1000
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1000
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1005
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1005
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1005
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1010
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1010
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1010
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1015
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1015
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1015
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1015
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1020
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1020
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1020
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1020
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1025
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1025
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1025
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1025
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1030
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1030
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1030
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1035
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1035
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1035
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1040
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1040
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1040
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1045
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1045
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1050
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1050
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1055
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1055
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1060
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1060
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1060
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1065
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1065
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1065
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1070
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1070
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1070
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1075
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1075
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1075
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1080
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1080
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1085
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1085
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1090
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1090
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1095
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1095
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1095
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1100
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1100
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1100
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1105
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1105
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1105
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1105
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1110
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1110
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1110
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1115
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1115
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1115
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1120
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1120
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1120
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1120
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1125
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1125
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1130
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1130
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1130
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1135
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1135
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1135
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1140
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1140
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1140
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1145
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1145
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1145
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1150
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1150
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1155
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1155
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1155
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1160
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1160
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1160
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1165
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1165
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1165
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1170
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1170
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1170
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1175
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1175
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1175
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1175
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1180
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1180
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1180
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1185
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1185
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1185
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1185
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1190
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1190
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1190
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1190
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1195
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1195
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1195
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1200
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1200
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1200
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1205
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1205
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1205
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1210
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1210
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1215
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1215
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1215
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1215
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1220
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1220
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1220
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1220
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1225
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1225
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1225
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1230
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1230
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1230
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1235
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1235
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1235
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1240
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1240
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1240
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1245
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1245
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1245

A.F. Pereira-da-Mota et al.

[253]

[254]

[255]

[256]

[257]

[258]

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.

C. Wu, P.W. Or, J.I.T. Chong, I.LK.K.P. Don, C.H.C. Lee, K. Wu, M. Yu, D.C.C. Lam,
Y. Yang, Extended delivery of pirfenidone with novel, soft contact lenses in vitro
and in vivo, J. Ocul. Pharmacol. Ther. 37 (2021) 75-83.

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.
Y. Shikamura, Y. Yamazaki, T. Matsunaga, T. Sato, A. Ohtori, K. Tojo, Hydrogel
ring for topical drug delivery to the ocular posterior segment, Curr. Eye Res. 41
(2016) 653-661.

F.A. Maulvi, R.J. Patil, A.R. Desai, M.R. Shukla, R.J. Vaidya, K.M. Ranch, B.

A. Vyas, S.A. Shah, D.O. Shah, Effect of gold nanoparticles on timolol uptake and
its release kinetics from contact lenses: In vitro and in vivo evaluation, Acta
Biomater. 86 (2019) 350-362.

M. Wax, P.B. Molinoff, Distribution and properties of beta-adrenergic receptors in
human iris-ciliary body, Invest. Ophthalmol. Vis. Sci. 28 (1987) 420-430.

702

[259]

[260]

[261]

[262]

[263]

Journal of Controlled Release 343 (2022) 672-702

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.

J.B. Ciolino, A.E. Ross, R. Tulsan, A.C. Watts, R.F. Wang, D. Zurakowski, J.

B. Serle, D.S. Kohane, Latanoprost-eluting contact lenses in glaucomatous
monkeys, Ophthalmol. 123 (2016) 2085-2092.

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.

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.

J.H. Choi, Y. Li, R. Jin, T. Shrestha, J.S. Choi, W.J. Lee, M.J. Moon, H.T. Ju,

W. Choi, K.C. Yoon, The efficiency of cyclosporine A-eluting contact lenses for the
treatment of dry eye, Curr. Eye Res. 44 (2019) 486-496.


http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1250
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1250
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1250
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1255
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1255
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1255
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1260
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1260
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1265
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1265
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1265
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1270
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1270
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1270
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1270
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1275
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1275
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1280
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1280
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1280
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1280
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1285
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1285
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1285
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1290
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1290
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1290
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1290
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1295
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1295
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1295
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1295
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1300
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1300
http://refhub.elsevier.com/S0168-3659(22)00087-6/rf1300

	Testing drug release from medicated contact lenses: The missing link to predict in vivo performance
	1 Introduction
	2 Medicated contact lenses as drug-device combination products
	2.1 Regulatory status
	2.2 Drug-eluting CLs in clinical trials

	3 Guidelines and pharmacopoeia methods for testing ocular drug release
	3.1 Determining drug bioavailability from drug-CLs using mathematical models
	3.2 Current official methods for testing drug release from topical ophthalmic medicines

	4 In vitro testing of drug release from medicated CLs
	5 In vivo-in vitro relationships
	5.1 Comparison of in vivo and in vitro release profiles
	5.2 Comparison of in vitro release profiles and therapeutic outcome
	5.3 Comparison of in vitro release profiles and drug accumulation into anterior and posterior segments

	6 Conclusions and future perspectives
	Acknowledgements
	Appendix A Supplementary data
	References


