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Cystinosis is a rare autosomal recessive disease that affects about 1 in 100,000-200,000 people among the
general population, characterized by high levels of cystine within the lysosomes in cells of certain types of tissues.
The accumulation of this substance is caused by mutations in the CTNS gene which codes for cystinosin, the
carrier that transports cystine out of the lysosome. The presence of cystine crystals in different tissues leads to the

progressive impairment and dysfunction of multiple organs, such as kidneys, pancreas, brain, thyroid and eyes.

drug delivery systems cystinosis contact lens hydrogels nanowafers

ophthalmology disease

| 1. Introduction

Although renal damage prevails in premature forms of the disease, all forms of cystinosis affect ocular structures:
cornea, conjunctiva, iris, ciliary body, choroid, retina and optic nerve. The most frequently described ocular
manifestation is the deposition of cystine crystals in the cornea, but the exact mechanisms of crystal formation are
not yet fully understood. Stromal crystals have a needle shape and are oriented parallel to the corneal stromal
lamellaell!, which suggests that the structure of collagen in the stroma plays a very important role in the evolution
of cystine crystalsl2. This deposition is one of the most troublesome complications affecting the quality of life of
patients with cystinosis, especially as the prognosis improves and life expectancy increases, causing photophobia,
visual impairment and, finally, blindnessBll4l. In addition, this accumulation with time can cause corneal scars,

keratitis and cataracts2!.

| 2. Diagnosis and Management

Corneal crystals are visible on ophthalmological examination as of 16 months of age in most patientsl8. Recent
exploration techniques with in vivo confocal microscopy and optical coherence tomography (OCT), anterior
segment optical coherence tomography (AS-OCT) and in vivo confocal microscopy (IVCM) of the anterior segment,

are useful methods to evaluate crystals and detect their morphological characteristics and corneal alterationsZI8],
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Early diagnosis and treatment of the ocular manifestations of childhood nephropathic cystinosis are essential.
Therefore, early initiation and adherence to topical therapy have a significant impact on disease progression2,
Nowadays, although new prodrug strategies based on N-acyl or glutaric acid derivatives of cystamine have been
researched@9  the aminothiol cysteamine remains the only available treatment of cystinosisl. It lowers
intracellular levels of cystine by forming a cysteamine—cysteine mixed disulfide, which can egress the lysosome
using the undamaged excretion pathway for lysine22 (Figure 1). The authorization of oral cysteamine (Cystagon®)
by the Food and Drug Administration (FDA) in 1994, and by the European Medicine Agency (EMA) in 1997, has
totally changed the management and prognosis of the patients with cystinosis@13Il141 However, it does not prevent
corneal crystal accumulation because it cannot reach the cornea due to its lack of vascularization3,
Consequently, it is necessary to instill cysteamine on the ocular surface in order to eliminate the cystine crystals at

this location(€!.

In 2012 Cystaran® (0.44% cysteamine ophthalmic solution) was approved by the FDA as an orphan drug indicated
for the treatment of corneal cystine crystal deposits. The posology indicated in the prescribing information is one
drop in each eye, every waking hour28. This posology, with its very frequent administrations, complicates patient’s
adherence to the treatment. In order to improve this aspect, in 2017 Cystadrops® (0.55% cysteamine ophthalmic
solution) was approved by the EMA and by the FDA in 20207, It contains sodium carmellose which provides a
high viscosity to the formulation, achieving a longer residence time on the ocular surface and allowing a dosage of
just four times per day[l8l. Therapeutic options marketed for ophthalmic treatment are scarce. Although ethical
issues sometimes should outweigh economical and feasibility issues, the pharmaceutical industry does not allocate
sufficient resources for the study of rare diseases and the development of orphan drugs. Because the
commercialized cysteamine presentations are not available in most countries, hospital pharmacy departments are
responsible for preparing homemade eyedrops as a therapeutic alternative 2. The problem is that on many
occasions, these formulations lack exhaustive stability controls under different storage conditions, cysteamine
being a very easily oxidizable molecule[22,

Concerning topical treatments for ocular cystinosis, the patients’ therapeutic compliance is a major factor. In this
regard, a new topical treatment, which only needs administrations every several hours or even days, would
improve it2l. The problem of the necessary frequent administration of topical cysteamine stems from the fact that
eye drops are rapidly cleared from the ocular surface due to reflex tearing, constant blinking and nasolacrimal
drainage resulting in a short contact time on the eyel22. In addition, this organ has the tendency to maintain its
residence volume at approximately 10 pL and, consequently, the bioavailability of a topically applied drug is
typically <5%[23l.

Figure 1. Cysteamine released from a drug delivery system to the ocular surface, where it forms the complex
cysteamine-cysteine, facilitating the removal of cystine crystals from the cornea. Cysteamine is easily oxidized to
cystamine, and can be detected from several determination methods, such as high-performance liquid

chromatography (HPLC).
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| 3. Drug Delivery Systems (DDSs)

Ocular drug delivery has always been a challenge due to the limitations of conventional eye drops. The high tear
turnover rate (1 pL/mL), loss of drug due to rapid blinking, reflex tear production, the tear-film barrier and high
nasolacrimal drainage are factors that limit the absorption of topically applied ophthalmic formulations. To increase
the drug bioavailability, a higher residence time on the ocular surface needs to be achieved. During the last
decades, research has been done on the development of DDSs offering longer retention and a sustained release
of the drug molecule to pass through these barriers24. The variability of DDSs intended for ophthalmic
administration has experienced a large increase in the last decade. However, the difficulties associated with the
stability of cysteamine, combined with the fact that cystinosis is a rare disease, means the development of DDSs

intended to treat this disease has been more limited than in other ophthalmic diseases (Figure 2).

3.1. Hydrogels

Hydrogels are networks of polymer chains extensively swollen with water, which they retain within their structure.
Their porosity and high-water content make hydrogels suitable for encapsulation of water-soluble drugs, since they

are processed at room temperature and organic solvents are rarely needed[221(28],

Hydrogels can be designed from natural or synthetic polymers. Natural polymers present the advantage of minimal
toxicity due to their high biocompatibility. However, their main drawback is their considerably shorter drug release

compared to synthetic hydrogels, which limits their use as long-term sustained DDS[28127],

By formulating cysteamine as a bioadhesive ophthalmic gel with controlled drug release, the administration
frequency could be reduced and, consequently, increase therapeutic compliance. Particularly, hydrogels which are
transparent and bioadhesive are highly desirable for topical ophthalmic application®. Concerning the treatment of

ocular cystinosis, several types of polymers have been used for the development of topical hydrogels.

3.1.1. Synthetic Hydrogels

Synthetic hydrogels based on poly(acrylic acid) (PAA), commercially available as Carbopol®, can be obtained
crosslinked with allylsucrose or allylpentaerythrol (carbomer) for pharmaceutical application. PAA is highly coiled
and tightly packed but once dispersed in water the polymer swells to form a colloidal dispersion that behaves as an
anionic electrolyte. In addition, the nonNewtonian pseudoplastic rheology of PAA hydrogels enhances the process
of blinking because it causes an important reduction in apparent viscosity as a function of the high external shear-
stresses applied by the eyelid2ll. Considering these properties, Buchan et al. designed a hydrogel composed of
carbomer 934 for the topical administration of cysteamine on the ocular surface. The formed hydrogel was
bioadhesive, transparent and offered significantly less resistance to blinking than Newtonian liquids of equivalent
consistency, resulting in longer contact times on the surface of the eye. Furthermore, dissolution studies showed a
first-order release of the active drug from the sample matrix with no destruction of the gel properties due to the

addition of cysteamine. Accordingly, the authors affirm that this kind of hydrogels based on pseudoplastic fluids
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form weak networks with desirable properties to increase the residence time of cysteamine on the ocular

surfacel2ll,

For their part, McKenzie et al. carried out rheology, bioadhesion, dissolution and stability studies with several
synthetic polymers in order to test their suitability for ophthalmic delivery. In this sense, they agree with Buchan et
al. regarding the fact that carbomer 934 is suitable for ophthalmic delivery of cysteamine. However, their studies

showed problems related to gel opacity®!.

Although both previous formulations have been characterized, they lack in vivo studies which are indispensable to
show the permanence of the gels on the ocular surface, especially considering that the aim of the studies was to

extend the retention time of the cysteamine.

Figure 2. Drug delivery systems developed for cysteamine ophthalmic administration.

3.1.2. Natural Hydrogels

Regarding ophthalmic delivery of cysteamine using natural hydrogels, Bozda et al. synthetized viscous solutions of
cysteamine hydrochloride by using hydroxypropylmethyl-cellulose (HPMC) and evaluated in vitro characteristics
and stability. All the viscous solutions tested showed nonNewtonian flow behavior. Concerning in vitro release
tests, they revealed that more than 80% of cysteamine hydrochloride was released from the HPMC solutions in 8

h. In addition, the formulations produced no irritation when they were tested on rabbit eyes[28],

On the other hand, McKenzie et al. showed that sodium hyaluronate and hydroxyethyl cellulose were both suitable
for ophthalmic delivery of cysteamine. Among the obtained results, it is necessary to highlight the fact that sodium
hyaluronate displayed optimum performance in the preformulation tests, being pseudoplastic and bioadhesive, as

well as releasing cysteamine over 40 min&,

In these sense, Luaces-Rodriguez et al.l2lll¥ selected two different polysaccharide hydrogels to formulate
cysteamine: an ion sensitive hydrogel with the polymers gellan gum and kappa-carrageenan, and another
composed of hyaluronic acid®[22, |n this regard, the authors performed in vitro (characterization of the hydrogels,
drug release and cell toxicity) and ex vivo (transcorneal permeation and Hen’s Egg Chorioallantoic membrane
(HET-CAM)) assays. On the one hand, in vitro release studies determined that both hydrogels can control the
release of cysteamine over time, showing zero-order kinetics for 4 h. At the same time, they affirmed that these
hydrogels could act as corneal absorption promoters, as they allow a higher permeation of cysteamine through
bovine cornea compared to a solution. On the other hand, ex vivo assays showed no irritation on the ocular
surface. Finally, the authors also accomplished in vivo studies based on direct measures of biopermanence time by
positron emission tomography (PET), demonstrating that both formulations presented a high retention time on the

ocular surface of ratsl4l. Hydrogels previously described, as well as their main characteristics, are listed in Table 1.
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In spite of the fact that important advances have been made regarding the development of new hydrogels, further
studies should be carried out. Specifically regarding the development of smart hydrogels which can be very
advantageous because they dramatically change their volume and other properties in response to environmental
stimuli such as temperature or pHEY. In addition, the synthesis of hydrogels based on nanoparticles could be a

very promising strategy, which has provided interesting results in other pathologies(2Ll.

Table 1. Hydrogels developed as cysteamine delivery systems.

% Released

Polymer Name Polymer Type ) Time Reference
Cysteamine

Carbomer 934 Synthetic 80 210 min ! [21]

Hyaluronic acid Natural 60.7 24 h (4l

88% Deacylated gellan gum and

12% kappa carrageenan Natural 363 24h N
Carbomer 934 Synthetic 80 20 min (5]
Hydroxyethyl cellulose Natural 80 14 min (5]
Hyaluronic acid Natural 80 14 min (5]
Hydroxypropylmethyl-cellulose Natural 81.2 8h [28]

1 Cystamine—phenylalanine conjugate.

3.2. Nanowafers

Nanowafers are tiny transparent circular discs that can be applied on the ocular surface with a fingertip22.
Marcano et al. synthetised cysteamine-nanowafers via a hydrogel template strategy. In this study, they fabricated
poly(vinyl alcohol) (PVA) nanowafers loaded with cysteamine. They contained arrays of drug-loaded
nanoreservoirs from which the drug was released in a tightly controlled way for an extended period of time. At the

end of this period, the nanowafer dissolved and faded away. Cysteamine-nanowafers are highly transparent; in
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fact, the refractive index of a cysteamine-nanowafer is very close to that of a soft contact lens. Hence, nanowafer
application on the cornea does not affect the normal vision. These authors found that cysteamine was stable in the

nanowafer and in a therapeutically effective form for up four months when stored at room temperature(22!,

In addition, they carried out in vivo studies to determine the efficacy of the cysteamine-nanowafer in comparison to
topical cysteamine eye drop formulation (0.44%). Two groups of CTNS—/— mice (three per group) were treated with
the cysteamine-nanowafer (10 ug of cysteamine, once a day) and cysteamine eye drops (5 yL, 22 pg) twice a day
for 30 days. These studies revealed that compared to the baseline corneal cystine crystal volume, cysteamine eye
drops reduced the crystal volume by 55%, while cysteamine-nanowafer reduced the crystal volume by 90%,
confirming that the cysteamine nanowafer treatment was significantly more efficacious. The authors stated that this
higher efficacy was due to the longer residence time of the drug molecules on the eye achieved with the

nanowafer, which enabled their diffusion into the ocular surface epithelium(22,

The development of this nanowafer means a very innovative and interesting alternative to properly control
cysteamine release on the ocular surface. In this sense, other studies are needed to explore the possibilities that

nanosystems, which have demonstrated successful results for other pathologies, could offer for ocular cystinosis
treatment(3133],

3.3. Contact Lenses

3.3.1. Contact Lenses as Drug Delivery Systems

Contact lenses (CLs) are medical devices widely used by over 125 million individuals in the world to correct vision
problems24, and were proposed as ocular DDSs since the first prototypes were synthesized nearly 50 years ago.
CLs are polymeric structures formed after a polymerization process of different monomers in the presence of a
crosslinking agent. This system absorbs a large amount of water (30%—-80%) to form hydrogels having an aqueous
phase permeable to oxygen. Depending on the nature and proportion of the different monomers that make up the
polymeric structure of the CLs, conventional hydrogels or silicone hydrogels can be obtained. Modern materials
currently used are an evolution of the well-known lens materials based on poly-2-hydroxyethylmetacrilate (p-
HEMA) and silicone hydrogels[321[36],

Over the last two decades, the use of CLs as DDSs has been studied for the treatment of numerous ophthalmic
pathologiesZl. Once a CL is placed over the eye, a thin layer of fluid is formed between the lens and the cornea,
which takes about 30 min to dilute. When a drug is included in this layer, the time of contact between the drug and
the cornea would be increased and, therefore, bioavailability would increase to approximately 50% when compared
to the administration of ocular drops (between 1%-5%). Further, conjunctival absorption would diminish and,
consequently, a smaller amount of drug would enter the systemic circulation, avoiding the appearance of adverse
effectsi34. This increase in bioavailability would allow reduction of the dosage, enabling high therapeutic
compliance for patients, and correct vision problems at the same time. The main limitation they present as DDSs is
that polymers that make up the lenses and drugs have low affinity, leading to insufficient drug loading and too rapid

delivery28l. The main objective of many investigations in recent years has been to achieve a controlled and
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sustained drug release from the CL to the tear film located between the CL and the cornea so that corneal

absorption can take place from there.

3.3.2. Modified Contact Lenses

The simplest method for incorporating drugs into CLs is by immersing them in concentrated solutions of the active
ingredient although, as previously mentioned, this technique tends to lead to insufficient charges and excessively
rapid releases. To achieve controlled sustained release, a series of modifications have been studied, such as the
incorporation of polymeric nanoparticles, microemulsions, micelles, liposomes, diffusion barriers (e.g., vitamin E)
and sophisticated loading techniques such as molecular imprinting, ion ligand polymeric systems, drug-loaded films
or supercritical fluid technology. With all that, it is important to note that the final modified lenses must maintain the
conditions of oxygen permeability, transparency, comfort, water content, mechanical properties, ionic permeability,

relatively neutral pH, tonicity and stability, preferably at room temperature2228139],

Cysteamine is a hydrophilic small molecule (77.15 g/mol) and easily oxidizable, that shows little affinity for
unmodified commercial CLs, giving rise to short releases and risking toxicity effects. Vitamin E can be incorporated
into commercial silicone hydrogel CLs as a diffusion barrier, a strategy initially proposed by Peng et al.[22l41]142][43]
(441 achieving a higher bioavailability than eye drops. Vitamin E is a biocompatible hydrophobic molecule that
exhibits low solubility in water, and which creates a tortuous pathway prolonging the drug diffusion time through the
CL. Hydrophilic drugs like cysteamine must overcome the said obstacle to reach the ocular surface, increasing
diffusion time. A vitamin E barrier is included through immersion of CLs in a solution of vitamin E in ethanol. The
composition of the solution may differ according to the desired amount to be administered. Subsequently, the CL
has to be placed in water to remove any remaining of ethanol, while the vitamin gets trapped within the CL. The
antioxidant properties of vitamin E provide a certain degree of protection for a molecule as sensitive to oxidation as
cysteamine. In addition, Vitamin E incorporation can block UV radiation, an additional benefit to cystinosis patients.
On the other hand, even though the transparency of the CL is not affected, it can affect its size, oxygen diffusion

and ionic permeability, which depend on the thickness of the barrier34143],

Hsu et al. studied the use vitamin-E-modified silicone-hydrogel CLs to extend the delivery of cysteamine. ACUVUE
OASYS® (Senofilcon A) with 19.14% vitamin and 1-DAY ACUVUE® TruEye™ (Narafilcon B) with 10.22% vitamin E
prolonged release durations about 3 h and 25 min, respectively. The mass of cysteamine released from the CLs
decreased when vitamin E was incorporated. ACUVUE® OASYS® delivered about 583.4 pg of drug, but with the
incorporation of 19.14% vitamin E this decreased to 408.8 pg. In the same way, the 1-DAY ACUVUE® TruEye™
released 654.9 pg, but the mass released was reduced to 600.1 and 527.7 ug for 10.22% and 22.24% vitamin E
loadings, respectively. Authors predicted that either a single 19.14% vitamin E loaded ACUVUE® OASYS® or two
10.22% vitamin E loaded 1-DAY ACUVUE® TruEye™ per day were the safest options to deliver therapeutic doses
of cysteamine to cornea. Results were based on an in vivo mathematical model used as an initial predictor of dose-
related toxicity in animal studies. In this work it was also concluded that it was not clear whether a two hour release

duration may be enough, since the current therapy uses 8-10 eye drops administered throughout the day[42].
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Years later, Dixon et al. showed that vitamin E incorporation into CLs increases the duration of cysteamine release
in silicone-hydrogels ACUVUE® OASYS® (Senofilcon A) and ACUVUE® TruEye™ (Narafilcon A), the effect being
more pronounced in TruEye™, possibly due to the low solubility of vitamin E in the lens matrix and higher aspect
ratio of the barriers. The change observed in the composition of ACUVUE® TruEye™ in regard to Hsu’s work, was
due to the fact that since 2010, the brand gradually replaced Narafilcon B to Narafilcon A48, They also explored
the effect of vitamin E incorporation in p-HEMA hydrogel CLs, ACUVUE® Moist® (Etafilcon A). Release durations
were significantly increased in ACUVUE® TruEye™ to 0.90, 2.0, and 4.0 h for vitamin E loadings of 10%, 20%, and
30%, respectively. For ACUVUE®OASYSP® lenses, release durations increased to 0.89, 2.15, and 4.25 h for 10, 20
and 30% loadings, respectively. Vitamin E incorporation did not significantly increase the release duration for
hydrogel ACUVUE® Moist® lenses, suggesting that vitamin E did not form barriers in hydrogel lenses. This data,
along with the high aspect ratio in silicone hydrogels suggests that barriers could be forming at the interface of the
silicone and hydrogel phases. Both cysteamine mass loaded and partition coefficients decreased for increasing
vitamin E loadings, as seen in Table 2. CLs would need to be worn for about 4-5 h each day, less time than the
typical duration of daily-wear. Finally, they also showed that daily use of cysteamine-loaded CLs did not cause any

adverse response in the eyes of rabbits over a seven-day uselZ.

Recently, the same research group developed CLs with carbon black to obtain tinted lenses to mitigate
photophobia reducing transmittance. The presence of cystine crystals in the cornea causes photophobia, or
extreme light sensitivity, in patients with cystinosis#8l which, after years of squinting, can cause intractable
blepharospasm[229. This incorporation can be used in cysteamine-vitamin E-loaded lenses, maintaining
controlled release and keeping the lens parameters when carbon black concentrations of 0.3% are used®.
Despite the advances made in the development of CLs as cysteamine delivery systems, more studies are needed
to allow for their optimization. For this, it is important to select those CLs that have a more suitable composition for
correct loading and release, and to develop methods that allow better control of release without affecting any of the
CL's parameters and preserving the stability of the cysteamine. Composition, total amount of cysteamine released

and release time of the previously described CLs are summarized in Table 2.

Table 2. Contact lenses developed as cysteamine delivery systems.

Total Cysteamine

Commercial ) Diffusion Release

Material . Release Amount . Reference
Name Barrier Duration

(¢)

Narafilcon B
1-DAY ACUVUE® B _ 45

(silicone 10.22% VE1  600.1 +27.2 25 min [45]
TruEye™

hydrogel)
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el T = Narafilcon B
E— (silicone 22.24% VE  527.7+21.7 90 min [45]
ruEye
/ hydrogel)
VU Senofilcon A
OASYSD (silicone 19.14% VE  408.8 + 33.9 3h [45]
hydrogel)
N Narafilcon A
e (silicone 10% VE 651 +31.2 0.90 h 47]
rueye
/ hydrogel)
L.DAY ACUVUE® Narafilcon A
S (silicone 20% VE 603.1+21.2 2h 47]
ruEye
/ hydrogel)
NSV Narafilcon A
- (silicone 30% VE 538.9+17.3 4h [47]
ruEye
/ hydrogel)
AEUVUEE Senofilcon A
OAGYS® (silicone 10% VE 464.0 + 8.6 0.89 h [47]
hydrogel)
RrTee Senofilcon A
OASYS® (silicone 20% VE 408.1 + 36.7 2.15 (47]
hydrogel)
AEUVIIT=E Senofilcon A
SaEEe (silicone 30% VE 345.0 + 33.2 4.25h [47]
hydrogel)
Noncommercial s 0.3% CB 2 148 + 10 10 min (5]
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_ 0.3% CB + ) o
Noncommercial - 123+ 7 40 min (54
20% VE

1 VE: vitamin E; 2 CB: carbon black.

CLs are presented as DDSs easy to administer and comfortable to the patient with dosing schedules that lead to
better adherence than those obtained under frequent instillation of ophthalmic drops. Despite this, CLs are not
available on the market due to issues like drug stability during processing/manufacturing, achievement of zero-
order release kinetics, avoidance of drug release during the post-manufacturing monomer extraction step, protein
adherence, drug release during storage and cost-benefits. However, they have potential applicability in the field of
ophthalmic compounding, as drugs and excipients can be easily loaded onto them under sterile conditions as part

of a relatively simple low-cost formulation process(28l,
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